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Preface

For many years, those of us working in the field of steroid hormones were used to
looking at the steroidal receptor as ligand inducible transcriptional factors. In the
late 1960s, a lone voice (the mind goes to the pioneering work of C. Szego) began
to raise the hypothesis that estrogens could act through different ways. Nowadays,
after more than 40 years, no one has any doubts that steroids through their
receptors, in addition to regulating gene transcription, activate outside from the
nucleus a plenty of signaling pathways involved in the most important hormone
actions, such as the cell growth, differentiation and motility.

Nevertheless, despite the large amount of information about steroid signaling
gained in the last years, the definite understanding of the mechanism of action of
the steroid hormones appears as a puzzle that challenges our mind. In particular, a
drawing of the interplay between the different signaling cascades and receptor
dependent transcriptional activation is still far from being exhaustive.

Of course, this book does not pretend to address this issue but is rather aimed to
provide up to date information about some exciting new insights into the coop-
erative interaction between the c-Src, other tyrosine kinases, PI3-K and steroid
receptors. The molecular events are analyzed in two different settings: breast and
prostate cancer. Furthermore, a small section of this book is dedicated to new tools
for steroid receptor analysis and regulatory networks.

The simple message that this book conveys is that the dissection of these
networks could definitely change our understanding of the role of steroid hor-
mones in biology and disease. The combinatory targeting of all hormone signaling
effectors could dramatically change the outcome of breast and prostate cancers.

Gabriella Castoria
Antimo Migliaccio
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Progesterone Signaling to Chromatin
in Breast Cancer Cells. Two Initial Cycles
of Remodeling

Guillermo P. Vicent, Roser Zaurin, Cecilia Ballaré, A. Silvina Nacht,
Roni H. G. Wright, Francois Le Dily, Giancarlo Castellano,
Jofre Font-Mateu and Miguel Beato

Abstract Steroid hormones control gene activity by direct interaction of their
intracellular receptors with hormone responsive elements on DNA but they can also
crosstalk to kinase cascades activated by signals impinging on membrane receptors.
Progesterone treatment of cells in culture leads to the rapid activation of several
kinases and in particular the Src/Ras/Erk/Msk1 cascade, by activating a small
population of membrane-anchored progesterone receptors (PR). One to five min-
utes after hormone treatment, activated Erk enters the nucleus and causes the
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recruitment of the activated ternary complex of pPR, pERK and pMSK1 to target
chromatin, leading to phosphoacetylation of histone H3 and displacement of an
HP1~c containing repressive complex. Thus, progestin activation of the Src/Ras/Erk/
Msk1 cascade directly impacts chromatin. Within one minute of adding
synthetic progesterone analogues to breast cancer cells, PR recruits to the target
genes an ATP-dependent chromatin remodeling complex, NURF, a histone
methyltransferase complex, ASCOM, which trimethylates histone H3 at lysine 4,
and an activated Cyclin A/CDK2 complex, that phosphorylates histone H1 and
facilitates its displacement. This first cycle of chromatin remodeling is a prerequisite
for a second cycle starting 5 min after hormone addition, in which a different ATP-
dependent chromatin remodeling complex, BAF, and a histone acetyltransferase,
PCAF, cooperate to promote the displacement of core histones H2A and H2B, that
facilitates access to the promoter of additional receptor complexes and other tran-
scription factors necessary for gene induction. Thus, at both phases in activation of
target promoters, a histone tail modification stabilizes the binding of an ATP-
dependent chromatin remodeler to target promoters. These findings highlight the
concept of transcription initiation as a process involving consecutive cycles of
enzymatic chromatin remodeling, where each enzyme complex is necessary at a
given time point and catalyzes a particular remodeling step.

Keywords Progesterone � Chromatin � MMTV � BRCA1 � Nucleosome �
Progesterone responsive elements � Gene regulation
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1 Introduction

The physiological action of steroid hormones in their target cells is mediated by
intracellular receptors, which are members of the nuclear receptor family. The
steroid hormone receptors (SHR) were originally considered as ligand-regulated
transcription factors that upon binding to specific hormone regulatory element
(HREs) regulate the transcription rate of their target genes. In the last years, this
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simplistic view has been abandoned and replaced by a more complex vision,
involving at least two subpopulations of SHR: a minor one anchored in the cell
membrane via a palmitoyl residue [1], and a major one shuffling between the
cytoplasm and the cell nucleus. The majority of the available data supporting this
complex view have been obtained using ligands synthetic analogues of the
physiological hormones, which are not efficiently metabolized in the target tissues
and exhibit higher affinity for SHR than the natural ligands. The situation may be
even more complex when considering the physiological hormones, which are
heavily metabolized and give rise to products with the potential to interact with a
larger number of receptors.

In breast cancer cells the membrane attached SHR are part of an ill-defined
complex that includes estrogen receptor alpha (ERa), progesterone receptor (PR),
and possibly androgen receptor (AR), as well as members of the growth factor
receptor family, such as the EGF receptor (EGFR), and likely caveolin. When
activated by synthetic ligands the membrane attached receptors interact with
c-SRC via de SH2 domain, in the case of ERa or via de SH3 domain in the case of
PR and AR, and activate an interconnected network of kinase signaling pathways
to coordinate the cell response at various levels. There are also interactions of
SHRs with CDK2, PI3K/AKT, JAK/STAT, and likely other kinases. Several of
these kinase pathways converge in the cell nucleus, where they act on the nuclear
population of SHRs, on protein components of chromatin and on nuclear enzymes,
which all together orchestrate the regulation of various gene networks by mech-
anisms that are not fully understood.

In the following we will describe our present knowledge of the signaling net-
work used by the synthetic progesterone analogue R5020 in the breast cancer cell
line T47D. We will place these results in the context of the genome-wide inter-
actions of PR with nuclear genome and their consequences for gene expression.
While we will mainly summarize our own experimental findings with a model
promoter, the mouse mammary tumor virus (MMTV), and at the whole genome
level, we will also report findings by other labs to complete the global vision and to
indicate debated points.

2 Nucleosome Organization is Required for Efficient
PR Binding and Gene Regulation

Elucidating the global function of a transcription factor in a particular cell type
implies the identification of its binding sites in the genome of the cell. The possible
role of chromatin structure in defining effective binding sites is still an unresolved
question. The dominant view assumes that nucleosomes are an obstacle for tran-
scription factor binding and that factors bind preferentially to nucleosome depleted
regions, but there are reports on binding of transcription factors to nucleosomally
organized sequences. Apart from the MMTV promoter that we will describe in
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more detail below, a good example is p53. Using the 50-upsream region of the p21
gene that contains two p53 binding sites, a better binding has been reported in vitro
to chromatin organized sequences when compared to free DNA [2]. A genome wide
study with MCF7 breast cancer cells has yielded similar results [3], suggesting that
the particular topology of the nucleosomally organized p53 target sites favors DNA
binding and regulation of transcription. Upon activation of p53 by DNA damage,
the region around p53 binding sites becomes depleted of nucleosome reads.
However, these studies detect nucleosomal occupancy of a large chromatin region,
over 2 kb, and probably reflect a transition from heterochromatin to euchromatin,
rather than localized changes of individual nucleosomes.

The hormone responsive region of the MMTV promoter contains a cluster of
five imperfect HREs upstream of a NF1 binding site [4]. In nucleosomes assem-
bled in vitro as well as when integrated as a single copy transgene in breast cancer
cells, the HREs are precisely positioned on the surface of a histone octamer
particle with a rotational orientation that exposes the major grooves of the two
halves of the HRE1 palindrome and of the HRE4 half palindrome, while masking
the major grooves of HRE2 and HRE3 [5]. Purified PR binds to nucleosomally
organized HRE1 with similar affinity as to the same sequence in naked DNA,
while it cannot access the central HREs2 and 3 in nucleosomes [5]. Access to these
central HREs requires ATP-dependent remodeling of the nucleosome core particle
[6], which leads to displacement of histone H2A/H2B dimers [7]. On the surface of
the resulting histones H3/H4 tetramer particle we observed a synergistic binding of
PR and NF1 [8]. We also found that the linker histone H1 contributes to the basal
repression of the MMTV promoter but is necessary for optimal induction by
promoting a nucleosome position that facilitates the synergism between PR and
NF1 [9, 10]. Thus, it seems that the organization of the MMTV promoter in
chromatin plays an essential role in regulating the promoter activity in response to
progesterone. The question was whether this is a peculiarity of the proviral pro-
moter or a general property of PR target genes.

We have approached this issue in breast cancer cells treated with progestins by
performing ChIP-seq experiments with antibodies against PR and RNA
polymerase II. Under the same experimental conditions we have performed global
gene expression analysis and nucleosome mapping experiments (Ballaré et al.
unpublished). Our data indicate that before hormone addition, there are only 844
PR binding sites (PRbs), while upon hormone treatment over 25,000 PRbs are
found, most of them already detected 5 min after hormone addition and persisting
for up to 6 h. Although PRbs are mainly found within 100 kb of hormone
responsive genes and in introns, there is a significative enrichment within 1 kb
distance from the transcription start sites. Only a small percentage of these PRbs
contain the classic palindromic progesterone responsive element (PRE), while
around 80% of the PRbs encompass several copies of a half PRE, often as direct
repeats at variable distances. In contrast with the dominant view, the sites
where PR will bind exhibit high nucleosome occupancy prior to hormone
treatment, suggesting that the organization in nucleosomes favors PR binding.
The nucleosomes encompassing the PRbs become sensitive to MNase digestion
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upon addition of hormone correlating with the recruitment of NURF and
BAF complexes. In most cases, the enhanced nuclease sensitivity is accompanied
by a hormone-dependent depletion of histones H1 and H2A. PR binding to
nucleosomally organized sequences and hormone induced nucleosome remodeling
are more pronounced around the transcription start sites of upregulated genes,
correlating with the strongest PRbs. Predicted PREs that do not bind PR do not
show an enrichment of nucleosomes, supporting the notion that nucleosome
occupancy is important for PR binding and hormonal gene regulation in living
cells and confirming our findings with the MMTV promoter.

3 Preparing the Chromatin for Gene Regulation

A central requisite for the genomic action of hormones is their ability to facilitate
access to the genetic information stored in the compacted DNA in chromatin, a
process that requires extensive chromatin remodeling. Here we summarize our
present knowledge of this process based on the action of synthetic progesterone
analogue R5020 in the breast cancer cell line T47D.

The large majority of the PR molecules in T47D cells are shuttling between the
cytoplasm and the cell nucleus, while a small fraction is attached to the cell
membrane in a complex with estrogen receptor (ER) [11]. Upon hormone addition,
the membrane-attached PR activates c-SRC and downstream RAS/RAF/MEK/
ERK/MSK1 pathway, partly via ER, leading to ERK-mediated phosphorylation of
PR and formation of complexes of pPR with the activated kinases ERK and MSK1.
This activated ternary complex is targeted by PR to PRbs in chromatin [12].
Progestins also activate the PI3K/AKT pathway, the Cyclin A/CDK2 pathway, the
JAK/STAT pathway, and possibly several other kinase pathways. Many of these
kinases are also targeted to PR binding sites in chromatin, but except for CDK2 we
do not know their targets and their function in hormonal gene regulation.

Prior to hormone induction the sites where PR will bind are organized in
nucleosomes with progesterone responsive elements (PRE) partly exposed in the
surface. We have shown that hormone receptors can bind to a PRE within
nucleosomes provided the major groove of the palindromic sequences TGTYCt is
not oriented towards the histone octamer but facing outwards [5]. This is a
property that hormone receptors share with other factors that recognize relatively
short sequences of DNA. On the contrary transcription factors, like NF1, that
establish contacts with 10 or more DNA base pairs and completely embrace the
DNA double helix cannot recognize their sites when they are wrapped around
nucleosomes, no matter their rotational orientation [13].

When the activated ternary complex of pPR, pERK and pMSK1 reaches the
MMTV promoter in chromatin, it binds to the exposed HRE1, leading to the
MSK1-dependent phosphorylation of N-terminal tail of histone H3 at serine 10
[12]. This phosphorylation leads to the displacement of a repressive complex that
is anchored at the trimethylated lysine 9 of the H3 tail via the chromodomain of
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HP1c [12]. We do not know yet the exact composition of this complex but it
includes HDACs and histone demethylases. We also do not know whether acet-
ylation of lysine 14 of the histone H3, which is observed after hormone treatment,
is also required for displacement of the repressive complex.

We have identified two consecutive cycles of chromatin remodeling during the
initial 5–10 min of hormone action, during which protein kinases, histone modi-
fying enzymes and ATP-dependent chromatin remodeling complexes cooperate to
facilitate access of transcription factors to previously hidden information. All these
factors are recruited to the PR target sites by direct or indirect interaction with the
hormone-activated PR. Although the precise order of events in individual target
sites is no known, we can establish a sequence for target sites at the level of whole
cell population based on the global effect of inhibiting individual steps. What
follows has to be interpreted with some caution, as it may be the average result of
more stochastic processes taking place at individual target sites in individual cells.

The first cycle takes place within 1–2 min after hormone addition and involves
PR-mediated recruitment of the ATP-dependent chromatin remodeling complex
NURF, the histone methylase complex ASCOM, CyclinA/CDK2 and the poly
(ADP-ribose) polymerase PARP1, along with the displacement of the histone
demethylases KDM5B, also known as PLU1 or JARID1B. The outcome of the
coordinated action of these five enzymes is an increase in the trimethylation of
lysine 4 of histone H3, which stabilizes the binding of NURF and the phosphor-
ylation and likely the parylation of histone H1, which is displaced from the target
site ([14]; Wright et al., unpublished).

The second cycle, that takes place in the subsequent 5–10 min, involves the
PR-mediate recruitment of complexes with the histone acetyl transferase PCAF
and the ATP-dependent chromatin remodeling complex BAF [12]. PCAF acety-
lates K14 of histone H3, a modification that anchors the BAF complex. The
outcome of this second cycle is the ATP-dependent displacement of H2A/H2B
dimers. The two cycles are connected since blocking the first cycle precludes the
second. After these two cycles, previously hidden binding sites for NF1 and PR
become accessible and the two factors bind synergistically to the MMTV promoter
on the surface of tetramer of histone H3 and H4 [8].

A summary of the PR-interactors highlighted in the present chapter is shown in
Fig. 1. Most of the partners of PR are functionally connected with chromatin either
because they remodeled/modified directly the target chromatin or because they
stabilized the binding of the remodeler, as described above for the MMTV
promoter.

Using expression arrays and ChIPseq we found that a similar mechanism
operates in a large number of cellular progesterone target genes ([14]; Ballaré et al.
unpublished), although activation of other kinase pathways, such as JAK/STAT
and PI3K/AKT, as well as parylation play important roles in progesterone action
of different sets of genes.

24 G. P. Vicent et al.



4 BRCA1 as a Physiological Brake for Hormone Action

Germ-line mutations in the BRCA1 gene strongly increase the risk of developing
breast cancer in women. One popular hypothesis to explain this tissue specificity
postulates a link between BRCA1 and the action of ovarian hormones, estrogen
and progesterone. Indeed it has been shown that BRCA1 counteracts the effect of
estrogens and possibly progesterone in breast cancer cells [15–17]. Given the
relevance of progesterone for normal mammary development and breast cancer
formation, we searched for a functional relationship between BRCA1 and PR in
the PR-positive breast cancer cell line T47D. We found that BRCA1 inhibits the
transcriptional activity of PR by at least two mechanisms involving its E3

Fig. 1 PR interactors. The indicated interactors illustrate the diversity of structural and
enzymatic factors that PR recruits to target promoters. The interactors are involved in different
nuclear events: (1) Opening of the local chromatin structure through ATP-dependent remodeling
or histone acetyltransferase (HAT) activity (BAF, NURF, p160, CBP/P300, PCAF); (2)
Stabilization of chromatin remodelers by histone tail modifications (ASCOM, PCAF); (3)
Downstream effectors of signaling pathways whose kinase activity impact either on chromatin or
on PR itself (Erk, Msk1, Cdk2). The SRA, or steroid receptor RNA activator, serves as a specific
coactivator of steroid receptors and, as such, brings a new level of complexity to nuclear receptor-
mediated transcription [21]
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ubiquitin ligase activity. First, BRCA1 has a direct effect on the cellular level of
PR and, hence, on the extent of PR recruitment to target promoters through the
promotion of ligand-independent and -dependent degradation of PR [18]. We
demonstrated by in vitro and in vivo assays that BRCA1/BARD1 might be the
main E3 ubiquitin ligase responsible for the ubiquitination and degradation of PR
in the absence of hormone. Second, following hormone treatment the BRCA1/
BARD1 complex is recruited via interaction with PR to the hormone-responsive
regions of PR target genes and affects the local levels of monoubiquitinated his-
tone H2A, contributing to the epigenetic silencing of these promoters [18]. This
connection between BRCA1/BARD1 and progesterone receptor activity may
contribute to explain the particular tissue specificity of BRCA1-related tumours.
Given the relationship of BRCA1 with DNA repair, it is interesting to note that
breast cancers with mutations in BRCA1 or 2 are particularly responsive to
chemotherapies involving inhibition of PARP1, which is also involved in DNA
repair [19, 20].

5 Conclusions

Our focus on the initial events of the hormone signaling to chromatin has
unraveled an unexpected complexity that integrates several kinases, tumor sup-
pressor genes, histone modifying enzymes and ATP-dependent chromatin
remodeling complexes in a coordinate sequence of enzymatic activities aimed at
controlling the extent of hormone action and the preparation of the chromatin for

Fig. 2 Initial steps in PR activation of the MMTV promoter. One minute after hormone addition
the activated complexes of pPR, pErk, pMsk1 with either the NURF complex or the
methyltransferase ASCOM complex are recruited to the promoter, which is occuppied by a
repressive complex containing HP1c and KDM5B, among other factors. Msk1 phosporylates H3
at serine 10 promoting the displacement of the repressive complex. The combined action of the
ASCOM complex and the displaced KDM5B increases histone H3 in K4 trimethylation,
stabilizing NURF at the promoter. NURF remodeling facilitates access of the Cdk2-CyclinA
kinase, which phosphorylates histone H1 and promotes its displacement, which also requires
activation of PARP1. This first cycle of chromatin remodeling is a prerequisite for a second cycle
starting 5 min after hormone addition; activated PR complexes bind BAF and PCAF and recruit
them to the target chromatin. The BAF complex, stabilized by PCAF-dependent H3K14
acetylation, catalyzes ATP-dependent H2A/H2B displacement. Opening of the nucleosome core
particle facilitates NF1 binding generating a stable (H3/H4)2 platform that exposes previously
hidden HREs for the recruitment of additional PR and BAF complexes, facilitating interaction
with other coactivators and assemble of the transcription initiation complex. At both phases in
activation of the promoter, a histone tail modification stabilizes the binding of an ATP-dependent
chromatin remodeling complex to the target promoter followed by a nucleosome remodeling step.
Thus, transcription initiation is a complex process including connected cycles of enzymatic
chromatin remodeling, where each enzyme complex is crucial at a given time point

b
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access of the RNA polymerase II and other basic factors of the transcriptional
machinery. A schematic model that attempts to include our present knowledge of
these multiples steps is shown in Fig. 2. We are aware that this scheme represents
only a part of the numerous steps involved in gene regulation and that many more
PR partners will have to be incorporated in the model, even if we limit ourselves to
the very initial 10 min of hormone action.
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Abstract Estrogen predominantly mediates its effects through the estrogen
receptors, ER-a and ER-b, which directly modulate gene expression and participate
in rapid cytoplasmic signaling. Within minutes of estrogen stimulation, the ER
interacts with and signals through the non-receptor tyrosine kinase, c-Src, and HER
family of receptor tyrosine kinases to promote biological outcomes. In addition, these
proteins have been shown to cooperate with one another to facilitate growth factor
and progesterone signaling in the absence of estrogen. Because of their involvement
in estrogen-dependent and independent signaling, cancer progression, and resistance
to hormonal and cytotoxic therapies, the c-Src and HER family proteins have been
identified as targets for the treatment of breast cancer, as well as other malignancies.
Several small-molecule inhibitors and monoclonal antibodies are currently being
tested or used in the clinic for the treatment of these tumors.
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1 Introduction

Breast cancer is a hormone-dependent malignancy that accounts for more than one
in four cancers diagnosed in American women and is the second leading cause of
female cancer-related deaths [1, 2]. The steroid hormone 17b-estradiol plays a
critical role in the development and progression of breast cancer, and increased
exposure to estrogen (such as early menarche and late menopause) is associated
with many of the epidemiological risk factors for breast cancer. Removal of
estrogen via ovariectomy or cessation of hormone-replacement therapy correlates
with reduced risk [1, 2], consistent with estrogen being required for the develop-
ment and growth of the mammary gland during puberty, pregnancy, and lactation
[3], as well as cell proliferation under both physiological and patho-physiological
states [4].

Biological effects of estrogen are mediated through the estrogen receptors,
ER-a or ER-b. Normal human mammary tissue expresses both ER subtypes,
although, surprisingly, both are expressed primarily in non-proliferating cells [5].
In early breast cancers, ER-a is highly over-expressed and ER-b expression is
decreased compared to normal breast tissue, whereas expression of both receptors
declines in more invasive cancers [4, 6, 7]. The predominant role of ER-a in breast
tumors has allowed its expression, alone or with the estrogen-stimulated proges-
terone receptor (PR), to be used as a criterion for treatment of patients with
adjuvant endocrine therapy such as tamoxifen or aromatase inhibitors. Several
studies examined ER-b expression to assess if there is any benefit in determining
its status to predict responses to endocrine therapy. The majority concluded that
ER-b together with ER-a favors positive responses to endocrine therapy, but it is
unclear if there is any further benefit than measuring ER-a alone. In contrast,

Cooperative Interactions Between c-Src, Estrogen Receptors 33



the positive association between ER-b and HER2 expression in high-grade
ER-a-negative breast cancer does not favor positive responses to endocrine
therapy, which may be due to interactions of ER-b and HER2 in these tumors, as
well as development of such tumors from a different type of mammary cell, such
as a myoepithelial cell [4].

In general, declining expression of ER in breast tumors is associated with
increased expression of growth factor receptors, particularly of the human EGFR,
or HER family [8]. Over-expression of HER2 occurs more frequently in the early
stages of breast cancer, and is therefore thought to be involved in tumor initiation
and early stages of progression. HER2 is amplified in 10-35% of human breast
carcinomas, an event associated with a poor disease prognosis. Approximately
30% of human breast tumors over-express EGFR and this is correlated with a loss
of ER expression, estrogen responsiveness, and a poorer prognosis. EGFR also
plays a role in normal breast development and is found in ductal epithelial cells of
normal breast tissue. c-Src, a non-receptor tyrosine kinase that is localized to
intracellular membranes of the cell, has also been found to be over-expressed or
highly activated in human breast tumor specimens and cell lines, with estimates
that 70% of tumors have c-Src tyrosine kinase activity from 2-to-50-fold greater
than those found in normal breast epithelium or immortalized mammary epithelial
cells [8]. Such increases in a high percentage of human breast neoplasias provide
correlative evidence that c-Src is involved in some facet of breast cancer devel-
opment. Increasing evidence suggests that the estrogen-mediated and growth
factor-mediated pathways regulating tumor progression may require common
downstream signaling pathways, providing nodes of cross talk between the two
types of receptors [9]. This review concentrates on the interactions between the
ER, c-Src, and members of the HER family and how these interactions may impact
breast cancer proliferation.

2 Canonical vs Rapid Signaling of Estrogen and the ERs

The ERs, along with PRs and androgen receptors (ARs), are members of the
nuclear receptor family of transcription factors. Nuclear receptors contain a central
zinc finger DNA-binding domain (DBD) and a C-terminal ligand-binding domain
(LBD). Full transcriptional activity of nuclear receptors requires cooperation
between the N-terminal ligand-independent activation function-1 (AF-1) domain
and a C-terminal ligand-dependent activation function-2 (AF-2) domain in the
LBD. AF-1 associates with coactivators and is the site of several phosphorylations
that modulate receptor activity, whereas the AF-2 domain contains helix 12, which
facilitates the recruitment and interaction of coactivators. Ligand binding induces
an activating conformational change that reorganizes the LBD and displaces the
receptor from chaperones such as heat shock proteins, promotes dimerization, and
facilitates the recruitment and binding of coactivator proteins such as steroid
coactivator-1 (SRC-1), SRC-2 (GRIP1), and SRC-3, also called Amplified in
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Breast Cancer-1 (AIB1). Coactivators, alone or with coregulators such as CBP and
p300, contain intrinsic histone acetyltransferase activity that modifies lysines and
increases chromatin accessibility and ultimately transcription of target genes.
In contrast, binding of antagonists like tamoxifen and raloxifene to the ER dis-
places helix 12 and increases association of corepressors such as NCoR, SMRT,
Sin3, and REA with histone deacetylases, resulting in a more condensed chromatin
structure that represses gene transcription [10]. ERs bind directly to DNA at
estrogen response elements (EREs) but also associate with other transcription
factors, such as Sp1 or AP1, to regulate gene activity. Many proliferative and
survival genes are regulated by such ‘‘tethered’’ transcription factor mechanisms
[11]. Both ER subtypes bind similarly to EREs, but can differentially regulate
genes, particularly via tethered factors; ER-b generally has less transcriptional
activity compared to ER-a and has been proposed to act as a brake for ER-a
activity, either directly or indirectly [10].

ER function can also be modified by extracellular signals. Growth factors such
as EGF and insulin-like growth factor-1 (IGF-1) activate protein kinase pathways
leading to phosphorylation and activation of ER and coactivators [12]. For
example, in MCF-7 cells EGF stimulates ER-a activity and coactivator binding via
phosphorylation of Ser118 on ER-a by ERK and over-expression of the EGF
receptor family member HER2 or constitutive activation of the PI3 kinase (PI3K)
pathway [12]. Resulting increases in ER activity can then lead to the activation of
proliferative pathways, even in the absence of estrogen.

In addition to direct modulation of gene expression, estrogen/ER can rapidly
stimulate cytoplasmic signaling pathways, including many of those shared by
growth factors such as MAPK, PI3K and Akt [12]. Although most ER-a and ER-b
proteins reside in the nucleus, a population of ER is localized to the cytosolic and
membrane compartments. This population is especially important in ER+ breast
cancers (40-70% of tumors), where ER-a protein is over-expressed up to 10-fold
over levels in normal breast tissue. ER can become associated directly with the
cytoplasmic membrane via a palmitic acid covalently associated with a specific
cysteine in the ligand binding domain (C447 in hER-a) [13]. In this situation, more
ER is available for crosstalk with membrane and cytoplasmic signaling molecules
and may thus have additional impact on modulating the rate of proliferation. The
recently described GPR30, a bona fide estrogen-binding G-protein coupled
receptor (GPCR), acts via G protein bc subunits and also has the potential to
modulate estrogen-stimulated changes in PKA or ERK activity, but estrogen-
stimulated proliferation of breast cancer cells has not been associated with this
protein [14]. Most rapid actions of estrogen in breast cancer cells, and ultimately
cell proliferation, appear to be associated with the cognate nuclear ERs. Estrogen
stimulation of ERK in breast cancer cells occurs within 3-15 min, and can be
inhibited with antiestrogens such as ICI 182,780, or knockdown of ER-a [15].
Cells from ER-a/ER-b-KO mice cannot support rapid estrogen cytoplasmic sig-
naling, and introduction of siRNAs for ER-a and/or ER-b abrogates rapid estrogen
signaling and cell proliferation in breast cancer cells, whereas introduction of
GPR30 siRNA and knockdown of this protein does not [16–18]. In addition to
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effects on enzyme signaling, ligand-bound cytoplasmic ERs can also induce rapid
phosphorylation of cytoplasmic transcription factors such as Stat3 and Stat5,
which are then translocated to the nucleus and linked to estrogen-dependent
proliferation of breast cancer cells [4, 19]. Such pathways likely cooperate with
nuclear actions of ER [19, 20].

3 Rapid Estrogen Signaling Involving ER, c-Src
and HER Family Members

3.1 Estrogen-Dependent c-Src-ER Interactions:
Complexes, Physiological Role, Mechanism
of Action, and Regulation

One of the key cytoplasmic proteins that mediates rapid estrogen signaling via
the ER is c-Src [15, 21–23]. c-Src is the founding member of the Src family
kinases (SFKs) of intracellular, membrane-localized non-receptor tyrosine kinases
[24–26], and its substrates include many known estrogen effector proteins,
including ER-a [27], PI3K [28], AR [29] and EGFR [30–32]. c-Src has been
implicated in colorectal, breast, melanoma, ovarian, gastric, head and neck,
pancreatic, lung, brain, and blood cancer development/progression [8], though it is
poorly oncogenic on its own. However, mice expressing endogenous c-Src and the
polyomavirus middle T antigen transgene under the control of a mammary-specific
promoter form more tumors at a faster rate than those expressing polyomavirus
middle T on a c-Src null background [24], indicating that c-Src can cooperate with
other oncogenic factors to enhance tumorigenicity.

c-Src’s oncogenic role in breast cancer is consistent with its function as an
estrogen effector. In MCF-7 cells, estrogen rapidly enhances c-Src activity and
ER-a Tyr537 phosphorylation [33]. A report by Kumar and colleagues [34] sug-
gests that this activation may result from direct association of c-Src with ER-a and
myristoylated, GDP-bound Gai (Fig. 1a, #1), but other mechanisms of activation
have also been described (see below). Phosphorylation of ER-a Tyr537 by acti-
vated c-Src enhances ER-a binding to EREs in vitro and in vivo [22, 35]. In
contrast, inhibition of c-Src in ER+ BT-474 cells by a SFK-targeted tyrosine
kinase inhibitor (TKI) results in increased ER-a protein levels and ER-mediated
transcription [36, 37]. Together, these results suggest that SFKs can stimulate or
inhibit ER transcription, depending upon the cell line and treatment.

Modulator of non-genomic action of estrogen receptor (MNAR/PELP-1), a scaf-
folding protein, associates with ligand-bound ER-a, ER-b, AR, and glucocorticoid
receptor through LXXLL motifs, similar to those of nuclear receptor coactivators, and
also binds to the c-Src SH3 domain via a proline-rich region [22]. Its association with
ER-a and c-Src have been shown to increase within minutes of estrogen stimulation
(Fig. 1a, #4) [22, 27, 33, 38–40]. These interactions lead to stimulation of c-Src
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Fig. 1 ER-dependent signaling a. Signaling mechanisms involving ER and c-Src 1. Estrogen
mediates c-Src activation through a GPCR (GPR30) Gai-GDP::ER complex. 2. Estrogen
stimulates HPIP association with ER, c-Src, and p85 PI3K, leading to ERK and AKT
phosphorylation. 3. Estrogen-induced ER association with Shc stimulates c-Src-mediated ERK
activation. 4. Estrogen increases ER and c-Src association with MNAR and c-Src activation,
resulting in ERK phosphorylation and increased transcription from ERE-containing promoters. 5.
Estrogen induces the formation of an ER, p130Cas, and c-Src complex, which supports ERK
phosphorylation and cyclin D1 expression. 6. The association of AR and c-Src activate ERK
through an estrogen and ER-dependent mechanism. 7. Type IV collagen signals through
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ER to elevate IGF-1 levels, resulting in IGF-1R-dependent EGFR activation. 9. Estrogen rapidly
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enzymatic activity and activation of the MAPK pathway. It is proposed that MNAR
enhances activation of c-Src by providing more effective interaction between ER and
c-Src as well as by relieving c-Src inhibition through binding to the SH3 domain.
Although the hierarchy among all of these associations is not known, it is clear that
c-Src plays a fundamental role in estrogen-stimulated cell growth, an event that may
also require growth factor receptors, such as those for EGF or IGF-1 [4, 41].

In addition to MNAR, p130Cas (BCAR-1), hematopoietic Pbx interacting protein
(HPIP), and Shc also function as adaptors that facilitate ER and c-Src interaction.
Within 3 min of estrogen stimulation, p130Cas binds ER-a and activates c-Src to
form a transient, multimeric complex that supports the rapid phosphorylation of ERK
1/2 and, eventually, expression of the cell cycle protein, cyclin D1, in T47-D cells
(Fig. 1a, #5) [21]. In fact, c-Src kinase activity has been shown to be required for
estrogen-stimulated cell-cycle progression and proliferation in some systems [6, 24,
28, 42]. ER-a and ER-b compete with one another to bind to the adaptor, HPIP. Of
interest, estrogen stimulation is required for ER-a to associate with HPIP, whereas
ER-b and the scaffold interact independently of estrogen in MCF-7 cells [43, 44].
Estrogen quickly induces the formation of a complex containing HPIP, ER-a, c-Src,
and the p85 subunit of PI3K; these proteins and the activity of c-Src and PI3K are
required for estrogen-stimulated ERK and AKT phosphorylation (Fig. 1a, #2) [43].
However, there have been conflicting reports of the impact of HPIP on estrogen-
induced transcription of ERE-containing promoters [43, 44]. Finally, two studies
have implicated Shc, ER, and c-Src in mediating estrogenic signaling and biological
outcomes. Shc is a scaffolding protein that is bound by Grb2, a protein that recruits
the guanine exchange factor, Sos, leading to Ras activation and signaling through
the MAPK cascade [45]. The estrogen stimulation of MCF-7 cells triggers
SFK-dependant and ER-dependent tyrosine phosphorylation of Shc and ERK 1/2
(Fig. 1a, #3). This is presumably achieved through the direct and rapid association of
Shc with ER-a as well as the formation of the Shc-Grb2-Sos complex [15].
In addition, Kousteni and colleagues [46] demonstrated in HeLa cells that estrogen
protection from etoposide-induced apoptosis requires ER, c-Src, Shc, and MEK,
suggesting that Shc-dependent rapid signaling may mediate resistance to chemo-
therapeutic agents. Further evidence supporting an ER-mediated cell survival role for
c-Src is the finding that in ER+ MCF-7 breast cancer cells estrogen increases ER-a
association with c-Src, Shc, and the IGF-1 receptor, resulting in ER-a-dependent
PI3K activation (Fig. 1b, #9) [15, 16, 47]. Together these data demonstrate that, not
only is c-Src an important mediator of many biological responses that support breast
cancer progression, it can do so through its participation in estrogen signaling.

3.2 Estrogen-Dependent HER Family and ER Interactions

The HER family of transmembrane receptor tyrosine kinases contains four
members (HER1 (EGFR), HER2, HER3, and HER4) that homo- and heterodi-
merize and become activated upon ligand-binding. The extracellular domain
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mediates ligand binding and receptor dimerization, while the intracellular portion
contains the catalytic domain and phosphorylation sites that provide docking sites
for adaptor proteins and substrates with SH2 domains [48–50]. In addition to
EGFR activation by its own ligands, cytokines, sex hormones, and GPCR ligands
have been shown to signal through the EGFR [51] and to promote MAPK, PI3K,
c-Src, and Stat signaling [8].

EGFR overexpression in breast cancer correlates strongly with a loss of dif-
ferentiation, advanced clinical stage, enhanced tumor proliferation, resistance to
endocrine therapy, and poor prognosis [52], suggesting that the EGFR is an
important player in breast cancer progression. Additionally, overexpression of the
EGFR in cell culture models can result in morphological transformation and in
vivo tumorigenesis [52, 53], and targeted overexpression of its ligand, trans-
forming growth factor-a (TGF-a), in the mouse mammary gland causes hyper-
plasia and adenomas following multiple pregnancies and lactation [54]. Aberrant
EGFR activation results from gene amplification, transcriptional overexpression,
and/or autocrine stimulation of the receptor [55].

HER2 is amplified in 20-30% of all breast tumors; however, its expression is
often inversely correlated with that of the ER [56, 57]. In several cancers,
including breast, HER2 expression is a poor prognostic marker [58], and its
ectopic overexpression in cell models enhances tumorigenicity, possibly through
the basal autophosphorylation of HER2 [53]. Trastuzumab, a HER2-targeted
monoclonal antibody, has been used successfully in the treatment of HER2+ breast
cancers, and its effects are independent of ER status [59]. However, chemother-
apeutic treatment of breast cancers with high HER2 levels demonstrates poor
clinical outcomes [60, 61], with ER+ or PR+ (hormone receptor-positive, HR+)
cancers showing better responses [62–66] than HR- cancers, suggesting that HER2
sensitizes ER+ breast cancers to chemotherapy. Thus, while HER2 has clearly
been shown to promote certain breast cancers, it appears to have some divergent
functions in ER+ and ER- tumors.

The roles of HER3 and HER4 in breast cancer have been less extensively
studied, particularly in relationship to the ER and estrogen signaling. Two studies
on HR+ breast cancers have shown that increased HER3 levels [67] or HER3
pTyr1289 [68] in tumors portends a poor prognosis. In contrast, both studies
demonstrated that higher levels of HER4 within the HR+ population correlated
with increased overall survival [67, 68].

HER family members are often misregulated in estrogen-responsive breast
tumors. Though ER-a and EGFR/HER2 expression in cancerous cells is inversely
correlated, they are dually expressed in adjacent normal cells [69–72]. Estrogen
causes the downregulation of both EGFR and HER2 mRNA in ER+ breast cancer
cell lines, and evidence suggests that this occurs through an ER-mediated mech-
anism [73, 74]. In contrast, HER4 and ER-a are recruited to the ERBB4 promoter
within an hour of estrogen exposure and prolonged stimulation increases HER4
expression in T47-D cells [75].

Estrogen can rapidly transactivate the EGFR to achieve effector-molecule
activation and biological responses. For example, estrogen-activated ER leads to
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increased IGF-1 levels and IGF-1R-, MMP-, and HB-EGF-dependent EGFR
activation in MCF-7 cells and association of the IGF-1R with ER-a (Fig. 1b, #8)
[76, 77]. This pathway is necessary for estrogen-induced ERK 1/2 phosphoryla-
tion, net growth, and decreased apoptosis, possibly through Shc and c-Src [77–79].
Elevated IGF-1 levels may result from post-translational regulation of IGF-1
turnover or from ER-mediated transcription [77, 80].

In contrast to this ER-dependent mechanism, GPR30 also signals through the
EGFR independently of the ER. GPR30 stimulates HB-EGF cleavage through a
c-Src-dependent mechanism, thereby stimulating EGFR-mediated ERK and PI3K
activation to support estrogen-stimulated DNA synthesis and survival [81]. GPR30
can also associate with ER-a in an EGFR-independent manner in ER+ endometrial
cancer cells [82–84] but the implications of this association have yet to be
demonstrated.

Though HER2 and HER3 have not been explicitly implicated in estrogen sig-
naling, their heterodimerization with EGFR suggests that they may also participate
in downstream estrogen signaling [50]. Studies on HER4 have focused predomi-
nately on HER4’s soluble, cleaved form, the intracellular domain (4ICD). 4ICD was
shown to associate with ER-a [85] and occupy the promoters of estrogen-regulated
genes (e.g. ERBB4, SDF-1, PGR) within an hour of estrogen stimulation [75],
suggesting that the ER-a4ICD complex can regulate the expression of estrogen
target genes (Fig. 1b, #11). ER-a, ER-b and 4ICD are also present in the mito-
chondria of ER+ breast cancer cells, and their localization to this organelle is
differentially regulated by estrogen [86–88]. (Localization of ER is increased but
that of 4ICD is decreased.) Data suggest that 4ICD promotes rapid tamoxifen-
induced apoptosis in ER+ breast cancer cell lines, though it is unclear if interaction
with the ER is necessary and, if so, if the interaction occurs in the mitochondria [85].

3.3 Estrogen-Independent Interactions Between ER, c-Src,
and HER Family Members

Little experimental evidence supports the existence of a trimeric complex
consisting of ER, c-Src, and any HER family member either in the absence or
presence of estrogen. However, c-Src and some HER family members have been
shown to individually associate with and participate in signaling with the ER in the
absence of estrogen.

For example, in ER-a expressing cells EGF can stimulate the interaction of ER-a
with EGFR, induce proliferation, and decrease apoptosis. These events are preceded
by rapid serine and tyrosine phosphorylation of ER-a [89–91]. A role for ER-a in
EGF signaling is further supported by the inability of mice lacking ER-a or treated
with anti-estrogens to support EGF-stimulated DNA synthesis and growth [91–93].

Heregulin (HRG, neuregulin-1), a ligand for HER3 and HER4, has been shown
to modulate ER transcriptional activity through the HER family. This ligand
stimulates rapid HER3/HER4 heterodimerization with HER2 and activation of all
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three receptors in breast cancer cell lines [94–96] and, in the case of the HRG-b
isoform, inhibits estrogen-induced occupancy and transcription of ERE-containing
promoters in a HER2- and HER3-dependent manner [96] (Fig. 1b, #10). Of note,
HRG-b suppresses ER-a- and ER-b-mediated gene transcription in MCF-7 cells by
unique mechanisms: ER-b requires phosphorylation of its AF-1 domain (or A/B
domain), MEK6, and p38 for inhibition, whereas ER-a needs none of these
(Fig. 1b, #10) [96]. A recent study in T47-D cells showed that overexpression of
ER-b suppresses HRG-induced HER2 tyrosine phosphorylation [97], suggesting
multiple levels of regulation and crosstalk between HER family members and the
ERs.

Interactions and signaling between c-Src and ER in the absence of estrogen has
not been widely reported in the literature, though a few studies have shown both
progestins and basement membrane proteins stimulate such signaling. In T47-D
cells PR-B and ER-a basally associate in a direct interaction that was shown in a
yeast two-hybrid system to occur independently of ER-a Tyr537 phosphorylation
by c-Src [35, 98]. Yet, ER-a binds c-Src in a PR-dependent manner within 2 min
of exposure to a synthetic progestin (R5020) (Fig. 2, #6). However, ER and PR are
both necessary for R5020-induced c-Src activation and c-Src-mediated ERK 1/2
phosphorylation and cell growth [35, 98], suggesting that the physical interaction
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of ER-a with c-Src may mediate signaling and biological outcomes in response to
progestin. The basement membrane components, collagen-IV and laminin-1, can
increase ER-a levels in primary and cultured murine mammary epithelial cells
through binding of a2b1 and a6b1 integrins, respectively [99]. Similarly, collagen-
IV and fibronectin have been reported to modulate gene expression through the ER
and c-Src (Fig. 1a, #7). In contrast to estrogen-induced classical gene transcrip-
tion, which requires the C-terminus of ER-a and is enhanced by, but not dependent
upon, c-Src, type IV collagen and fibronectin, requires the N-terminal portion
of ER-a and c-Src activity for expression from ERE-containing promoters [100].
The implications of this type of gene expression are not fully elucidated, though
one possibility is that it regulates the morphological changes induced by these
basement membrane components.

3.4 Estrogen Receptor-Independent Actions of c-Src and HER
Family Members in Breast Cancer

In addition to their interactions with the ER, c-Src and HER family members
participate independently of the ER in signaling pathways that regulate a plethora
of processes driving the progression of breast cancer. Several of these pathways
are mediated by synergistic interactions of HER family members with c-Src
[101, 102]. For example, activation of the EGFR (through direct binding of ligand
or transactivation by GPCRs, cytokine receptors, or estrogen) recruits c-Src or
related cytoplasmic tyrosine kinases to the receptor [101, 103, 104], which in turn
phosphorylate the receptor at specific tyrosine sites, most notably EGFR Tyr 845.
Phosphorylation of this site by c-Src is required for EGFR-mediated DNA syn-
thesis and results in activation of the transcription factor, Stat5b, (Fig. 2, #1) and
association of the EGFR with cytochrome c oxidase subunit II (Cox II), a com-
ponent of the ATP-generating oxidative phosphorylation pathway (Fig. 2, #2)
[105, 106]. Translocation of the EGFR and c-Src to the mitochondria results in
tyrosine phosphorylation of Cox II, a reduction in Cox II activity, and reduced
ATP generation, suggestive of a Warburg-like effect [106]. The vIII variant of
EGFR, found frequently in glioblastomas and less frequently in breast cancers, has
also been localized to the mitochondria, where it is reported to regulate cell
survival [107].

Independently of pTyr 845, EGFR and c-Src also activate Stat3 [101, 108]. The
Stat family regulates transcription of multiple genes that contribute to breast
cancer cell proliferation, survival and migration, in the latter case through tran-
scriptional as well as cytoplasmic events [109]. In addition to transcription and
energy metabolism, the synergism between EGFR and c-Src can regulate
phospholipid synthesis, specifically through recruitment and stabilization of
choline kinase-a (CHK-A), a key enzyme in the production of phosphatidylcho-
line, the major phospholipid of cellular membranes [110] (Fig. 2, #4). In addition
to its role in membrane biogenesis, phosphocholine, the product of CHK-A
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catalysis has been implicated as a second messenger, regulating cell survival
through PI3-kinase [111, 112].

c-Src and EGFR also participate in numerous other signaling pathways that
regulate cell adhesion/migration, survival, proliferation, cell–cell interactions, and
angiogenesis, all processes critical to tumorigenesis. The downstream substrates of
EGFR and c-Src that regulate these processes are frequently shared, including
members of the integrin/FAK/paxillin pathway, the PI-3 kinase/Akt pathway, the
Shc/Ras/ERK pathway, the cadherin/catenin pathway, and the VEGF/HIF-a
pathway. These and other pathways regulated by c-Src and/or EGFR have been
reviewed extensively elsewhere [113–117].

c-Src also plays an important role in regulating HER2 activation. A 2001 study
showed that c-Src and HER2/HER3 formed a complex in breast cancer cells that
was independent of ligand stimulation by HRG, but inhibition of c-Src kinase
activity reduced or ablated HRG-dependent soft-agar colony growth, indicating
that c-Src played a critical role in HER2/3-mediated anchorage-independent pro-
liferative function [118]. Subsequent studies demonstrated that c-Src positively
regulates HER2/3 hetero-complex formation by an upstream mechanism, which
results in regulation of downstream intracellular effectors of the complex,
including PI3K and FAK, thereby regulating cell motility and anchorage-inde-
pendent growth induced by HRG (Fig. 2, #5) [119]. c-Src is also involved in
transactivation of HER2 by the GPCR, CXCR4. The ligand for CXCR4, stromal
cell-derived factor-1a, binds CXCR4 to induce migration of breast cancer cells,
and inhibition of c-Src kinase activity ablates this activity [120]. Similarly, TGF-b
induces clustering of HER2 and integrins through a c-Src/FAK-dependent mech-
anism that is postulated to play a role in regulating breast cancer cell migration and
survival [121]. Together, these studies provide substantial evidence of coopera-
tivity between c-Src and HER family members that can function to promote breast
cancer formation and progression.

4 AR in Breast Cancer and Possible Interactions
With ER, c-Src, and HER Family Members

The critical role of the AR in the development and potential treatment of prostate
cancer has long been appreciated, but now emerging evidence suggests that the
balance between ER-a and AR signaling is also a critical determinant of growth in
the normal and malignant breast. Several recent studies indicate that AR status is a
positive prognostic indicator in ER+ breast cancer [122–124]. Consistent with a
positive role for the AR in breast cancer outcome, the AR can potently inhibit ER-a
transactivation activity and estrogen-stimulated growth of breast cancer cells [122].
These inhibitory actions are suggested to occur in part by AR association with EREs
on chromatin and direct inhibition of ER’s genomic actions (Fig. 2, #7). However,
in addition, AR participates in rapid ‘‘non-genomic’’ signaling cascades, which may
also influence breast cancer proliferation.
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In both human mammary and prostate cancer cells, steroid hormones or EGF
trigger association of an AR-ER complex with c-Src (Fig. 2, #3) [125]. This inter-
action activates c-Src and affects the G1 to S cell cycle progression. Androgens also
activate ERK via EGFR/IGF-1R in prostate cancer cells [126]. Unlike the ER, but
similar to the PR, the AR associates directly with c-Src via a polyproline-rich
sequence in its N-terminus [127]. A 10 amino acid synthetic peptide specifically
inhibits the AR/c-Src interaction. Importantly, treatment of MCF-7 breast cancer
cells with nanomolar concentrations of this peptide inhibits the estrogen-induced
association between the AR, ER, and c-Src, c-Src/Erk pathway activation, cyclin D1
expression, and DNA synthesis, without interfering in receptor-dependent tran-
scriptional activity, and can also inhibit EGF-stimulated proliferation in these cells
(Fig. 1a, #6) [127]. Interestingly, disruption of the AR/c-Src complex by either this
peptide, or a protein termed DOC-2/DAB2 (differentially expressed in ovarian
cancer/disabled 2) was also shown to antagonize AR-mediated prostate cancer cell
growth [127, 128], suggesting common AR-dependent mechanisms in both systems.

Progesterone can inhibit AR signaling, and the increased risk of breast cancer
associated with hormone replacement therapy containing estrogens plus progestins
has been suggested to be associated with these anti-androgenic actions and the
reduction of the protective effects of the AR [129, 130].

Finally, the AR may serve a very different role in ER-negative breast cancers, and
expression of functional ARs occurs in a subset of HR- cancers expressing several
HER family members [131]. A recent study demonstrated both in vitro and in vivo
synergies between AR and MEK inhibitors in molecular apocrine breast cancer [132].
Furthermore, combination therapy with these inhibitors overcame trastuzumab
resistance in molecular apocrine cells. Therefore, a combination therapy strategy
with AR and MEK inhibitors may provide an attractive therapeutic option for the
ER-/AR+ subtype of breast cancer. Overall, understanding the role of androgen
signaling in different subtypes of breast cancer and how this is modulated by other
steroids and growth factors will increase our understanding of breast cancer risk and
inform the development of optimal preventive and treatment strategies for this disease.

5 Progesterone Receptor Interactions With ER,
c-Src and HER Family Members

PRs consist of two proteins that are expressed from a single gene via transcription
from two alternative promoters. The larger protein is termed PR-B, but the N
terminus-truncated PR-A lacks the first 164 amino acids of PR-B; the two isoforms
are typically both expressed in cells [133]. The two proteins can have distinct
responses on specific genes, and PR-A can antagonize effects of PR-B [134].
In breast cancer cells, progestins both stimulate and inhibit cell cycle progression
while increasing expression of TF, EGFR, c-fos, and c-myc genes. Progestin
treatment can also potentiate effects of EGF by upregulating levels of HER
family members (presumably by genomic mechanisms) and by enhancing
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phosphorylation of signaling molecules associated with activated receptors,
including ERK, Stats and Shc [133].

Both PR-A and PR-B are phosphorylated at equivalent sites under basal condi-
tions and in response to ligand binding and growth factor signaling cascades
[133, 135]. Progestin induces EGFR-, c-Src-, and ERK-dependent phosphorylation
of PR-B on the MAPK consensus site, Ser345. Ser345-phosphorylated PR-B
receptors strongly associate with specificity protein 1 (Sp1) transcription factors to
regulate PR cell cycle (p21) and growth-promoting (EGFR) target genes whose
promoters lack canonical progesterone response element sequences [136].
In response to growth factors such as EGF, Ser294 of PR-B is rapidly (3-5 min)
phosphorylated via a MAPK-dependent pathway. PR Ser294 is a key site for direct
regulation of PR subcellular location, activity, and turnover in response to phos-
phorylation events, and phosphorylated PR has increased sensitivity to lower levels
of ligand [137]. Additional post-translational modifications of PR can also regulate
activity. For example, sumoylation of the PR is hormone-dependent and has a
suppressive effect on transcription [138]. Recently, EGF-induced phosphorylation
of PR Ser-294 via MEK or Cdk2 was shown to block PR Lys-388 sumoylation of
PR-B but not PR-A, thereby derepressing receptor activity and contributing to
transcription of several proliferation genes [139]. Together, these data suggest
therapeutic potential for PR-targeted breast cancer treatment by exploiting multiple
nodes along the PR signaling pathway, including PR-B, EGFR, c-Src, ERK, or Sp1.

Unlike ERs, the PRs were not originally found in a wide variety of complexes
with intracellular signaling molecules and were proposed to exert their extra-
nuclear actions primarily by direct association with c-Src, alone or in conjunction
with ER-a. Human PR-B stimulation of ERK activity was shown to require
functional and physical association with c-Src [140, 141] (Fig. 2, #6). The amino
terminus of PR contains a polyproline SH3 recognition motif (aa 421–428) that is
necessary and sufficient for mediating direct interaction of PR with SH3 domains
of c-Src and related tyrosine kinases in a ligand-dependent manner in vitro and in
breast cancer cells. Mutation of the PXXP sequence in the PR or addition of a
minimal synthetic peptide containing the PR polyproline motif abolished the
ability of progestins to bind c-Src and activate both c-Src (or HcK) and p42/p44
ERKs, whereas mutation of the DNA binding domain had no effect. Transient
stimulation of ERK was associated with transient effects on cell proliferation
[140]. Other investigators have also found that PR-induced S-phase cell cycle
entry is ERK-dependent and mediated by the PR-B interaction with the SH3
domain of c-Src kinase in breast cancer cells [142].

In contrast, studies by other investigators suggested that progestin activation of
ERK in breast cancer cells requires PR association with both the ER and c-Src
(Fig. 2, #6) [35]. In T47-D breast cancer cells, treatment with R5020 activated
c-Src and ERK2 within 2–5 min. Surprisingly, this ERK activation was blocked
following treatment with anti-estrogens. Further protein–protein interaction
experiments using endogenous (in T47-D cells) or exogenous (transfected into
COS-7; monkey kidney fibroblast cells) proteins showed that there was an interaction
between c-Src, the PR and the ER. In subsequent studies, it was proposed that

Cooperative Interactions Between c-Src, Estrogen Receptors 45



activation of c-Src and the MAPK pathway by progestins depends upon the presence
of the unliganded ER-a phosphorylated at tyrosine 537, which interacts with PR-B
via two domains termed ER-interacting domains I (aa 165-345) and II (aa 456-546)
that flank, but do not include, PR’s proline-rich sequence [98]. It is possible that some
of the differences in results between these two groups are because overexpression of
steroid receptors in COS-7 cells leads to concentration-dependent formation of
different signaling complexes that require other signaling and adaptor molecules.
Finally, additional PR sequences have been defined, including a proline-rich CD
domain that can associate with MEK [143]. These data suggest that the PR may serve
as a scaffold protein and associate with more signaling molecules than previously
thought, thus providing docking interactions to coordinate the activation of down-
stream signaling pathways upon PR trans-activation. These properties may be
relevant to breast cancer progression characterized by high protein kinase activities,
and therapies targeted to block only the transcriptional activity would fail to target
other relevant (non-nuclear) biological actions.

6 Cancers Other Than Breast Cancer Whose Etiology
is Influenced by the Estrogen Receptor, c-Src,
and HER Family Members

The role of the ER in the genesis and development of cancers in non-reproductive
organs is complex (when studied) or altogether unexplored. The existence of two
major isoforms of the ER, ER-a and ER-b, as well as related steroid receptors, and
their different responses to steroid hormones adds to the difficulty in defining a
clear role for this class of receptors in non-reproductive tissue cancers.

For example, ERs (mostly ER-b) are expressed in a subset of gliomas, which
are inhibited and even undergo apoptosis in response to both agonists and
antagonists of the ER in experimental animals [144], raising the question as to
whether the ER plays an oncogenic or tumor suppressive role. Esophageal cancers
can also express ER-a and -b, but the relationship between expression of these
receptors and clinical outcome remains controversial [145].

However, in colon cancer ER expression is reduced or absent, both in tumors
themselves and in a subpopulation of cells in the normal colonic mucosa that
accumulate as a function of age, suggesting that in younger colonic mucosa the ER
may be protective against the disease. Reduced expression of the ER is associated
with methylation of CpG islands in the ER gene [146] and may represent one of
the earliest events in disease formation. A meta-analysis done by Grodstein and
colleagues [147] showed that a reduced incidence of the disease is associated with
women undergoing postmenopausal hormone replacement therapy. Together these
findings provide some evidence that estrogen has protective, pro-survival effects in
the colon. A similar methylation of the ER gene locus was found in prostate
cancer, which increased in frequency with disease progression [148]. Tanaka et al.
[149] also reported the existence of polymorphisms within the ER gene, one of
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which (in codon 10) may be a risk factor for developing prostate cancer.
The mechanistic role of this polymorphism is unknown.

In thyroid cancers, a recent study by Kavanagh et al. [150] in which 111 thyroid
tumor samples were analyzed showed that ER-a co-localization with its coacti-
vator, SRC-1, in the nucleus strongly correlated with non-anaplastic tumors and
reduced disease-free survival, while co-localization with its corepressor, NCoR,
was associated with anaplastic tumors and predicted increased survival. These
findings suggest that coregulators of the ER-a can contribute to disease outcome.

Multiple studies have reported the presence of ERs in pancreatic and non-small
cell lung cancer (NSCLC) cell lines and tumor samples, but the responses of these
cells to anti-hormonal therapies have been variable. Konduri and Schwarz [151]
and Kawai et al. [152] concluded that variations in the ratio of ER-b/ER-a
may help to explain the inconsistencies among studies and may highlight the
complexities involved in anti-hormonal therapies for these cancers.

In summary, the role of the ER in the etiology and progression of cancers in
non-reproductive tissues is quite well substantiated by evidence in a number of
disease sites. However, whether the ER plays a pro-tumorigenic or anti-tumorigenic
role appears to differ from tissue to tissue and regulated by the ratio of the two
ER isoforms, the predominance of coactivators vs. corepressors, and the other
prognostic indicators of disease that are unique or dominant in those organs.

7 Role of c-Src/HER Family in Resistance to Hormone,
Cytotoxic, or Targeted Therapies in Breast Cancer

7.1 c-Src as a Resistance Factor in Hormone, Cytotoxic,
and Targeted Therapies in Breast Cancer

Because c-Src is overexpressed and hyperactivated in the majority of breast cancers
[101, 153, 154] and plays a crucial role in orchestrating signaling pathways
controlling a wide range of cellular functions in breast cancer (see above), it is being
more closely examined as a factor in resistance to multiple therapeutic strategies,
including those that use hormonal, cytotoxic, or molecularly targeted agents. Its
biologically synergistic partners, HER family members, which are co-overexpressed
with c-Src in *70% of breast cancers can also play a role in resistance.

7.2 c-Src as a Resistance Factor to Hormonal Therapy
in Breast Cancer

Several preclinical studies have tested the anti-tumor effect of a combination of
c-Src inhibitors and anti-estrogen agents. Vallabhaneni and colleagues [155] tested
the combination of tamoxifen and dasatinib (c-Src inhibitor) in mouse xenografts
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of MCF-7 breast cancer cells engineered to be resistant to tamoxifen treatment by
deregulation of MNAR (PELP-1, an ER transcriptional coregulator and scaffold)
or HER2. They found that treatment with dasatinib alone had significant anti-
tumor activity on both cell lines but that combined treatment exhibited greater
anti-tumor activity in the MCF-7-PELP1 resistant cells. Riggins and collaborators
[41] showed that MCF-7 cells overexpressing the c-Src substrate and activator,
p130Cas, exhibited tamoxifen-resistant cell growth in response to estrogen, and
that this resistance was dependent upon the c-Src/EGFR Tyr 845/Stat5b axis.
Together, these studies provide strong evidence for c-Src as a resistance factor
in hormonal therapy and rationale for clinical trials in breast cancer combining
anti-estrogens with c-Src-targeted inhibitors.

7.3 c-Src and EGFR as Resistance Factors to Cytotoxic
Therapies in Breast Cancer

Studies in pancreatic, ovarian and colon cancer cell lines support the idea of c-Src
as a resistance factor, reporting c-Src-mediated insensitivities to gemcitabine and
5-fluorouracil [116, 156], paclitaxel [157] and oxaliplatin [158], respectively.
In MCF-7 breast cancer cells, c-Src has been shown to mediate resistance to
adriamycin [159] and doxorubicin [160].

EGFR has also been implicated in resistance to capecitabine + lapatinib in patients
[161] and doxorubicin in MCF-7 cells [160]. An intriguing study by Chang and
colleagues [162] that focused on an intrinsically docetaxel- or doxorubicin/cyclo-
phosphamide-resistant subpopulation of breast cancer cells that were termed ‘‘breast
cancer stem cells’’ (CD44+/CD24-/HER2-) found that co-treatment of patients with
lapatinib (a dual EGFR/HER2 inhibitor) decreased the frequency of these cells,
suggesting that EGFR may play a role in the survival or renewal of this stem cell-like
population that harbors intrinsic resistance to chemotherapeutic agents.

7.4 c-Src and EGFR as Resistance Factors to Inhibitors
of EGFR Family Members

Trastuzumab is a monoclonal antibody used extensively to treat HER2+
breast tumors, but the majority of the patients inevitably experience recurrence of
their tumors. This resistance has been linked to formation of EGFR/Met receptor
(hepatocyte growth factor receptor) complexes [163] and elevated levels of
HB-EGF, an alternative ligand of the EGFR [164]. Zhang and colleagues [165]
recently identified c-Src as a major resistance factor to trastuzumab in breast cancer
xenografts. Resistant cells showed increased levels of EGFR, HER2, and IGF-1R as
well as hyperactivated c-Src, a known coactivator and signaling partner to these
receptors. Treatment with c-Src inhibitors reduced tumor size, indicating that active
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c-Src was critical to the resistant phenotype. C-Src was also linked to lapatinib
resistance in a study utilizing lapatinib-resistant breast cancer cell lines [166].

8 c-Src/HER Family Targeted Therapies in Single Agent
or Combinatorial Studies

Based on a preponderance of evidence (some of which is described in this chapter),
efforts are underway from all sectors of the scientific community to develop
inhibitors for c-Src and HER family members. Many of them have been or are being
tested in animals, and a select few have moved to the clinical setting. Below are
representative examples of therapeutic agents that are available to target these two
families of tyrosine kinases. More complete listings of c-Src/HER family inhibitors
can be found in more extensive reviews on the subject [58, 167–169].

8.1 c-Src Targeted Therapies

Two small molecule c-Src inhibitors are currently being tested in the clinic.
Dasatinib (BMS-354825, Sprycel), an ATP-competitive inhibitor [170, 171] of
SFKs, Bcr-Abl, c-Kit, PDGFR, c-FMS, and EphA2 [170], is approved for treat-
ment of imatinib-resistant chronic myelogenous leukemia and Philadelphia chro-
mosome-positive acute lymphoblastic leukemia [171]. Based on studies in breast
cancer cell lines [170, 171], dasatinib was tested in triple negative disease and
shown to have only a very modest effect as a single agent [172]. Similar results
were observed in patients with advanced HR+ or HER+ disease. However, results
from a phase I trial evaluating dasatinib and capecitabine demonstrated a 22%
partial response rate and 33% who had stable disease [171], indicating that
combinatorial treatment was more effective than single agents. Ongoing trials are
testing the efficacy of dasatinib with estrogen antagonists [171, 173].

Saracatinib (ADZ0530) is a selective, potent, orally-available competitive
ATP-inhibitor that targets both SFKs and Abl tyrosine kinase. It inhibits the in
vitro proliferation, migration and invasion of breast, leukemia, prostate, colon,
ovarian, or NSCLC cell lines and shows mixed ability to inhibit growth of pan-
creatic and ER+ breast cancer xenografts [174]. This inhibitor is currently being
evaluated with the aromatase inhibitor, anastrozole, in a phase I/II trial in post-
menopausal advanced/metastatic HR+ breast cancer patients [175].

8.2 EGFR and HER2 Inhibitors

Perhaps the best known EGFR inhibitor is gefitinib (Iressa, ZD1839), an orally-
active, reversible ATP-competitive TKI [174], approved for NSCLC that is
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refractory to chemotherapy [176]. Studies indicate that gefitinib and endocrine
therapy co-treatment of endocrine-resistant cell lines restores sensitivity to the
hormonal treatment [177], and results from multiple phase II trials show that while
gefitinib may be advantageous to some HR+ breast cancer populations, those
subsets need to be more clearly defined [178]. To this end, several phase II trials
assessing its use as a monotherapy or in conjunction with ER-targeted drugs are
currently being carried out in metastatic HR+ breast cancer patients [179].

Erlotinib (Tarceva) is another orally active, reversible EGFR TKI [174] that has
been approved both for the treatment of selected NSCLC and pancreatic cancers
[176]. This drug is currently being evaluated in phase II trials in HR+ breast
cancers in conjunction with letrozole or fulvestrant, which inhibit estrogen pro-
duction and ER function, respectively [177].

Trastuzumab (Herceptin) is a humanized monoclonal antibody that targets the
HER2 extracellular domain [174] and is approved for the treatment of HER2+
breast cancer as a monotherapy or in conjunction with chemotherapeutic or hor-
monal agents [180]. Results of multiple preclinical and clinical studies have
demonstrated that combinatorial treatments significantly improved disease-free
survival, response rate, time to progression, and clinical benefit as compared to
single treatments. Given the efficacy of trastuzumab, a monoclonal antibody that
inhibits HER2 and HER3 dimerization, pertuzumab, has been developed and is
being evaluated in phase III clinical trials [178].

Lapatinib ditosylate (Tykerb) is an orally-active, reversible, ATP competitor
that targets EGFR and HER2 [180] and is approved for use with capecitabine or
letrozole in certain populations of HER2+ advanced or metastatic breast cancer
[176, 180). Phase II and III studies are currently underway testing lapatinib in
combination with tamoxifen in patients who had previously failed tamoxifen
treatment or with fulvestrant in postmenopausal women with stage III or IV HR+
breast cancer. Additionally, lapatinib is being evaluated as a monotherapy for
metastatic breast cancer resistant to hormone therapy in a phase II study [179].

Acknowledgments This work was generously supported by the National Cancer Institute (P30-
CA44579) (M.A.S., S.J.P.), Womens’ Oncology Fund of the University of Virginia Cancer Center
(M.A.S, S.J.P.), National Cancer Institute (RO1CA123037) (S.J.P), National Cancer Institute
Institutional Training Grant (T32 CA009109) (J.E.P), and the Wagner Fellowship Fund (J.E.P.).

References

1. Clemons M, Goss P (2010) Mechanisms of Disease: estrogen and the risk of breast cancer.
N Engl J Med 344:276–285

2. Gompel A, Plu-Bureau G (2010) Is the decrease in breast cancer incidence related to a
decrease in postmenopausal hormone therapy? Ann N Y Acad Sci 1205:268–276

3. Brisken C, O’Malley B (2010) Hormone action in the mammary gland. Cold Spring Harb
Perspect Biol 2:a003178

4. Fox EM, Davis RJ, Shupnik MA (2008) ERbeta in breast cancer–onlooker, passive player,
or active protector? Steroids 73:1039–1051

50 S. J. Parsons et al.



5. Clarke RB, Howell A, Potten CS, Anderson E (1997) Dissociation between steroid receptor
expression and cell proliferation in the human breast. Cancer Res 57:4987–4991

6. Fox EM, Bernaciak TM, Wen J, Weaver AM, Shupnik MA, Silva CM (2008) Signal
transducer and activator of transcription 5b, c-Src, and epidermal growth factor receptor
signaling play integral roles in estrogen-stimulated proliferation of estrogen receptor-
positive breast cancer cells. Mol Endocrinol 22:1781–1796

7. Herynk MH, Fuqua SA (2004) Estrogen receptor mutations in human disease. Endocr Rev
25:869–898

8. Biscardi JS, Ishizawar RC, Silva CM, Parsons SJ (2000) Tyrosine kinase signalling in breast
cancer: epidermal growth factor receptor and c-Src interactions in breast cancer. Breast
Cancer Res 2:203–210

9. Silva CM, Shupnik MA (2007) Integration of steroid and growth factor pathways in breast
cancer: focus on signal transducers and activators of transcription and their potential role in
resistance. Mol Endocrinol 21:1499–1512

10. Nilsson S, Makela S, Treuter E et al (2001) Mechanisms of estrogen action. Physiol Rev
81:1535–1565

11. Shupnik MA (2004) Crosstalk between steroid receptors and the c-Src-receptor tyrosine
kinase pathways: implications for cell proliferation. Oncogene 23:7979–7989

12. Levin ER (2003) Bidirectional signaling between the estrogen receptor and the epidermal
growth factor receptor. Mol Endocrinol 17:309–317

13. Hammes SR, Levin ER (2007) Extranuclear steroid receptors: nature and actions. Endocr
Rev 28:726–741

14. Prossnitz ER, Oprea TI, Sklar LA, Arterburn JB (2008) The ins and outs of GPR30: a
transmembrane estrogen receptor. J Steroid Biochem Mol Biol 109:350–353

15. Song RX, McPherson RA, Adam L et al (2002) Linkage of rapid estrogen action to MAPK
activation by ERalpha-Shc association and Shc pathway activation. Mol Endocrinol
16:116–127

16. Song RX, Barnes CJ, Zhang Z, Bao Y, Kumar R, Santen RJ (2004) The role of Shc and
insulin-like growth factor 1 receptor in mediating the translocation of estrogen receptor
alpha to the plasma membrane. Proc Natl Acad Sci U S A 101:2076–2081

17. Pedram A, Razandi M, Levin ER (2006) Nature of functional estrogen receptor at the
plasma membrane. Mol Endocrinol 20:1996–2009

18. Ahola TM, Alkio N, Manninen T, Ylikomi T (2002) Progestin and G protein-coupled
receptor 30 inhibit mitogen-activated protein kinase activity in MCF-7 breast cancer cells.
Endocrinology 143:4620–4626

19. Bjornstrom L, Sjoberg M (2005) Mechanisms of estrogen receptor signaling: convergence
of genomic and nongenomic actions on target genes. Mol Endocrinol 19:833–842

20. Fox EM, Andrade J, Shupnik MA (2009) Novel actions of estrogen to promote proliferation:
integration of cytoplasmic and nuclear pathways. Steroids 74:622–627

21. Cabodi S, Moro L, Baj G et al (2004) p130Cas interacts with estrogen receptor alpha and
modulates non-genomic estrogen signaling in breast cancer cells. J Cell Sci 117:1603–1611

22. Barletta F, Wong CW, McNally C, Komm BS, Katzenellenbogen B, Cheskis BJ (2004)
Characterization of the interactions of estrogen receptor and MNAR in the activation of
cSrc. Mol Endocrinol 18:1096–1108

23. Edwards DP, Boonyaratanakornkit V (2003) Rapid extranuclear signaling by the estrogen
receptor (ER): MNAR couples ER and Src to the MAP kinase signaling pathway. Mol
Interv 3:12–315

24. Summy JM, Gallick GE (2003) Src family kinases in tumor progression and metastasis.
Cancer Metastasis Rev 22:337–358

25. Thomas SM, Brugge JS (1997) Cellular functions regulated by Src family kinases. Annu
Rev Cell Dev Biol 13:513–609

26. Brown MT, Cooper JA (1996) Regulation, substrates and functions of src. Biochim Biophys
Acta 1287:121–149

Cooperative Interactions Between c-Src, Estrogen Receptors 51



27. Arnold SF, Obourn JD, Jaffe H, Notides AC (1995) Phosphorylation of the human estrogen
receptor on tyrosine 537 in vivo and by src family tyrosine kinases in vitro. Mol Endocrinol
9:24–33

28. Castoria G, Migliaccio A, Bilancio A et al (2001) PI3-kinase in concert with Src promotes
the S-phase entry of oestradiol-stimulated MCF-7 cells. EMBO J 20:6050–6059

29. Kraus S, Gioeli D, Vomastek T, Gordon V, Weber MJ (2006) Receptor for activated C
kinase 1 (RACK1) and Src regulate the tyrosine phosphorylation and function of the
androgen receptor. Cancer Res 66:11047–11054

30. Cheng CY, Kuo CT, Lin CC, Hsieh HL, Yang CM (2010) IL-1beta induces expression of
matrix metalloproteinase-9 and cell migration via a c-Src-dependent, growth factor receptor
transactivation in A549 cells. Br J Pharmacol 160:1595–1610

31. Lee CW, Lin CC, Lin WN et al (2007) TNF-alpha induces MMP-9 expression via activation
of Src/EGFR, PDGFR/PI3K/Akt cascade and promotion of NF-kappaB/p300 binding in
human tracheal smooth muscle cells. Am J Physiol Lung Cell Mol Physiol 292:L799–812

32. Wu CY, Hsieh HL, Sun CC, Tseng CP, Yang CM (2008) IL-1 beta induces proMMP-9
expression via c-Src-dependent PDGFR/PI3K/Akt/p300 cascade in rat brain astrocytes.
J Neurochem 105:1499–1512

33. Migliaccio A, Di Domenico M, Castoria G et al (1996) Tyrosine kinase/p21ras/MAP-kinase
pathway activation by estradiol-receptor complex in MCF-7 cells. EMBO J 15:1292–1300

34. Kumar P, Wu Q, Chambliss KL et al (2007) Direct Interactions with G alpha i and G
betagamma mediate nongenomic signaling by estrogen receptor alpha. Mol Endocrinol
21:1370–1380

35. Migliaccio A, Piccolo D, Castoria G et al (1998) Activation of the Src/p21ras/Erk pathway
by progesterone receptor via cross-talk with estrogen receptor. EMBO J 17:2008–2018

36. Arnold SF, Vorojeikina DP, Notides AC (1995) Phosphorylation of tyrosine 537 on the
human estrogen receptor is required for binding to an estrogen response element. J Biol
Chem 270:30205–30212

37. Yudt MR, Vorojeikina D, Zhong L et al (1999) Function of estrogen receptor tyrosine 537
in hormone binding, DNA binding, and transactivation. Biochemistry 38:14146–14156

38. Wong CW, McNally C, Nickbarg E, Komm BS, Cheskis BJ (2002) Estrogen receptor-
interacting protein that modulates its nongenomic activity-crosstalk with Src/Erk
phosphorylation cascade. Proc Natl Acad Sci U S A 99:14783–14788

39. Cheskis BJ, Greger J, Cooch N et al (2008) MNAR plays an important role in ERa
activation of Src/MAPK and PI3K/Akt signaling pathways. Steroids 73:901–905

40. Vadlamudi RK, Wang RA, Mazumdar A et al (2001) Molecular cloning and
characterization of PELP1, a novel human coregulator of estrogen receptor alpha. J Biol
Chem 276:38272–38279

41. Riggins RB, Thomas KS, Ta HQ et al (2006) Physical and functional interactions between
Cas and c-Src induce tamoxifen resistance of breast cancer cells through pathways
involving epidermal growth factor receptor and signal transducer and activator of
transcription 5b. Cancer Res 66:7007–7015

42. Chen Y, Alvarez EA, Azzam D et al (2010) Combined Src and ER blockade impairs human
breast cancer proliferation in vitro and in vivo. Breast Cancer Res Treat

43. Manavathi B, Acconcia F, Rayala SK, Kumar R (2006) An inherent role of microtubule
network in the action of nuclear receptor. Proc Natl Acad Sci U S A 103:15981–15986

44. Wang X, Yang Z, Zhang H et al (2008) The estrogen receptor-interacting protein HPIP
increases estrogen-responsive gene expression through activation of MAPK and AKT.
Biochim Biophys Acta 1783:1220–1228

45. Alam SM, Rajendran M, Ouyang S, Veeramani S, Zhang L, Lin MF (2009) A novel role of
Shc adaptor proteins in steroid hormone-regulated cancers. Endocr Relat Cancer 16:1–16

46. Kousteni S, Bellido T, Plotkin LI et al (2001) Nongenotropic, sex-nonspecific signaling
through the estrogen or androgen receptors: dissociation from transcriptional activity. Cell
104:719–730

52 S. J. Parsons et al.



47. Migliaccio A, Di Domenico M, Castoria G et al (2005) Steroid receptor regulation of
epidermal growth factor signaling through Src in breast and prostate cancer cells: steroid
antagonist action. Cancer Res 65:10585–10593

48. Wells A (1999) EGF receptor. Int J Biochem Cell Biol 31:637–643
49. Normanno N, De Luca A, Bianco C et al (2006) Epidermal growth factor receptor (EGFR)

signaling in cancer. Gene 366:2–16
50. Zhang H, Berezov A, Wang Q et al (2007) ErbB receptors: from oncogenes to targeted

cancer therapies. J Clin Invest 117:2051–2058
51. Bogdan S, Klambt C (2001) Epidermal growth factor receptor signaling. Curr Biol

11:R292–295
52. Mendelsohn J (2002) Targeting the epidermal growth factor receptor for cancer therapy.

J Clin Oncol 20:1S–13S
53. Nicholson RI, Gee JM, Harper ME (2001) EGFR and cancer prognosis. Eur J Cancer 37

Suppl 4:S9-15
54. Velu TJ, Beguinot L, Vass WC et al (1987) Epidermal-growth-factor-dependent

transformation by a human EGF receptor proto-oncogene. Science 238:1408–1410
55. Jorissen RN, Walker F, Pouliot N, Garrett TP, Ward CW, Burgess AW (2003) Epidermal

growth factor receptor: mechanisms of activation and signalling. Exp Cell Res 284:31–53
56. Ren W, Korchin B, Zhu QS et al (2008) Epidermal growth factor receptor blockade in

combination with conventional chemotherapy inhibits soft tissue sarcoma cell growth in
vitro and in vivo. Clin Cancer Res 14:2785–2795

57. Lopez JP, Wang-Rodriguez J, Chang C et al (2007) Gefitinib inhibition of drug resistance to
doxorubicin by inactivating ABCG2 in thyroid cancer cell lines. Arch Otolaryngol Head
Neck Surg 133:1022–1027

58. Harari D, Yarden Y (2000) Molecular mechanisms underlying ErbB2/HER2 action in breast
cancer. Oncogene 19:6102–6114

59. Schiffer IB, Gebhard S, Heimerdinger CK et al (2003) Switching off HER-2/neu in a
tetracycline-controlled mouse tumor model leads to apoptosis and tumor-size-dependent
remission. Cancer Res 63:7221–7231

60. Piccart-Gebhart MJ, Procter M, Leyland-Jones B et al (2005) Trastuzumab after adjuvant
chemotherapy in HER2-positive breast cancer. N Engl J Med 353:1659–1672

61. Vogel CL, Cobleigh MA, Tripathy D et al (2002) Efficacy and safety of trastuzumab as a
single agent in first-line treatment of HER2-overexpressing metastatic breast cancer. J Clin
Oncol 20:719–726

62. Tiezzi DG, Andrade JM, Ribeiro-Silva A, Zola FE, Marana HR, Tiezzi MG (2007) HER-2,
p53, p21 and hormonal receptors proteins expression as predictive factors of response and
prognosis in locally advanced breast cancer treated with neoadjuvant docetaxel plus
epirubicin combination. BMC Cancer 7:36

63. Pritchard KI, Shepherd LE, O’Malley FP et al (2006) HER2 and responsiveness of breast
cancer to adjuvant chemotherapy. N Engl J Med 354:2103–2111

64. Tubbs R, Barlow WE, Budd GT et al (2009) Outcome of patients with early-stage breast
cancer treated with doxorubicin-based adjuvant chemotherapy as a function of HER2 and
TOP2A status. J Clin Oncol 27:3881–3886

65. Del Mastro L, Bruzzi P, Nicolo G et al (2005) HER2 expression and efficacy of dose-dense
anthracycline-containing adjuvant chemotherapy in breast cancer patients. Br J Cancer
93:7–14

66. Gilcrease MZ, Woodward WA, Nicolas MM et al (2009) Even low-level HER2 expression
may be associated with worse outcome in node-positive breast cancer. Am J Surg Pathol
33:759–767

67. Witton CJ, Reeves JR, Going JJ, Cooke TG, Bartlett JM (2003) Expression of the HER1–4
family of receptor tyrosine kinases in breast cancer. J Pathol 200:290–297

68. Frogne T, Laenkholm AV, Lyng MB, Henriksen KL, Lykkesfeldt AE (2009) Determination
of HER2 phosphorylation at tyrosine 1221/1222 improves prediction of poor survival for
breast cancer patients with hormone receptor-positive tumors. Breast Cancer Res 11:R11

Cooperative Interactions Between c-Src, Estrogen Receptors 53



69. Petit T, Wilt M, Velten M et al (2010) Semi-quantitative evaluation of estrogen receptor
expression is a strong predictive factor of pathological complete response after
anthracycline-based neo-adjuvant chemotherapy in hormonal-sensitive breast cancer.
Breast Cancer Res Treat 124:387–391

70. Huober J, von Minckwitz G, Denkert C et al (2010) Effect of neoadjuvant anthracycline-
taxane-based chemotherapy in different biological breast cancer phenotypes: overall results
from the GeparTrio study. Breast Cancer Res Treat 124:133–140

71. Darb-Esfahani S, Loibl S, Muller BM et al (2009) Identification of biology-based breast
cancer types with distinct predictive and prognostic features: role of steroid hormone and
HER2 receptor expression in patients treated with neoadjuvant anthracycline/taxane-based
chemotherapy. Breast Cancer Res 11:R69

72. Andre F, Mazouni C, Liedtke C et al (2008) HER2 expression and efficacy of preoperative
paclitaxel/FAC chemotherapy in breast cancer. Breast Cancer Res Treat 108:183–190

73. Stoica GE, Franke TF, Moroni M et al (2003) Effect of estradiol on estrogen receptor-alpha
gene expression and activity can be modulated by the ErbB2/PI 3-K/Akt pathway.
Oncogene 22:7998–8011

74. Oh AS, Lorant LA, Holloway JN, Miller DL, Kern FG, El-Ashry D (2001) Hyperactivation
of MAPK induces loss of ERalpha expression in breast cancer cells. Mol Endocrinol
15:1344–1359

75. Zhu Y, Sullivan LL, Nair SS et al (2006) Coregulation of estrogen receptor by ERBB4/
HER4 establishes a growth-promoting autocrine signal in breast tumor cells. Cancer Res
66:7991–7998

76. Mendez P, Azcoitia I, Garcia-Segura LM (2003) Estrogen receptor alpha forms estrogen-
dependent multimolecular complexes with insulin-like growth factor receptor and
phosphatidylinositol 3-kinase in the adult rat brain. Brain Res Mol Brain Res 112:170–176

77. Santen RJ, Fan P, Zhang Z, Bao Y, Song RX, Yue W (2009) Estrogen signals via an extra-
nuclear pathway involving IGF-1R and EGFR in tamoxifen-sensitive and -resistant breast
cancer cells. Steroids 74:586–594

78. Song RX, Zhang Z, Chen Y, Bao Y, Santen RJ (2007) Estrogen signaling via a linear
pathway involving insulin-like growth factor I receptor, matrix metalloproteinases, and
epidermal growth factor receptor to activate mitogen-activated protein kinase in MCF-7
breast cancer cells. Endocrinology 148:4091–4101

79. Song RX, Chen Y, Zhang Z et al (2010) Estrogen utilization of IGF-1-R and EGF-R to
signal in breast cancer cells. J Steroid Biochem Mol Biol 118:219–230

80. Hewitt SC, Li Y, Li L, Korach KS (2010) Estrogen-mediated regulation of Igf1 transcription
and uterine growth involves direct binding of estrogen receptor alpha to estrogen-responsive
elements. J Biol Chem 285:2676–2685

81. Madeo A, Maggiolini M (2010) Nuclear alternate estrogen receptor GPR30 mediates 17beta-
estradiol-induced gene expression and migration in breast cancer-associated fibroblasts.
Cancer Res 70:6036–6046

82. Filardo EJ (2002) Epidermal growth factor receptor (EGFR) transactivation by estrogen via
the G-protein-coupled receptor, GPR30: a novel signaling pathway with potential
significance for breast cancer. J Steroid Biochem Mol Biol 80:231–238

83. Filardo EJ, Quinn JA, Bland KI, Frackelton AR Jr (2000) Estrogen-induced activation of
Erk-1 and Erk-2 requires the G protein-coupled receptor homolog, GPR30, and occurs via
trans-activation of the epidermal growth factor receptor through release of HB-EGF. Mol
Endocrinol 14:1649–1660

84. Vivacqua A, Lappano R, De Marco P et al (2009) G protein-coupled receptor 30 expression
is up-regulated by EGF and TGF alpha in estrogen receptor alpha-positive cancer cells. Mol
Endocrinol 23:1815–1826

85. Naresh A, Thor AD, Edgerton SM, Torkko KC, Kumar R, Jones FE (2008) The HER4/4ICD
estrogen receptor coactivator and BH3-only protein is an effector of tamoxifen-induced
apoptosis. Cancer Res 68:6387–6395

54 S. J. Parsons et al.



86. Chen JQ, Delannoy M, Cooke C, Yager JD (2004) Mitochondrial localization of ERalpha
and ERbeta in human MCF7 cells. Am J Physiol Endocrinol Metab 286:E1011–1022

87. Vidal GA, Naresh A, Marrero L, Jones FE (2005) Presenilin-dependent gamma-secretase
processing regulates multiple ERBB4/HER4 activities. J Biol Chem 280:19777–19783

88. Naresh A, Long W, Vidal GA et al (2006) The ERBB4/HER4 intracellular domain 4ICD is
a BH3-only protein promoting apoptosis of breast cancer cells. Cancer Res 66:6412–6420

89. Kato S, Endoh H, Masuhiro Y et al (1995) Activation of the estrogen receptor through
phosphorylation by mitogen-activated protein kinase. Science 270:1491–1494

90. Bunone G, Briand PA, Miksicek RJ, Picard D (1996) Activation of the unliganded estrogen
receptor by EGF involves the MAP kinase pathway and direct phosphorylation. Embo J
15:2174–2183

91. Marquez DC, Lee J, Lin T, Pietras RJ (2001) Epidermal growth factor receptor and tyrosine
phosphorylation of estrogen receptor. Endocrine 16:73–81

92. Curtis SW, Washburn T, Sewall C et al (1996) Physiological coupling of growth factor and
steroid receptor signaling pathways: estrogen receptor knockout mice lack estrogen-like
response to epidermal growth factor. Proc Natl Acad Sci U S A 93:12626–12630

93. Vignon F, Bouton MM, Rochefort H (1987) Antiestrogens inhibit the mitogenic effect of
growth factors on breast cancer cells in the total absence of estrogens. Biochem Biophys
Res Commun 146:1502–1508

94. Montero JC, Rodriguez-Barrueco R, Ocana A, Diaz-Rodriguez E, Esparis-Ogando A,
Pandiella A (2008) Neuregulins and cancer. Clin Cancer Res 14:3237–3241

95. Loi S, Sotiriou C, Haibe-Kains B et al (2009) Gene expression profiling identifies activated
growth factor signaling in poor prognosis (Luminal-B) estrogen receptor positive breast
cancer. BMC Med Genomics 2:37

96. St-Laurent V, Sanchez M, Charbonneau C, Tremblay A (2005) Selective hormone-
dependent repression of estrogen receptor beta by a p38-activated ErbB2/ErbB3 pathway.
J Steroid Biochem Mol Biol 94:23–37

97. Lindberg K, Helguero LA, Omoto Y, Gustafsson JA, Haldosen LA (2011) EstrogenEstrogen
receptor beta represses Akt signaling in breast cancer cells via downregulation of HER2/
HER3 and upregulation of PTEN - implications for tamoxifen sensitivity. Breast Cancer Res
13:R43

98. Ballare C, Uhrig M, Bechtold T et al (2003) Two domains of the progesterone receptor interact
with the estrogen receptor and are required for progesterone activation of the c-Src/Erk
pathway in mammalian cells. Mol Cell Biol 23:1994–2008

99. Novaro V, Roskelley CD, Bissell MJ (2003) Collagen-IV and laminin-1 regulate estrogen
receptor alpha expression and function in mouse mammary epithelial cells. J Cell Sci 116:
2975–2986

100. Sisci D, Aquila S, Middea E et al (2004) Fibronectin and type IV collagen activate ERalpha
AF-1 by c-Src pathway: effect on breast cancer cell motility. Oncogene 23:8920–8930

101. Biscardi JS, Tice DA, Parsons SJ (1999) c-Src, receptor tyrosine kinases, and human cancer.
Adv Cancer Res 76:61–119

102. Ishizawar R, Parsons SJ (2004) c-Src and cooperating partners in human cancer. Cancer
Cell 6:209–214

103. Boerner JL, Biscardi JS, Silva CM, Parsons SJ (2005) Transactivating agonists of the EGF
receptor require Tyr 845 phosphorylation for induction of DNA synthesis. Mol Carcinog
44:262–273

104. Weaver AM, Silva CM (2007) Signal transducer and activator of transcription 5b: a new
target of breast tumor kinase/protein tyrosine kinase 6. Breast Cancer Res 9:R79

105. Boerner JL, Demory ML, Silva C, Parsons SJ (2004) Phosphorylation of Y845 on the
epidermal growth factor receptor mediates binding to the mitochondrial protein cytochrome
c oxidase subunit II. Mol Cell Biol 24:7059–7071

106. Demory ML, Boerner JL, Davidson R et al (2009) Epidermal growth factor receptor
translocation to the mitochondria: regulation and effect. J Biol Chem 284:36592–6604

Cooperative Interactions Between c-Src, Estrogen Receptors 55



107. Cao X, Zhu H, Ali-Osman F, Lo HW (2011) EGFR and EGFRvIII undergo stress- and
EGFR kinase inhibitor-induced mitochondrial translocalization: a potential mechanism of
EGFR-driven antagonism of apoptosis. Mol Cancer 10:26

108. Garcia R, Bowman TL, Niu G et al (2001) Constitutive activation of Stat3 by the Src and
JAK tyrosine kinases participates in growth regulation of human breast carcinoma cells.
Oncogene 20:2499–2513

109. Bernaciak TM, Zareno J, Parsons JT, Silva CM (2009) A novel role for signal transducer
and activator of transcription 5b (STAT5b) in beta1-integrin-mediated human breast cancer
cell migration. Breast Cancer Res 11:R52

110. Miyake T, Parsons SJ (2011) Functional interactions link choline kinase to EGFR and c-Src
in breast cancer cell proliferation. Oncogene (Epub ahead of print)

111. Al-Saffar NM, Jackson LE, Raynaud FI et al (2010) The phosphoinositide 3-kinase inhibitor
PI-103 downregulates choline kinase alpha leading to phosphocholine and total choline
decrease detected by magnetic resonance spectroscopy. Cancer Res 70:5507–5517

112. Cuadrado A, Carnero A, Dolfi F, Jimenez B, Lacal JC (1993) Phosphorycholine: a
novel second messenger essential for mitogenic activity of growth factors. Oncogene
8:2959–2968

113. Parsons SJ, Parsons JT (2004) Src family kinases, key regulators of signal transduction.
Oncogene 23:7906–7909

114. Bromann PA, Korkaya H, Courtneidge SA (2004) The interplay between Src family kinases
and receptor tyrosine kinases. Oncogene 23:7957–7968

115. Reynolds AB, Roczniak-Ferguson A (2004) Emerging roles for p120-catenin in cell
adhesion and cancer. Oncogene 23:7947–7956

116. Ischenko I, Camaj P, Seeliger H et al (2008) Inhibition of Src tyrosine kinase reverts
chemoresistance toward 5-fluorouracil in human pancreatic carcinoma cells: an involvement
of epidermal growth factor receptor signaling. Oncogene 27:7212–7222

117. Lurje G, Lenz HJ (2009) EGFR signaling and drug discovery. Oncology 77:400–410
118. Belsches-Jablonski AP, Biscardi JS, Peavy DR, Tice DA, Romney DA, Parsons SJ (2001)

Src family kinases and HER2 interactions in human breast cancer cell growth and survival.
Oncogene 20:1465–1475

119. Ishizawar RC, Miyake T, Parsons SJ (2007) c-Src modulates ErbB2 and ErbB3
heterocomplex formation and function. Oncogene 26:3503–3510

120. Cabioglu N, Summy J, Miller C et al (2005) CXCL-12/stromal cell-derived factor-1alpha
transactivates HER2-neu in breast cancer cells by a novel pathway involving Src kinase
activation. Cancer Res 65:6493–6497

121. Wang SE, Xiang B, Zent R, Quaranta V, Pozzi A, Arteaga CL (2009) Transforming growth
factor beta induces clustering of HER2 and integrins by activating Src-focal adhesion kinase
and receptor association to the cytoskeleton. Cancer Res 69:475–482

122. Peters AA, Buchanan G, Ricciardelli C et al (2009) Androgen receptor inhibits estrogen
receptor-alpha activity and is prognostic in breast cancer. Cancer Res 69:6131–6140

123. Castellano I, Allia E, Accortanzo V et al (2010) Androgen receptor expression is a
significant prognostic factor in estrogen receptor positive breast cancers. Breast Cancer Res
Treat 124:607–617

124. Hu R, Dawood S, Holmes MD et al (2011) Androgen receptor expression and breast cancer
survival in postmenopausal women. Clin Cancer Res

125. Migliaccio A, Castoria G, Di Domenico M et al (2000) Steroid-induced androgen receptor-
oestradiol receptor beta-Src complex triggers prostate cancer cell proliferation. Embo J
19:5406–5417

126. Hamzeh M, Robaire B (2011) Androgens activate mitogen-activated protein kinase via
epidermal growth factor receptor/insulin-like growth factor 1 receptor in the mouse PC-1
cell line. J Endocrinol 209:55–64

127. Migliaccio A, Varricchio L, De Falco A et al (2007) Inhibition of the SH3 domain-mediated
binding of Src to the androgen receptor and its effect on tumor growth. Oncogene 26:
6619–6629

56 S. J. Parsons et al.



128. Zhou J, Hernandez G, Tu SW et al (2005) Synergistic induction of DOC-2/DAB2 gene
expression in transitional cell carcinoma in the presence of GATA6 and histone deacetylase
inhibitor. Cancer Res 65:6089–6096

129. Cops EJ, Bianco-Miotto T, Moore NL et al (2008) Antiproliferative actions of the synthetic
androgen, mibolerone, in breast cancer cells are mediated by both androgen and
progesterone receptors. J Steroid Biochem Mol Biol 110:236–243

130. Birrell SN, Butler LM, Harris JM, Buchanan G, Tilley WD (2007) Disruption of androgen
receptor signaling by synthetic progestins may increase risk of developing breast cancer.
Faseb J 21:2285–2293

131. Sanga S, Broom BM, Cristini V, Edgerton ME (2009) Gene expression meta-analysis
supports existence of molecular apocrine breast cancer with a role for androgen receptor and
implies interactions with ErbB family. BMC Med Genomics 2:59

132. Naderi A, Chia KM, Liu J (2011) Synergy between inhibitors of androgen receptor and
MEK has therapeutic implications in estrogen receptor-negative breast cancer. Breast
Cancer Res 13:R36

133. Lange CA (2004) Making sense of cross-talk between steroid hormone receptors and
intracellular signaling pathways: who will have the last word? Mol Endocrinol 18:269–278

134. Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM, Horwitz KB (2002)
Differential gene regulation by the two progesterone receptor isoforms in human breast
cancer cells. J Biol Chem 277:5209–5218

135. Ward RD, Weigel NL (2009) Steroid receptor phosphorylation: Assigning function to site-
specific phosphorylation. Biofactors 35:528–536

136. Faivre EJ, Daniel AR, Hillard CJ, Lange CA (2008) Progesterone receptor rapid signaling
mediates serine 345 phosphorylation and tethering to specificity protein 1 transcription
factors. Mol Endocrinol 22:823–837

137. Daniel AR, Qiu M, Faivre EJ, Ostrander JH, Skildum A, Lange CA (2007) Linkage of
progestin and epidermal growth factor signaling: phosphorylation of progesterone receptors
mediates transcriptional hypersensitivity and increased ligand-independent breast cancer
cell growth. Steroids 72:188–201

138. Abdel-Hafiz H, Dudevoir ML, Horwitz KB (2009) Mechanisms underlying the control
of progesterone receptor transcriptional activity by SUMOylation. J Biol Chem 284:
9099–9108

139. Daniel AR, Lange CA (2009) Protein kinases mediate ligand-independent derepression of
sumoylated progesterone receptors in breast cancer cells. Proc Natl Acad Sci U S A
106:14287–14292

140. Boonyaratanakornkit V, McGowan E, Sherman L, Mancini MA, Cheskis BJ, Edwards DP
(2007) The role of extranuclear signaling actions of progesterone receptor in mediating
progesterone regulation of gene expression and the cell cycle. Mol Endocrinol 21:359–375

141. Boonyaratanakornkit V, Scott MP, Ribon V et al (2001) Progesterone receptor contains a
proline-rich motif that directly interacts with SH3 domains and activates c-Src family
tyrosine kinases. Mol Cell 8:269–280

142. Skildum A, Faivre E, Lange CA (2005) Progesterone receptors induce cell cycle
progression via activation of mitogen-activated protein kinases. Mol Endocrinol 19:
327–339

143. Hagan CR, Faivre EJ, Lange CA (2009) Scaffolding actions of membrane-associated
progesterone receptors. Steroids 74:568–572

144. Kabat GC, Etgen AM, Rohan TE (2010) Do steroid hormones play a role in the etiology of
glioma? Cancer Epidemiol Biomarkers Prev 19:2421–2427

145. Rashid F, Khan RN, Iftikhar SY (2010) Probing the link between oestrogen receptors and
oesophageal cancer. World J Surg Oncol 8:9

146. Issa JP, Ottaviano YL, Celano P, Hamilton SR, Davidson NE, Baylin SB (1994)
Methylation of the oestrogen receptor CpG island links ageing and neoplasia in human
colon. Nat Genet 7:536–540

Cooperative Interactions Between c-Src, Estrogen Receptors 57



147. Grodstein F, Newcomb PA, Stampfer MJ (1999) Postmenopausal hormone therapy and the
risk of colorectal cancer: a review and meta-analysis. Am J Med 106:574–582

148. Li LC, Chui R, Nakajima K, Oh BR, Au HC, Dahiya R (2000) Frequent methylation of
estrogen receptor in prostate cancer: correlation with tumor progression. Cancer Res
60:702–706

149. Tanaka Y, Sasaki M, Kaneuchi M, Shiina H, Igawa M, Dahiya R (2003) Polymorphisms of
estrogen receptor alpha in prostate cancer. Mol Carcinog 37:202–208

150. Kavanagh DO, McIlroy M, Myers E et al (2010) The role of oestrogen receptor alpha in
human thyroid cancer: contributions from coregulatory proteins and the tyrosine kinase
receptor HER2. Endocr Relat Cancer 17:255–264

151. Konduri S, Schwarz RE (2007) Estrogen receptor beta/alpha ratio predicts response of
pancreatic cancer cells to estrogens and phytoestrogens. J Surg Res 140:55–66

152. Kawai H, Ishii A, Washiya K et al (2005) Estrogen receptor alpha and beta are prognostic
factors in non-small cell lung cancer. Clin Cancer Res 11:5084–5089

153. Jacobs C, Rubsamen H (1983) Expression of pp60c-src protein kinase in adult and fetal
human tissue: high activities in some sarcomas and mammary carcinomas. Cancer Res
43:1696–1702

154. Ottenhoff-Kalff AE, Rijksen G, van Beurden EA, Hennipman A, Michels AA, Staal GE
(1992) Characterization of protein tyrosine kinases from human breast cancer: involvement
of the c-src oncogene product. Cancer Res 52:4773–4778

155. Vallabhaneni S, Nair BC, Cortez V et al (2010) Significance of ER-Src axis in hormonal
therapy resistance. Breast Cancer Res Treat

156. Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE (2004) Inhibition of SRC tyrosine
kinase impairs inherent and acquired gemcitabine resistance in human pancreatic
adenocarcinoma cells. Clin Cancer Res 10:2307–2318

157. George JA, Chen T, Taylor CC (2005) SRC tyrosine kinase and multidrug resistance
protein-1 inhibitions act independently but cooperatively to restore paclitaxel sensitivity to
paclitaxel-resistant ovarian cancer cells. Cancer Res 65:10381–10388

158. Kopetz S, Lesslie DP, Dallas NA et al (2009) Synergistic activity of the SRC family kinase
inhibitor dasatinib and oxaliplatin in colon carcinoma cells is mediated by oxidative stress.
Cancer Res 69:3842–3849

159. Ta HQ, Thomas KS, Schrecengost RS, Bouton AH (2008) A novel association between
p130Cas and resistance to the chemotherapeutic drug adriamycin in human breast cancer
cells. Cancer Res 68:8796–8804

160. Pritchard JE, Conaway MR, Silva CM, Parsons SJ (2011) A mechanistic study of the effect
of doxorubicin/adriamycin on the estrogen response in a breast cancer model. Submitted

161. Rhee J, Han SW, Cha Y et al (2010) High serum TGF-alpha predicts poor response to
lapatinib and capecitabine in HER2-positive breast cancer. Breast Cancer Res Treat
125:107–114

162. Li X, Lewis MT, Huang J et al (2008) Intrinsic resistance of tumorigenic breast cancer cells
to chemotherapy. J Natl Cancer Inst 100:672–679

163. Mueller KL, Yang ZQ, Haddad R, Ethier SP, Boerner JL (2010) EGFR/Met association
regulates EGFR TKI resistance in breast cancer. J Mol Signal 5:8

164. Balzer EM, Whipple RA, Thompson K et al (2010) c-Src differentially regulates the
functions of microtentacles and invadopodia. Oncogene 29:6402–6408

165. Zhang S, Huang WC, Li P et al (2011) Combating trastuzumab resistance by targeting SRC,
a common node downstream of multiple resistance pathways. Nat Med 17:461–469

166. Rexer BN, Ham AJ, Rinehart C et al (2011) Phosphoproteomic mass spectrometry profiling
links Src family kinases to escape from HER2 tyrosine kinase inhibition. Oncogene

167. Mayer EL, Krop IE (2010) Advances in targeting SRC in the treatment of breast cancer and
other solid malignancies. Clin Cancer Res 16:3526–3532

168. Puls LN, Eadens M, Messersmith W (2011) Current status of SRC inhibitors in solid tumor
malignancies. Oncologist 16:566–578

58 S. J. Parsons et al.



169. Hudis CA (2007) Trastuzumab–mechanism of action and use in clinical practice. N Engl J
Med 357:39–51

170. Boschelli F, Arndt K, Gambacorti-Passerini C (2010) Bosutinib: a review of preclinical
studies in chronic myelogenous leukaemia. Eur J Cancer 46:1781–1789

171. Araujo J, Logothetis C (2010) Dasatinib: a potent SRC inhibitor in clinical development for
the treatment of solid tumors. Cancer Treat Rev 36:492–500

172. Somlo G, Atzori F, Strauss L et al (2009) Dasatinib plus capecitabine (Cap) for progressive
advanced breast cancer(ABC): Phase I study CA180004. J Clin Oncol 27:43s

173. Mayer E, Baurain J, Sparano J et al (2009) Dasatinib in advanced HER2/neu amplified and
ER/PR-positive breast cancer: Phase II study CA180088. J Clin Oncol 27:43s

174. NCI (2011) Clinical Trials Database. National Cancer Institute
175. Green TP, Fennell M, Whittaker R et al (2009) Preclinical anticancer activity of the potent,

oral Src inhibitor AZD0530. Mol Oncol
176. Moon C, Chae YK, Lee J (2010) Targeting epidermal growth factor receptor in head and

neck cancer: lessons learned from cetuximab. Exp Biol Med (Maywood) 235:907–920
177. NCI (2011) Cancer Drug Information. National Cancer Institute
178. Buzdar AU (2009) Role of biologic therapy and chemotherapy in hormone receptor- and

HER2-positive breast cancer. Ann Oncol 20:993–999
179. Cleator SJ, Ahamed E, Coombes RC, Palmieri C (2009) A 2009 update on the treatment of

patients with hormone receptor-positive breast cancer. Clin Breast Cancer 9 Suppl 1:S6-S17
180. Lin SX, Chen J, Mazumdar M et al (2010) Molecular therapy of breast cancer: progress and

future directions. Nat Rev Endocrinol 6:485–493

Cooperative Interactions Between c-Src, Estrogen Receptors 59



Cross Talk Between ERa and Src
Signaling and Its Relevance to ER Status
and Hormone Responsiveness

Jun Sun, Wen Zhou, Zafar Nawaz and Joyce M. Slingerland

Abstract While two thirds of breast cancers are ER positive and a majority of
these are responsive to endocrine therapies, up to one third of newly diagnosed
breast cancers lack detectable ER protein. ER negative breast cancers are thought
to be resistance to endocrine therapy. Here we review several potential mecha-
nisms underlying the ER negative status of these breast cancers. The role of cross-
talk between ER and Src-activated signal transduction as a mediator of both ER
proteolysis and ER transactivation is discussed. Src kinase is often activated in
breast cancer. Liganded ER rapidly and transiently activates Src which phos-
phorylates ER. For a subset of ER-responsive promoters, ER phosphorylation by
Src leads to enhanced ER binding to the promoter, increased interactions with E3
ubiquitin ligases, and rapid ER degradation, in a process in which ER activation is
coupled to its degradation. Thus, the function of ER may not be solely dependent
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on the steady state levels of ER protein. A subset of ER negative breast cancers
that have ER mRNA but lack detectable ER protein levels may ultimately prove to
be responsive to estrogen. These observations may have broader implications for
estrogen driven gene expression. Cells of estrogen responsive tissues (ovary, bone,
brain and intestine) could have low ER protein levels, but retain responses to
estrogen through estrogen driven ER proteolysis-coupled transcriptional activity.

Keywords Estrogen receptor � Src kinase � Breast cancer � Signal transduction �
Ubiquitin � Proteolysis

Abbreviations
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EGFR Epidermal growth factor receptor
ER Estrogen receptor
ERK Extracellular signal-regulated kinase
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MEK Mitogen-activated protein (MAP) kinase kinase
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Ras Rat sarcoma

Contents

1 Estrogen Receptor in Breast Cancer................................................................................... 63
2 Mechanisms Underlying ER Loss in Breast Cancer.......................................................... 64

2.1 ER Gene Changes....................................................................................................... 64
2.2 ER Promoter Hypermethylation................................................................................. 64
2.3 ER mRNA Expression in Breast Cancers ................................................................. 65
2.4 MAPK Activated Loss of ER Expression ................................................................. 65

3 EGFR Family and Src Kinase Activation in Breast Cancer ............................................. 66
4 ER Cross-Talk with Signaling Transduction Pathways..................................................... 67
5 ER Phosphorylation by Src................................................................................................. 67
6 The Link Between Steroid Hormone Receptor Activation and Receptor Degradation ... 69
7 Src Promotes Ligand Activated ER Degradation and ER Target Gene Transcription .... 69
8 Implications for the Definition of an ‘‘Estrogen Responsive’’ Tissue .............................. 70
References................................................................................................................................. 71

62 J. Sun et al.



1 Estrogen Receptor in Breast Cancer

Estrogen regulates proliferation of many cell types expressing its cognate receptors
and is a risk factor for breast cancer development. Estrogen exerts its biological
functions through binding to its intracellular receptors, the estrogen receptors, ERa
and ERb, which are members of the nuclear hormone receptor superfamily [1].
The two different types of ER identified in humans, ERa and ERb are encoded by
different genes [2–4]. ERa is expressed in the epithelium of the breast, endome-
trium, ovary, bone and brain in the adult human [2]. ERb is widely expressed
throughout the body. ERa co-exists with ERb in the mammary epithelium, uterus,
adipose tissue, skeletal muscle, liver, pancreas and the central nervous system.
ERb is also expressed in ERa-negative tissues including the prostatic and
pulmonary epithelium [5]. While ERb is expressed in some breast cancers, the
prognostic implications of this have not been fully defined [6]. The vast majority
of studies of ER in breast cancer pertain to ERa [7]. Since this review addresses
ERa, exclusively, hereafter ER refers to only ERa.

When activated by estrogen binding, ER dissociates from heat shock protein,
dimerizes, translocates into the nucleus, and recruits coregulators to the regulatory
regions in the target genes to modulate gene transcription. ER coregulators
have been shown with diverse functions which include acetylation, methylation,
ubiquitination and phosphorylation [8].

ER protein is assayed in breast cancer because it is a clinically useful
prognostic factor and is predictive of response to endocrine therapy. A majority
of newly diagnosed breast cancers express levels of ER protein that are clinically
detectable either by immunohistochemistry or by cytosolic ligand-binding assay.
In the past, ligand-binding assay was used to examine the level of ER in breast
tumors. Tumors with an ER content of C10 fmol/mg protein were considered to
be ER-positive [9]. Immunohistochemistry is less costly and is now more widely
used to assess ER status in breast tumors which can predict response to endo-
crine therapy, although the ER status determined by immunohistochemistry is
not always in agreement with the ligand-binding assay method [10]. Tumors that
show detectable ER protein is at least 10% of tumor nuclei are designated ER
positive. About two thirds of newly diagnosed breast cancers are ER positive and
one third are ER negative. Endocrine therapies utilized in breast cancer care
oppose estrogen action and are comprised of either ER-blocking agents
(tamoxifen, raloxifene) or aromatase inhibitors (letrozole, anastrozole or exe-
mestane). These are used to prevent breast cancer development or recurrence, or
to treat metastatic disease [7, 11].
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2 Mechanisms Underlying ER Loss in Breast Cancer

ER negative breast cancers have a worse prognosis and are resistant to antiestrogen
therapy [7]. While estrogen is a mitogen for cultured ER positive breast cancer cell
lines and primary ER positive cancers, the proliferation of ER negative breast
cancer has been thought to be estrogen independent. This conclusion has been
based on the observations that ER negative cancers do not respond to therapeutic
ER blockade [12, 13] and that, when grown in tissue culture, ER-negative breast
cancer lines do not require the presence of estrogens to sustain proliferation and
are thus, estrogen independent for growth. The mechanisms underlying the lack of
ER protein expression in these breast cancers is not entirely clear and appears to be
multifactorial.

2.1 ER Gene Changes

Homozygous deletion of the ER locus on chromosome 6q has not been reported in
breast cancers and loss of homozygosity (hemizygous loss) at 6q affects ER
positive and negative cancers equally [14, 15]. ER gene mutations are relatively
uncommon. A study of 200 primary breast cancers revealed few polymorphisms
and only one ER mutation in an ER negative cancer [16]. Thus, ER gene changes
are too uncommon to account for ER negative breast cancer [15, 16].

2.2 ER Promoter Hypermethylation

ER promoter hypermethylation was observed in six ER negative lines and
demethylating agents restored ER mRNA expression [17, 18]. However, ER
promoter methylation was detected in only a small portion of primary ER negative
breast cancers examined (in nine of thirty nine cases or 23%) [19]. Indeed a
comprehensive analysis of large number of primary breast cancers has yet to be
done and the true frequency of ER hypermethylation in breast cancers is not
established. Histone deacetylase inhibitors (trichostatin A) and 5-aza-20-deoxy-
cytidine have been shown to restore ER mRNA expression and ER protein levels
in ER negative breast cancer lines [20, 21], raising the provocative possibility that
histone deacetylase inhibitor drugs may have value in converting some ER-neg-
ative cancers to ER-positive, opening the possibility of this therapy to restore ER
expression and anti-estrogen responsiveness [22]. This has led to the development
of clinical trials for HDAC inhibitors in ER negative breast cancer, but these are
still in clinical development.
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2.3 ER mRNA Expression in Breast Cancers

Three early studies, using relatively insensitive non-quantitative dot blot, Northern
and PCR showed a majority (43/64 assayed) of ER negative cancers express ER
mRNA [23–25]. With the development of more sensitive and quantitative tech-
niques, quantitative real-time PCR detected ER mRNA in all of 56 ER negative
cancers [26, 27]. ER positive tumors tended to have higher ER mRNA levels, with
significant overlap in ER mRNA values between ER positive and negative [26,
27]. ER promoter methylation may account for the lowest ER mRNA levels
observed [27]. Our highly sensitive real-time PCR quantitation showed ER mRNA
expression in all of 250 primary breast cancers assayed, with high variability and
overlap in concentrations of ER mRNA between ER positive and negative [28].
We also observed a trend to higher ER mRNA in the ER positive cancers.

Although microarray studies have shown reduced ER gene expression in ER
negative breast cancer [29–31], in these studies, individual breast cancer ER
mRNA was compared to a reference of pooled cRNAs from ER positive and
negative tumors [29] or to the average signal from all tumors [30, 31]. These
findings are thus consistent with RT-PCR data showing ER mRNA in all breast
cancers. Other array studies show variable ER [32]. QPCR from fixed paraffin
embedded tissues using the Oncotype Dx analysis also indicate lower ER mRNA
in ER- cancers [33–35]. However, the expression array types of analysis exhibit
only about five fold variability in ER mRNA levels while QPCR from fresh frozen
tissue yields up to seven logs variability in ER mRNA levels and higher sensi-
tivity. It is noteworthy that other QPCR analysis using paraffin embedded breast
cancer samples also revealed ER mRNA detection in ER negative tumors.
Ma et al. [36] also showed ER mRNA values overlap between ER positive and
negative tumors in over 800 primary breast cancers with lower values in the ER
negative. Since highly sensitive real-time PCR shows uniform expression with
variable and overlapping ER mRNA levels in ER positive and ER negative
primary breast cancers, post-transcriptional and/or post-translational control of ER
may also play a role in regulating ER protein levels in breast tumors [26–28].

2.4 MAPK Activated Loss of ER Expression

Recent work has implicated activation of several oncogenes upstream of MAPK
in the loss of ER expression in breast cancers. El-Ashry’s group developed
MCF-7-derived models with inducible EGFR [37], and constitutively active
(ca) c-erbB-2 [38], c-Raf1 [39], and MEK1 [40] and showed that activation of
these EGFR and erbB-2 effectors decreased levels of ER and caused estrogen-
independent growth [40]. SiRNA to MAPK restored ER levels in these lines,
indicating that MAPK activation is causally linked to ER loss and MAPK may
mediate ER negativity in at least a subset of tumors with EGFR or erbB-2
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overexpression [41]. In three other established ER- breast cancer cell lines, SUM
229 (high EGFR), SUM 190 (high EGFR and erbB-2), and SUM 149 (high
RhoC and EGFR), MAPK inhibition by MEK inhibitor U0126 also increased ER
[42]. This mechanism appears relevant to cells that may have initially expressed
high ER protein and RNA levels, but in which oncogenic activation of MAPK
arises during malignant progression. This mechanism involved both ER protein
and later RNA loss and arises during long term estrogen deprivation in vitro.
Recent work has identified that the ER can be targeted by miRNA 222 and this
was shown to be overexpressed more frequently in ER negative than ER positive
breast cancers in a limited retrospective analysis [43]. The extent to which this
underlies ER negative breast cancers is yet to be defined. MAPK has been shown
to upregulate miRNA 222 and may underlie the MEK/MAPK mediated ER loss
(El-Ashry et al., unpublished).

3 EGFR Family and Src Kinase Activation in Breast Cancer

EGFR family activation is strongly linked to ER negative breast cancer.
Different studies showed the ErbB2/Her2 gene is amplified [44] and EGFR over-
expressed [45] in up to 30% of primary invasive breast cancers. Both are
associated with poor prognosis [45] and ER negativity in primary breast cancers
[46, 47]. EGFR activation is frequent in triple negative breast cancers [48].
EGFR and erbB2 activate the Raf/MEK/MAPK pathway. The MAPK pathway is
often hyperactivated in breast cancers compared to benign tissue [49], due to
activation of upstream regulators, Raf-1 and MEK. MAPK hyperactivation is
more frequent in ER negative compared to ER positive breast cancer. EGFR and
ErbB2/Her2 each bind Src to catalyze mutual kinase activation and stimulate cell
proliferation [50].

The first non-receptor tyrosine kinase identified was the v-Src oncogenic
protein which plays a role in oncogenesis [51]. The vertebrate counterpart of v-Src,
c-Src was identified shortly after [52]. It belongs to a family of closely related non-
receptor tyrosine kinases called Src family kinases that include Src, Yes, Fyn, Fgr,
Lck, Lyn, Hck, and Blk. They are closely related with a wide variety of func-
tionality depending on cell type and cell growth. They can be involved in signal
transduction, cellular proliferation, migration, differentiation and transformation
[53, 54]. Src, Yes and Fyn are ubiquitously expressed in many human tissues [55].
Others are mainly expressed in hemopoietic tissues. Of these, Src is the best
studied and is known to be deregulated in multiple tumor types, including breast,
prostate, lung and pancreatic cancers [56].

Src is a 60 kDa tyrosine kinase and is the best-studied member of Src family
kinases. Src-deficient mammary epithelial cells have been shown to have
impairment of signaling pathways in response to estrogen, suggesting Src plays a
role in ER signaling in vivo [57]. Src expression and or activity is elevated in many
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different epithelial cancers, including breast and ovarian cancers [58–66]. Our
recent immunohistochemical analysis of activated Src used a phospho-specific
antibody (pY416-Src) in 482 tumors. Of these approximately 39% showed strong
Src activation. ER negative status was strongly correlated with Src activation
(p = 0.002) (unpublished data and [67]. The increased levels and activation of Src
in human breast cancer provide a rationale for targeting Src in breast cancer [68].
Src specific inhibitor as a single agent to treat the breast cancer showed modest
activity. The trials of combination with other agents are ongoing [69].

4 ER Cross-Talk with Signaling Transduction Pathways

In addition to genomic function, which modulates ER target gene transcription, ER
also plays a role in the rapid transient actions of estrogen that do not require gene
expression and have been termed non-genomic action. While the highest steady
state levels are detected in the cell nucleus, there is evidence that some of the
regulatory actions of ER may be extranuclear. Liganded ER rapidly and transiently
activates Src and Shc, leading to Ras/MAPK as well as PI3K/AKT activation (see
Fig. 1) [70–72]. Indeed recent elegant work has indicated that liganded ER is
recruited to the cell surface via interaction with the cytoplasmic portion of the
IGF-1R [73, 74]. ER interaction with Src is modulated by Src interacting proteins,
MNAR/PELP1 and p130CAS [75–77].

The activation of signal transduction pathways by the cross-talk with liganded
ER leads to ER phosphorylation at multiple sites by various kinases. ER is pre-
dominantly phosphorylated on S118 by MAPK [78], and to a lesser extent on S104
and S106 by CyclinA-CDK2 [79]. S167 may be phosphorylated by RSK1 or AKT
[80, 81]. These phosphorylation events all affect the N-terminal region of ER
which contains ligand independent activation function 1. PKA has been shown to
phosphorylate S236, which is in the DNA-binding domain [82], and S305, which
is at the start of ligand binding domain (LBD) [83]. These phosphorylation events
appear to modulate ER function by altering binding to ligand, promoter DNA
binding, and ER coactivators [84].

Even in the absence of estrogen, ER can be activated by several growth factors
through activated receptor tyrosine kinases like EGFR and IGF-1R, which
also activate Src, MAPK, PI3K/AKT pathways and lead to ER phosphorylation
[85–88].

5 ER Phosphorylation by Src

Tyrosine phosphorylation of the ER has been implied the earliest in ER signaling
[89, 90] and is stimulated by estrogen [91]. Early work indicated that ER-Tyrosine
537 (Y537) can be phosphorylated by Src [92]. However this was for years
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considered controversial and a role for this phosphorylation event in ER action was
not known. There are twenty-three tyrosine residues in the full length human ER.
While multiple tyrosine sites in ER could be potential Src targets, in vitro Src
kinase reaction generate phosphorylation of on average about two tyrosine sites
per ER molecule and Y537 is one of these major sites [93]. Using a phosphory-
lation site prediction program [84], our analysis showed Y537 to be the single site
mostly likely to be phosphorylated by Src among five tyrosine residues in the ER
LBD, based on estradiol/ER LBD structure [94], consistent with early experi-
mental results [95]. Tyrosine phosphorylation of the ER increases its affinity for
estradiol [93]. A peptide containing the sequences around the phosphotyrosine
residue Y537 in ER can block the ER/Src interaction and cell growth stimulated by
estrogen [96]. Src also affects activation function 1 of ER [97]. Recent data
indicated two additional tyrosine residues in the amino-terminal half of ER, Y52
and Y219 can be phosphorylated by Abl non-receptor tyrosine kinase in vitro.
Those two may also be Src targets in ER at its amino- terminus [98]. Phosphor-
ylation of Y537 could potentially affect ER coactivator binding, ER degradation
as well as ER transactivation. This notion is supported by recent work from our
lab [99].

ER
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ER

20S

19S

19S

proteasome

Ubiquitin 
ligase

Her2 / EGFR / IGF1-R
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Ras

Fig. 1 Liganded ER and Src recruit proteins that serve dual roles as coactivator/ubiquitin ligases
to couple ER target gene activation with ER proteolysis. This would serve to facilitate ER
removal and recharging of the promoter once fired and fine tune receptor transcriptional activity.
In addition, in the context of high levels of EGF and IGF-1R activation, high constitutive Src
family action may permit rapid turnover of the ER in a context in which estrogen and Src are
constitutively driving ER transcriptional activation. In tissues in which hormone stimulates rapid
cell growth such as the uterus, ovary and breast epithelium this scenario may occur in the context
of low steady state ER levels
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6 The Link Between Steroid Hormone Receptor Activation
and Receptor Degradation

The ubiquitin-proteasome pathway regulates eukaryotic gene transcription in a
number of important ways. For many transcription factors the very phosphoryla-
tion events and protein–protein interactions that stimulate their transcriptional
activity also trigger factor proteolysis [100–102]. Signaling pathways that activate
many transcription factors, including NFjB, c-Jun, c-Myc, Gcn4, and E2F-1 also
trigger their ubiquitin dependent degradation [100]. Components of the basal
transcription apparatus can phosphorylate and activate transcription factor prote-
olysis [100]. Ubiquitin-mediated degradation can efficiently limit transactivator
availability and action [103, 104]. In addition, ubiquitylation is required for the
activity of certain transcription factors [100, 105] and may influence co-activator
binding [100]. Co-activators can also enhance transcription factor ubiquitylation
[100–102, 106].

Ligand mediated proteolysis regulates the turnover of most nuclear hormone
receptors (NHR) including progesterone [107], thyroid hormone [108], retinoic X
[109] and estrogen receptors [110–112]. The magnitude and duration of NHR
transcriptional activity is also regulated by the ubiquitin proteasome pathway.
Many ubiquitin proteasome components are co-activators of steroid hormone
receptors [113], including the ubiquitin ligases E6AP [114], receptor potentiation
factor 1/reverse Spt phenotype 5 (RPF1/RSP5) [115], MDM2 [116, 117], and
BRCA1 [118, 119]; the sumo-conjugating enzyme ubc9 [120, 121]; and the 19S
proteasomal subunit, yeast suppressor of gal1/thyroid receptor interacting protein
1(SUG1/TRIP1/rpt6) [122]. Overexpression of the ubiquitin ligase component
NEDD8 can impair ER transcriptional activity [123, 124]. Several E2-Ubcs
also regulate the levels and activities of NHR co-activators [125] and ubiquitin
conjugating enzyme UbcH7 can itself act as a steroid receptor coactivator
[125, 126]. Thus, the proteasome pathway can facilitate co-repressor/coactivator
exchange and transcription complex remodeling [113, 125, 127].

7 Src Promotes Ligand Activated ER Degradation
and ER Target Gene Transcription

Cellular ER protein levels are delicately regulated [128]. Estrogen binding to ER
not only activates ER transactivation, but also leads to ubiquitin-dependent
ER proteolysis [112, 129, 130]. Certain ubiquitin ligases have been identified as
ER coactivators, including E6AP [114], MDM2 [116], and BRCA1 [118, 119].
The binding of these E3 ligase/coactivators may regulate both ER transcriptional
activation and its proteolysis. Paradoxically, proteasome inhibition decreases ER
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transcriptional activity at some ER target promoters, despite an increase in ER
protein levels [130].

As noted above, the phosphorylation-dependent activation of many transcrip-
tion factors is linked to their proteolysis. Many ubiquitin ligases recognize and
bind only appropriately phosphorylated substrates to facilitate their ubiquitylation
and proteolysis [131]. Substrate phosphorylation is usually tightly regulated to
ensure the proper timing and extent of its recognition by the ubiquitin ligase that
mediates its proteolysis. Specific phosphorylation event that trigger proteasomal
degradation has been identified for progesterone receptor which is a member of
nuclear receptor superfamily [132].

We have found that Src regulates ER transcriptional activity and also its
proteolysis. Tyrosine phosphorylation of ER by Src in vitro increases ER ubiq-
uitylation and 26S proteasome mediated ER degradation. In vivo, Src inhibitor
PP1 impairs estrogen stimulated ER ubiquitylation. We have constructed MCF-7
human breast cancer cell line with induced expression of constitutive active Src.
Estrogen stimulated ER proteolysis was accelerated when Src expression was
induced. At the same time, estrogen stimulated ER target gene expression, like
GREB1 and pS2, was elevated. Among 101 primary breast tumors tested, Src and
ER levels were inversely correlated. In ER negative BT-20 cell line, ER protein
was detected although at a very low levels in proliferating cells, but increased
when cells were deprived of estrogen, and Src knockdown increased ER levels
[29].

The mammary tissue of E6AP null mouse shows increased ER protein com-
pared to wild-type littermates. The transgenic mouse which over expresses E6AP
in mammary tissue has reduced ER protein level [133]. We recently also show that
E6AP can act as ubiquitin ligase for ER in vitro and E6AP-mediated ER ubiq-
uitylation was increased by pre-treatment of ER with Src. ER-phosphorylation by
Src at Y537 enhances ER recognition by E6AP and promotes both ER proteolysis
and ER target gene transcription [99].

8 Implications for the Definition of an
‘‘Estrogen Responsive’’ Tissue

The data above and increasing data in the field support a model in which liganded
and/or appropriately phosphorylated ER recruits co-activators that include ubiq-
uitin conjugating enzymes and ubiquitin ligase components to promote not only
transcriptional activation of certain target genes, but also ER degradation. Our
findings indicate that Src plays an active role in ER signaling and that ER activity
may not be solely dependent on the steady state level of ER protein. This
mechanism of coupled ER activation and proteolysis may be at play in a number of
hormonally regulated cancers, including ER ‘‘negative’’ breast, ovarian and
endometrial cancers, certain forms of colon cancer and malignancies of bone and
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brain. Thus one could conceive of tumor tissues, and indeed of scenarios during
rapid growth factor receptor and steroid stimulated proliferation of normal hor-
mone responsive tissues in which low steady state levels of receptor are present,
but the receptor itself is disproportionately activated, such as would be the case
with rapid turnover of ER when Src is highly active. These data permit the
possibility that a subset of ER ‘‘negative’’ breast tumors and indeed certain states
of hormonally regulated normal tissue growth may prove to be estrogen regulated:
they express ER mRNA, but ER protein levels are low or undetectable due to
accelerated ligand and Src mediated ER proteolysis.

Liganded receptor cross talk with different signaling kinases, including Src,
may predicate promoter selection and occupancy in the presence of estrogen in
different tissue contexts. As we explore the relationship between steroid receptor
turnover and transcriptional activation, we may find ways in which different cross
talk-mediated receptor phosphorylation events drive differences in broad patterns
of target gene expression, coactivator or repressor binding and chromatin con-
formational changes in the presence of various activated signal transduction
pathways that are germane to receptor action at low to undetectable receptor
levels. There may indeed be situations in hormone driven normal and malignant
tissues where receptor levels are present at vanishingly low levels, but receptor
driven transcriptional activation brisk. These concepts open a new way of viewing
hormone sensitive physiology in tissue with low to undetectable hormone
receptor levels.
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Post-translational Modifications
of ER Alpha in Rapid Estrogen’s Action

Muriel Le Romancer, Coralie Poulard,
Stéphanie Sentis and Laura Corbo

Abstract Estrogen receptor a (ERa) is a member of a large conserved super-
family of steroid hormone nuclear receptors that regulate many physiological
processes, notably the growth and survival of breast tumor cells. In addition to
their well-described effect on transcription, estrogens also induce rapid signaling
outside of the nucleus through activation of kinase cascades. Although these
effects have been extensively described, the mechanisms underlying this non-
genomic function remain unclear. To fully understand how ERa functions are
regulated, we must consider the role of post-translational modifications (PTMs)
that modulate its activity. This review will focus particularly on PTMs regulating
extranuclear signaling and on their deregulation in breast cancer. A thorough
understanding of the role of these modifications in carcinogenesis might open new
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avenues not only for identifying new predictors of response to endocrine therapy,
but also for promoting the development of novel therapeutic strategies.

Keywords Estrogen receptors a � Breast cancer � Estrogen signaling � Post-
translational modifications � Arginine methylation � Palmitoylation
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PAT palmitoyl acyltransferase
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PI3K phosphatidylinositol 3-kinase
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PRMT1 protein arginine N methyltransferase 1
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1 Introduction

Estrogens (E2) mediate a broad spectrum of physiological processes, including
reproduction, cardiovascular health, bone integrity, cognition and behaviour [1]
through two receptors, ERa and ERb [2], which ‘‘communicate’’ most of
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estrogen’s mitogenic and survival stimuli via direct modulation of gene expression
(genomic action) [3] or via activation of signal transduction cascades (non-
genomic action) [4].

ERa is responsible for many of the effects of estrogens on normal breast
development. Indeed, ERa-null mice develop a rudimentary mammary gland,
indicating that ERa expression is essential to mammary development [1]. The
involvement of E2 and ERa in breast cancer development and progression is based
on data from both clinical and animal studies. Compelling clinical and experi-
mental evidence has demonstrated that lifetime exposure to E2 and to estrogenic
components constitutes a major risk factor for breast cancer and promotes cancer
progression by stimulating malignant cell proliferation [5].

Although in the normal breast ERa is expressed at low levels [6], 70% of breast
cancers are ERa-positive [7], supporting the use of agents that suppress receptor
function (anti-estrogens) or estrogen synthesis (aromatase inhibitors) for breast
cancer treatment [8]. ERa is a well-established predictive marker for hormone
sensitivity and a good prognostic marker in breast cancer; it helps identify tumors
that are likely to respond to endocrine treatment. However, de novo or acquired
resistance to these treatments develops and is associated with aggressive, hor-
mone-independent tumor growth [9]. The metastatic potential and poorer prog-
nosis of these resistant tumors raise the need for novel therapeutic strategies to
overcome drug resistance. A focus on estrogen signaling could help understand its
deregulations in patients prone to develop resistance to endocrine therapy.

The biological function of ERa is based on its ability to regulate a range of
cellular functions through genomic and non-genomic mechanisms. Moreover,
there is growing knowledge and understanding of rapid extra-nuclear actions of
ERa. First, some reports have indicated that a subpopulation of ERa localized at or
near the plasma membrane mediates ERa extra-nuclear signaling [10]. However,
the identity of the receptor and its exact localization, to or close to the plasma
membrane, are the subject of intense effort and debate [11–13]. Biochemical and
cellular evidences indicate that membrane and nuclear forms of ERa derive from
the same gene [14]. In addition, various truncated ERs have been identified as the
mediators of E2 non genomic-signaling [15, 16]. ERa receptors have no intrinsic
ability to signal because they lack structural domains such as those of tyrosine
kinase receptors, but they can activate multiple signal transduction cascades
through direct interactions with various proteins, including the tyrosine kinase Src,
phosphatidylinositol 3-kinase (PI3K) and adaptor proteins [17–21]. ERa locali-
zation to the membrane can also be mediated by interactions with the membrane
adaptor protein Shc [22] and with a variety of proximal signaling molecules such
as G proteins [23]. ERa interactions with Src and PI3K can also be activated by
other accessory proteins such as the adaptor protein p130Cas which regulates the
activation of Src kinase in T47D human breast carcinoma cells [24]. Other partners
may be involved, like the caveolin-binding protein striatin which targets ERa to
the plasma membrane [25]. The estradiol-dependent formation of complexes
between ERa and Src or the PI3K subunit p85 activates two major pathways: the
Src/ras/MAPK and the PI3K/Akt pathways. Finally, PTMs of ERa have been
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described as a crucial component of non-genomic signaling, which not only
triggers ERa interactions with membrane or cytoplamic proteins but also promotes
the signaling cascades.

In this review, we focus on ERa PTMs involved in non-genomic signaling, and
we discuss whether deregulation of these processes can contribute to the neoplastic
transformation of breast cells.

2 PTMs Involved in ER Non-genomic Signaling

Protein PTMs are highly versatile tools that regulate the activity of key proteins.
PTMs include the addition of simple chemical groups, such as a phosphate, acetyl,
methyl or hydroxyl groups; larger protein complexes, such as AMP, ADP-ribose,
sugars or lipids; or small polypeptides, such as ubiquitin or ubiquitin-like proteins.
They also include modifications of specific amino acid side chains (e.g., deami-
dation of glutamine residues) and the cleavage of peptide bonds (i.e., proteolysis).
ERa and its coregulators are subject to a variety of covalent PTMs [26] most of
which have been linked to estrogen genomic signaling. Nevertheless, a number of
recent studies have also described PTMs regulating ERa non-genomic signaling,
which gives new insight into this pathway. Figure 1 illustrates the PTMs involved
in ERa non-genomic signaling.

2.1 Palmitoylation

To explain the rapid non-genomic effect of E2, it has been postulated that a small
population of ERa localizes to the plasma membrane, allowing its association to
signal transduction molecules [10, 27, 28]. Consistently, the presence of a fraction
of ERa has been reported in caveolae or caveolar-like membrane microdomains
[29, 30], and more recent reports have described the involvement of post-transla-
tional lipid modifications such as palmitoylation in facilitating ERa membrane
localization [31]. Palmitoylation consists of the attachment of a long fatty acyl
chain, generally a C16-carbon saturated fatty acyl chain, either to cytoplasmic
cysteine residues via a thioester linkage (S-palmitoylation) or to glycine/cysteine
residues via an amide linkage (N-palmitoylation). S-palmitoylation, the only
reversible fatty reaction, affects the lipophilicity of target proteins by changing their
subcellular distribution, from the endoplasmic reticulum to the plasma membrane
for instance, or increasing their affinity for lipid rafts in membranes [32]. ERa has
been identified as the target of S-palmitoylation mediated by an unknown palmitoyl
acyltransferase (PAT) at cysteine 447, located in the human ERa ligand-binding
region [31]. This site seems to be required for both the localization of ERa to the
membrane and for E2 rapid signaling. Indeed, mutation of ERa at the Cys447
residue impairs receptor membrane localization and interaction with caveolin-1 and
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limits the E2-induced rapid activation of the ERK/MAPK signaling pathway
[22, 33]. Furthermore, inhibition of PAT activity by 2-bromopalmitate prevents
ERK/MAPK and PI3K/Akt activation, thus supporting the central role of palmi-
toylation in rapid E2 signaling. The group of M. Marino has shown that the plant-
derived flavanone naringenin inhibits estrogen non-genomic signaling through
rapid depalmitoylation of membrane-ERa [34]. The functional impact of this
regulation is not currently understood. As S-palmitoylation is a reversible PTM,
ERa palmitoylation can be modulated in response to cell stimulation, notably
through E2 induction. The accepted model proposes that palmitoylation triggers
ERa to the plasma membrane through interaction with caveolin. Upon E2 binding,
ERa undergoes de-palmitoylation and dissociates from caveolin-1, thereby facili-
tating its association with signaling molecules.

Subsequent studies have identified a palmitoylation motif of nine amino acids
(445–453 in ERa) including the cysteine palmitoylation site, which is highly
conserved in the E domains of ERa, ERb, the progesterone receptor (PR) and the
androgen receptor (AR) [35]. Recently, using a proteomic approach and conjuga-
tion to a palmitoylation motif peptide, Levin’s group has shown that the heat shock
protein Hsp27 interacts with the palmitoylation motif of ERa and that this protein is
required for ERa palmitoylation, membrane translocation and rapid signaling [36].

In addition to the full-length classic transcript of ERa, mRNA splice variants
generated through alternative splicing or alternative promoters also have mem-
brane localization. The ERa46 variant lacking the AF-1 domain has been identified
in MCF-7 breast cancer cells [37], osteoblasts [38], human macrophages [39] and

Fig. 1 Post-translational modifications of ERa involved in non-nuclear ERa signaling
Functional domains of ERa. The structure of ERa is shown in linear fashion, with the N- to
C-terminal domains designated A–F. The amino acid spans of the domains are indicated. A/B
domain contains the activation function 1 domain (AF-1). C domain is composed of the DNA
binding domain (DBD). D domain is the Hinge region that includes nuclear localisation signals. E
domain is composed of Ligand Binding Domain (LBD) and Activation function 2 (AF-2). F
domain is important for the ligand specificity. Localisation of Post-translational modifications of
ERa. Specific residues are modified as shown, with phosphorylation (P) in red, arginine
methylation (Me) in orange and palmitoylation (Pal) in pink. Proteins responsible for these
modifications are shown in matching colours
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endothelial cells [15]. It has been shown that ERa46 is palmitoylated and that
inhibitors of palmitoylation block its membrane localization in endothelial cells
[15]. In breast cell lines, this variant inhibits the action of the full-length ERa [40].
Interestingly, the transfection of ERa46 in tamoxifen–resistant breast cancer cells
inhibits full-length ERa response and enhances endocrine treatment [41, 42].
However, the expression of this isoform has not been evaluated in breast tumor
samples.

More recently ERa36, a 36 kDa variant lacking both AF-1 and AF-2 domains,
has been found in breast cancer cell lines [43]. This truncated form of the receptor
has also been reported to localize predominantly to the plasma membrane and to
the cytoplasm, but the molecular mechanism mediating this localization has not
been elucidated. Wang et al. have identified three potential myristoylation sites in
ERa36 and propose that also this ERa isoform may be localized to the plasma
membrane by posttranslational modification [16, 43]. This truncated ERa is also
characterized by the presence of a unique 27–amino-acid region at the C-terminus,
which most likely changes its ligand-binding specificity. ERa36 inhibits the
transactivation activities of wild-type ERa. Notably, it mediates membrane-initi-
ated signaling of both estrogens and antiestrogens [16], leading to activation of the
MAPK signaling pathway and cell proliferation in breast cancer cells, suggesting
the involvement of ERa36 in the development of tamoxifen-resistant breast cancer
[44, 45]. Indeed patients who express high levels of ERa36 are less likely to
respond to tamoxifen treatment.

The enzymes catalyzing palmitoylation have not yet been clearly identified and
very little is known about the enzymes responsible for reversing these modifica-
tions. Discovering the molecular identity of PATs has increased the interest in
palmitoylation, partly because many of the genes encoding PATs have been shown
to be associated with human disease, particularly with cancer [46, 47]. Notably,
numerous PAT genes have been implicated in tumorigenesis and metastasis [48,
49], suggesting that the substrates of these PATs can be associated with regulatory
signaling networks. The identification of these networks will potentially provide
new therapeutic targets for the prevention or the reversal of cancer progression.
Given that ERa is one of the few known targets of palmitoylation, particular
attention will be paid to the identification of the PAT responsible for ERa mod-
ification. While some progress has been made in identifying pharmacological
modulators of palmitoylation [50–52], the strategy for specifically targeting
individual PATs is not known yet. From a practical standpoint, inhibiting specific
PATs may be a simpler process than developing specific PAT agonists.

2.2 Phosphorylation on Tyrosine (Y)

The phosphorylation of Y537 located within the ligand-binding domain of ERa
was first reported in rat uterus [53] and then confirmed in MCF-7 cells where the
residue is basally phosphorylated. In vitro data indicate that Src tyrosine kinases
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(p56lck and p60c-src) could be responsible for this phosphorylation which is nec-
essary for ERa dimerization. Cheskis’s group has confirmed that ERa interacts
with the SH2 domain of Src through this phosphorylated site [54]. Research by the
group of Aurrichio has recently shown interesting results demonstrating that this
phosphorylation is involved in estrogen non-genomic action. A six-amino-acid
peptide that mimics the sequence around the phosphoY537 residue disrupts ERa/
Src interaction in MCF-7 cells, and inhibits cyclin D1 expression and cell pro-
liferation [55]. The phospho-peptide also reduces E2 protective effect against
apoptosis. Interestingly, injection of the phospho-peptide inhibits the growth of
MCF-7 cell xenografts in nude mice, supporting the relevance of this strategy in
vivo and confirming a potential therapeutic interest in ERa-positive tumors.

Src is a protooncogene involved in signaling that culminates in the control of
multiple biological functions such as cell proliferation, cell differentiation,
migration, angiogenesis and survival. Src is thought to play a key role in tumor
formation and progression.

The non-receptor tyrosine kinase Src is overexpressed and activated in a large
number of human malignancies and has long been associated with the develop-
ment of cancer and progression to distant metastases. In recent years, in vitro
observations have led to the hypothesis that, in addition to increasing cellular
proliferation, one of the primary roles of Src in cancer is to regulate cell adhesion,
invasion and motility [56].

Unfortunately, because of the lack of a specific antibody, the expression of
phosphorylated ERa in breast tumors cannot be detected. Given the deregulation
of Src activity, one could expect that ERa is hyperphosphorylated in these tumors.
This could be circumvent by the use of the Proximity ligation assay (PLA)
developed by Olink Bioscience to detect in situ protein interaction in fixed tissues.
The study of ERa/Src interactions in breast tumors would help determine whether
this pathway is deregulated in breast cancer and can be targeted by disruption of
the complex. If ERa is found to be hyperphosphorylated on Y537, a possible
treatment strategy could be to inhibit Src activity. The Src inhibitor dasatinib is
available for clinical trials [57].

However, results from Katzenellenbogen’s group strongly indicate that Src
phosphorylates ERa on different other tyrosine residues, as confirmed by the fact
that a truncated ERa isoform, ERa36, triggers non-genomic signaling through Src/
MAPK activation and this isoform lacks tyrosine 537, suggesting that other
mechanisms are involved in ERa/Src interaction [58].

2.3 Arginine Methylation

The methylation of arginine residues is catalyzed by the protein arginine
N-methyltransferase (PRMT) family of enzymes. The PRMT family comprises
10 members classified as type I or type II, depending on whether they catalyze
symmetric or asymmetric dimethylation, respectively. These enzymes are involved

Post-translational Modifications of ER Alpha in Rapid Estrogen’s Action 85



in different cellular processes including transcriptional regulation, DNA repair,
RNA metabolism and signal transduction [59, 60]. Arginine methylation regulates
these processes mainly through modifications of protein–protein interactions. Our
team has reported a novel paradigm for ERa regulation through PRMT1-mediated
methylation of arginine 260 within the ERa DNA-binding domain [61, 62].
Mutation of arginine 260 to alanine specifically abolishes the modification induced
by PRMT1. An antibody specific to the methylated form of ERa (R260met) has
been generated and used to confirm ERa methylation in living cells. A variety of
consequences of ERa methylation has been described, as well as the possible
underlying mechanisms. Indeed estrogen treatment induces rapid and transient
methylation of ERa and this methylation event is required for mediating the extra-
nuclear function of the receptor. Biochemical and cellular approaches have
provided evidence that PRMT1 activation initiates the rapid estrogen action
responsible for methylating ERa, which thereby interacts with Src and PI3K, and
propagates the signal to downstream transduction cascades that orchestrate cell
proliferation and survival. Additionally, ERa methylation seems to depend on the
activation of the Src family of tyrosine kinases, as E2 -induced methylation of ERa
has been shown to be reversed by the Src family tyrosine kinase inhibitors PP1 and
SU6656. In line with this, we have found that the Src substrate FAK (Focal
Adhesion kinase), participates in this signaling complex and that Src activity is
required both for FAK interaction with Src and for the stability of the complex.
Given the key role of the dual kinases Src/FAK in cell migration, we can speculate
that the complex containing methylated ERa/Src/PI3K/FAK is involved in cell
adhesion and migration. Rapid down-regulation of ERa methylation and/or Src
activity may serve to control rapid physiological responses of estrogen, inducing
the dissociation of the complex and ultimately the extinction of downstream kinase
activation [61, 62].

As mentioned before, the methylation of ERa is transient after estrogen treat-
ment, suggesting that an enzyme could remove the methyl mark. Indeed, the
disappearance of the methylated receptor is not due to ERa degradation by the
proteasome. So far the only enzyme reported to be able to reverse the methylation
of arginine residues is JMJD6 [26], although it remains unclear whether JMJD6 is
able to demethylate nonhistone proteins. Another class of enzymes capable of
removing methyl marks is the peptidylarginine deiminases (PADIs), previously
characterized as capable of catalyzing the conversion of arginines to citrullines by
deimination which, as a consequence, prevents methylation by PRMTs [63, 64].
To date, five human PADI homologs with a relatively broad substrate specificity
have been identified, PADI1-4 and PADI1-6 [65].

Immunohistochemical studies in a cohort of breast cancer patients have dem-
onstrated that ERa is methylated in normal epithelial breast cells and is hyper-
methylated in a subset of breast cancer cells. Importantly, the presence or absence
of methylated ERa does not correlate with the clinical classification as ERa
negative or positive tumors. Actually, tumors with high levels of methylated ERa
belong equally to ERa positive and negative cases. This apparent paradox is easily
resolved since only tumors showing ERa nuclear staining are included in the
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population of ERa-positive cases and tumors with negative or extra-nuclear
expression of the receptor belong to the population of ERa-negative patients [66].
One cannot rule out that the cytoplasmic methylated form of ERa revealed by this
immunohystochemical study corresponds, at least in part, to the methylated
truncated forms of the receptors (ERa46 or ERa36) described above. Studies in
progress in our laboratory, using different approaches such as PLA and real-time
RT-PCR, should answer this question. Our analysis should also determine whether
subgroups of breast tumors overexpressing different isoforms of methylated ERa
exist. Several questions remain about the physiological role of ERa methylation,
how it is regulated in breast tumors, and if a relationship exists between ERa
hypermethylation and breast cancer development and/or progression. One can
hypothesize that the deregulation of ERa methylation may be involved in breast

Fig. 2 Model integrating ERa post-transcriptional modifications in rapid estrogen’s signaling
(1) without hormone, a small population of ERa is palmitoylated on Cys447 by an unknown
palmitoyltransferase (PAT) localized at the plasma membrane through caveolin-1 association
(2) E2 binding, promotes ERa depalmitoylation, dissociation from caveolin-1 and consecutive
receptor dimerization; leading to (3) its methylation on the arginine 260 by PRMT1 and
phosphorylation on the tyrosine 537 by p56lck, p60c-src. Both modifications promote (4) the
formation of a signaling complex propagating the signal to downstream transduction cascades
that orchestrate cell proliferation and survival (5) Indeed, methylation on R260 promotes the
formation of the ERa/PI3K/Src complex and phosphorylation on Y537 is a prerequisite for the
interaction between Src and ERa. It has not been established whether phosphorylation and
methylation act sequentially or in concert
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cancer development and contribute to resistance to hormone therapy. This
hypothesis is supported by previous findings that hyperactivation of cellular kinase
signaling, notably of Akt, is probably the most frequent alteration in human
cancers [67, 68]. Further studies will be necessary to determine if methylated ERa
could constitute a new marker of breast tumorigenesis. In conclusion, ERa is
methylated in breast cells under physiological conditions and this process is
deregulated in breast tumors by an unknown mechanism. Moreover, deregulation
of the demethylation mechanism (loss of expression or loss of enzyme activity) as
well as hyper-activation of the methylase activity of PRMT1 can be responsible for
the high levels of methylated ERa found in a subset of breast cancers. Whether this
modification of ERa is a cause or a consequence of cancer remains to be
addressed.

3 Conclusions

Reversible and regulated PTMs of proteins are essential for mediating cellular
responses to extracellular signals. The occurrence of several PTMs seems to be a
very efficient mechanism to initiate, terminate or fine-tune the outcome of sig-
naling pathways. While the implications of individual ERa modifications such as
phosphorylation, acetylation and methylation have been relatively well-docu-
mented, interactions between the PTMs involved in ERa non-genomic signaling
remain to be elucidated. We can reasonably postulate that one modification is
coupled to the enhancement or suppression of another. In this context, we will
discuss the potential interplays between these ERa PTMs involved in estrogen
rapid action (Fig. 2). Without hormones, a small population of ERa, palmitoylated
on Cys447 by an unidentified PAT, localizes at the plasma membrane through
caveolin-1 association. Estrogen treatment promotes ERa depalmitoylation
although an unknown mechanism, and induces its dissociation from caveolin-1 and
consecutive receptor dimerization thereby leading to its methylation on the argi-
nine 260 by PRMT1 and phosphorylation on the tyrosine 537 by p56lck, p60c-src.
Both modifications will promote the assembly of the signaling complex which
propagates the signal to downstream transduction cascades that orchestrate cell
proliferation and survival. Although, as discussed before, both PRMT1 and Src
activities are required for ERa methylation on R260 and for the stability of the
ERa/Src/PI3K complex and that also phosphorylation on Y537 is a prerequisite for
the interaction between Src and ERa, to date we don’t know whether these PTMs
act sequentially or in concert. It will be interesting to test if the peptide derived
from the sequence around the phosphoY537 residue, which prevents ERa/Src
interaction, may inhibit ERa methylation.

At present, ERa status is the only factor used routinely for prediction of
response to endocrine therapy and patient selection in breast cancer. Current breast
cancer therapies can target the interaction of estrogen to its receptor by blocking
the activity of ERa with drugs like tamoxifen [69] or other selective estrogen
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receptor modulators (SERMs); by inducing the destabilization and degradation of
ERa by treatment with selective estrogen receptor down-regulators (SERDs) such
as fulvestrant (Faslodex, formerly known as ICI 182,780) [70, 71] and by reducing
the production of estrogens in peripheral tissues and within the tumor using
aromatase inhibitors [72, 73]. Understanding how PTMs regulate ERa actions
remains a crucial goal to dissect the mechanisms by which breast cancers evade
anti estrogen-mediated growth arrest and to design new anticancer strategies based
on this pathway. Certainly, our knowledge of these dynamic modifications is still
at an early stage due to the lack of appropriate tools to monitor modifications of
endogenous proteins. It is important to note that most the effect of the described
PTMs come from in vitro or transfection studies and, because of the unavailability
of specific antibodies, their in vivo significance is poorly understood. It will be
crucial to verify their relevance in vivo, or at least by targeted mutations in breast
cell lines. This is essential, as transfection studies present intrinsic difficulties in
accurately reproducing stoichiometric relationships between members of the ERa
network. Future studies should investigate how the different modifications act,
sequentially and/or in concert, under physiological and pathological conditions.
Using proteomic approaches, including developing site- and modification-specific
antibodies and employing mass spectrometry techniques, would allow a better
understanding of the regulation of these dynamic modifications in vivo. Further-
more, genetic approaches, such as the creation of mice with specific mutations in
individual amino acid residues that are target sites of PTMs would provide useful
in testing the role of these modifications in ERa physiological functions.
In addition, crosses of these modification-deficient ERa knock-in animals would
help to dissect the interplay of these various PTM. While these types of approaches
are often labour-intensive and relatively expensive, these models can serve as in
vivo targets to test new cancer treatments and permit the generation of genetically
defined cells for in vitro experiments. Important efforts should also be made to
better define the actors involved in PTM regulation, notably the enzymes
responsible for reversing ERa PTMs.

New treatments targeting the molecules responsible for modifying or reversing
PTMs could advantageously be used in combination with endocrine therapies or
after treatment failure or acquired resistance. However, specifically targeting the
PTMs present in breast cancer cells is a prerequisite to reduce therapy-related
risks, as most of the enzymes involved in such modifications are present in both
the tumor and healthy tissues and treatment may cause a wide range of unwanted
side effects.
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Sex-Steroid Rapid Action and Its Role
in Invasiveness and Metastasis
of Breast Cancer

Marina Ines Flamini, Angel Matias Sanchez, Xiao-Dong Fu
and Tommaso Simoncini

Abstract Through a variety of rapidly recruited intracellular mediators steroid
receptors enact quick changes in the function of cells in different settings.
Emerging evidence indicates that the interaction with the extracellular environ-
ment and cell movement are regulated by sex steroids through such rapid mech-
anisms. Exposure of different cell types to estrogen, progesterone or other steroids
results in swift changes in the morphology of the cells, primarily because of
changes in the position and organization of actin fibers. These changes are coupled
with the formation of a variety of specialized cell membrane structures that are
necessary for the cell interaction with high-molecular weight extracellular proteins
or nearby cells, and thus to move around or to cross-talk with neighbor cells.
Prominent actions on horizontal cell movement or on the ability to invade matrices
have also been observed during exposure to estrogen or other steroids, which
indicate that these steroids are powerful regulators of cell movement. Many of
these actions are enacted via the rapid activation on extra-nuclear signaling cas-
cades of sex steroid receptors that lead to the recruitment of small GTPases such as
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RhoA or Rac, which therefore drive the changes in actin positioning. These actions
of sex steroids appear to be fundamental for migration and invasion in endocrine-
sensitive breast cancer cells, and may therefore have relevance for local progression
and metastasis. The characterization of these rapid actions of estrogens and other
steroids will help to understand the effects of these hormones in the setting of breast
cancer metastasis, and may eventually lead to new therapeutic strategies.

Keywords Breast cancer � Metastasis � Estrogen � Estrogen receptor � Extra-
nuclear signaling
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1 Introduction

Breast cancer is the most frequently diagnosed cancer and it is the main cause of
mortality in women. About one woman in ten will develop breast cancer at some
stage in her life. Extensive research has clearly demonstrated that the abnormal
changes in the levels, frequencies, and types of steroid hormones are important
contributors to the development of major cancer types such as the cancers of the
prostate, testes, breast, ovary, uterine endometrium, and thyroid [1]. Thus, many
studies have been focused on the involvement of steroids in the regulation of tumor
development, cancer cell proliferation, progression, and metastatic processes [2].
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The sex steroid hormones, estrogen and progesterone play an important role in
normal mammary gland development, and breast cancer progression is influenced
by estrogen, progesterone and their receptors. At the onset of puberty, female sex
steroids are the fundamental regulators of ductal morphogenesis. On the other side,
prolonged exposure to estrogen (i.e. early menarche, late menopause or postmen-
opausal hormone replacement therapy) is associated with a greater risk of devel-
oping breast cancer [3, 4]. All these factors stimulate epithelial cell proliferation
and induce genotoxic effects and aneuplody, resulting in breast cancer initiation [5].

Local breast cancer spread and its later diffusion to the lymph nodes or to
distant sites are the main cause of morbidity and death [6]. The generation of
cancer cell movement in the surrounding environment is the first step in these
processes and involves a complex set of cellular actions. A critical step is repre-
sented by the remodeling of the actin cytoskeleton toward the cell membrane,
which allows the formation of bridges between the backbone of the cell and the
extracellular matrix mediated by anchorage proteins [7].

Currently, the exact roles of sex steroids on breast cancer metastasis are con-
troversial and may possibly be dual. There are clinical data showing that the
adjuvant therapy with aromatase inhibitors reduces early distant metastasis and
improves disease-free survival in breast cancer patients [8], suggesting that sex
steroids promotes breast cancer progression. However, the opposite clinical
observations have been reported that among the women using hormone replace-
ment therapy, breast tumors are less invasive to distant sites [9, 10]. Moreover,
expression of sex steroids receptors, including estrogen receptors (ERs) and pro-
gesterone receptors (PRs), is associated with more differentiated and less invasive
breast cancers [11].

Furthermore endocrine therapy using the progesterone receptor (PR) antagonist
RU486 prevents the development of mammary tumors and induces the regression
of lymph node and lung metastases in mouse breast cancer models [12, 13],
supporting a role for PR in these processes. In addition, PR agonists enhance the
invasiveness of breast cancer cells by increasing tissue factor or vascular endo-
thelial growth factor expression [14, 15]. However, definitive mechanistic expla-
nations of the effects of ER or PR on breast cancer cell movement or invasion are
not available. Therefore, further explorations on the relevance between sex ste-
roids and breast cancer metastasis are needed to ascertain this discrepancy.

In common with other tumors, to undergo metastasis breast cancer cells acquire
a migratory phenotype and these cells degrade underlying basement membrane
and detach from the primary tumor site. Following entrance of circulation, breast
cancer cells are arrested and homed to specific secondary sites such as bone and
lung [16]. Recently, a large body of evidence has indicated that sex steroids and
their receptors impact on these steps through non-genomic and genomic actions. In
this chapter we will describe the rapid action of sex steroids and its role in
invasiveness and metastasis of breast cancer.
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2 Non-genomic Actions by Steroid Hormones

A number of studies demonstrated the involvement of non-genomic actions of
steroid hormones, including androgens and estrogens, in cellular processes such as
cell proliferation and motility [17–19]. Non-genomic, or extra-nuclear effects of
steroids are enacted quickly, and do not rely on signaling of nuclear receptors to
gene expression. Non-genomic effects of steroids are mediated by multiple path-
ways; those relevant for breast cancer metastasis are discussed below.

2.1 Rapid Action of Steroids Involving Classical
Intracellular Steroid Receptors

Steroids may bind to the classical intracellular steroid receptors and activate
second messenger pathways such as c-Src kinase that rapidly stimulate MAPK/
ERK and PI3K/AKT kinase pathways [20]. Interestingly, an androgen receptor
(AR)/Src/modulator of non-genomic action of estrogen receptor (MNAR) complex
and the cooperative association of c-Src, estrogen receptors (ERs), and AR acti-
vates MAPK and c-Src kinase pathways respectively [21, 22]. Estrogens on
binding to ERa may also serve as a transcriptional co-activators regulating several
transcriptional factors, such as activator protein 1 (AP-1), nuclear factor kappa B
(NF-jB), and SP-1 in a non-genomic manner [23–25]. Steroids can also activate
cAMP dependent protein kinase A (PKA) in cooperation with transmembrane
G-protein-coupled receptors (GPCR) [26, 27]. The activation of PKA via the
induction of cAMP is observed in both prostate and breast cancer cells [28, 29].

2.2 Rapid Action of Steroids Involving Non-classical
Membrane-Bound Steroid Receptors

Steroids may enact non-genomic actions by binding to distinct non-classical
membrane bound steroid receptors. Several reports have presumed the presence of
androgen- and estrogen-binding sites in a number of cells [30, 31]. Interestingly,
both the membrane androgen receptor (mAR) and the membrane ER (mER) are
found to be associated with an integral membrane protein caveolin that facilitates
the assembling of several signaling complexes, including phosphatidylinositol 3-
kinase (PI3K), Ras, and Src kinase in their scaffold domain [32, 33]. Furthermore,
mER perhaps exists as in a cytoplasmic pool and the rapid action requires its
interaction with caveolin in association with MNAR, Shc and growth factor
receptors, along with the scaffolding protein striatin that translocates ER to the
plasma membrane [34, 35].
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2.3 Rapid Action of Membrane Steroid Receptors
Involving G Protein-Coupled Receptors (GPCR)

The most preserved non-genomic action of steroid hormones is the rapid increase
in intracellular calcium concentration [Ca2+] mediated via GPCR [36, 37], which
ultimately results in the rapid activation of MAPK/ERK and PI3K/AKT pathways,
leading to the activation of PKC and PKA [38, 39]. The interaction of mAR with
GPCR results in the dissociation of Ga-subunit and the signal is transmitted from
Gbc through the activation of effector molecules including c-Src, Raf, and phos-
pholipase C (PLC) [40]. GPCR itself may also serve as the membrane receptor,
i.e., binding of E2 to an orphan GPCR, termed GPR30, plays a critical role in the
rapid signaling of E2 [41, 42] and stimulates the Ras-dependent MAPK activation
through phosphorylation of Shc [43].

2.4 Rapid Action of Membrane Steroid Receptors via
Trans-Activation of Growth Factor Receptors

Rapid non-genomic actions of membrane steroid receptors may function via
trans-activation of growth factor receptors [44]. The phenomenon is further
confirmed by the co-existence of endogenous membrane receptors, including AR
and ER, G proteins, GPCR, growth factor receptors (EGFR, IGFR), non-receptor
tyrosine kinases (Src, Ras), and linker proteins such as MNAR and striatin in the
plasma membrane termed as ‘signalosomes’ [45]. Alternatively, steroids may
activate growth factor receptor kinase activity by inhibiting the regulatory
phosphatases [46].

2.5 Rapid Non-transcriptional Action of Membrane
Steroid Receptors

Steroids also elicit non-transcriptional effects via membrane receptors that provoke
post-translational amendments of signaling proteins, including phosphorylation.
By regulating kinases and phosphatases, steroids influence cell functions such as
cell motility via modifying the architecture of the actin cytoskeleton [44, 47].

3 Sex Steroids and Actin Cytoskeleton Remodeling

The cytoskeleton forms the backbone of human cells and provides the basic
infrastructure for cell motility. Actin is one of the most important cytoskeletal
proteins and it exists as two forms: globular, non-polymerized G-actin and
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polymerized double-helical actin filaments (F-actin). When cells are polarized by
extracellular stimuli, G-actin readily polymerizes to form F-actin through the
‘‘tread milling’’ mechanism and de novo actin polymerization occurs at the
leading edge, resulting in the formation of membrane protrusions such as filo-
podia (thin projections), lamellipodia (broad, sheet-like membrane protrusions) as
well as invadopodia (moderate-width extensions). The above process is known as
actin cytoskeleton remodeling, the primary mechanism for most types of cell
migration [48]. These protrusions interact with the extracellular matrix (ECM) via
anchorage proteins and focal adhesions, which provide the platform to generate
the locomotive force that enables cells to move via the activation of the acto-
myosin contractile machinery [49].

Growing evidence shows that sex steroids are powerful modulators on these
steps through activation of actin-binding proteins and signalling molecules [50].
We and others have demonstrated that sex steroids promote breast cancer
metastasis in vitro [7, 51, 52]. Estrogen and progesterone alone or in combination
enhance T47-D or MCF-7 breast cancer cell horizontal migration distance and
promote three-dimensional invasion into matrigel matrices [7, 51, 52]. These
effects are attributed to sex steroids abilities to provoke actin cytoskeleton
remodelling. At baseline, actin predominantly exists as monomers (G-actin) and
actin fibers are arranged longitudinally in the cytoplasm and the cell membrane is
regular. When stimulated with estrogen or progesterone, G-actin rapidly shifts to
F-actin and actin fibers concentrate toward the edge of the membrane, in associ-
ation with a significant increase of the thickness of the cell membrane and
increased membrane ruffles, filopodia and lamellipodia that supports horizontal
cell movement and invasion [7, 51, 52].

3.1 Sex Steroids and Ezrin/Radixin/Moesin

The actions of sex steroids on actin cytoskeleton remodelling are mediated by the
activation of moesin, an actin-binding protein that belongs to the ezrin/radixin/
moesin (ERM) family [7, 51, 52]. In quiescent conditions moesin exists in an auto-
inhibited conformation and phosphorylation of Thr558 within the C-terminal actin-
binding domain leads to its activation that links the actin cytoskeleton to a variety
of membrane-anchoring proteins [53, 54]. Both estrogen and progesterone induce
the non-genomic activation of moesin in breast cancer cells. Silencing of moesin
abolishes sex steroids actions on cytoskeleton remodelling and cell movement,
indicating that moesin is an important intermediate for the sex steroids-induced
breast cancer metastasis [7, 51, 52]. Moreover, activation of moesin is rapidly
triggered by a complex of non-genomic intracellular events that requires the
interaction of membrane sex steroids receptors (including membrane ER and PR)
with the G protein Ga13 with the following involvement of the ubiquitous cyto-
skeletal modulator RhoA and of the Rho-associated kinase, ROCK, which is
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responsible for the phosphorylation of moesin [7, 51, 52]. Figure 1 depicts the
model of regulation of cell motility by sex steroids.

Estrogen and progesterone enhance horizontal migration and invasion of three-
dimensional matrices of ER+/PR+ breast cancer cells by recruiting the actin-
binding protein, moesin. This pathway leads to the formation of membrane ruffles
and pseudopodia which interact with the extracellular matrix and with nearby
cells, thus promoting cell migration. Non-genomic signaling of ER/PR to ERM
proteins and actin may thus serve as a mechanism of general relevance for the
determination of cell movement [7, 51, 52].

Ezrin is another important member of ERM family. Abnormal ezrin localization
is associated with clinical pathological features in invasive breast carcinomas [55].
Sex steroids can modulate Ezrin protein expression or activity. For instance, in the
presence of progesterone, PRA induces redistribution of ezrin and actin cyto-
skeleton remodeling in breast cancer cells [56]. Fu XD et al. recently indicated that
estrogen increases ezrin phosphorylation and protein expression, leading to cyto-
skeleton remodeling and breast cancer cell metastasis (Fu XD, unpublished data).

The GTP-binding proteins Rho, Rac and Cdc42 are known to regulate actin
organization [57, 58]. Generally it is believed that Rho induces the assembly of
contractile actin-based filaments such as stress fibres, Rac regulates the formation
of lamellipodia and membrane ruffles, while Cdc42 is required for filopodium
extension [59]. There has been evidence that estrogen increases the activities of
Rac and Cdc42, leading to the formation of filopodia and lamellipodia that
facilitate breast cancer cell movement. However, the signaling pathways
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Fig. 1 Depicts the mechanism by which rapid activation of signaling pathways by sex steroids
lead to cytoskeleton changes and cell movement in breast cancer cells
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responsible for Rho GTPase activation remain unrevealed [60]. In this aspect,
latest evidence indicates that proline-, glutamic acid-, leucine-rich protein-1
(PELP1), also known as the modulator of the nongenomic actions of the ER
(MNAR), is the pivotal signaling molecule [61]. PELP1 plays important roles both
in the genomic and the nongenomic actions of the estrogen [62–64]. In breast
cancer cells it couples estrogen receptor extranuclear signaling to Rho GTPase
through the ER-Src-PELP1- integrin-linked kinase 1(ILK)-Rac/Cdc42 pathway,
which finally leads to actin cytoskeleton remodeling and metastasis [61].

3.2 Sex Steroids and Focal Adhesion Kinase

As mentioned before, after actin cytoskeleton remodeling, protruded membranes
contact the substrate and form novel focal adhesions (FAs) [49]. FAs are com-
posed of a complex group of structural proteins and signaling molecules, including
the tyrosine kinases c-Src and focal adhesion kinase (FAK), integrin proteins,
actin-binding proteins such as vinculin and adaptor proteins like paxillin [65].
FAK is the key enzyme regulating the formation of FAs. Under the stimulation of
multiple factors, FAK is activated via the phosphorylation at Tyr397 and begins to
partner with cell-membrane integrins with the assistance of other proteins such as
p130CAS, paxillin and vinculin, resulting in FAs formation and endowing
cells with higher motility [66].

FAK influences the dynamic regulation of integrin-associated adhesions, and
the actin cytoskeleton through diverse molecular interactions, controlling cell
migration through assembly/disassembly cycle at the leading edge of migrating
cells, while also controlling adhesion disassembly at the trailing edge.

Clinical data have indicated that high FAK expression is associated with an
aggressive phenotype in breast carcinomas [67, 68]. Over-expression of FAK is
related to the metastatic behavior of various tumors, such as lung cancer [69],
ovarian cancer [70] and melanoma [71]. In animal models, inhibition of FAK
activity in a rat breast cancer metastasis model abrogates cancer diffusion to the
lung [72], and targeted deletion of FAK in mouse mammary epithelium reduces
the pool of cancer stem/progenitor cells in primary tumors and their self-renewal
and migration [73]. On the opposite, silencing of FAK in human and mouse
mammary tumor cells results in cell senescence and in loss of invasive ability [74].
Overall, these findings highlight the relevance of the activity of focal adhesion
kinase for cancer progression.

Sex steroids are capable to modulate the activity and expression of FAK in
breast cancer cells. In a PR-positive but ER-negative breast cancer cell model,
progesterone increases tyrosine phosphorylation of FAK, in association with
increased FAs formation [75, 76]. Recently the molecular mechanism of FAK
activation induced by progesterone in T47-D breast cancer cells has been
described. In the presence of progesterone, PR recruits c-Src and PI3K/Akt,
leading to RhoA/ROCK-2 activation, which eventually phosphorylates FAK at
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Tyr397 and results in novel FAs formation. Silencing of FAK with specific siRNAs
prevents the invasive behavior, suggesting that FAK plays important role in pro-
gesterone’s effect on breast cancer metastasis [77].

Estrogen is also known to regulate FAs formation. In MDA-MB-231 human
breast cancer cells, estrogen increases lamellipodia and FAs that are integral for
cell migration [78]. Although there is evidence that FAK expression or activity is
enhanced by estrogen in other type of cells [79, 80], the exact effect of estrogen on
FAK in breast cancer cells is less understood. For example, in MCF-7 cells,
treatment with estrogen for 7 days results in decreased tyrosine phosphorylation of
FAK [81], while Sanchez et al. have shown that estrogen induces a rapid phos-
phorylation of FAK [82]. This apparent discrepancy may be explained by the dual
functions of FAK on cell motility: an initial increase in FAK phosphotyrosine
content, cell spread, and focal contact formation is followed by the gradual loss of
FAK phosphorylation which coincides with disruption of focal contacts and con-
version to a motile phenotype [83, 84].

Sanchez et al. have recently shown that estrogen rapidly activates FAK via
phosphorylation on Tyr397 in human breast carcinoma cell line T47-D, leading to
the formation of focal adhesion complexes. They identify the recruitment of
PI3K after activation of c-Src by estrogen, and they show that this step is
required for FAK phosphorylation on Tyr397. This is consistent with previous
reports showing that the c-Src/PI3K pathway is implicated in Tyr397 FAK
phosphorylation [85, 86]. ERa-dependent PI3K activation results in the recruit-
ment of the Gai/Gb/c-Src pathway and through this means it increases FAK
activity in breast cancer cells [82].

The identification of FAK regulation by estrogen may thus offer important
mechanistic insights to better understand the role of this hormone on breast cancer
metastasis. This work shows that estrogen controls FAK and cell movement by
regulating Cdc42 and its effector N-WASP [82]. N-WASP is a scaffold that links
upstream signals to the activation of the Arp2/3 complex, leading to a burst of
actin polymerization. Actin nucleation by the Arp2/3-complex appears to be
critical for the rapid formation of an actin network at the leading edge of the cell
[87–89] that provides the protrusive force required for the extension of filopodia
and lamellipodia during cell movement [90]. Interestingly, in the presence of
estrogen, FAK only associates with Cdc42-activated N-WASP and does not
activate N-WASP itself. Although FAK phosphorylation of N-WASP does not
affect N-WASP activity toward Arp-2/3, it seems important for maintaining the
cytoplasmic distribution of N-WASP and for promoting cell motility [91].
As Cdc42 regulates actin dynamics in cell membrane projections, interaction of
FAK with Cdc42-activated N-WASP might couple actin polymerization with
membrane protrusion during cell movement [92].

In conclusion, within the broader range of actions of estrogen receptors,
rapid extra-nuclear signaling to the actin cytoskeleton through the Gai/Gb/c-Src/
PI3K/FAK/Cdc42/N-WASP/Arp-2/3 cascade is relevant for the generation of
estrogen-dependent breast cancer cell movement and invasion. Through this
cascade, estradiol leads to rapid changes of cell membrane morphology with a
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rearrangement of the actin cytoskeleton and the formation of focal adhesion
complexes at sites where structures related with cell movement are formed.

4 Sex Steroids and Tyrosine Kinase Receptor

The epidermal growth factor receptor (EGFR) is a member of the EGFR/ErbB/
HER family of type I transmembrane tyrosine kinase receptors which play
essential roles in organ development and growth by regulating both the differen-
tiation and morphology of cells and tissues [93]. EGFR is frequently overex-
pressed in a wide array of human cancers and signaling initiated from EGFR
evokes invasive activities in breast cancer cells [94]. By using in vivo mouse
models of breast cancer, the EGFR inhibitor gefitinib inhibits tumor cell motility
and invasion [95]. A recent small randomized study shows that endocrine therapy
with gefitinib is associated with a better advantage in progression-free survival in
patients with hormone receptor-positive metastatic breast cancer [96]. Currently
anti-EGFR therapy is regarded as a promising treatment for breast cancer patients
with improved specificity, activity, and safety [93].

Sex steroids signal in breast cancer cells and promote cancer metastasis by the
interaction of sex steroids receptors with EGFR. Recently, a new model of
crosstalk between extranuclear steroid receptors and EGFR has been proposed.
In this model, estrogen triggers the release of the membrane-tethered proHB-
EGF, which, in turn, binds to unoccupied EGFR resulting in their activation [97].
This action is believed to be mediated by the membrane estrogen receptor
GPR30, an orphan member of the seven transmembrane receptor [97] that has
been attracted much attention in breast cancer progression. Clinical analysis has
indicated that GPR30 expression associated positively with tumor size and extra
mammary metastases [98]. In ER-negative human breast cancer cells the acti-
vation of GPR30 induces a transcription factor network that promotes metastasis-
related proteins gene expression, leading to stimulation of breast cancer cell
migration [99]. Therefore, GPR30 may support alternative pathways through
which estrogen impacts on metastasis in ER-negative or tamoxifen resistant
breast cancers [100].

Likewise, estrogen causes an association of membrane ERa with Shc, Src,
leading to Insulin-like Growth Factor Receptor (IGFR) activation [101, 102].
Activated EGFR and IGFR recruit downstream signaling avenues such as
MAPK and Akt that promote breast cancer metastasis [103]. Interestingly, sex
steroids receptors are also directly implicated in epidermal growth factor (EGF)
actions. EGF stimulates ER phosphorylation on tyrosine and promotes the
association of a complex between EGFR, ER, androgen receptor and the non-
receptor tyrosine kinase Src. The complex assembly triggers Src activity, EGFR
phosphorylation and the activation of EGFR downstream signaling in breast
cancer cells [104].
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In the crosstalk between sex steroid receptors and growth receptors, the non-
receptor tyrosine kinase c-Src is identified to be the critical intermediate.
Indeed, c-Src mediates signal transduction pathways that regulate breast cancer
cell proliferation, survival, invasion, and metastasis [105]. Fu et al. have
demostrated that medroxyprogesterone acetate (MPA) promotes breast cancer
metastasis by the interaction of progesterone receptor with c-Src [7]. Further-
more, in the presence of E2, ERa recruits a Gai/Gb-dependent signaling that
triggers the formation of a multiprotein complex where ERa, c- Src, PI3K, and
FAK interact promoting the branching of actin filaments and cell membrane
remodeling [82]. Recently it has been shown that estrogen activates c-Src
through the release of nitric oxide (NO), leading to breast cancer cell invasion
and metastasis [106].

5 Sex Steroids and Other Metastasis-Associated Molecules

5.1 Chemokines and Their Receptors

Chemokines are small cytokine-like proteins that elicit directional cell migration.
Expression of some of the chemokines and their receptors in breast tumors has
been correlated with a poor prognosis, increased metastasis, resistance to con-
ventional therapeutic agents and a poor outcome in the pathogenesis of breast
cancer [107, 108].

Several reports demonstrate that the levels of chemokines or chemokine
receptors are dependent on sex steroids. For example, in experimental breast
cancer, estrogen increases IL-8 whereas the anti-estrogen tamoxifen inhibits the
secretion of IL-8 both in vitro and extracellularly in vivo in tumors of nude mice
[109, 110]. In MCF-7 cells estrogen has synergetic effects with tumor necrosis
factor to increase IL-8 and monocyte chemoattractant protein 1 (MCP-1) pro-
duction [111]. In addition, estrogen increases CXCR4 protein expression via PI3K/
AKT, MAPK and mTOR pathways in breast cancer cells [112]. However, current
understanding in this area is poor and the next step will be definitely to analyze the
effects of sex steroids on the expression patterns of chemokines and their receptors
in breast cancer cells.

5.2 Integrins

Integrins play a vital role in cancer progression because of their ability to reg-
ulate various intracellular signaling molecules that are essential for cell motility,
cell survival, and proliferation [113, 114]. Integrins are heterodimers composed
of non-covalently associated a and b subunits and they directly bind components
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of the extracellular matrix and provide the traction that regulate cell motility and
invasion [115]. While several integrins, such as b1, a2, and a6 are known to be
decreased in invasive breast carcinoma, others, such as a3, b4, are associated
with increased metastatic potential [115]. It has been shown that estrogen/ERa
increases the expression of integrin a5b1 through the binding of ERa-Sp1
complex with ERE half-site in the a5 gene, thus results in the maintenance of the
stationary status of breast cancer cells [116]. Expression of ERb also increases
integrin a1 and integrin b1 levels and enhances adhesion of breast cancer cells,
leading to less cell migration [117]. Similarly, progestins diminish the expression
of b1, b4, a2, a3, and a5 integrin chains, resulting in the inhibition of T47-D cell
migration [118].

5.3 Role of p52Shc in Steroid-Regulated Cell Proliferation
and Migration

In addition to the classical role in mediating tyrosine kinase-activated pathways,
p52Shc functions as a primary adaptor protein for mediating the mitogenic signals
of steroids at the non-genomic level in human breast and prostate cancer cells
[119, 120].

A direct involvement of p52Shc in breast cancer metastasis in transgenic mice
that express polyomavirus middle T antigen with a mutated Shc-binding site has
been demonstrated [121]. Polyomavirus middle T antigen couples with and acti-
vates signaling molecules, such as Src, Shc, and phosphatidylinositol 3-kinase
(PI3K) for its oncogenic capacity. Importantly, in transgenic mice, which have
metastatic tumors, the mutated p52Shc-binding site on middle T antigen had
reverted to the wild type and regained its function, thus emphasizing the potential
importance of the functional p52Shc in the process of metastasis in vivo [121].
In addition, it has been revealed that in integrin signaling, Shc recruitment to the
actin-associated cytoskeleton is important [122, 123]. p52Shc potentiates integrin
signaling, and integrin ligation results in the activation of non-receptor tyrosine
kinases, such as Src, Fyn, and focal adhesion kinase (FAK), which phosphorylates
p52Shc, leading to Ras activation and entering into the cell cycle [122, 123].
Besides, the SH3 domain of Fyn interacts with the proline-rich region in the CH1
domain of p52Shc [124] and the amino-terminal domain of p52Shc is shown to
mediate the association of this adaptor protein to an actin-rich cellular fraction
[124]. Additionally, a mutation of the PTB domain (S154P-p52Shc) abolishes
integrin-induced p52Shc tyrosine phosphorylation where the SH2 domain of
p52Shc is dispensable [125]. p52Shc phosphorylation by c-Src can be augmented
when the PTB domain binds to phospholipids [126, 127]. These observations
explain how the PTB domain localizes p52Shc to the membrane where it becomes
phosphorylated by cytoskeleton-associated tyrosine kinases, which finally results
in cell migration. It should be noted that these non-receptor tyrosine kinases,
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e.g., Src, closely interact with steroid hormone signaling pathways [20, 128]. The
molecular mechanism by which steroids induce cell adhesion and/or migration via
p52Shc requires further investigation.

6 Conclusions

Experimental and clinical data have demonstrated the importance of sex steroids
and their receptors in the development and progression of breast cancer. The
proper interference with sex steroid-initiated signaling is becoming a major target
for breast cancer treatment. However, the effects of sex steroids on breast cancer
metastasis remain controversial. This discrepancy may be related to the different
breast experimental models used, to the complexities of sex steroids signaling, and
to complicated molecular mechanisms of breast cancer cell migration and inva-
sion. The development of animal models of different phenotypes of metastatic
breast cancer would greatly facilitate to evaluate the effects of sex steroids on
breast cancer metastasis. Moreover, further exploration on the molecular mecha-
nisms of sex steroids on cell migration and invasion is needed. A deeper under-
standing of these complex areas will be of utmost importance for newer
biologically-driven therapies to counteract breast cancer metastasis.
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Unraveling the Role of GPER
in Breast Cancer

Rosamaria Lappano and Marcello Maggiolini

Abstract The G protein-coupled estrogen receptor-1 (GPER, formerly called
GPR30) has been recently involved in the multifaceted transduction pathways
through which estrogens induce diverse biological responses as well as patho-
logical processes, including cancer development and progression. In this regard, it
has been shown that not only estrogens but also antiestrogens binding to and
activating the GPER-dependent signaling elicit stimulatory effects in hormone-
dependent tumors like breast cancer. In accordance with these findings, GPER
expression was associated with worse clinical features commonly used to assess
the progression of breast malignancies, such as the detection of distant metastases.
On the basis of diverse studies demonstrating the potential role of GPER in
mediating the stimulatory action of estrogens in breast tumor, GPER may be
considered as a valuable target toward novel therapeutic strategies against the
development of breast cancer. Furthermore, the promiscuous activity exerted by
antiestrogens, which act as GPER agonists and antagonists of the nuclear estrogen
receptors, addresses the need of new selective estrogen receptor inhibitors.
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1 Introduction

Breast cancer is the most frequently diagnosed cancer in women [1]. Worldwide, it
is estimated that more than one million women are diagnosed with breast cancer
every year [2]. Additionally, breast cancer incidence rates have been reported to be
increasing by up to 5% per year in many populations in developing countries
[3, 4]. Despite recent advances in its diagnosis and treatment with adjuvant
therapies, breast cancer represents 14% of female cancer deaths and 20% of all
female malignancies, remaining the second leading cause of cancer death in
women globally [2, 5].

Estrogens are a group of steroid hormones which regulate many physiological
processes, including reproduction, bone formation, cardiovascular and central
nervous system functions [6]. Moreover, a wide number of studies have demon-
strated that an excessive and/or prolonged exposure to estrogens play a key role in
the development and progression of breast cancer [7–9]. The biological effects
elicited by estrogens are mainly mediated by the classical estrogen receptors (ERa
and ERb), which belong to the nuclear receptor superfamily of transcription fac-
tors [7]. In the absence of ligands, monomeric ERs are complexed with heat-shock
proteins (Hsp90 and Hsp70) by a multi-protein chaperone machinery formed
specifically with the ligand binding domain (LBD) [10]. Upon ligand binding to
the LBD and the subsequent Hsp dissociation, ERs undergo a conformational
change triggering the receptor homodimerization and the interaction with the
estrogen responsive elements (EREs) located within the promoter regions of target
genes [11]. Ligand-bound ERs can also influence the transcription of genes whose

116 R. Lappano and M. Maggiolini



promoters do not harbor EREs by interacting with other transcription factors such
as AP-1-responsive elements, Sp-1 (GC-rich Sp-1 motifs) and NF-jB [12–14].
ER function requires the recruitment of transcriptional regulators, such as coac-
tivators and corepressors, which contribute to the transcription and the accessi-
bility of target gene promoters [15]. In addition, ER activity can occur even in a
ligand-independent fashion, particularly through growth factor-dependent signal-
ing [16–18]. A large body of evidence has demonstrated the main role elicited
by ERa in mediating the stimulatory action of estrogens in breast cancer devel-
opment [19]. In this regard, it has been shown that ERa represents one of the most
important markers toward the responsiveness to antiestrogen treatment as well as
breast cancer outcomes [20, 21]. Nevertheless, in ER-positive breast tumors de
novo and acquired resistance to antiestrogen therapy often occur, as observed by
using the selective estrogen receptor modulator (SERM) tamoxifen [21, 22]. These
observations together with major clinical benefits of the aromatase inhibitors [23]
have suggested that additional factors (e.g. receptors) and signaling mechanisms
may be involved in the stimulatory action of estrogens as well as in the failure of
antiestrogen therapy in breast cancer.

2 GPER Signaling in Breast Cancer

In the last years, numerous studies have suggested that a member of the
7-transmembrane G protein-coupled receptor family mediates estrogen signals in a
wide number of normal and cancer cells [24]. In particular, the G protein-coupled
estrogen receptor-1 (GPER, formerly called GPR30), has emerged as a key
mediator of estrogen action in hormone-responsive tumors like breast cancer
[24, 25]. GPER was cloned in 1997 as a cDNA of a gene mapped to chromosome
7p22 and was found abundantly expressed in breast cancer cells as well as in
samples of primary breast carcinomas [26]. A few years later, the functional role
elicited by GPER was investigated by Filardo and coworkers [27]. Interestingly,
the rapid ERK1/2 phosphorylation induced by 17b-estradiol (E2) was shown to
occur through GPER in ER-negative breast cancer cells. The ERK1/2 activation by
E2 was consequent to the Gbc subunit-dependent transactivation of the epidermal
growth factor (EGF) receptor through the cleavage and the release of heparan-
bound EGF (HB-EGF) by metalloproteinases (MMPs) [27] (Fig. 1). In this
respect, it has been recently shown that integrin a5b1 is involved in the EGFR
transactivation by ligand-activated GPER as it interacts with and then converts
fibronectin (FN) from a soluble plasma protein into an insoluble fibrillar structure
in the extracellular matrix (ECM) [28]. This process previously known as FN
matrix assembly [29] involves a number of intracellular signaling pathways that
promote cellular adhesion, haptotaxis and survival [30–32]. In breast cancer cells,
GPER coordinates the estrogen-induced FN matrix assembly and growth factor
release which lead to the activation of integrin a5b1 [28] (Fig. 1). Hence, the
integrin-ECM interactions and the local growth factor release mediated by GPER
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represent cellular events critical to the survival of normal ductal epithelia and
tumor cells that invade the local parenchyma or seed distant sites. On the basis of
these findings, GPER has been suggested to ensure cellular survival during estrus
cycle-dependent remodeling of the mammary gland.

The increasing evidence on the potential of GPER in mediating estrogen signaling
has entailed a great number of studies with the aim to characterize the molecular
mechanisms involved in its signal transduction and functions. For instance, GPER
was required for the estrogen-induced stimulation of adenylyl cyclase and cAMP-
mediated inhibition of the EGFR/ERK pathway in GPER-positive breast cancer
cells [33]. Moreover, in breast cancer cells the ER antagonists tamoxifen and ICI
182,780 induced rapid signaling events through GPER similar to estrogens [27, 33].
Cumulatively, these findings indicated a key function of GPER in breast cancer
biology suggesting that in ER-negative but GPER-positive breast tumors which do
not respond favorably to antiestrogen therapy [21], both estrogens and antiestrogens
stimulate growth effects via GPER and growth factor-dependent signals. On the basis
of the unresponsiveness of one in four patients with ER-positive tumors to anties-
trogens [21], the existence of an alternative mediator of estrogen action provided a

Fig. 1 Schematic GPER signaling in breast cancer cells. Estrogens and antiestrogens bind to and
activate the GPER. The ligand binding leads to G protein complex dissociation into Gas and Gbc
proteins, which trigger two distinct cascade events. Gas through adenylyl cyclase induces the
increase of cAMP and the activation of protein kinase A-dependent transduction pathway (PKA).
Gbc causes calcium mobilization (not shown) and the activation of diverse effectors like PI3K-
signaling, Src-like kinases and integrin a5b1, which in turn induce the fibronectin matrix (FN)
assembly and the metalloproteinase (MMP)-dependent release of membrane-tethered proHB-
EGF. Then, the ligand-activated Epidermal Growth Factor Receptor (EGFR) stimulates the ERK
signaling cascade which triggers gene transcription and relevant biological responses as the
proliferation, migration and survival of breast cancer cells
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new mechanism by which antiestrogens can induce the proliferation of hormone-
dependent cancer cells, including the growth and survival of breast carcinoma cells.

In recent years, diverse studies have demonstrated that the activation of GPER
signaling regulates a number of genes involved in the progression of breast
malignancies. For instance, in ER-negative breast cancer cells, E2 and two major
phytoestrogens, genistein and quercetin, induced in a GPER- dependent manner the
rapid up-regulation of c-fos, which is a transcription factor involved in many
biological processes including cell growth, differentiation and cellular transfor-
mation [24]. In addition, estrogens as well as the selective GPER ligand G-1 [34]
stimulated gene transcription and the proliferation of ER-negative breast cancer
cells through the GPER/EGFR/ERK transduction signaling [35]. Likewise, GPER
activation by E2 and the ER antagonist 4-hydroxytamoxifen (OHT) generated in
ER-negative breast cancer cells a valuable transcription factor network [36]. In
particular, the most strongly induced gene, the connective tissue growth factor
(CTGF), was shown to be involved in the proliferation and migration of ER-neg-
ative breast cancer cells stimulated by E2 or OHT through the GPER-dependent
pathway [36]. Interestingly, the aforementioned findings were also demonstrated
in carcinoma-associated fibroblasts derived from breast cancer biopsies [37],
suggesting that GPER may play a stimulatory action also in the tumor microenvi-
ronment which has been largely involved in the progression of malignancies toward
aggressive biological features [38].

As it concerns the distribution pattern, GPER was localized at the endoplasmic
reticulum in different cell lines [39], on the plasma membrane of breast cancer
cells [40] also associated with cytokeratin intermediate filaments [41]. In further
studies, GPER showed different intracellular distributions [42, 43] and a nuclear
localization in cancer associated fibroblasts (CAFs) obtained from breast tumor
biopsies [37]. These observations address the need of additional investigations to
ascertain whether GPER may elicit different biological functions depending on its
cellular localization.

3 Binding Specificity and Biological Characterization
of GPER Ligands

The first evidence on the binding characteristics of GPER ligands was provided by
Thomas and coworkers in 2005 [44]. For instance, E2 as well as the ER antagonists
OHT and ICI 182,780 showed a strong binding affinity for GPER. These findings,
corroborating the aforementioned studies regarding the stimulatory actions elicited
by antiestrogens may have important implications for the progression and the
treatment of breast cancer. In contrast to E2, estriol (E3) was shown to act as a
GPER antagonist in ER-negative breast cancer cells [45]. This finding indicates that
estrogenic compounds can exert stimulatory effects through both the classical ERs
and GPER as observed with E2; however, an opposite biological activity can be
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also elicited through these receptors, as reported for E3. Further compounds
exerting an estrogen-like activity in cancer cells, such as diverse environmental
contaminants, were investigated for their potential capability to bind to and activate
GPER. For instance, bisphenol A (BPA) as GPER ligand increased the cAMP levels
and stimulated c-fos transcription by activating the GPER/EGFR/ERK transduction
cascade in breast cancer cells [46, 47]. Several studies have shown that the
herbicide atrazine may exhibit an estrogen-like activity without binding to the
classical ERs [48, 49]. Even though this endocrine disruptor exhibited a low
binding affinity for GPER, rapid ERK1/2 phosphorylation and c-fos expression
were induced in a GPER-dependent manner by atrazine in breast cancer cells
[47, 48, 50]. Recently, it was demonstrated that also cadmium through GPER
stimulates cAMP production, ERK activation and the proliferation of ER-negative
breast cancer cells [51]. In addition to the environmental contaminants, diverse
phytoestrogens like genistein, quercetin and tectoridin activated the GPER trans-
duction pathway [52, 53], although only genistein displayed a high binding affinity
for GPER [47]. Moreover, genistein was recently shown to induce through a GPER/
Src/ERK-dependent pathway the transcription of acid ceramidase (ASAH1), which
regulates the intracellular concentration of two sphingolipid metabolites, ceramide
and sphingosine-1-phosphate, both involved in cell proliferation, migration, angi-
ogenesis and tumor chemo-resistance [54].

The identification of the selective GPER ligands, the agonist G-1 and the
antagonist G-15 [34, 55], which failed to bind to and regulate the classical ERs,
allowed the characterization of the biological activity mediated by GPER.
In particular, G-1 was of fundamental importance in order to reveal the key role
elicited by GPER in mediating the estrogen signaling in breast cancer cells. For
instance, in ER-negative breast cancer cells G-1 like E2 triggered through the
GPER/EGFR transduction pathway stimulatory effects such as ERK phosphory-
lation, the up-regulation of the two major GPER-target genes c-fos and CTGF as
well as cell proliferation [35]. Moreover, G-1 increased in breast cancer cells the
current amplitude of voltage-gated Na(+) channels (VGSCs), which enhances
several types of cellular behavior that would be involved in the metastatic cancer
progression [56]. Next, G-1 stimulated in ER-negative breast cancer cells through
GPER, the expression of the estrogen-related receptor a (ERRa) [57], and elicited
exclusively through GPER, the cytosolic Ca(2+), increase in both ER-negative and
ER-positive breast cancer cells [58].

4 Implication of GPER in the Resistance
to Antiestrogen Therapy

GPER has been recently involved in the failure of antiestrogen treatment in breast
cancer. For instance, both E2 and ICI 182,780 activating the GPER/ERK trans-
duction pathway rapidly inhibited the transforming growth factor (TGF)-b mediated
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activity, which acts as a tumor suppressor in breast cancer cells [59]. These findings
well fit with the observation that the down-regulation of TGF-b signaling network is
associated with the resistance to antiestrogens in breast cancer [60]. Afterward,
OHT-resistant breast cancer cells exhibited an enhanced sensitivity to E2 and G-1
with respect to the parental cells [61]. In particular, in cancer cells showing OHT
resistance these ligands induced ERK phosphorylation and growth effects through
the GPER/EGFR-mediated signaling [61]. The inhibitory effects exerted by OHT in
parental breast cancer cells were lost by the continuous treatment with G-1 and the
inhibition of the GPER/EGFR signaling restored the repressive action exerted by
OHT [61]. In addition, the treatment with E2 in both parental and tamoxifen-resistant
breast cancer cells up-regulated GPER expression, which additionally increased the
sensitivity to G-1 exposure, particularly in the tamoxifen-resistant cells [61].
Overall, these data provided evidence on the potential cooperation between GPER
and EGFR in the development, at least in part, of tamoxifen failure. The evaluation of
the functional cross-talk between these two receptors toward the regulation of GPER
expression contributed to better understanding the molecular mechanisms involved
in the estrogen-induced progression of hormone-sensitive tumors and the resistance
to antiestrogens in breast cancer. For instance, ligand-dependent EGFR activation
up-regulated GPER expression in ER-negative breast cancer cells [62]. Hence,
GPER increase upon exposure to EGF was suggested as an additional mechanism by
which this growth factor may engage estrogenic signals in the stimulation of
ER-negative breast cancer cells. In addition, EGFR ligands were shown to
up-regulate GPER expression by activating the EGFR/ERK pathway in ER-positive
and tamoxifen-resistant breast cancer cells [63]. These findings suggested that
ligand-activated EGFR may contribute to tamoxifen resistance, at least in part, by
up-regulating GPER which in turn facilitates the action of estrogens. As it concerns
the role of the classical ERs, initial evidence showed that the GPER/EGFR signaling
mediates gene expression changes and growth effects in ER-negative breast cancer
cells [52]. Recently, it has been also demonstrated that GPER and ERa cooperate in
mediating the action of estrogens in ER-positive and tamoxifen-resistant breast
cancer cells as well as in ovarian and endometrial tumor cells [35, 63].

The importance of the EGFR transduction pathway in regulating GPER
expression has been also extended to the biological responses to hypoxia, which is
considered a key feature of the tumor microenvironment as well as a hallmark of
cancer growth, resistance to chemotherapy and decreased survival of patients [64].
In this regard, the hypoxia-inducible factor HIF-1a, which is well recognized as a
major factor involved in the adaptation to hypoxic conditions, was shown to mediate
the up-regulation of GPER and CTGF protein levels upon exposure to hypoxia in
ER-negative breast cancer cells. In particular, the hypoxia-dependent transcription
of GPER required the ROS-induced activation of EGFR/ERK transduction pathway
in both breast cancer cells and cardiomyocytes. Remarkably, the apoptotic response
to hypoxia was prevented through GPER in breast cancer cells treated with estrogens
[64]. On the basis of these data, the hypoxia-induced expression of GPER may be
included among the mechanisms potentially involved in the anti-apoptotic effects
elicited by estrogens in tumor cells exposed to low oxygen tension.
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5 GPER as a Biological Marker in Breast Carcinomas

GPER has been recently considered as a valuable biomarker and therapeutic target
in breast cancer. In 2006, Filardo and coworkers explored the expression of GPER
in breast carcinomas in association with other well known histopathologic markers
of disease, including ERa, progesterone receptor (PR) and EGFR/HER-2 [25].
In this immunohistochemical study 361 breast carcinomas (321 invasive and 40
intraductal tumors) and 12 controls obtained from breast reduction surgery were
examined. All normal controls were positive for GPER, ERa and PR, whereas the
expression of GPER varied in breast tumors: 62% (199 of 321) of invasive tumors
and 42% (17 of 40) of intraductal tumors resulted positive. A co-distribution
pattern of ERa and GPER was observed in 43% (139 of 321) of invasive breast
tumors, whereas in 19% (61 of 321) of the tumors analyzed neither ERa nor GPER
were detected, indicating a significant but incomplete association between the
expression of both receptors. GPER expression did not correlate with PR in pri-
mary tumors from patients with invasive ductal tumors, whereas PR expression
was more than twice as common in tumors that coexpressed ERa and GPER
compared with breast tumors that produced ERa but not GPER. Unlike ERa,
which varied inversely with tumor size and HER-2/neu, the overexpression of
GPER was significantly associated with tumor size and the presence of distant
metastases. In line with the ability of GPER to transactivate EGFR through the
release of heparan-bound EGF in breast cancer cells, GPER expression directly
varied with HER-2/neu expression [25]. These findings highlighted the biological
significance of GPER in human breast cancer as strongly supported by its asso-
ciation with the risk of developing metastatic disease, which is a variable clearly
reflecting breast tumor progression as well as influencing the therapeutic strategies.

In a further study, GPER expression did not show any correlation with age, lymph
node metastasis, lymph-vascular invasion, grade and stage in tumor samples of 118
Taiwanese patients with infiltrating ductal carcinoma (IDC) and 27 non-tumor
mammary tissues [65]. In particular, GPER expression was found down-regulated in
IDC respect to normal mammary tissues, positively correlated with ERa and PR but
not associated with HER-2/neu expression. The discrepancy in the results obtained
by the aforementioned studies may be consequent to the use of different experimental
approaches. Filardo and coworkers employed immunohistochemistry to assess
GPER expression exclusively in epithelial tumor cells [25], whereas in the later
investigation GPER expression was detected by evaluating total RNA without iso-
lating epithelial tumor cells [65]. In 2010, the role of GPER was also investigated in
relation to other biomarkers and the prognosis in 88 primary inflammatory breast
cancer (IBC) patients [66]. GPER over-expression was found associated with an
improved overall survival in ER-positive IBC patients. Moreover, no correlation was
observed between GPER and HER-2 expression as well as between GPER and EGFR
expression. These findings were explained by the authors considering the intrinsic
nature of IBC tumors, which are thought to be metastatic at the onset of the disease

122 R. Lappano and M. Maggiolini



[67, 68]. On the basis of these observations, it was suggested that agents targeting
GPER could also be useful as novel therapeutic approaches in IBC patients.

Numerous genome-wide association studies have identified a number of gene
polymorphisms affecting breast cancer susceptibility [69–73]. In this context, a
recent genotype-phenotype association study examined three GPER single
nucleotide polymorphisms (SNPs) with regard to breast cancer risk and charac-
teristics [74]. Genotype and allele frequencies of these SNPs were compared in
257 women with sporadic breast cancer and 247 healthy women. The first SNP
was located in the promoter region of the GPER gene, the second in the 50-
untranslated region, whereas the third is a missense SNP in coding exon 1. The
polymorphism in the 50-region was hypothesized to alter GPER expression, while
the missense exon-SNP to affect the GPER protein structure and function. The
comparison of the breast cancer cases and the control group with regard to the SNP
allele, genotype and haplotype frequencies did not show significant differences
[74]. Of note, an association of GPER SNPs with tumor size, grading, nodal status
and progesterone receptor (PR) status was shown, whereas no connection of any of
the GPER SNPs to the HER-2/neu status was demonstrated in patients studied.
Overall, further evaluations on the relation between the SNP genotypes considered
and GPER expression and function are required toward a better understanding of
this issue in estrogen signaling and the progression of breast cancer.

6 Conclusions

The discovery of GPER as a novel mediator of estrogen actions has amplified the
biological routes that may be engaged by these hormones. The increasing number of
publications on GPER has allowed a more comprehensive evaluation of the
molecular mechanisms through which estrogens can function either in the presence
or absence of the classical ERs. Moreover, the connection of GPER to breast cancer
has been well corroborated by the results obtained in a wide number of investiga-
tions. In particular, the biological relevance of GPER in breast carcinomas has been
highlighted by the strong association of GPER expression with diverse clinical-
pathological parameters that are commonly used to assess tumor progression. Based
on such correlations, GPER overexpression may be considered as a predictor of
aggressive breast tumors. In addition, the regulation and function of GPER have been
also involved in the resistance to antiestrogen treatment in breast cancer patients.
This may be not surprising as several studies have shown that antiestrogens can act as
GPER agonists leading to cell proliferation in different tumor types, including breast
cancer. Hence, the inhibition of the GPER-mediated signaling could be also con-
sidered as a potential target to overcome the resistance to antiestrogens in malignant
cells. A further characterization of the biological functions exerted by GPER as well
as a better knowledge on the molecular mechanisms involved in the stimulatory
network triggered through the cross-talk between GPER and key signaling molecules
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like EGFR and the classical ERs, would allow the discovery of new pharmacological
tools targeting breast cancer progression.
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Abstract Estrogens act via multiple membrane-associated receptors (a, b, and
GPR30) to mediate diverse rapid signaling cascades affecting functional endpoints in
both normal and cancer cells. The mitogen-activated protein kinases are a summative
signaling node that integrates upstream signaling cascades into responses for major
functional cellular outcomes such as proliferation, migration, differentiation, and
death. These responses are complex; they oscillate with time, as well as fluctuate up
and down with increasing ligand concentration (hormesis). Nonphysiologic estro-
genic compounds also use these receptors and signaling systems, but do so imper-
fectly, causing disruptions to both the phasing and dose-responsiveness of
physiologic estrogens. Disruptions to the signaling of different physiologic estrogens
could cause life stage-specific tissue malfunctions or cancer vulnerabilities.
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1 Introduction

Cells, including cancer cells, first respond to hormones by rapidly triggering
signaling cascades, that if sustained, eventually prompt the cell to retool (become
more differentiated) or proliferate, requiring synthesis of new macromolecules.
Both these early and late phases are important parts of the cellular response to new
conditions (represented by changes in developmental stages, reproductive tasks,
etc.,). The first decades of investigations into hormonal responses of cells focused
on the permanent retooling of cells for differentiation or proliferative responses,
and usually involved measurements of gene and protein expression. More recently
an expanded repertoire of responsive cell lines, a rich library of specific antibodies,
new more sensitive assays, and other experimental tools have made it practical to
re-explore the rapid cellular signaling phase that begins the process of cellular
adaptation to a new hormonal status. We have focused on these early responses to
a wide variety of estrogens and the receptor subpopulations that mediate them.

Membrane-resident estrogen receptors (mERs) on uterine epithelial cells were
first suggested some 40 years ago, by virtue of their binding to estrogens
anchored to fibers [1]. Since then, there have been many more detections and
descriptions of extranuclear ERs and nongenomic actions in estrogen-responsive
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cancer cell types [2–4]. Here we review the mER features we have found to be
similar or contrasting, mainly between breast cancer, pituitary cancer, and
pheochromocytoma cells that we have studied. We will also summarize the
estrogen-initiated signaling abilities of mERs (such as different pathway
engagement and hormesis) and review what is known about the types of mERs
expressed in different tissues. Finally, we will describe the effects that physio-
logic estrogens have in comparison to nonphysiologic estrogens. These can be
endocrine disruptors that contaminate environments and expose humans and
animals to their effects, or they can be naturally occurring dietary (plant)
estrogens. Their interference with the actions of endogenous estrogens has
important implications for both normal and cancer cell behavior.

2 Receptors and the Signaling Responses and Functions
Associated with Them

There are currently three main types of estrogen receptors (ERs): the classical ER
proteins a and b, and the relatively newly described GPR30 (also called GPER)
which is a 7-transmembrane receptor typical of those whose signaling is coupled to
G proteins [5], and which may be coupled in its actions to an ERa 36KD splice
variant [6]. Although GPR30 is exclusively a membrane protein (either in the cell
or endoplasmic reticulum membrane) [7, 8], the ERs a and b can be located either
in the nucleus (bound to chromatin) or in the plasma membrane (or other non-
nuclear sites) [9] where they are tethered to membrane rafts of specialized lipid
composition [10–12] by lipid post-translational modifications [13].

For breast cancers, the protein identity and cellular status (quantity, location) of
ERs is a critically important clinical marker for choosing effective treatments for
patients. In the past only the nuclear versions, mainly of ERa, have been viewed as
important in deciding estrogen-dependence, and thus in choosing therapeutic
agents such as anti-estrogens and aromatase inhibitors vs. chemotherapy. How-
ever, as we continue to learn more about membrane forms of ERs and the specific
responses linked to their early effects, it will be prudent to look for other thera-
peutic opportunities for affecting these alternative signaling pathways for patients
with endocrine cancers.

We demonstrated that cultured breast cancer cells selected for expressing high
levels of mERa had a greater cAMP-protein kinase A response leading to cell
death at higher administered E2 concentrations [14]. This is consistent with
estrogen-induced killing behavior of some other breast cancer cell sublines which
may express mERs [15–18]. Some estrogens can selectively activate other kinase
pathways affecting therapeutic apoptosis. We recently observed an estrogen-
induced JNK kinase activation in pituitary cells [19] and breast cancer cells
(Banga and Watson, unpublished data); activation of this kinase is often associated
with the apoptotic death pathway. The activation of these alternative cancer
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cell-killing pathways has yet to be systematically exploited, despite the findings
many years ago that a subset of breast cancers could actually be successfully
treated with high doses of estrogens, as opposed to estrogen ablative techniques
[20]. However, in order to take advantage of these selective activities via mERs,
we will have to understand them more thoroughly. But it is possible that the
signaling pathways leading to cell death could be therapeutically harnessed via
these receptors.

The GPR30 has been shown to inhibit the actions caused by ERa in breast
cancer cells [21]. We have found similar actions in pituitary and pheochromo-
cytoma tumor cells where use of selective ligands for GPR30 and ERb inhibited
ERa-driven cell proliferation and differentiated responses of these cells such as
ERK activation and dopamine transport [22, 23]. A similar story about ERb
opposition of ERa-driven responses has been told in a variety of female repro-
ductive tissues [24, 25]. It will be interesting to see if GPR30 generally fills a
similar role. However, in tissues where ERb or GPR30 predominate, the rules for
these stimulations vs. inhibitions will have to be more thoroughly investigated. For
instance, in prostate gland and cancers of that tissue, ERb is the dominant estrogen
receptor [26]. We found [22], as have others [27] that when present or activated
alone (e.g. via selective ligands), ERb becomes the driver of estrogen-induced
actions in some tissues. There may be lessons there for the estrogen-based ther-
apeutics for late stage cancers of prostate or other tissues that express predomi-
nantly a receptor other than ERa, such as certain regions of the brain [28].

3 Time-Oscillating Responses

MAPK responses typically oscillate with time as has been shown by many
investigators, including those in our own lab [12, 29, 30]. After initial response
triggering by estrogens at the membrane, the signaling pathway journeys are
variant in timing for different estrogens. To illustrate this, Fig. 1 displays four
examples of responses to different estrogens in MCF-7 breast cancer cells: two
endogenous (17b- and 17a-E2) and two nonphysiolgic (the dietary phytoestrogen
coumestrol and the pesticide endosulfan). Each rapidly triggers an ERK response
that oscillates, as is typical. However, these responses to different estrogens differ
from one another in both amplitude and phasing. 17a-E2 has a delayed and muted
response compared to 17b-E2. Endosulfan causes a very large and rapidly peaking
activation of ERK, followed by an equally dramatic dephosphorylation, and
recovery. Coumestrol causes an early activation peak similar in size to that caused
by 17b-E2, but then after only a brief dephosphorylation phase, again activates to
sustained high levels for an extended time (similar to the sustained response we
have seen previously in pituitary tumor cells) [29]. These differences in phasing
are perhaps part of the reason that functional outcomes for these estrogens differ.
Many of the mechanisms discussed below for hormesis (nonmonotonic dose
responses) can also be used to explain oscillating responses with time.
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4 Hormesis-Nonmonotonic Responses

Estrogens are both useful and dangerous. With too little estrogenic activity, a
species cannot reproduce. However, too much estrogenic activity, or imperfect
mimicry of estrogenic activity (as is possible with xenoestrogens) can cause some
responsive organs to malfunction or develop cancers. Therefore, estrogens must be
very tightly regulated, and multiple cellular mechanisms may have evolved to
ensure prevention of overstimulation and its harmful consequences. Hormesis is
defined as a hormonal response in which a response plateau is not reached and
sustained, but instead the response declines at higher concentrations [31]. In some
cases responses can also be inhibited at intermediate doses when a wide range of
doses is tested [32]. Estrogens activate a myriad of signaling cascades collectively
in many tissues, but also initiate multiple signals in the same individual tissues/cell
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Fig. 1 Different estrogens activate/deactivate ERK with different time-phasing characteristics
and efficacies in MCF-7 breast cancer cells. Cells that had been selected for high expression
levels of mERa were plated at 4,000 cells/well, withdrawn from serum hormones (2–3 days) in
medium containing 1% 4x charcoal-stripped serum, and then treated with hormones and
xenoestrogens in the same medium. Estrogens were administerd at the following dose optima for
these responses: 17b-estradiol at 1 pM, endosulfan at 1 pM, 17a-estradiol at 10 nM, and
coumestrol at 1 nM. All the experiments were repeated at least three times with 24 replicates/
experiment; the averaged values ± SE are presented; asterisks indicate significant differences
(p \ 0.05) from vehicle controls. The left panels for a and ß estradiol are reproduced [12] with
permission, and the detailed methods for these measurements are described in the cited work
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types [33]. The pathways used are dictated by which ERs are engaged and the
availability of signaling partners in those cell types [4, 34]. While hormesis is
usually invoked to elucidate inhibition brought on by higher concentrations of
single hormones, it could also result from combinations of hormones or their
mimetics acting via the same receptor(s) or impinging on the same downstream
signaling integrators.

Different ER populations, or the balance of receptor subtypes, could be
responsible for initiating signal cascades with their own time and concentration
optima, as we have seen comparing pituitary and neuronal cells. Some of these
receptors could oppose each other’s actions to create complex activation patterns.
For instance, ERa is stimulatory, while ERb and GPR30 can inhibit the same
responses at equivalent times and concentrations [22, 35, 36]. Another mechanism
that may contribute to responses being turned off at intermediate concentrations
and times are those that directly oppose phospho-activation—dephosphorylation
by phosphatases. If phosphatases can also be activated by estrogens or xenoes-
trogens, then they could shut down activated kinases shortly after they are turned
on, perhaps explaining oscillations with time and bimodal concentration curves.
We, in breast cancer cells ([12], Banga and Watson, unpublished results) and
others in many cell types [37–41] have preliminarily implicated specific phos-
phatases in this feature of MAPK activity profiles by using selective inhibitors for
different phosphatase classes to block decreases in these signaling molecule
activations.

Non-monotonic MAPK responses may fluctuate up and down with increasing
concentration for other reasons. In trying to understand the control mechanisms
that shut down estrogenic responses at selective concentrations (and times), our
own data suggested that many different parallel signaling pathways (probed with
pathway-selective inhibitors at different times) feed into the estrogen-activated
ERK response and travel at different speeds down their individual cascades [29].
These signaling streams, arriving either early or late—or being induced by low or
high concentrations of estrogens or xenoestrogens—could sum to an oscillating
pattern. Because there are quite a few different estrogens, their composite actions
must be considered, and of course, more than two pathways can participate,
resulting in an even more complex summation (oscillations or even in apparent
sustained activations). Hormonal influences can also be ‘‘blended’’ or summed
with actions caused by other important cellular regulators that also funnel
upstream signals into downstream MAPK ‘‘nodes’’ (see Fig. 2).

Each activation or deactivation by upstream kinases and phosphatases ratchets
the final level of MAPK phosphorylation up or down. The resultant activity level
of the integrator MAPK then goes on to dispense decisions to downstream cellular
machineries that coordinately manage major cellular fates, including: proliferation
(or inappropriate proliferation/malignant transformation), migration, differentia-
tion, or death.

Nonmonotonic dose curves are typically described as V-, U-, upside down
U-, or J-shaped. Because we assess such wide ranges of concentrations in our
relatively high throughput cultured cell-based assays, we think we see a more
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complete picture. We often see M-shaped curves [42] that we think consist of
combinations of these other reported shapes. Most reported dose curves cover only
a fraction of the range that our assays do, and would therefore represent only a
portion of the M shape. We have produced many such non-classical concentration-
response curves in our assessment of the ERK response in our selected MCF-7
breast cancer cells that robustly express mERa [12, 14], see Fig. 1. We have also
seen this phenomenon in several responses of pituitary cells (PRL release, ERK
activation, other MAPK activations) to a variety of estrogens [29, 32, 43], and in
pheochromocytoma cells [22, 44] responding to a variety of estrogens via a
combination of mERs (a, b, and GPR30).

We have examined several other factors that may contribute to our complex
M-shaped dose response curves for a variety of responses. Because actions of
estrogens at the membrane via mERs can simultaneously initiate a web of sig-
naling cascades, the consideration of these multiple pathways adds complexity.
An example is prolactin release from pituitary tumor cells [45], which really
consists of several cellular responses that all contribute to the release of the peptide
from the cell. Fusion of the secretory vesicle with the membrane is likely triggered

Fig. 2 Signaling leading to global functional responses in cells. Steroid receptors (yellow
liganded red oval at the membrane) interact with a variety of signaling proteins (various colored
shapes), generating messages, and altering enzyme activities. Many of these activities culminate
in activation of MAPKs, which then can lead to cell proliferation (altering activation of cell cycle
proteins and causing production of new DNA and proteins), differentiation (the production of new
proteins for an altered function), or cell death (by initiating caspase cascades or other forms of
active cell death mechanisms). MAPKs collect the upstream information by summing the level
and type of activation, and then orchestrate downstream effects that become major cell outcomes
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by Ca++ increases [46]. However, the docking and travel of secretory vesicles to
the membrane, and reloading of secretory vesicles, may also be affected by sig-
naling pathways initiated by estrogens that may be different. Parts of this response
may happen at different rates or be triggered by different concentrations. The sums
of these multiple pathways are invested in the final response that we observe as a
complex dose curve.

5 Estrogenic Ligands: Physiologic and Non-physiologic

There is a large variety of endogenous estrogenic ligands. The most studied is the
one most prevalent and potent at genomic actions during reproductive cycling—
estradiol (E2). However, other estrogens ((E1) highest at postmenopause;
estriol (E3), highest during late pregnancy) may have significant effects on tissue
development, function, and disease states [47]. For instance, low E3 levels in
pregnancy have been associated with complications of eclampsia [48] and the
incidence of Down’s syndrome in offspring [49]. These physiologic estrogens are
also produced by aromatases in a number of nonreproductive tissues where their
effects may extend beyond reproductive functions [50]. One example is that E3 has
protective effects against the development of arthritis in certain experimental
models [51], as has been known previously for E2. Effects in brain, bone, cardio-
vascular system, and many other tissues may be affected differentially by all three
of these endogenous estrogenic compounds during different life stages; therefore,
loss or enhancement of these effects due to interference by xenoestrogenic com-
pounds could affect human health in a large number of tissues. We found that these
estrogens all act potently via nongenomic signaling pathways [30]. The prominent
presence of these different physiologic estrogens during different life stages sug-
gests that disruption of their actions might cause disease processes for women that
are life stage-specific.

We are facing ever-increasing incidences of chronic diseases that cannot be
explained by other factors, and are probably influenced by our environment and the
chemicals to which we are exposed. Some diseases (e.g. infertility, diabetes,
asthma, cancer) are likely to be influenced by actions of nonphysiological estrogens
(xenoestrogens) acting as endocrine disruptors by imperfectly mimicking physio-
logic estrogens [52–56]. Bisphenol A (BPA) levels now can be correlated directly
to different measures of sperm dysfunction (levels, motility, morphology) [57], and
the National Health and Nutrition Examination Survey (NHANES) database
records that 93% of Americans have levels of detectable urinary BPA [58]. These
are levels that if reflective of active unconjugated levels, are comparable to those
which can affect various physiologic systems. Many new compounds are being
adopted for various industrial and consumer uses [59] and soon it will become very
difficult to keep up with the potential health threats posed if we do not begin to
decode the chemical structural features of estrogens that contribute to these actions.
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We must also devise efficient ways to determine how they act on signaling systems
as mixtures, where there is a potential for additive or even synergistic impacts [60].

We recently determined that several classes of xenoestrogens were also rapid
and potent activators of membrane-initiated signaling mechanisms and resulting
functional responses [61–63] in pituitary tumor cells, (reviewed in [64]). We
ranked these compounds according to chemical characteristics (lipophillicity/
carbon chain length, substitution of a phenol group), which in some cases could be
correlated with their response levels (e.g. PRL release, Ca++ oscillation frequency,
or MAP kinase activity) [61, 64]. We demonstrated correlations (either positive or
negative) depending upon the type of signaling involved [64]. The story is still
unfolding about how xenoestrogens signal differently via the web of available
signaling pathways to eventually affect diverse functions. We will have to survey a
variety of estrogens and endpoints to begin to assemble a complete picture of how
estrogens use these mechanisms to either promote normal functioning (therapeu-
tic) or disrupt normal signals and their downstream functions.

6 Responses to Ligand Mixtures

Nonphysiologic xenoestrogens contaminate humans and animals on top of an
already endogenous level of estrogens. Xenoestrogens themselves also contami-
nate our environment in complex mixtures because of their various uses, so we
must begin to understand how all these compounds, endogenous and exogenous,
act simultaneously in mixtures to alter endocrine functions and cell behavior in
both normal and cancer cells. Sensitive, quantitative, and relatively high
throughput assays are needed to study xenoestrogen mixture effects, because there
are so many potential physiologic and nonphysiologic estrogen combinations.
Different combinations may interact differently, and could be more threatening to
specific life stages (e.g. pregnancy, development). Their often nonmonotonic dose-
response characteristics make it necessary to study wide ranges of concentrations
(instead of single or limited doses with extrapolations) to compare different
estrogens to each other.

We recently challenged pituitary cells [35, 65] and pheochromocytoma cells [44]
responding to individual physiologic estrogens with xenoestrogens. We found
overall that these compounds, as expected, showed striking non-monotonic dose
relationships. Interestingly, the more potent a xenoestrogen is in eliciting a response,
the better its ability to disrupt responses induced by endogenous estrogens. We saw
this effect on both signaling responses and for functional endpoints [23, 66].
Xenoestrogens also caused re-phasing of the ERK activations elicited by physio-
logical estrogens, which is likely to disrupt the kinetics of normal signaling cascades.
One can see that xenoestrogens could have this effect from the phasing differences
shown in Fig. 1. Combinations of physiologic estrogens with xenoestrogens cause
even more pronounced phasing disruptions. Because all three physiologic estrogens
that we have studied can be disrupted by the actions of xenoestrogens, it is likely that
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these contaminants differentially affect estrogenic functioning at different life stages
(such as pregnancy, fertility, development, and aging).

7 Developmental and Immune System Effects,
Affecting Cancer

Endogenous production of estrogens generally rises throughout development until
sexual maturity, and the type of estrogen or its metabolites change even after
maturity. Therefore, estrogens as important mediators of developmental change
are also affected by the actions of xenoestrogens. Disruptions of developmental
processes can impact a variety of tissue and organ systems, and can have a sig-
nificant impact on both childhood and subsequent adult diseases.

Our studies of the immune system illustrate how developmental effects of
xenoestrogens might influence associated disease risks later in life. Allergic airway
diseases are more common in females than in males during early adulthood.
Therefore, we examined the effects of estrogens and xenoestrogen pollutants on
mast cell/basophil cell lines and on primary bone marrow-derived mast cells, all of
which naturally express ERa, but not ERb. Both physiological concentrations of E2,
and xenoestrogens at low concentrations, caused the release of allergic mediators
(b-hexosaminidase, leukotrienes) except in cells derived from ERa knockout mice.
These responses were at least partially mediated by estrogen-induced uptake of
extracellular Ca++ [67, 68]. The rapidity of these responses suggests that they are
mediated through nongenomic mechanisms. These studies were extended to an
animal model of childhood asthma. When mouse pups were exposed to the xeno-
estrogen BPA transferred from their dams, they developed allergic asthma, as
manifested by increased production of IgE antibodies to mildly sensitizing
immunization, and airway inflammation and hyper-responsiveness [52]. This
example of xenoestrogen exposure during a critical period of development strongly
suggests that cells of the developing immune system can respond to xenoestrogens
with disease-promoting consequences. Other cells of the immune system express
ERs [69], and are also likely to be affected. If those cells are ones involved in
resisting the development and expansion of cancer cells, then there are likely to be
consequences for this disease also, and for many different tissues.

8 Summary

Our studies are contributing to the understanding of the endocrine basis of
xenoestrogen disruptions that lead to diseases or disease predispositions in humans
and animals. By understanding how specific small lipophilic molecules imper-
fectly mimic physiologic estrogens in cellular signaling pathways, we are helping
to establish criteria to justify restrictions of their levels or the elimination of such
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compounds in manufacturing and consumer products. By studying the chemical
structures of xenoestrogens that cause disruptions, we also hope to predict which
substitute compounds would avoid such health risks, hopefully preventing more
harmful compounds from being incorporated into product development and
manufacturing processes. Prevention of toxin-based disasters, would not only
benefit health, but also generate large cost savings to consumer industries that must
retool with acceptable substitutes, and eliminate the need to judge and compensate
for exposures to dangerous precursors, products, or byproduct metabolites of
xenoestrogens.
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Non-genomic Action of Steroid
Hormones: More Questions than Answers

Antimo Migliaccio, Gabriella Castoria, Antonio Bilancio,
Pia Giovannelli, Marzia Di Donato and Ferdinando Auricchio

Abstract In this chapter we aim to draw the attention of potential readers to
several aspects of our research on non-genomic action of sex steroid hormones
that have not as yet been fully investigated and might offer interesting
developments in future studies. The first aspect concerns the dependence
of phenotype on hormone concentration. The second, regards the analysis of
mechanisms responsible for the simultaneous stimulation of cell migration and
inhibition of proliferation. Besides its physiological relevance, the migration-
proliferation dichotomy might also be involved in the intermediate stages of
progression from hormone dependency to hormone independency in breast and
prostate cancers. Thirdly, the increasing number of non-reproductive cells that
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respond to steroid hormones through receptor-mediated non-genomic action
in the absence of receptor-dependent transcription challenges the classic model
of steroid hormone action as restricted to classic cell types rather than valid for
all steroid target cells. Cross talk between membrane receptors and nuclear
steroid receptors regulates nuclear steroid receptor action. An additional
cross talk occurring between membrane receptors and extra-nuclear steroid
receptors modulates to a great extent the intensity of growth factor signaling.
The observed convergence of steroid-stimulated steroid receptor heterodimers
on signaling pathways enhances signaling and offers new flexibility in the use
of steroid antagonists. Surprisingly, steroid receptor nuclear export is a crucial
step in the proliferative response mediated by non-genomic action of steroid
receptors. Finally, receptor association with signaling effectors and scaffold
proteins is the key event that initiates non-genomic proliferative, anti-apoptotic
and migratory programs. It is therefore a promising target for novel anti-cancer
therapy. Each of these aspects has been analyzed in several cell types
and in relation to different biological effects. Much more work is required to
fully evaluate their role in hormone action and their application in cancer
therapy.

Keywords Steroids � Growth factors � Non-genomic action � Protein/protein
interaction � Proliferation/migration � Steroid receptor trafficking

Abbreviations
AR androgen receptor
Crm1 chromosome region maintenance 1
EGF epidermal growth factor
EGF-R epidermal growth factor receptor
ER estradiol receptor
Fln filamin
FKHR forkhead in rhabdomyosarcoma
GR glucocorticoids receptor
MAPK mitogen activated protein kinase
MEK-1 mitogen-activated kinase kinase
NES nuclear export signal
NLS nuclear localization signal
PDGF platelet-derived growth factor
PDGF-R PDGF receptor
PI3-K phosphatidylinositol-3-kinase
PKC protein kinase C
PR progesterone receptor
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1 Introduction

Studies investigating the non-genomic action of steroid hormones began many
years ago and initial findings were published randomly. The group headed by
Szego pioneered this field with their report on specific plasma membrane binding
sites for estrogen [1], preceded by the observation of acute stimulation of cAMP
and rapid calcium mobilization by estrogen [2, 3]. Several groups, including our
own, have contributed to identifying classic steroid receptors (SRs) as responsible
for many rapid hormonal effects (proliferation, migration, protection from apop-
tosis). A number of different approaches have been used, including ectopic
expression of SRs in cells devoid of these receptors, siRNA knockdown of SRs,
use of specific antagonist inhibitors and mouse models, as well as genetic and
pharmacological tools. SRs interact with signaling effectors or signaling effector-
associated scaffold proteins in response to steroids or growth factors. These
interactions are the keys that open up complex signaling networks to receptor
action. Recent findings also confirm the central role of receptor/effector associa-
tion in rapid hormonal action [4].

The present chapter is not aimed at giving an overall view of the rapid
actions of steroid hormones, since many general reviews on this subject have
been published [5–8]. Its intention is rather to provide a critical analysis of
issues that are not yet fully understood. Focusing interest on these aspects
might lead to new insights into our knowledge of hormone action and thus new
options for a more tailored therapeutic approach in human breast and prostate
cancers.
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2 Phenotype Dependence on Hormone Concentration:
An Isolated Case or a General Rule?

Growth factors, such as EGF [9–11], VEGF [12], and PDGF [13], can trigger
motility or proliferation. Cell type, ligand concentrations, abundance and distri-
bution of the cognate receptors influence whether cells migrate, differentiate or
divide. In NIH3T3 cells, low PDGF concentration induces migration whereas high
concentration triggers proliferation and this decision depends on the different
endocytic routes (clathrin- and non-clathrin-mediated) taken by PDGF receptor
(PDGF-R) [13]. Using the same cells, we observed that different concentrations of
androgens trigger different phenotypes ([14, 15] and manuscript in preparation).
In fact, picomolar concentration of this steroid induces a proliferative response,
whereas higher (nanomolar) concentration activates migration and inhibits pro-
liferation in NIH3T3 fibroblasts (migration/proliferation dichotomy). Analysis of
the pathways activated by the two androgen concentrations revealed some inter-
esting aspects. Low androgen concentration induces proliferation as a consequence
of androgen receptor (AR) association with Src and p85, the regulatory subunit of
PI3-kinase [14]. Association of the tripartite complex was previously detected in
MCF-7 cells stimulated by estradiol [16] and association of AR with Src was also
detected in prostate cancer-derived LNCaP cells treated with androgen [17].
Association of steroid receptors with Src and p85 triggers activation of a complex
network targeting the G1-S phase of cell cycle and induces cell proliferation [14, 16].
In contrast, fibroblast stimulation with nanomolar androgen concentration does not
induce AR association with Src and p85, confirming the mitogenic role of this
association. These findings also raise the question of how nanomolar androgen
concentration triggers the migratory phenotype. The key event is association of
AR with filamin A (FlnA) [15]. Members of the Fln family cross-link cortical
cytoplasmic actin and contribute to anchor plasma membrane proteins, such as
integrins, to the cortical actin. FlnA is a scaffold protein, which under basal
conditions or in response to microenvironmental signals, interacts with a variety of
proteins, some of which regulate Rac activity and cell migration [18]. Mutations in
FlnA and B are associated with human genetic diseases due to altered migration or
abnormal development of different organs. In periventricular heterotopia, an
X-chromosome–linked brain malformation, neurons fail to migrate to the correct
cortical site, suggesting that FlnA is required for neuronal migration [19].
Androgen stabilizes AR/FlnA co-localization at intermediate cytoskeletal fila-
ments and induces a complex including AR/FlnA/integrin beta1 in NIH3T3
fibroblasts. This ternary complex activates Rac and induces tyrosine phosphory-
lation of both FAK and paxillin. As a consequence, the migration speed of
fibroblasts is significantly increased ([15] and Fig. 1).

The observation that assembly of the tripartite AR/Src/PI3-K complex gener-
ates a proliferative phenotype whereas association of AR with FlnA produces a
migratory phenotype supports the view that receptor-associated partners dictate the
type of activated pathway and the type of biological outcome upon hormonal
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stimulation of target cells. In addition to receptor-protein interactions other factors
can regulate the type of hormonal responses. Differences in receptor number and
small changes in ligand concentration markedly affect the duration of MAPK
activation and the hormonal effects [20]. The rate of internalization of receptors
and whether they are down-regulated as a result of activation of downstream
signaling pathways may also affect the type of signaling. Different androgen
concentrations, for instance, may affect phosphorylation and internalization rate of
AR. Again, different activation kinetics could be generated by differential usage of
signaling pathways downstream of the receptors [20]. Thus, there are potentially
different ways for AR to signal proliferation, migration or other processes.
Different hormone concentrations might favor specific association of the receptor
with signaling effectors on the basis of their reciprocal affinity and signaling

Fig. 1 Mechanism of androgen-induced cell motility. Androgens stabilize AR/FlnA co-localization
at intermediate cytoskeleton filaments and induce a tripartite complex including AR/FlnA/integrin
beta1 in fibroblasts NIH3T3 (Castoria et al. 2011). This complex, most likely through the Trio-GEF,
activates Rac on the hand. Rac activity could be switched-off by the filamin-associated GTPase
activating protein (Fil-GAP). On the other hand, the AR/FlnA/integrin beta 1 complex also triggers
FAK activation and tyrosine phosphorylation of the scaffold paxillin. Once activated, this machinery
leads to cell motility of target cells
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effector levels. In NIH3T3 fibroblasts, for example, higher androgen concentra-
tions might shift the receptor from its association with Src and PI3-K triggered by
lower concentration towards association with FlnA. Accordingly, the different
affinity of receptors or other intermediary factors might regulate the availability of
cellular subdomain components, such as caveolin and rafts associated with specific
effectors, to receptors. Scaffold proteins anchoring signaling effectors, such as
FlnA or p130Cas, might also mediate the ligand-dependent association of the
receptor with a set of specific effectors. Lastly, ligand concentration-dependent
post-translational modifications of SRs, which facilitate or induce association with
specific partners, could also play a role in regulating different receptor associa-
tions. This type of regulation has been proposed for estradiol receptor alpha
(ER alpha), whose methylation at arginine 260 facilitates Src, PI3-K and FAK
recruitment to the receptor ([21] and ‘‘Post-Transcriptional Modifications of
ER alpha in Rapid Estrogen’s Action’’ in this book). It is worth noting that steroid
hormone concentrations undergo blood fluctuations or permanent changes, as
illustrated by the following examples:

• circadian rhythm of testosterone;
• changes in estrogen and androgen concentration with age;
• low androgen concentration in testicular disorders, with acute reduction

following castration.

Although in most cases these fluctuations are mild, it is possible that more
pronounced hormonal changes modify the receptor/partner association and signal
intensity as well as the resulting type of action. In addition, concentration gradient
of hormone inside the cells might elicit different effects.

3 Migration and Proliferation Dichotomy Regulated
by Rapid Hormonal Actions: A Step Towards
Hormone Resistance?

Migration and differentiation rarely occur in actively proliferating cells and, in
turn, signals stimulating migration or differentiation inhibit proliferation [22]. The
migration/differentiation dichotomy is regulated by molecular switches. A G-alpha
i-GIV complex binds EGF-R and decides whether cancer cells migrate or prolif-
erate [11]. Our recent work identified the switch regulating this dichotomy in
NIH3T3 cells in androgen-activated Rac [14, 15]. Preliminary findings also
suggest that a similar mechanism operates in other cell types, such as fibrosarcoma
and prostate cancer-derived cells, when they transit from a hormone-dependent to
a hormone-independent phenotype. In fact, some of these cell types exhibit
androgen-independent growth and androgen-dependent migration (manuscript in
preparation).
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In the previous section, we described how physiological concentration of
androgens stimulates NIH3T3 cell migration through association of AR with FlnA
and integrin beta1. This complex activates Rac and induces tyrosine phosphory-
lation of FAK and paxillin [15]. Interestingly, activation of Rac simultaneously
leads to cell migration and cell cycle arrest. Analysis of the mechanism responsible
for this arrest is currently under investigation in our lab. However, our preliminary
findings indicate that cells stimulated by androgens make decisions about migra-
tion versus proliferation through Rac and its dependent pathways leading to cell
cycle regulation.

The observation that AR mediates cell cycle arrest is not unexpected (see also
‘‘Differential Functions of Stromal and Epithelial Androgen Receptor in Prostate
Cancer Before and After Castration Resistant Stage’’ in this book) and requires
further comment. AR inhibits proliferation of normal prostate epithelia while it
stimulates proliferation of prostate cancer cells. Although this switch has not been
investigated in terms of cell motility and invasiveness, it involves molecular
changes that confer novel activities to AR expressed in prostate cancer cells.
Experimental findings indicate that AR acts as a licensing factor for DNA repli-
cation in cancer cells. It undergoes proteasomal degradation during each cell cycle
to allow re-initiation of DNA replication in the next. The lack of mitotic AR
degradation inhibits the next round of cell division and halts cell cycle in normal
prostate epithelial cells [23]. An obvious corollary of these reports is that not only
ligand concentration, but also AR level fluctuations within the various phases of
cell cycle ensure DNA duplication in target cells. Again, findings in tissue
recombinants of human prostate stromal cell lines with human prostate cancer
epithelial cell lines also showed that AR might function as a suppressor in epithelial
cells and a proliferator in stromal cells ([24] and ‘‘Differential Functions of Stromal
and Epithelial Androgen Receptor in Prostate Cancer Before and After Castration
Resistant Stage’’ in this book). The arguments put forward here propose that AR
might play a dual and opposite role in controlling proliferation of target cells.

4 Non-Reproductive Cells Express Very Low Amounts
of Steroid Receptors: A Model of ‘Pure’ Non-Genomic
Receptor Action?

Our considerations in the previous sections of this chapter highlight the importance
of SR levels and ligand concentration in target cells. Reproductive hormone-
responsive cells respond to steroids with increased receptor-dependent transcrip-
tional activity or increased receptor-dependent co-activation of transcription
factors [25]. SRs also trigger rapid actions in the extra-nuclear compartment. Only
a small fraction of the total receptor molecules expressed in reproductive cells is
involved in this rapid action (roughly evaluated at about 10%). This receptor sub-
population resides in the cytoplasm and/or at cell membrane. Use of receptor
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detection methods with increased sensitivity (Western blot, Northern blot,
confocal microscopy analysis, mass spectrometry) is revealing that an increasing
number of untransformed or transformed non-reproductive cells harbor very low
receptor levels. This is the case of NIH3T3 cells, which express low amount of AR
(about 10-20% of that detected in human prostate cancer-derived LNCaP cells).
This receptor is constitutively poised in cytoplasm and at membrane, where it
mediates rapid responses in the absence of receptor-dependent transcriptional
action [14, 15] and unpublished data). Similarly, rat uterine stromal cells express
classic PR, which is incompetent in transcriptional activity. This receptor, how-
ever, mediates transient activation and nuclear translocation of MAPKs, thus
leading to cell cycle entry upon progestin stimulation of these cells [26]. The
ligand-bound PR most likely clusters MAPKs in the active nuclear compartment,
where MAPKs drive expression of genes involved in cell cycle.

In Cos cells ectopically expressing increasing amounts of human AR (hAR),
we observed that at low hormone receptor levels, the cells respond to physiological
concentrations of hormone with signaling activation in the absence of receptor
nuclear translocation. This finding was validated by the absence of receptor-
dependent transcriptional action. In contrast, Cos cells expressing higher
receptor levels respond to hormone in terms of both rapid action and receptor
transcriptional action. This different behavior suggests that higher receptor con-
centration is required for receptor-dependent transcriptional to occur [14].

Rapid hormonal action in newly discovered hormone-responsive cells
expressing low steroid receptor levels triggers stimulation of migration, cell cycle
progression and likely other processes. All these effects are independent of SR
transcriptional activity. This new group of hormone-responsive cells is expected to
raise more interest in the future, since the number of non-reproductive cells
expressing low levels of steroid receptors is increasing at an unexpected rate, as a
result of both the improved sensitivity of receptor assays as well as the increased
attention focused on rapid steroid action. This will broaden our current under-
standing of hormone responsiveness and probably extend the application of
hormonal therapy to other human diseases.

5 Growth Factor Signaling Depends on Extra-Nuclear
Steroid Receptors: Are Other Partners Implicated?

We previously reported that EGF signaling depends on extra-nuclear AR and ER
alpha in breast cancer MCF-7 cells, and on AR as well as ER beta in prostate
cancer LNCaP cells [27]. In these cells, growth factor effects leading to prolif-
eration and motility are drastically reduced by steroid antagonists or silencing of
ERs or AR. Both these conditions reduce the Src- and steroid receptor-dependent
phosphorylation of EGF-R, thereby inhibiting EGF signaling and signaling-
dependent proliferation and migration. Mechanistic approaches showed that
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challenging of MCF-7 and LNCaP cells with EGF triggers association of EGF-R
with a tripartite complex made up of ER, AR and Src. This complex directs Src
activity on EGF-R and induces EGF-R phosphorylation [27]. Thus, it appears that
growth factor receptor-mediated signals are regulated by steroid receptors in dif-
ferent cell types (see also ‘‘Cooperative Interactions Between c-Src, Estrogen
Receptors and Receptor Tyrosine Kinases in Breast Cancer’’ in this book). The
obvious corollary of this observation is the validation of both classic and new
steroid receptor antagonists in pathological processes of cells expressing SRs that
depend on sustained activation of growth factor receptors (e.g. EGF-R, Erb-B2).
These findings raise the intriguing question of whether in the absence of steroid
receptors other partners of growth factor receptors are needed for strong signaling
elicited by growth factors. Answering this question could reveal new insights into
growth factor biology.

Recent papers on prostate cancer-derived cells have shown that androgens and
estrogens up-regulate insulin-like growth factor-1 receptor (IGF-1R) expression
through non-genomic pathways ([28, 29] and ‘‘The IGF-I Axis in Prostate Cancer:
The Role of Rapid Steroid Actions’’ in this book). Again, estradiol-dependent
increase in pancreatic insulin content requires ER alpha-dependent MAPK acti-
vation [30]. These latter findings have been recently highlighted by a report
focused on the role of estradiol-activated Src/MAPK pathway in insulin synthesis
in vivo [4]. In sum, different findings illustrate our current understanding of the
molecular mechanisms of reciprocal cross talk between sex steroid receptor and
growth factor signaling. We now appreciate that steroid receptor and growth factor
signaling pathways intersect and directly interact at multiple levels of signal
transduction. This synergism has been documented in normal development of
target tissues as well as in cancer progression and endocrine therapy resistance (see
also ‘‘Cooperative Interactions Between c-Src, Estrogen Receptors and Receptor
Tyrosine Kinases in Breast Cancer’’ in this book).

6 Hetero-Association Between Steroid Receptors:
A Tool to Enhance Hormone Signaling?

In the course of our studies on rapid steroid action, we observed physical and
functional associations between different types of sex steroid receptors depending
on cell types. Progesterone receptor B (PR-B) is associated with ER alpha in T47D
cells, which are derived from human mammary cancer cells and express PR-B
under basal conditions [31]. Findings in these cells show that anti-estrogens inhibit
signaling activation and progestin-stimulated DNA synthesis [32]. Furthermore,
PR-B and ER alpha are associated in co-immunoprecipitation experiments in T47D
cells. Again, Cos cells ectopically expressing both receptors respond to progestins
with Src activation much more vigorously than cells expressing PR-B alone. The
same cross talk between PR-B and ER alpha was observed in rat uterine stromal
cells [26]. Thus, it appears that in cells expressing PR-B and ER alpha, progestin
activates a PR-B/ER alpha complex and induces association of ER alpha with
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Src [32]. PR-B is also able to directly associate with Src [33]. These associations
foster Src-dependent signaling activation. Subsequent studies further clarified the
molecular mechanism underlying progesterone activation of the Src-dependent
pathway by cross talk between PR-B and ER alpha. This activation depends on the
association of unliganded ER alpha with PR-B via two domains of PR [34].

Steroid receptor hetero-association also occurs between ER alpha and AR in
MCF-7 cells and between ER beta and AR in prostate cancer-derived LNCaP
cells [17]. In both these cell lines, androgen- or estradiol-induced signaling activation
and G1-S progression can be equally prevented by either estradiol or androgen
antagonists, implying that either steroid activates the ER/AR complex. Cos cells
ectopically expressing only one of the two receptors respond to the cognate ligand
with a much weaker Src activation than cells expressing both receptors [17]. These
findings suggest that steroid receptor hetero-association enhances signaling activa-
tion triggered by a steroid hormone. In the presence of either estradiol or androgen the
ternary ER/AR/Src complex is assembled. Within the complex, phosphotyrosine 537
of ER alpha and most likely phosphotyrosine 442 of ER beta interacts with the
Src-SH2 domain, whereas a proline stretch of AR binds to the Src-SH3 domains.
Each of these associations removes one of two inhibitory intramolecular bindings of
Src. Therefore, in cells expressing one receptor, either ER or AR, it should be
expected that only one inhibitory loop of Src is removed and Src is partially activated
in response to the cognate hormone. Expression of both receptors, ER and AR,
releases the two inhibitory interactions of Src, thus fully enabling Src activation.

The discovery of an ER/AR/Src complex in target (breast and prostate cancer)
cells also implies that either steroid antagonist (anti-estrogen or anti-androgen)
may simultaneously reduce the action of both the cognate receptor and the asso-
ciated receptor. On the basis of these observations, the use of antagonists might
find broader therapeutic application.

7 The Proliferative Role of Steroid Receptor
Nuclear Export: A Paradox of Classic Receptor
Transcriptional Action?

It is largely accepted that steroid receptor-dependent transcriptional activity drives
hormone-directed cell proliferation [35]. An exception to this view is provided by
the findings that receptor nuclear export triggers DNA synthesis. Rapid action of
steroid hormones induces nuclear translocation of signaling effectors endowed with
kinase activity [26, 36, 37]. In turn, these signaling effectors phosphorylate tran-
scription factors, including steroid receptors [38] or receptor co-activators [39],
with consequent modulation of their activity.

Recently, we observed that the PI3-K pathway activated by ER alpha in
estradiol-treated MCF-7 cells triggers nuclear phosphorylation of FKHR. Under
quiescence conditions, FKHR negatively regulates cyclin D1 transcription, thus
repressing cell cycle and initiation of DNA synthesis [40]. In MCF-7 cells
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stimulated with estradiol, once phosphorylated, FKHR binds with ER alpha
and the ER alpha/FKHR complex is subsequently exported from nuclei by
a Crm1-dependent process. Export of this complex enhances cyclin D1 tran-
scription and initiates G1-S phase progression [41] and submitted).

One of the questions raised by these findings is why ER alpha and FKHR need to
be exported in association. At least two explanations could be envisaged. Firstly,
both proteins exhibit a weak NES [41, 42] and their assembly enhances export of
the complex. Alternatively, complexation of the two proteins masks an export
inhibitory sequence (i.e. NLS) of one of the two partners. In both cases interaction
with Crm1 could be facilitated and the complex released into the cytoplasm.

In breast cancer T47D cells, progestin triggers MAPK-dependent phosphory-
lation of nuclear PR-B at serine 294, thus facilitating the export of PR-B, which
undergoes degradation in the cytoplasm. This event switches off transcriptional
activity of PR. The observation that leptomycin B inhibits this process suggests
that release of PR-B into the cytoplasm occurs through a Crm1-dependent
mechanism [43]. Recent findings show that a constitutively active orphan nuclear
receptor, ERR alpha, binds with a member of the MAP kinase family, ERK8, thus
inducing Crm1-dependent export of the complex. The role of this translocation
into cytoplasm has not yet been investigated, although it can be hypothesized that
the orphan nuclear receptor released into cytoplasm through its association with
signaling effectors drives their activation [44].

Altogether, these findings indicate that interference in steroid and orphan nuclear
receptor export machinery might represent a therapeutic tool to redirect steroid and
orphan receptors in nuclei or cytoplasm and alter receptor action, including cell
proliferation. The following section of the chapter addresses this issue.

8 Receptor/Protein Associations: A Promising Target
for Cancer Therapy?

AR and ER (alpha or beta) play a central role in the progression of prostate and
mammary cancer. Inhibiting the action of these receptors is, therefore, the most
widely used approach in the treatment of these diseases. Both classic and new
hormone antagonists, such as second-generation anti-androgens [45] as well as
inhibitors of steroid synthesis, have been developed and exploited. More recently,
interest has been focused on molecules targeting other sites in pathways involving
steroid receptors [46]. Inhibition of AR and ER alpha binding to co-regulators
interferes in different ways in the transcriptional action of the receptors. Again, the
binding of SRs to DNA has been targeted. A reassessment of the rapid action of
steroid receptors in cell proliferation and cell migration may offer new approaches
in the therapy of prostate and mammary cancers.

Association of ER or AR with signaling effectors, scaffold proteins or cargo
proteins, which in different ways are necessary for triggering the hormonal effects
initiated by steroid receptors, represents a potential target of this therapy. The
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molecular basis of ER and AR associations with Src triggered by either steroid
hormones or EGF has been discussed in previous sections of this chapter together
with their role in hormone- or growth factor-dependent growth. ER alpha or ER
beta association with Src occurs in mammary cancer and prostate cancer cells,
respectively. This association can be suppressed by nanomolar concentration of a
small peptide mimicking the sequence surrounding ER alpha phosphotyrosine 537,
which interacts with Src-SH2 domain [47]. The finding that this peptide interferes
in ER alpha-dependent (MCF-7 cells) or ER beta-dependent (LNCaP cells)
signaling suggests that the latter receptor exhibits a phosphotyrosine residue
homologous to phosphotyrosine 537 of ER alpha, most likely at position 442.
In turn, a small peptide interfering in the association of AR with Src, which
occurs between a proline-rich sequence of AR and Src-SH3, also abolishes the
AR-dependent activation of Src and its dependent mitogenic route at nanomolar
concentration [48]. The inhibitory effect of these peptides on the growth of mam-
mary or prostate cancer cells in vitro and in xenografts is dramatic and underlines
the role of AR/ER/Src association in the progression of these human cancer cells.

ER alpha nuclear export requires interaction of an ER-NES with Crm1.
Inhibition of this export also prevents the export of FKHR and initiation of DNA
synthesis [41], thus offering a novel tool to interfere in mammary cancer cell
proliferation. An ER alpha mutant, mutated in NES, permanently resides in the
nucleus and is unable to mediate both FKHR export and DNA synthesis.
In addition, small peptides mimicking the ER alpha-NES retain the receptor in
nuclei of cells stimulated with hormone and prevent DNA duplication [41]. Other
hormone-regulated interactions of ER alpha with signaling effectors or scaffolds
have been reported. Interference in these protein/protein interactions regulating
different functions could likely offer the possibility of controlling steroid receptor-
dependent cancer progression.

Predictably, further development of protein/protein interaction analysis [49]
will stimulate the design and synthesis of new molecules interfering in the asso-
ciation of partners with steroid receptors or their downstream effectors, thus
inhibiting specific receptor functions (e.g. proliferation, apoptosis, migration,
differentiation and others) without modifying other useful functions.
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Part II
Prostate Cancer



Differential Functions of Stromal
and Epithelial Androgen Receptor
in Prostate Cancer Before and After
Castration Resistant Stage

S. Lee, K.-P. Lai, S. Yeh and C. Chang

Abstract Androgen receptor (AR) has been the center of prostate cancer (PCa)
therapy for decades, so androgen deprivation therapy (ADT) to suppress androgens
binding to AR has become the major therapeutic option. However, the ADT is
initially effective on blocking tumor growth, but eventually fails, leading to a stage of
castration resistant prostate cancer and more advanced metastatic stage. The failure
might be due to the nonspecific targeting of androgen/AR signaling without con-
sidering the tumor stage or cell types comprising the tumor microenvironment. The
recent accumulating evidences indicate that the AR role is different in early (positive
role) and advanced metastatic stage of PCa (suppressive role). In addition, AR was
shown to act as a tumor promoter in luminal epithelial and stromal cells, but as a
suppressor in basal and stem/progenitor/intermediate cells. Therefore, targeting
androgen/AR signaling can suppress one type of tumor at a specific stage, but may
lead to undesired more aggressive tumors. Accordingly, a combined therapy tar-
geting both tumor stages and different cell types in the tumor microenvironment
should be considered. Recently, several promising anti-androgen and anti-AR drugs
have been developed and their efficiency is being tested. So, the combination therapy
strategy to target metastatic tumors and other types of cells together with the new
drugs targeting androgen/AR signaling might overcome the current failure of the
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ADT method and bring in more efficient therapy to battle PCa. This chapter describes
the AR role in different tumor stages and cell types, and discusses the better thera-
peutic approaches with more effective outcome.

Keywords Androgen receptor � Epithelium � Stroma � CRPC � Combination
therapy
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1 Introduction

The androgen receptor (AR) plays an important role in the development and
progression of prostate cancer (PCa). Ever since the first observation by Huggins
and Hodges [1] that PCa progression is influenced by androgen actions and the
cloning of human AR by Chang et al. [2], extensive studies have been focused on
revealing the mechanism of AR action and targeting androgen/AR signaling.
Therefore, the androgen deprivation therapy (ADT) to suppress androgens binding
to AR has become the major therapeutic option for advanced PCa [3]. The ADT is
initially effective on blocking tumor growth, but eventually fails, leading to a stage
of castration resistant PCa (CRPC).

Androgens function mainly through testosterone [4] and 5a-dihydrotestosterone
(DHT), the more active androgen that is produced from testosterone by 5a-reductase
reaction [5, 6]. In CRPC patients, the serum level of androgen drops to an almost
undetectable level, but prostate tissue androgen level does not drop to that low a level.
Mizokami et al. [7] showed that the adrenal androgen, androstenediol, level in
PCa tissue after CRPC is 1–3 nM and this adrenal androgen can transactivate AR.
Titus et al. [8, 9] also demonstrated similar testosterone and DHT levels in CRPC
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tissues. Androgens were also suggested to act as anti-apoptotic factors in PCa
cells [10].

AR expresses persistently in most cells of the CRPC [11–14] and several mech-
anisms were suggested to be involved in the transactivation of AR at the CRPC stage.
One of the mechanisms is the gene amplification and amino acid substitutions in the
AR gene that are detected at a high frequency in recurrent tumors. These changes
confer a growth advantage to the tumor cells due to hypersensitivity of AR at the low
castrated level of androgens [8]. The altered AR ligand specificity toward antian-
drogens, adrenal androgens, and non-androgen steroids could lead to an increased
AR transactivity in CRPC [7]. Additional mechanisms involve activation of AR by
peptide growth factors [15] or cytokines [16, 17] via other cellular pathways [18–21].
Some other molecules like cellular prostatic acid phosphatase [22] and prostate
leucine zipper [23] were suggested to activate AR at even less than 0.1 nM androgen
level. AR phosphorylation by src tyrosine kinase was reported to be increased in
CRPC [24]. Mechanisms of cross-talk of signaling pathways with AR have been
suggested [25, 26] and possible cross-talk with G protein coupled receptor has also
been suggested [27]. In addition, in CRPC, spliced forms of AR lacking the ligand
binding domain (LBD), (AR3, AR4, and AR5) were found [28]. Those shorter
splicing forms are constitutively active at castrated condition and do not have
androgen or anti-androgen effects on their transactivation [28, 29]. The expression of
AR3 was found in tumor PCa tissues of malignant PCa patients, yet the amount is
relatively low and the result from Watson et al. [29] suggested that the growth
promoting activity of AR3 needs the full-length of AR.

In addition to the above mechanisms, AR transactivation could be modulated by
various coregulators [30, 31]. After elucidation of the first AR co-activators, ARA70
[32, 33], many coregulators, either co-activators or co-repressors, have been reported
to influence AR transcription [34–37]. The interplay between Her2/Neu, AR, and the
AR coregulator was also demonstrated [38]. Those co-activators interact with AR, but
generally do not bind to ARE or the genomic sequence DNA. The detailed
mechanisms of some AR co-regulator actions have not been elucidated clearly, but
most of them could be considered to remodel or affect the chromatin structure [39, 40].

The PCa cells are comprised of cytokeratin (CK) 8-positive luminal epithelial
cells, and some CK5-positive intermediate and stem/progenitor (S/P) cells [41].
Recent reports suggest that the CK5-positive S/P or CK5-positive intermediate
cells increase after castration/ADT [42, 43], and in PCa tissues of the castration
resistant stage [44]. The AR role in these CK5-positive S/P or intermediate cells in
PCa initiation and progression remains unknown.

The environment of PCa tumors contains other types of cells [45]. Besides
malignant transformed cancer cells, tumors are surrounded by many non-
malignant cell types including fibroblasts, endothelial cells, and infiltrating
immune cells and these composite structures build the extracellular matrix (ECM).
The ECM and the non-malignant stromal cells of the tumors are defined as the
‘‘tumor stroma’’ [46]. The effect of AR on the epithelia as related to PCa initiation
and progression has been extensively studied in the last few decades, but relatively
few studies have been done to elucidate the AR role in stroma. Since the
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importance of interactions of stromal cells and epithelial cells has been raised
significantly, a clarification of the AR role in this interaction should be addressed.

Current therapies focus on targeting the proliferation-stimulating function of
AR. ADT with either surgical or chemical castration usually results in a response,
but after an average of 12–24 months [47], the tumors recur and no longer respond
to ADT. Human clinical data suggest that ADT may be effective for PCa patients
only in selective prostate tumor cells and within short time periods, beyond which
tumors will progress into the castration resistant stage with more aggressive
metastases. Moreover, several studies have indicated that androgen replacement
(supplement) therapy (ART) of selected patients with CRPC led to improved
quality of life without any adverse effect on their cancer progression for a con-
siderable follow-up duration [48–50]. Some of the selected patients even displayed
a decrease in their serum prostate specific antigen (PSA) levels after ART, indi-
cating that there might be reduced cancer progression. These clinical studies also
suggest that PCa patients have differential responses to androgen/AR signals.
However, the reasons why there are differential responses to androgen/AR signals
in different PCa patients remain unclear at present. This could be due to the
differential AR roles in various cell types and tumor stages.

This chapter focuses on discussion of differential roles of AR in many types of
cells that may contribute to PCa progression to androgen independence and distant
metastases.

2 Epithelial AR Role in PCa

2.1 Epithelial AR Role in In Vitro PCa Cell Line Studies
(Growth vs. Invasion)

For decades, human PCa cell lines have been used in in vitro tests to study the
molecular nature of PCa, but it should be noted the AR role in proliferation and
metastatic ability of these cell lines are distinctively different and thus it is
questionable whether using a single PCa cell line in experimentation is sufficient to
make a plausible conclusion.

The androgen-dependent (sensitive) LNCaP cells (CK5-negative, CK8/18-
positive) [51] express a mutant AR (T877A) [52] and for cell proliferation they
require androgen/AR signaling. With changes of the androgen/AR signal, LNCaP
cells may behave differentially depending upon the cell culture condition or passage
number. When AR level was knocked down by siRNA [53–55] or antisense oligo-
nucleotides [56], apoptosis was induced and proliferation was suppressed. Similar
AR knockdown effects on inhibition of tumor growth were also observed in xeno-
graft mouse models [57]. Together, these results suggest that AR functions as a key
survival factor for androgen sensitive LNCaP cells. However, when the androgen-
independent sublines were developed from long-term androgen deprivation culture,
the androgen/AR signaling does not function as a stimulator or survival factor and the
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higher androgen/AR signals might suppress cell proliferation [58–60]. Moreover, the
responsiveness of the LNCaP cells to androgen/AR signaling might be different
among cells from the same xenograft tissue [61]. Collectively, AR might function as
a cell survival factor, stimulator, or suppressor in LNCaP cells depending on the
culture condition, cell environment, or passage number.

Among PCa cell lines, PC3 cells are characterized as CK5- and CK8/18-positive
[51], and are widely used as a CRPC cell line model for numerous studies. PC3 cells
are androgen-insensitive and lack expression of AR protein [51]. In order to study the
role of AR in CRPC, several laboratories generated AR expressing PC3 cells [62–66].
When functional human AR was expressed in PC3 cells, cell proliferation was either
slightly promoted or repressed depending on different expression levels of the AR
protein due to promoter differences. However, when AR expressing PC3 cells
(PC3/AR+) were orthotopically injected into mice, they form smaller primary tumors
as compared to parental PC3 cells [64]. It was also found that AR negatively regulates
invasion and metastasis of PC3 cells. Niu et al. [67] injected PC3 vector control cells
and PC3/AR+ cells into the tibia of athymic nude mice and detected that the tumors of
PC3/AR+ cells were less aggressive and less invasive than the tumors of PC3/vector
control cells. Similarly when these cells were injected into anterior prostates of nude
mice, PC3/AR+ cells developed less metastatic lymph nodes than PC3/vector control
cells. Together, the roles of AR in PC3 cells challenged the classical concept that the
AR functions as a stimulator in prostate tumor growth and metastasis.

Another AR negative prostate cancer cell line, DU145, also belongs to the
CK5- and CK8-positive basal intermediate type of PCa cells [31]. It was postu-
lated that methylation of the AR promoter prevents the AR expression in DU145
cells [68]. The effect of AR on the growth of DU145 cells remains controversial
[69, 70], and Nagakawa et al. [71] reported that the AR might negatively regulate
the invasion capability of DU145 cells. Since PC3 and DU145 cells are basal
intermediate-like tumor cells, the AR effect in these two cell lines might be dif-
ferent from other PCa cells (this will be further discussed in Sect. 2. 3).

CWR22rv1 cells (characterized as CK5-negative and CK8/18-positive) were
derived from a recurrent tumor, following ADT of a CWR22 xenograft [72]. They
express two forms of AR, intact and a cleaved form of AR, AR3 [28]. Although
CWR22rv1 cells express a functional AR, these cells’ survival is androgen-
independent and their proliferation is slightly increased upon androgenic stimu-
lation. Together, the proliferation of CWR22rv1 cells is slightly increased upon
AR expression, but their metastatic ability was reduced with AR expression [67].

2.2 Epithelial AR Role in PCa Mouse Model Studies
(Initiation vs. Metastasis)

In investigating AR role in epithelial cells specifically, genetically engineered
cre-LoxP gene knockout is a timely strategy [73]. First, the mice lacking AR in
prostate luminal epithelial cells were generated by mating floxAR mice with
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probasin-cre (prostate epithelial specific AR knockout mouse, pes-ARKO) [74]. The
initial characterization has found that prostate luminal epithelial AR sustains the
luminal cells to maintain infolding, promotes cell differentiation, but inhibits pro-
liferation. A rescue experiment has been conducted by mating the pes-ARKO mice
with the PB-ARt857a transgenic mice. The data clearly showed that the luminal
epithelial AR cells are critical for those functions. The second cre-loxP ARKO mouse
line was established by Kato et al. [75]. Furthermore, there is another ARKO mouse
model developed by Walters et al. [76], but it was reported that the mice that were
developed with exon 3 deleted AR genes continue to express AR protein with LBD.

The pes-ARKO mice were then crossed with transgenic adenocarcinoma
(TRAMP) mice to generate pes-ARKO-TRAMP mouse model [67], which is a
mouse PCa model lacking AR in epithelium and the tumor development and
progression has been extensively studied. The pes-ARKO derivative of Pten
mutant (Pb-Cre+; PtenL/L) has also been developed [77]. It was shown that the
deletion of AR in the epithelium promotes the proliferation of these Pten-null
cancer cells by activation of the Akt signal.

The pes-ARKO-TRAMP mice spontaneously develop tumors, and the knockout
of epithelial AR is progressive (starts at 6 weeks). These mice develop larger
primary tumors and die earlier than wild type (wt)-TRAMP littermate controls
[67]. The prostate tumors of pes-ARKO mice showed that knocking out of epi-
thelial AR might lead to decreased number of secretory luminal epithelial cells.
These results suggested that epithelial AR might function as a survival factor in
luminal epithelial cells.

The AR signals in prostate cancer epithelial cells also affect the invasiveness of
PCa. In the pes-ARKO-TRAMP mice [67], the size of metastatic tumors in pelvic
lymph nodes (PLN) was shown to be larger than those from wt control mice at
24 weeks of age. In addition, more PCa metastatic foci were observed within the
livers of pes-ARKO-TRAMP mice than in wt type control mice. The data from
pes-ARKO-TRAMP mice and its wt control mice suggest that the epithelial AR
can suppress tumor growth and metastasis.

AR-negative PLN metastatic tumors, isolated from pes-ARKO-TRAMP mice,
were more invasive than those from TRAMP mice. Restoration of AR expression
in pes-ARKO-TRAMP primary cells by AR cDNA transfection could reduce their
invasion to PLN in orthotopic mouse PCa model. Together, those data further
support the notion that the epithelial AR functions as a suppressor of prostate
tumor invasion and metastasis.

2.3 AR Role in CK5-Positive vs. CK8-Positive PCa Cells

It is generally agreed [41, 78, 79] that the S/P cells in PCa are CD133-positive,
CK5-positive, and integrin-positive and could differentiate into transit amplifying
cells/intermediate cells (p63-positive, integrin-positive, CD133-negative, CK5-
positive, and CK8-positive) to final well differentiated epithelial luminal cells
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(CD133-, CK5-negative, CK8-positive). Interestingly, a recent report indicated
that the PCa S/P cells could also originate from luminal epithelial cells and then
differentiate into epithelial basal cells [80].

After ADT/castration, CK5-positive cells increase. Immunostaining data of PCa
patients at the hormone refractory stage revealed that CK5-positive cells increased
from 29 to 75% [44]. The CK5-positive S/P cells were also shown increased after
castration in mouse PCa model [81]. When the expressions of stem cell markers
were examined in intact and castrated mice with LNCaP cells xenografts and
in TRAMP mice, it was shown that stem cell marker stained cells increased
significantly after castration compared to the intact mice [81], suggesting that
CK5-positive S/P cells increase after castration. This increase was also shown in
pes-ARKO-PTEN mice model [67]. The sca-1 positively stained cells were
increased in these mice after castration [43]. Considering that metastatic tumors
increased after patients received ADT [82], the increase in CK5-positive cells
seemed to be correlated with higher metastatic potential of PCa cells.

Earlier report showed a significantly lower expression of AR in intermediate
type tumors [83]. However, it is unclear whether the low level of AR is essential in
maintaining and proliferation of these CK5-positive cells. Recently, Niu et al. [67]
showed expansion of CK5-positive cells in pes-ARKO-TRAMP mice, implying
that depletion of AR expression acts in favor of proliferation of CK5-positive cells.
The suppressive role of AR in CK5-positive basal epithelial and intermediate cells
was also reported in normal prostatic development [84].

3 Stromal AR Role in PCa

In normal human prostate, the stroma is constituted mainly of smooth muscle cells
expressing AR-whereas in prostatic carcinoma, the tumor stroma is constituted
mainly of fibroblastic and myofibroblastic cells [85], suggesting that cell-transition
changes have occurred in both the stroma and the epithelia during tumorigenesis.

Cunha et al. [86] earlier showed that stroma cells can modulate the differen-
tiation pattern of normal prostate epithelial cells and are critical for normal tissue
development and disease processes, such as development of PCa. The recent result
of Niu et al. [84] further indicate the importance of stromal-epithelial interaction in
normal prostatic development. In addition to the normal developmental process,
many studies indicate that stromal-epithelial interaction is also important in ini-
tiation and progression of PCa [87, 88].

AR expression is less prominent in stromal cells than in epithelial cells, but they
are functional. When the immortalized stromal cell lines, WPMY-1 and PS-30,
and primary stromal cells were tested for the effect of androgen on their growth, it
was shown that they do not require androgen for their growth, but the growth of
WPMY-1 cells was slightly increased with androgen [89]. This finding indicates
that unlike epithelial cells, prostate stromal cells are relatively insensitive to
androgen stimulation and deprivation.
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3.1 Stromal AR Effect on Epithelial AR Activity

Cano et al. [88] showed reciprocal interaction of stromal and epithelial cells in
regulating the AR activity by demonstrating that stromal cells enhanced the
transcriptional activity of AR in prostate epithelial cells and in turn, epithelial cells
enhanced the AR activity in the stromal cells. They also isolated stromal cells from
benign prostate tissues and cancer associated prostate tissues and investigated the
AR-mediated transcriptional activity. It was shown that cancer associated stromal
cells exhibited lower AR transactivity compared to cells in benign tissues. They
explained this by different recruitment patterns of AR coregulators in the tran-
scriptional complex. This reduced AR transactivity in cancer associated stroma
further reduced the transactivity of AR in epithelial cells. Therefore it was spec-
ulated that the stromal AR of benign tissue activates epithelial AR activity, but in
cancer the stromal AR down-regulates epithelial AR activity and this could con-
tribute to PCa cells having higher metastatic potential. The finding that stromal AR
level was decreased in androgen-independent cancer [90] also supports this
hypothesis. However, the exact correlation between AR transactivation and met-
astatic potential of PCa cells needs to be studied further.

3.2 Stromal AR Effect on Metastatic Potential of PCa

3.2.1 In Vitro Stromal-Epithelial Co-Culture System

In vitro co-culture system was used to study AR roles in stromal cells effects on
PCa growth. Niu et al. [67] used the immortalized human prostate stromal cells,
WPMY-1, as the stromal cell source. These cells express functional AR and
secrete paracrine growth factors. When they tested the invasion of PC3 cells in the
absence and presence of stromal WPMY-1 cells, it was found that the invasion
potential of PC3 cells was enhanced when stromal cells were present [67]. The
stromal AR can promote epithelial cell invasion through the secretion of various
growth factors, chemokines, or cytokines. Tanner et al. [91] WPMY-1 cells with
expression level similar to LNCaP cells and then used WPMY-1 conditioned med-
ium to treat LNCaP cells. They found significant increase in LNCaP cell growth
suggesting cross-talk between stromal-epithelial cells. They also categorized highly
effected gene expressions in AR overexpressing WPMY-1 cells upon DHT treatment
and found androgen/AR expression changes resulted in up-regulation of factors
involved in their paracrine action.

Regarding the AR role in stromal cells effects on invasion of PCa cells, there
are conflicting results. Niu et al. [67] found that stromal AR promoted invasion of
PCa cells in their co-culture system of WPMY-1 and PC3 cells. When PC3 cells
were co-cultured with WPMY-1 cells, the knockdown of AR in WPMY-1 cells
resulted in less invasive potential of PC3 cells [67]. However, in contrast, Li et al.
[90] revealed that two human stromal cell lines lacking AR increased the invasion
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ability of PC3 cells, which suggests negative regulation of stromal AR in medi-
ating PCa growth and invasion. As Niu et al. [67] also reported that stromal AR
plays a supportive role in PCa invasion in their orthotopic implantation experiment
using WPMY-1 cells and PCa epithelial cells, it is favorably believed that the
stromal AR plays a supportive role in cancer cell invasion.

Stromal cells are also reported to be involved in the regulation of epithelial cells
morphology and integrity by sending paracrine signals to the epithelial cells [92].
Stromal cells can increase adhesion of epithelial cells [92], however, how AR in
stromal cells is involved in this process is unknown.

3.2.2 In Vivo Cre-LoxP Stromal ARKO Mouse Model

In addition to in vitro studies, Niu et al. [67] also performed in vivo studies by
co-inoculating PC3 with WPMY-1 cells orthotopically into nude mice after
manipulation of AR expression in WPMY-1 cells. It was shown that PC3 cells
produced smaller primary and PLN metastatic tumors when combined with
WPMY-1-ARsi than with WPMY-1-v cells.

The inducible ARKO mice of TRAMP (ind-ARKO-TRAMP) [93] have been
generated to assess the consequence of simultaneous knockdown of both the
stromal and epithelial AR. The knockout of AR in ind-ARKO-TRAMP mice is
mediated by Mx1-Cre, which is interferon inducible and can be activated by
injection of polyinosinic-polycytidic acid to induce endogenous interferon and
thus activate the Cre recombinase action in various tissues including prostate.
In these ind-ARKO-TRAMP mice, 50% of AR knockout in stroma and 60% of
ARKO in epithelium were observed compared to the control mice. Compared to
pes-ARKO-TRAMP mice, these inducible mice showed smaller metastatic tumors
indicating that the stromal AR may have more dominant functions during PCa
progression.

In addition to PCa models, Yu et al. [94] developed the smooth muscle
selective AR knockout (SM-ARKO) mouse model and tested for effects on
epithelial cells proliferation, apoptosis, and differentiation. They found that the
proliferation of epithelial was decreased, but had little effect on apoptosis and
differentiation. The data were further supported by FSP-ARKO (another stromal
fibroblast selective AR knockout mouse model) by the same group [95]. They
also showed altered prostate epithelium development when AR was knocked out
in stromal fibroblasts.

3.2.3 Stromal AR Role in BPH as Compared to PCa

When the expression levels of AR in normal, BPH, and PCa tissues were exam-
ined, it was found that the AR level was similar in normal and BPH, but higher in
PCa tissues [96]. However, the nuclear location of AR was higher in BPH and PCa
compared to the normal tissues [97] indicating a positive role of AR in progression
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of normal to BPH tissues, and further into PCa. There have been attempts to target
androgen/AR signaling to treat BPH clinically. It was shown that the inhibitor of
DHT synthesizing enzyme, 5a-reductase, retarded the progression of BPH and
reduced the symptoms of BPH [98, 99].

3.2.4 Stromal AR Role Effects on S/P Cells

Liao et al. [100] isolated a stem cell population from the Pten deletion mouse
tumors and investigated their spheroid forming efficiency in the co-culture system
with cancer associated fibroblasts (CAFs) and found that the spheroid forming
ability was enhanced when co-cultured with CAFs. When they further performed
xenograft experiments, it was found that PCa stem cells resulted in more tumor-
like histopathologies, which suggests a possible role of cancer associated stromal
in initiation of stem originated tumors. However, the stromal AR role in this
process remains unknown. On the other hand, Vander Griend et al. [101] suggested
the possibility that cell-autonomous intracellular AR signaling drives the growth of
human PCa initiating cells.

3.3 Stromal AR Role in Epithelial-Mesenchymal Transition
(EMT)

Epithelial tumor cells lose cell polarity and cell-junction proteins (E-cadherin and
b-catenin) and at the same time acquire protein mesenchymal cell markers such as
N-cadherin and vimentin. During this process, the signaling associated with
mesenchymal cells becomes activated, which facilitates epithelial cells migration

Fig. 1 In PCa, AR plays a positive role in proliferation of luminal epithelial cells. However, AR
plays a negative role in growth of CK5-positive cells. The AR in stromal cells may promote PCa
growth, but down-regulates AR signaling in epithelial cells, in turn, results in PCa cells with
higher metastatic potential
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and ultimately leads to metastases. EMT can be activated by soluble factors such
as transforming growth factor b [102]. The involvement of androgen and AR in the
EMT process has been studied by Zhu et al. [103], who found an inverse corre-
lation between EMT and AR expression level, which is consistent with the earlier
notion that AR down-regulation accelerates migration/invasion potential of epi-
thelial cells [67]. Considering that mesenchymal cells possess stem cell charac-
teristics and high metastatic potential, the observed suppressive role of AR in the
EMT process is not surprising.

In summary, the AR role in proliferation of each cell type and how they
affect each other’s proliferation and invasion ability of PCa cells are described
in Fig. 1.

4 Therapeutic Approaches Targeting Differential
Roles of AR

Targeting the proliferation-stimulating role of AR has been at the center of PCa
therapy, and the established and under-developed treatments for PCa focused on
targeting androgen/AR. Those strategies include anti-androgen therapy, blocking
of androgen production, inhibiting AR nuclear transport, and degradation of AR.
The anti-androgen therapy includes the use of the AR antagonists, bicalutamide,
flutamide, or nilutamide. These treatments showed reduction of symptoms and
reduced serum PSA level, however, cannot completely regress and control PCa.
The use of inhibitors of steroid synthesizing enzymes to block the synthesis of
androgens in the adrenal gland and tumor tissues is relatively new. The enzymes
that are involved in biosynthesis of steroids and use of drugs to block those steroid
synthesis pathways are well discussed in the recent review paper by Massard and
Fizazi [104]. For example, Abiraterone inhibits CYP17 (cytochrome P450-17)
enzyme and is in the last stage of clinical trials. Several new compounds targeting AR
were developed and are currently being evaluated. They are orteronel (TAK-700)
and MDV3100. TAK-700 are a nonsteroidal inhibitor of 17, 20-lyse and the last
stages of clinical trials are ongoing [105]. MDV3100 [106] is a novel AR
antagonist that binds to the AR more avidly than bicalutamide and showed no
agonist activity compared to bicalutamide. However, recent data presented in the
2011 SUO/SBUR spring Meeting raised the issue that this therapy reduces tumor
volume, but might promote the PCa metastasis. These above discussed strategies
focus on targeting the LBD of AR, however, an additional small molecule tar-
geting AR amino-terminal domain (NTD) has been developed by Andersen et al.
[107]. The advantage of using this drug is to avoid mutations in the LBD and
expression of constitutively active AR splicing variants. Another promising drug is
ASC-J9�, an AR degrading compound showing AR specificity and no toxicity
[108–110]. Although it is not in prostate cancer related clinical trials yet, the
long-term administration of ASC-J9� did not show adverse effects when tested in
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TRAMP mouse PCa model (Li et al., manuscript in press). Also the long-term
treatment of ASC-J9� will not affect the male mouse fertility [108].

The effectiveness of drug treatments mentioned above proves that targeting AR
even in CRPC is working, however, so far, there is no successful case reported to
stop both tumor growth and metastasis completely. This could be due to the
differential AR roles in different tumor stages as we discussed in earlier sections.
Even in the same mouse model the AR role was shown differentially in various
cell types and different tumor stages. Therefore, it is essential to develop a com-
bination treatment strategy to effectively target both stages of PCa.

4.1 Targeting Stromal/Luminal Epithelial AR with ASC-J9�

As previously mentioned (Sect. 2.3), the in vivo study with pes-ARKO-TRAMP
mice found that the AR knockout in total epithelium led to the increase in CK5-
positive cells and this increase, in turn, resulted in increased PCa metastasis.
Therefore, Lai et al. (unpublished, manuscript submitted) used a strategy to
degrade AR selectively in stromal and luminal epithelial cells only. This was
possible by using ASC-J9� since this drug targets AR via interruption of AR and
AR coregulators that are mainly expressed in PCa stromal and/or luminal epi-
thelial cells. The in vivo study using different mouse models, such as Pten+/-,
TRAMP, and castrated nude mice xenografted with castration resistant LNCaP
cells, showed that this drug effectively degrades AR in selective cells to suppress
PCa progression at early androgen-dependent and later androgen-independent
castration resistant stages. Mechanistic dissection showed that ASC-J9� could
promote AR degradation via the proteasome degradation pathway to enhance the
AR-Mdm2 complex, which resulted in AR becoming more vulnerable to be
degraded by proteases. The consequences of such ASC-J9�-induced AR degra-
dation might then lead to reductions of androgens binding to AR, AR N–C ter-
minal interaction, and AR nuclear translocation that results in suppression of AR
transactivation and AR-mediated PCa growth.

4.2 Combination Therapy of (1) Targeting Differential
AR Roles in Different Tumor Stages and (2) Targeting
Differential AR Roles in Various Cell Types

Earlier, Lin et al. [111] applied this concept using different passage numbers of
LNCaP cells. As mentioned in Sect. 2.1, AR roles in LNCaP cells of earlier passage
(promotive) and late passage (suppressive) are opposite and PI3K/Akt signaling was
suggested to be critical in late passage LNCaP cells, therefore they targeted different
signaling to block differential roles of AR in LNCaP cells of two types (early and late
passage cells). This concept was further shown by Miyamoto et al. [112] suggesting a
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combination therapy of targeting Akt, cyclooxygenase-2, and matrix metallopro-
teinase-9 pathways together with classical ADT to battle PCa. Moreover, this
concept is further supported by recent reports by Carver et al. [113] suggesting the
reciprocal feed-back regulation of PI3K/Akt and AR signaling. They found that AR
inhibition activates Akt signaling and PI3K/Akt inhibition, in turn, activates AR
activation. Together, in order to target both the earlier and later metastatic stage of
PCa, it seems essential to target both stages of PCa as illustrated in Fig. 2.

We also need to consider differential AR roles in various cell types comprising
the TME. All studies involving AR role in epithelial, stromal, and CK5-positive
cells mentioned above indicated differential AR roles in each cell type. For
example, at early stages of PCa when tumors are dependent predominantly on
luminal epithelial AR and stromal AR, ADT would result in regression of tumors,
but ADT would affect the fate of other types of cells because of the suppressor
function of AR on other types of CK5-positive cells such as S/P and intermediate
cells, thereby would result in undesired expansion of more tumorigenic popula-
tions and eventual failure of ADT. The AR functions in other components com-
prising the PCa TME, such as infiltrating macrophages and endothelial cells, are
not revealed yet, but their possible differential AR roles should also be considered
in developing effective therapies to battle PCa.

Taken together, developing a strategy depending on one angle only will result
in blocking of one direction of PCa, but would bring in undesirable outcomes, so it
is essential to develop a strategy to target differential clinicopathological roles of
AR in each tumor stage and each cell type in the TME to battle PCa efficiently.

Fig. 2 A strategy of combination therapy targeting two stages, PCa tumor growth and
metastasis. ADT either by anti-androgen or AR degrading therapy will down-regulate androgen/
AR signaling, which, in turn, would result in PCa cells with higher metastatic potential.
A combination therapy targeting AR signaling (by inhibiting AR role in initiation and early
castration resistant stages) and targeting metastasis (by inhibiting AR role in the metastatic stage)
is shown. This figure is modified from our previously published paper [111]
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Role of Androgens and Androgen
Receptor in Prostate Cancer: Genomic
and Non-Genomic Actions

Sara Marchiani, Lara Tamburrino, Monica Muratori,
Lorella Bonaccorsi, Gianni Forti and Elisabetta Baldi

Abstract Prostate cancer (PCa) is the most common malignancy in western
countries, representing the second leading cause of death. Androgen deprivation
therapy (ADT) represents a good therapeutic tool for the treatment of PCa patients,
but after an initial period of remission, the disease progresses towards an andro-
gen-independent (AI) state. While in androgen-dependent (AD) stage the roles of
androgens and their receptor (AR) are fully described in AI, they are yet a matter
of research and discussion. Consolidated evidence demonstrates that, beside the
well characterized genomic effects of AR, the non-classic ones contribute to PCa
development and progression. In this chapter, we summarize the main non-classic
androgen pathways and their involvement in the main phases of PCa. All these
studies demonstrate that AR is a crucial factor both in pathogenesis development
and progression of PCa; its rapid effects are integrated with the genomic ones to
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mediate the complexity of the receptor signalling. In such a scenario, taking into
account not only the classic mechanisms leading to AR activation, but also the
non-classic ones should be helpful to find new potential therapeutic targets for
treatment of PCa.

Keywords Prostate cancer � Androgen receptor � Genomic and non genomic
signalling
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1 Introduction

Prostate cancer (PCa) develops primarily in men over fifty and is the most
common type of cancer in western countries’ male population [1], representing
the second leading cause of cancer death. In most cases (about 2/3), PCa is slow-
growing, symptom-free, and, since men with this condition are old, they often
die of causes unrelated to it. In about 30% of cases, however, PCa is more
aggressive, fast developing and leading to death of the patient. Current treatment
options for clinically localized or locally advanced PCa include radical prosta-
tectomy, radiation therapy, brachytherapy, cryotherapy, or ‘‘watchful waiting’’.
If PCa is not organ confined at the diagnosis, androgen deprivation therapy
(ADT) represents a good tool to treat patients. However, after an initial period of
remission the disease progresses towards an androgen-independent (AI) state
leading to uncontrolled spread. At this point, only palliative treatments are
substantially possible. The lack of clinical options of treatment for metastatic
PCa reflects our poor understanding of the molecular and cellular mechanisms
that underlie the progression of the disease from an androgen-dependent (AD) to
an androgen-refractory state.

During foetal and adult life, prostate development, growth and differentiation
are regulated both directly and indirectly by androgens and their receptors
(androgen receptor, AR) [2–4]. At least in its initial phases, PCa is AD for its
growth (as demonstrated by the efficacy of ADT). An early role for AR in the
pathogenesis of PCa is also suggested by recent studies demonstrating the
formation of TMPRSS2-ERG fusions, a chromosomal rearrangement leading to
AR-dependent expression of ERG, an ETS transcription factor, in a significant
percentage of PCas [5, 6]. The role of androgens and AR in AI stages of PCa is less
clear. There is evidence that re-expression of AR into AI-PCa cell lines restores an
androgen controlled cell growth as well as expression of AR target genes leading
to a more differentiated and less aggressive phenotype [7–11]. Moreover AI
tumours are heterogeneous and comprised of various subpopulations of cells,
which respond differently to androgens [12, 13].

Whatever the role of androgens and AR in the different phases of PCa is yet a
matter of research and discussion, even if consolidate evidence in the literature
demonstrate that the well characterized genomic effects of androgens are inte-
grated with the non-classical ones (also known as non-genomic or non-genotropic)
in contributing to PCa development and progression.

In this chapter we will first summarize the main non-classic androgen effects
described in PCa cells and then their involvement, together with classic ones, in
the main phases of PCa growth.
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2 Non-Genomic Effects of AR in PCa Cells

AR non-genomic signalling pathways are characterized by rapid responses and
may involve a membrane-localized AR as well as rapid cytoplasmic signalling.
Localization in the membrane of the classical AR may occur through both a direct
insertion in the lipid bylayer and/or interaction with membrane-associated proteins
[14, 15]. It has been demonstrated that post-translational modifications such as
palmitoylation are involved in recruitment of AR to the plasma membrane where it
interacts with membrane-associated proteins such as caveolins [14], which are the
main protein component of lipid raft micro-domains. More recently, it has been
shown that localization of AR (as well as of other sex steroid receptors) in
membrane lipid raft domains, requires the action of the heat shock protein 27
(Hsp27), which binds steroid receptors promoting their palmitoylation and con-
sequent interaction with caveolar raft domains of the plasma membrane [16].
Interestingly, siRNA of Hsp27 in LNCaP cells inhibits rapid signalling (such as
ERK and PI3-K activation) induced by testosterone, indicating that the effect of
the hormone requires AR localization to the plasma membrane.

AR localized to a lipid raft sub-cellular compartment in LNCaP cells has been
shown to associate with Akt and activate it independently of PI3-K [17, 18].
Moreover, the rapid PI3-K activation by androgens reported in non transformed
androgen-sensitive epithelial cells as well as in carcinoma cells was based on the
direct interaction between AR and p85alpha regulatory subunit of class I(A) PI3-K
[19, 20]. These data indicate that cholesterol-rich membrane micro-domains play
an important role in transmitting non-genomic signals involving androgen and the
Akt pathway in PCa cells [18, 21]. Moreover, particular cholesterol-rich mem-
brane domains, namely caveolae, harbour caveolin-1 protein that acts as scaf-
folding protein by controlling many signalling effectors through direct binding
[22]. Interaction between AR and caveolin-1 through an androgen-mediated pro-
cess has been demonstrated in PCa cells, where the NH(2) terminal region of
caveolin-1 interacts with both the NH(2)-terminal domain and the ligand binding
domain (LBD) of AR [23]. The pathophysiological significance of such interac-
tion, however, is still obscure.

Rapid effects mediated by AR in PCa cells include the release of intracellular
calcium [15], activation of protein kinase A (PKA), Akt and protein kinase C
(PKC) [24, 25] and a direct association with c-Src leading to the activation of
Raf-1/ERK and PI3-K signalling pathways [19, 26]. The association of AR with
Src kinase is of particular relevance as it can lead to AR activation both directly
(inducing its tyrosine phosphorylation) and indirectly (through activation of other
kinase pathways and through src function as scaffold protein leading to direct
interaction with other proteins) [27]. In particular, AR has been shown to asso-
ciate,through c-Src, to MNAR (modulator of non-genomic action of estrogen
receptor) forming a complex that leads to Mitogen-Activated Protein Kinase
(MAPK) activation both in AD and AI cell lines [28]. However, while in AD cells
testosterone is required to activate the complex, in AI cells the complex appears to
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be constitutively active. The demonstration that disruption of AR/c-Src interaction
in AI-PCa cells selectively inhibits AR-mediated cell growth without changing the
ability of AR to regulate the transcription of androgen-responsive genes [29]
further supports such a complexity.

The characterization in metastatic PCa of a splicing variant of AR, termed
AR23, where 23 amino acids inserted between the two zinc fingers determines an
exclusive cytoplasmic location inhibiting nuclear entry and activation of target
genes has further supported a role for cytoplasmic, non-genomic signalling of
androgens in PCa [30]. This receptor variant is indeed able to activate NF-kappa B
transcriptional activity contributing to PCa progression [30]. Recently, it has been
shown that AR23 increases AR activation when the two isoforms are co-expressed
in PCa cells and decreases its sensitivity to anti-androgens [31].

Overall, these studies demonstrate that rapid effects of androgens are integrated
with the genomic ones to mediate the complexity of AR signalling in inducing
proliferation and cell survival [15, 32]. However evidence exists that both genomic
and non-genomic effects of AR are also involved in maintaining a differentiated
and less aggressive phenotype [33] of PCa cells. Our and other groups have shown
that re-expression of a functional AR in the AR-negative PCa cell line PC3
conferred a more differentiated phenotype characterized by decreased ability of
anchorage-independent growth, reduced laminin adhesion and Matrigel invasion in
response to epidermal growth factor (EGF) [7, 8, 10, 11]. We have shown that,
besides a genomic effect of androgens on alpha6beta4 integrin expression [8],
these effects are also mediated by a non-genomic effect of AR on EGF receptor
(EGFR) activation [34, 35]. We have demonstrated that AR and EGFR interact at
the plasma membrane in PC3-AR cells [34] leading to a decreased EGF-mediated
phosphorylation and PI3-K/Akt downstream signalling of the EGFR as well as of
receptor internalization [34, 35]. In line with our results, it has been recently
shown that EGFR signalling and internalization are reduced in AR positive-PCa
cells with respect to AR negative ones [36] and that such effect is mediated by the
endocytosis protein REPS2, whose expression is higher in AR-positive PCa cells.
Our data also show evidences that in PC3-AR cells a pool of classical ARs and
EGFRs are located within cholesterol-rich membrane microdomains (namely as
lipid raft), but the interaction between these two proteins, which is increased by
androgens, does not co-localize within the same cholesterol-rich lipid rafts
domains [37]. Our results have been recently substantiated by a study showing that
addition of a functional AR in PC3 cells using a vector whose expression is
regulated by a natural AR promoter leads to expression of a functional AR con-
ferring a less invasive phenotype with respect to parental cells, indicating that AR
is mostly tumor suppressive in carcinoma cells [38]. However, whether these
effects are mediated by non-classical pathways has not been investigated in the
study [38]. It must be mentioned that androgens have been shown to induce
cell migration and invasion in non prostatic sarcoma cancer cells and normal
fibroblasts through a direct association between AR, cytoskeletal elements and
integrins inducing the activation of rapid signalling pathways responsible for cell
migration [39].
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In general, it appears that the non-genomic pathways of AR may contribute to
promote or inhibit the migratory behaviours depending on the cell type and/or the
signalling pathway involved. In most of the examples described above, a direct
involvement of ‘‘classic’’ AR in eliciting non-genomic effects has been demon-
strated. However, the fact that some effects can be obtained using membrane
impermeable dihydrotestosterone (DHT) analogues, which are not inhibited by
anti-androgens, and that Ras/MAPK signalling in response to androgen has been
demonstrated also in AR-negative cell lines has supported the hypothesis of the
involvement of a membrane AR different from the classic one [33]. Recently, the
group of Castanas reported the identification of a membrane AR (mAR) [32],
preferentially expressed in tumors rather than benign tissue. Furthermore, they
demonstrated that mAR agonists, alone or in combination with anti-mitotic agents,
decreased in vitro PCa cell growth and induced apoptosis, whereas in vivo they
reduced tumor size [33, 40, 41]. However, the nature of such androgen binding
proteins localized on the membrane still remains obscure [42]. In addition, the
recent demonstration that the so-called AR-negative PCa cell lines express low
levels of AR [43] and that these low levels are sufficient to support androgen-
stimulated proliferation [44] through a non-genomic pathway, has raised questions
about the existence of such putative non-classic AR isoforms.

3 Role of Androgens and AR in the Pathogenesis
and Development of PCa

One important question about PCa concerns the cells of origin of the cancer and
the characteristics of stem cells within it. According to Arnold and Isaacs [13],
PCa may originate from three distinct cells within the prostate: (1) from an AI
stem cell leading to a mixture of androgen-sensitive and AD cells; (2) from an
androgen-sensitive amplifying basal cell, giving rise to androgen-sensitive
malignant cells that may differentiate into AD cells; iii) from an AD transit
glandular cell, leading to a homogenous tumor composed of AD cells. According
to this hypothesis PCa may originate also from AI cells, questioning the role of
androgens in the very initial phases of the tumor. Recently Hu et al. [45], using
adult prostate stem/early progenitor cells, demonstrated that they are negative for
AR and highly positive for all known estrogen receptors, including the membrane
GPR30 [45]. Interestingly, the exposure of these cells to estradiol for a long time
promotes their differentiation towards a basal and luminal epithelial phenotype
expressing AR and becoming responsive to androgens. These cells were able to
induce the formation of tumors in nude mice, if the animals were exposed to high
levels of estradiol and testosterone (but not the two alone) pointing to an important
role for estrogens in prostate carcinogenesis. In line with this hypothesis, it has
been shown that PCa stem cells, which support self-renewal and continuous
growth, appear to be AR negative [13] although it cannot be excluded that AR has
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not been detected in these cells because of expression at very low levels [46]. How
these cells may generate a tumor which expresses high levels of AR is yet unclear,
but the three hypothesis postulated by Arnold and Isaacs (see above) indicate that
the developing tumour always become androgen-dependent. On the other hand, a
role for AR in the development of PCa is suggested by the identification of
chromosomal translocations that fuses untraslated sequences of an androgen-reg-
ulated gene, TMPRSS2, with the coding sequences of the ETS family transcription
factors (in most of cases of ERG). This fusion, which is detected in approximately
50% of PCa [47, 48], renders ERG expression under the control of androgens and,
since ETS transcription factors are involved in uncontrolled proliferation of cancer
cells, the occurrence of translocation could be involved in the pathogenesis of the
disease. It has been recently reported that long-term (up to 5 months) treatment
with androgens at high doses may induce the chromosomal rearrangement in non-
malignant immortalized prostate epithelial cells, whereas short-term treatment
with androgens at physiologic levels is sufficient to induce it in malignant prostatic
epithelial cells [49]. This finding suggests that androgen-induced fusion occurs
prior to cancer development through a mechanism that induces gene proximity
after AR activation by its ligand. Whether non-genotropic signalling is involved in
the generation of the rearrangement is presently unknown. It must be mentioned
however, that the translocation, per se, is not sufficient to induce complete
tumorigenesis in transgenic animals bearing it [48]. Since the frequency of rear-
rangement doesn’t increase with the progression of the tumor, the fusion appears
to be an early event although not sufficient to promote the transition from prostatic
intraepithelial neoplasia (PIN) to PCa [48]. Probably other (more or less) con-
comitant events are needed, such as PTEN loss, frequently found in PCa [50],
which leads to Akt activation. In conclusion, at present the role of the chromo-
somal rearrangement in the pathogenesis of PCa needs to be further clarified, but it
could be important for an early diagnosis of PCa especially if included in a
multiplex model with other biomarkers, such as PCA3, Annexin A3 and Sarcosine,
to improve the diagnostic performance [51].

4 Role of Androgens and AR in Progression of PCa

As mentioned above, at least in the initial phases, PCa cells are completely
dependent on androgens for growth and survival, the disease is considered ‘hor-
mone-dependent’ and responds well to ADT, but, after a few months, most tumors
become hormone-resistant with a more aggressive phenotype. The process that
leads to AI is complex and the molecular mechanisms underlying it are not fully
disclosed and are matter of discussion. The complexity is due to the fact that PCa
is a very heterogeneous tumor and includes a variety of subpopulations cells which
respond differently to androgens. Reflecting these peculiar characteristics, more
than one theory has been developed to explain the transition. One of these theories
supports the idea that pre-existing subpopulations of AI malignant cells, or
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developed in consequence of genetic changes, may later support complete AI.
According to another theory, called ‘‘adaptative,’’ cells may respond differently to
ADT: most of them die but others undergo several molecular changes that render
them AI with activation of alternative pathways of growth. It has been observed
that AR continues to be expressed both in AD and in a large proportion of AI
tumors [52]. Indeed, the androgen-regulated gene PSA continues to be expressed
in most patients at this stage of the disease, indicating that AR continues to be
present and activated. In models of AI cells and xenografts derived from LNCaP
cells grown in vivo in castrated nude mice, AR expression increases as a conse-
quence of the pressure of the androgen-deprived environment [53–55]. In addition,
in these models, AR becomes responsive to anti-androgens.

The alternative mechanisms that may be responsible for the transition include
mutations and amplifications of the AR, alterations of receptor coregulators,
ligand-independent activation of AR, and increase of androgen intraprostatic
levels. It has been demonstrated that AR mutations are quite rare in patients with
clinically localized disease and usually do not play a role in the initial phases of
prostatic carcinogenesis, whereas a significant number of AR mutations are found
in metastatic disease suggesting that hormonal environment may induce sponta-
neous mutations that, in turn, promote the metastatic phenotype [56, 57]. Acti-
vating AR mutations regards about 25% of AD tumors and may rise, depending on
the study, to 50% in metastatic or AI tumors [57].

Evidence also exists that AR may be activated by non-androgenic steroid
molecules as well as antiandrogens through a promiscuous way leading to ligand-
independent AR activation [58]. AR can be also activated by growth factors (GFs),
which induce AR phosphorylation through their tyrosine kinase receptors (TKRs)
[52, 58]. Among the growth factors demonstrated to be able to activate AR,
insulin-like growth factor (IGF), keratinocyte growth factor (KGF), platelet-
derived growth factor (PDGF), EGF, and interleukin-6 (IL-6) are now being tar-
geted in PCa clinical trials using antibodies or inhibitors of their receptor kinase
activity [59, 60]. Up-regulation of the anti-apoptotic molecule Bcl-2 and inacti-
vation of the tumor-suppressor gene PTEN, leading to the constitutive activation
of PI3-K/AKT/m-TOR pathway, support an AR-bypassed survival of AI cells [61].
Moreover, in AI cells, growth factors have been shown to stimulate the tran-
scription of androgen-responsive genes in ligand-independent manner [62].

The mechanisms that lead to PCa progression could involve also non-geno-
tropic effects of AR. Indeed, Unni et al. [28] demonstrated that in LNCaP-HP, an
AI cell line, AR regulates transcription either directly upon ligand binding and
nuclear translocation or indirectly through kinase pathways leading to activation of
downstream transcription factors. In particular, in this cell line the Src-MEK-1/2-
ERK-1/2-CREB pathway was found constitutively active, whereas in the corre-
spondent AD LNCaP cell line, the activation of the pathway was dependent on
androgens. In addition, using an in vivo prostate regeneration system, a direct
synergy between Akt and AR signalling has been demonstrated to be responsible
for PCa progression and development of AI [63]. Indeed, cells infected both with
Akt and wild-type AR form larger tumors with respect to cells infected with the
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two alone. If cells are infected with AR mutated in the proline-rich region which
supports its binding with c-Src [64], but allowing genotropic signalling, the syn-
ergistic effect is lost. At the same time, the synergy is also lost with AR mutated in
domains supporting genotropic signalling. Overall, this study demonstrates that
both genotropic and non-genotropic signalling are required for PCa progression
[63].

Another mechanism by which prostate epithelial cells could achieve AI is the
alteration of AR expression and function in the stroma surrounding the tumor.
Indeed, the reciprocal interaction between stroma and epithelium seems to play a
crucial role in the initiation and progression of PCa [65]. In a recent study, Niu
et al. [66] generated two mouse models in which AR was knocked down in
epithelium and stroma (ind-ARKO-TRAMP), or only in epithelium (pes-ARKO-
TRAMP), of the prostate. In both cases PCa develops; however, in ind-ARKO-
TRAMP mice, tumors were smaller and with lower proliferation rate. In addition,
pes-ARKO-TRAMP mice showed lower survival rates, with respect to both wild
type and ind-ARKO-TRAMP mice, which showed the better survival rate. These
results indicate that stromal AR functions as a stimulator for PCa proliferation and
metastasic events, whereas epithelial AR acts as a tumor suppressor and survival
factor [66, 67], supporting a differential role of AR in PCa depending on its
location and highlighting the importance of crosstalk between stroma and epi-
thelium in carcinogenesis and progression of PCa. Further studies are required to
understand the complexity of molecular mechanisms underlying the interaction
between stroma and epithelial tissues in PCa, and in particular whether non-
genotropic signalling of AR is also involved.

There is a body of evidence about the occurrence of neuroendocrine differen-
tiation (NED) in androgen-deprived conditions. NED is involved in the transition
to AI [13, 68] and is related to greater tumor aggressiveness and poorer patient
prognosis [69]. In a recent study, we demonstrated that different PCa cell lines do
not respond univocally to in vitro treatments inducing NED, in particular to
androgen deprivation and EGF supplementation. We observed that growth in
androgen-depleted conditions induces NED in AR expressing AD LNCaP cells,
whereas EGF induces NED in androgen-irresponsive DU145, but not in androgen-
responsive LNCaP and 22Rv1 cell lines [70]. These results indicate that NED may
develop in steroid-deprived conditions when a functional AR is present.

5 Conclusions

AR remains a crucial factor in the pathogenesis, development and progression of
PCa, either alone or, more likely, in concert with other factors. The goal for
researchers is to more clearly elucidate all the signalling pathways that lead to AR
activation in response to, and independently of, androgens to define alternative
therapeutic targets for new treatments of highly aggressive PCa. In such a scenario,
AR signalling effects outside the nucleus should be greatly taken into account, as
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they have profound implications in all the stages of PCa and may lead to the
identification of new potential therapeutic targets that might be otherwise ignored.
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Mechanisms of Signal Transduction
in Prostate Cancer: The Role
of PI3-Kinase Pathway
in Androgen Action

Laurent Morel and Silvère Baron

Abstract The androgen receptor deregulation is described as one of the key
initiator event leading to a carcinogenetic process in the prostate gland. Canonical
molecular mechanism of AR activation by its cognate ligands, testosterone and
dihydrotestosterone (DHT), leads to the receptor translocation in the nucleus and
to subsequent transcription of Androgen Response Element (ARE)-containing
target genes that control cell cycle progression (e.g. p21) and cell survival
(e.g. Bcl-2, IL6). Accumulating data suggests that intracellular signaling pathways
are also the mediators of androgen action. Current knowledge indicates that
connection between androgen receptor and Phosphatidylinositol 3-kinase (PI3K)
both contributes to modulate genomic and non genomic activity of this nuclear
receptor. Here we describe the modalities and discuss the consequences of such a
connection on the prostate epithelium homeostasis. PI3K activation by AR occurs
rapidly and in a transient fashion and represent a flexible and adaptive mechanism
that may help to override apoptotic signals and to strengthen survival in normal
prostatic epithelium. A dysregulation in this crosstalk may represent an oncogenic
signal for cell maintenance and consequently promote prostate cancer
development.
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AR Androgen receptor
BAD Bcl-2-associated death promoter
DHT Dihydrotestosterone
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
Elk-1 Ets like gene1
ER Estrogen receptor
ERK Extracellular signal-regulated kinase
Fox Forkhead box O transcription factors
GSK-3b Glycogen synthase kinase-3 b
HER2 Human Epidermal growth factor Receptor 2
IGF Insulin like growth factor
MAPK Mitogen activated protein kinase
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MEK-1 Mitogen-activated protein (MAP) Kinase-1
mTOR Mammalian target of rapamycin
mTORC1 and 2 mTOR Complex 1 and 2
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PIN Prostatic intraepithelial neoplasia
PTEN Phosphatase and tensin homologue deleted on chromosome 10
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SH2 Src homology 2
SH3 Src homology 3
TSC1 and 2 Tuberous sclerosis complex 1 and 2
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1 PI3Kinase/AKT Pathway and Prostate Cancer

1.1 The PI3K Family

Phosphatidylinositol 3-kinase (PI3K) enzymes are lipid kinases involved in
diverse cellular processes including cell growth, migration, apoptosis, prolifer-
ation and differentiation. The PI3K signaling pathway is then considered as a
driver of cell homeostasis, most notably in cells that are responding to growth-
factor–receptor engagement. Although the PI3K pathway is considered as a
single entity, there are multiple isoforms of PI3K. They can be divided in three
classes according to their structure and substrate specificity in vitro [1–3]. Unlike
class I PI3Ks, class II and class III enzymes are not yet linked to oncogenesis
[4]. Class I are divided further into Class IA and IB subclasses. Class IA PI3Ks
are heterodimeric proteins which consist of a regulatory subunit and a catalytic
subunit. In mammals, three different genes encode the regulatory subunits. The
PI3KR1 gene encodes p85a and the alternatively spliced variants p55a and p50a
while the PI3KR2 and PI3KR3 genes encode p85b and p55c subunits respec-
tively. Associated to these regulatory subunits are three types of catalytic sub-
units, p110a, p110b and p110d, which are encoded respectively by the
PI3KCAa, PIK3CAb and PIK3CAd genes. Class IB is made of only one com-
plex that associates the p110c catalytic subunit, encoded by the PIK3CAc gene
to the p101 regulatory subunit. Such a dimer is activated by G protein-coupled
receptors (GPCR) and Ras.

Considering class IA PI3Ks, the p85 regulatory subunit contains two Src
homology domain (SH2), that recognizes phosphorylated tyrosine (T) residues,
an inter-SH2 (iSH2) domain which constitutes a rigid tether for p110, a BCR
domain (conserved domain related to sequences present in the break point cluster
region—BCR-gene) and a SH3 domain able to bind to proline-rich motifs and
mediate protein–protein interactions [5]. This subunit is activated by tyrosine-
kinase coupled receptors such as EGF receptor or IGF-I receptor [6]. Firstly, p85
is recruited to the phosphorylated tyrosine residues of receptors via its SH2
domain. Secondly, the regulatory subunit associates to the p110 catalytic
domain. This localizes the class IA p110 subunits in the membranes where their
lipid substrates reside. The enzyme then catalyzes the phosphorylation of the
PI[4,5]P2 phosphoinositides (PIP2) on the carbon at the D3 position of the
inositol ring to generate PI[3,4,5]P3 (PIP3) [7]. The PIP3 target both the
phosphoinositide-dependent kinase-1 (PDK-1) and its substrate, the protein
kinase B (PKB/AKT), at the plasma membrane. The phosphorylation of AKT on
the threonine (Thr)-308 residue by PDK1 leads to the subsequent phosphoryla-
tion of serine (Ser)-473 by the mTORC2 complex [8] and full activation of
AKT.
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1.2 AKT: The Main Transducer of the PI3K
Signaling Pathway

AKT is a master kinase for a large panel of non redundant substrates [9]. In all
cases AKT stimulates cell survival, cell proliferation and cell growth by favoring
either the inhibition or the activation of downstream substrates. On one hand, AKT
inhibits pro-apoptotic proteins (e.g. Bad, caspase 9) [10, 11], inhibitors of meta-
bolic and cell growth signaling (e.g. GSK-3a/b and the mTOR pathway regulator
TSC1/2) [12], cell cycle controllers and DNA damage response proteins (e.g. p27,
Chk1) [13, 14], or transcription factors that promote apoptosis, cell-cycle arrest,
and metabolic processes (e.g. the forkhead box O (FOXO) transcription factors
-1, -3, and -4) [15–17]. On the other hand, AKT activates MDM2/HDM2 [18,
19], a negative regulator of p53, and the NFjB pathway following an activating
phosphorylation of the IjB kinase IKKa [20, 21].

2 Deregulation of the PI3K Pathway and Prostate Cancer

The tight control of the PI3K/AKT pathway is dependent on the activity of two
specific phosphatases. PTEN/MMAC1 (phosphatase and tensin homolog deleted
on chromosome 10, mutated in multiple advanced cancers 1) was characterized to
dephosphorylate PIP3 at the D3 position while SHIP1/2 (SH2-domain-
containing inositol phosphatase 1/2) targets PIP3 dephosphorylation at the D5
position. In the absence of a fully active PTEN, activation of the PI3K dependent
signaling can occur constitutively, in the absence of any exogenous stimulus [22].
The PI3K–PTEN signalling network thus functions as a crucial regulator of cell
survival decisions and plays a central role in tumorigenesis. The importance of loss
of function of PTEN was investigated in both localized and metastatic prostate
cancers. Although frequency of PTEN inactivation consecutive to missense
mutations, to loss of heterozygoty or to homozygous deletion vary considerably
depending on the stage of the pathology and on the study considered, about 40% of
primary and 70% of metastatic prostate cancers have genomic alterations
involving the PTEN gene [23–29]. Transgenic mouse models that recapitulate
features of the disease have also advanced understanding of this pathway. Mice
with conditional, prostate-specific PTEN deletion have revealed the presence of
prostate intraepithelial neoplasia (PIN) foci, invasive adenocarcinoma progressing
to metastatic disease [30]. In accordance, a specific over-expression of AKT in
mice prostate epithelium induces a similar development of PIN [31].

Prostate cancer progression is also dependent on androgens, given that prostate
carcinoma dramatically regresses after androgen deprivation by castration or anti-
hormonal therapy [32]. Most of androgens effects, but not all, are mediated by the
androgen receptor (AR) that belongs to the nuclear receptor superfamily. Current
knowledge indicates that connection between androgen receptor and PI3K both
contributes to modulate genomic and non genomic activity of this nuclear receptor.
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Various studies demonstrated that many posttranslational modifications of AR are
PI3K and/or AKT-dependent, thus resulting in changes in AR trancriptional
activity in normal and tumoral cells [16, 33–35].

In the present review, we report part of the connections that associate
‘‘androgen signaling’’ to PI3K/AKT pathway by focusing on the non genomic and
genomic activation of the PI3K by the androgen receptor in prostate cancer.

3 Rapid Androgen Response and PI3K Crosstalk in Prostate
Cancer

3.1 Genomic vs Non-genomic: the Two ‘‘Janus Faces’’
of Androgens Action

The androgen receptor is defined as a ligand-dependent transcription factor
belonging to the ‘‘nuclear’’ receptor superfamily. Canonical molecular mechanism
of AR activation by testosterone and dihydrotestosterone (DHT) leads to AR
translocation in the nucleus and to subsequent transcription of Androgen Response
Element (ARE)-containing target genes. Accumulating data suggests that intra-
cellular signaling pathways, such as the PI3K/AKT pathway, can also be the target
of the androgen receptor through both its classical transcriptional activity and a
non-genomic mechanism. We and others have shown that upon R1881 binding,
AR is able to contact the regulatory subunit p85a of the PI3K complex by direct
interaction in normal epithelial cells [33]. This interaction leads to the activation of
the p110a catalytic subunit. It results in an increase of PIP3 levels in the plasma
membrane, subsequent AKT activation and phosphorylation of its downstream
targets such as GSK3b, FKHRL1 and Bad. Interestingly, this system could be
re-activated in PC3 prostatic cell line following AR re-expression. This was
strengthened by experiments using AR inhibitor, bicalutamide and siRNA
targeting AR [27, 33] indicating that this nuclear receptor, and not only a mem-
brane receptor such as already suggested [36, 37], is able to trigger a non genomic
signaling pathway. Kang et al. described a similar activation of the PI3K/AKT
pathway by AR in an osteoblastic cell line [27] indicating that this mechanism is
not restraint to prostate cells.

The association between AR and p85a is the basis of a larger complex that also
involves the Src kinase [38]. Dominant negative Src completely abolished PI3K
activation by AR indicating that this kinase plays a central role to integrate
androgens non-genomic signal. Moreover, the presence of Src together with p85a
and AR indicate that other signaling pathway could be activated, especially the
MAPK pathway [39, 40]. Further evidences demonstrate that the level of activated
AKT is directly correlated to androgens stimulation of cells and that it participates
to the inhibition of TNFa and TRAIL induced apoptosis [41]. However, as AKT
phosphorylation status was monitored 48 h following androgens treatment,
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it cannot be excluded that the PI3K pathway’s stimulation result from AR genomic
activities.

At the opposite, in some specific conditions, PI3K/AKT signaling may be
down-regulated by androgens. Re-expression of AR in PC-3 cells was shown to
interfere with EGFR signaling and to lead to changes in the cell proliferation and
invasion properties. Stimulation of these cells with R1881 decreases the EGF-
dependent activity of PI3K compared to native PC-3 cells. This demonstrates that
liganded AR may negatively regulate the PI3K/AKT pathway by targeting
upstream regulators of the kinase. This down-regulation originates from a direct
interaction between EGFR and AR and then drives a decrease in the autophos-
phorylation of EGFR [42]. Such mechanism targets the interaction between EGFR
and integrin a6b4, and could explain the low malignant potential of PC3-AR cells
[43].

Repression of PI3K activity may also be dependent on genomic action of AR.
Recent study demonstrated a reciprocal feedback regulation of PI3K and androgen
receptor signaling in prostate PTEN-deficient mice and in human prostate tumors
[44]. High PI3K activity is here correlated with a down-regulation of numerous AR-
target genes such as FKBP5. FKBP5 acts as a chaperone for the PHLPP, a phos-
phatase targeting phospho-AKT. Consequently, an increase in FKBP5 expression
leads to PHLPP accumulation and to AKT inhibition. Further evidences for a
negative regulation of PI3K/AKT pathway by AR nuclear activity were given by
N-methyl-N-nitroso-urea (MNU) prostate tumor induced rat models. In these
animals, the percentage of positive AR nuclei decreased during carcinogenesis
while phospho-AKT staining increased [45]. This could result from acquisition of
androgen independency since androgen deprivation of LNCaP cells results in a
similar increase of PI3K activity associated with neuro-endocrine differentiation
[46]. These data support the idea that AR can antagonize the PI3K/AKT pathway
through a transcriptional process in the nucleus.

Altogether, these results demonstrate that AR and PI3K are connected at
different levels that could modulate each other through mechanisms involved
genomic and non-genomic action.

3.2 Androgen Receptor Subcellular Localisation: Reconcile
Transcription and Transduction

As described above, binding of androgens to AR leads to the receptor translocation
into the nucleus. However, most of studies showed that, depending on the ligand or
the antagonist, AR exhibits different features of nuclear translocation [47] sug-
gesting that AR cellular sub-localisation is a tightly regulated process. Paradoxi-
cally, the existence of AR non-genomic activities implies that a fraction of the
liganded-receptor remains outside the nucleus and is targeted to the plasma
membrane. We can assume that protein, such as HSPs [48] and the actin-binding
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protein FlnA [49], known to affect AR localisation in the sub-cellular compart-
ment, play an important role in non-genomic androgen receptor action.

The cross-talk between AR and PI3K/AKT pathway takes place at the plasma
membrane and was particularly analysed in LNCaP cells. AKT activity in mem-
brane microdomains have been described to sustain most of the oncogenic prop-
erties of LNCaP cells [50]. Androgen receptor associated with lipid raft
microdomain is able to interact directly with AKT in a PI3K independent mech-
anism since this crosstalk is insensitive to LY294002 [51]. Moreover, androgens
promoted AKT activity in lipid rafts and myristoylated anchoring form of AR
enhanced its localization in microdomains and limit the cell dependency from the
PI3K in term of cell survival.

Finally, the existence of a membrane associated activity of the androgen
receptor is consistent with a decisive role of the mechanisms controlling its sub-
cellular localization in response to androgens. The challenge is now to better
understand the relevance and the precise role of these mechanisms and of AR
membrane activity in vivo during prostate carcinogenesis.

3.3 Features of Activation and Interaction Between Androgen
Receptor and PI3K

The rapid response to androgens is characterized by its insensitivity to transcrip-
tion and translation inhibitors and by the activation of downstream transduction
pathways on the scale of a second or a minute. Although AR was shown to
stimulate the PI3K/AKT pathway independently of its transcription activities, it
cannot be ruled out whether a membrane receptor can also transduce the andro-
genic signal. Like for other steroids, rapid effects of androgens were first described
to modulate (Ca2+) in the cytoplasm [52–56] and this can be achieved by a tes-
tosterone-BSA conjugate suggesting that this effect is mediated by a cell surface
receptor. This clearly raises the question of the nature of the complex that inte-
grates the androgenic signal at the plasma membrane. Current knowledge indicates
that at least three proteins are present in such a complex and are required to
mediate the androgens signal: p85a, AR and Src (Fig. 1).

Convergent investigations demonstrated that AR interacts with the C-SH2
domain of p85a [33, 38]. More precisely, in vitro binding experiments demon-
strated that the binding motif on AR, probably a phospho-tyrosine residue, is
located between amino acids 1-537 [33] or 1-371 [38] even though the exact
position of the interaction remains to be established. Baron et al. additionally
identified an interaction between AR and the SH3 motif of p85a that probably
engages the proline-rich motif located in the N-term region of AR (372–382).
Unexpected results showed that AR deleted for the ligand binding domain is still
able to mediate PI3K activation [38] suggesting that AR is necessary for building a
functional protein complex but that it is not the receptor that integrates the
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androgens signal. The authors then postulate the involvement of a putative
androgen membrane receptor in the complex but this still needs to be demon-
strated. Surprisingly, AR interaction with p85a is enhanced by R1881 treatment in
vivo. This result is questioning since bicalutamide, an anti-androgen that specifi-
cally inhibits AR, also antagonizes androgen-dependent PI3K stimulation [33].
However, it still remains possible that a membrane receptor sensitive to anti-
androgens mediates androgens signal. Further investigation should clarify how
androgens signal is integrated in order to activate the PI3K.

Another important player present in the transducing complex is the Src kinase.
Src represents an important transduction crossroad since it is able to connect PI3K
to MAPK pathways. Other steroids receptor such ERa and PR have been described
to interact with Src [40, 57, 58]. In order to propose a model of the complex
associating AR, p85a and Src, we need to give an overview of already identified
interactions. Sun et al. [38] proposed that p85a interacts with the N-terminal
domain of AR (1-371) via its SH2 carboxy-terminal motif (624-718) (Fig. 2). But
they did not identify precisely the motif of Src involved. Migliaccio et al. [40]
demonstrated that, in LNCaP as well as MCF-7 and T47D cells, ERb and ERa are
involved in the complex and that they interact through the phosphorylated tyrosine
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residue 537 with the SH2 domain of Src. In these experiments, in presence of R1881,
AR is able to interact with the SH3 motif of Src via its proline-rich motif, providing
evidence that this domain of AR is competent for the interaction with other proteins
exhibiting SH3 domain, such as p85a. Finally, p85a association with AR engages
both its SH3 and carboxyterminal SH2 domain [33]. These observations could be
confusing since Proline-rich domain of AR cannot be engaged in the same time in an
interaction with the SH3 motif of p85a and the SH3 motif of Src. Thus, we propose
two different models that integrate this restricting parameter (Fig. 2). In a first
model, we can consider the interaction between AR, p85a and Src as a dynamic
process in which AR binding to the SH3 motif of the p85a and Src proteins is
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dependent of the kinetics and/or the presence of chaperone. The second model
assumes that the SH3 motifs of p85a and Src interact with a domain of AR distinct
from the proline-rich motif. This point will be elucidated by using AR construct with
targeted domain deletion in the proline rich-domain.

Well characterized features of the interaction that supports the engagement of
AR in this transduction complex could offer the opportunity to develop strategies
for uncoupling non-genomic from genomic effects of androgens. It is clear that
targeted mutations in AR could be an answer but it would need to carefully
investigate their impact on AR transcription activity and co-regulators trans-
repression. Interesting data came out from the use of NIH-3T3 cells, in which
genomic and non-genomic activities have been dissociated [59]. In fact, small
amount of androgens, as low as 0.001 nM R1881, is able to stimulate the asso-
ciation between AR, Src and PI3K without any AR translocation in the nucleus
[60] and this activation is sensitive to the anti-androgen bicalutamide. Such a non-
genomic mobilisation of AR triggers DNA synthesis in these cells. This was also
reproduced in COS cells transiently transfected with low amont of human AR
cDNA expression vector and treated with low R1881 concentrations. Taken
together, these results indicate that non-genomic action of androgens, contrarily to
their genomic activities, can be mediated by a small fraction of cellular AR. These
findings highlight that non-genomic and genomic mechanisms are similar in terms
of binding to natural and pharmacological ligand but very different regarding their
sensitivity and mode of action.

3.4 In vivo Consequences of PI3K/AKT Modulation
by Androgens

The prima facie opposite effects of androgens on PI3K/AKT pathway, alterna-
tively positive or negative, could be disconcerting. The main difference is that
positive regulation is mediated through AR non-genomic action and negative one
through AR transcriptional activity. PI3K activation by AR occurs rapidly and in a
transient fashion. This could be necessary in normal epithelial cell to override
apoptotic signals and strengthen survival. Such a mechanism presents the advan-
tage to be flexible and to support rapid adaptation for the maintenance of prostatic
epithelium. On the contrary, genomic effects of AR mediate long term action of
androgens since they mobilize the gene expression machinery [61]. We could
assume that this process is dedicated to a long term cell regulation phenomenon
such as cell differentiation and cell metabolism. The importance of each effect,
genomic and non-genomic, in the field of prostate cancer needs to be deciphered. It
is now clear that the crosstalk between AR and PI3K is involved in carcinogenesis,
but the relevance of activation or inhibition process needs to be clarified. Using
grafted mesenchyme of embryonic urogenital sinus under the kidney capsule, Xin
et al. demonstrated that AKT synergizes with genotropic and nongenotropic
actions of AR [62]. Unlike previous findings, Carver et al. [44] observed a

188 L. Morel and S. Baron



reciprocal feedback regulation between AR signaling and PI3K/AKT pathway
suggesting that AR activation results in a negative control of AKT activity [44].
Altogether, in vivo studies need to be extended in order to reconcile and decipher
the ‘‘janus’’ effects of AR in prostate cancer.
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The IGF-I Axis in Prostate Cancer:
The Role of Rapid Steroid Actions

Antonino Belfiore

Abstract Dysregulation of the IGF-I axis involving increased IGF-I receptor
(IGF-IR) expression and/or increased/aberrant production of cognate ligands
insulin-like growth factors (IGF) I and II plays a role in the development and
progression of a variety of malignancies, including prostate cancer. Recent studies
indicate that membrane-initiated effects of both androgens and estrogens provide a
non-mutational mechanism for marked IGF-IR upregulation in prostate cancer
cells. This mechanism is specific and does not affect the homologous insulin
receptor. IGF-IR upregulation by sex steroids requires steroid receptor location at
the membrane level and the activation of the Src/ERK pathway. This pathway
eventually activates the transcription factor CREB by phosphorylating it at Ser133.
Activated CREB binds to a newly identified region located at the 50UTR fragment
of the IGF-IR promoter and stimulates IGF-IR gene transcription. IGF-IR
upregulation sensitizes prostate cancer cells to the proliferative and protumor
effects of IGFs. As IGF-IR activation by IGFs contributes to CREB activation, this
mechanism may be involved in a positive feed-back loop implicated in IGF-IR
overexpression in prostate cancer cells. These data suggest that current anti-hor-
mone therapies should be complemented with inhibitors of this Src/ERK/CREB/
IGF-IR pathway.
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AR Androgen receptor
ATF Activating transcription factor
BAD Bcl-2-associated death promoter
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CaMKII Calcium/Calmodulin-Dependent Protein Kinase II
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CBP CREB-binding protein
C/EBPb CCAAT enhancer binding protein-b
ChIP Chromatin Immunoprecipitation
CRE cAMP response elements
CREB cAMP response element-binding
CREM cAMP-responsive element modulator
DHT Diidrotestosterone
4EBP1 eukaryotic initiation factor 4E binding protein
EGFR Epidermal growth factor receptor
Elk-1 Ets LiKe gene1
ER Estrogen receptor
ERK Extracellular signal-regulated kinase
EREs Estrogen response elements
E2 Estradiol
Fox Forkhead box O transcription factors
GH Growth hormone
GHRH Growth-hormone-releasing hormone
GSK-3b Glycogen synthase kinase-3b
GTPase Guanosine triphosphate hydrolase
HB-EGF Heparin-binding EGF-like growth factor
HER2 Human Epidermal growth factor Receptor 2
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PDK1 3-phosphoinositide-dependent protein kinase 1
PKC Protein kinase C
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PTEN Phosphatase and tensin homologue deleted on
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p38-MAPK p38 mitogen-activated protein kinase
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SV40 Simian virus-40
TRAMP Transgenic adenocarcinoma of the mouse prostate
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1 Introduction

The insulin-like growth factor I (IGF-I) axis plays a key role in regulating
growth, resistance to apoptosis, and invasion in a variety of malignancies,
including prostate cancer [1, 2]. The IGF-I axis comprises three closely related
growth factors (IGF-I, IGF-II, and insulin), which bind and activate two
homologous but distinct receptors of the tyrosine kinase superfamily, the IGF-I
receptor (IGF-IR) and the insulin receptor (IR). The activity of the IGF-I axis
is also regulated by a third, unrelated receptor, the mannose-6-phosphate
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receptor/IGF-II receptor (M6P/IGF-IIR), which has no enzymatic activity and
binds only IGF-II, targeting it to lysosomal degradation, and by six IGF
binding proteins (IGFBP-1 to -6) that control the bioavailability of both IGF-I
and IGF-II [3].

Prostate cancer is commonly responsive to androgens at its early stages and
may regress with androgen deprivation therapy. However, at later stages it is
resistant to androgen deprivation as well as to other available therapies [4]. Many
factors account for prostate cancer progression to androgen independence,
including the activation of androgen receptor (AR) signaling pathway in androgen-
independent ways [5]. Moreover, abnormal activation of the IGF-I axis should be
considered a candidate factor implicated in prostate cancer progression to andro-
gen independence [6–10]. IGF-IR overexpression and autocrine/paracrine
expression of cognate ligands are common mechanisms underlying dysregulation
of the IGF-I axis during cancer progression [2]. IGF-IR overexpression is only
rarely caused by gene amplification whereas it is often associated to mutations or
functional activation of anti-oncogenes [11]. Moreover, there is evidence of
extensive cross-talk between the IGF-IR and sex steroid signaling in various model
systems, especially in breast cancer, where the two pathways synergize for tumor
growth promotion [12].

In prostate cancer we recently described a new, non-mutational mechanism for
IGF-IR overexpression induced by membrane initiated steroid effects (MISS).
Through this mechanism, both androgens and estrogens may sensitize cancer cells
to the biological effects of IGFs and contribute, therefore, to cancer progression to
androgen independence.

2 Dysregulation of the IGF Axis and Prostate Cancer

2.1 Experimental Studies

Transgenic mice overexpressing IGF-I usually develop organomegaly [13].
However, transgenic mice expressing human IGF-I in basal epithelial cells of
prostate and undergoing selective IGF-IR activation develop stepwise prostate
oncogenesis, including hyperplasia, intraepithelial neoplasia, and adenocarci-
noma [14]. Other studies have found that IGF-I overexpression induces sponta-
neous preneoplastic changes in the prostate in a genetically engineered mouse
model but that the development of aggressive metastatic tumors requires selection
against IGF-I signals [15]. An explanation of these findings was provided in a
further study where abrogation of IGF-IR expression in the prostate induced
p53-regulated apoptosis while conditional abrogation of IGF-IR expression in
young animals was associated with cell proliferation and the emergence of
aggressive prostate cancer in mice with compromised p53 activity [16]. These data
suggest that IGF-IR has a dual role in the prostate epithelium. On one hand it
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suppresses cellular senescence and apoptosis allowing deregulated cell survival
and transformation, while, on the other hand, it induces a p53-dependent differ-
entiation block. Aggressive cancers ensue when this block become inefficient.

The transgenic adenocarcinoma of the mouse prostate (TRAMP) model
obtained by transgenic expression of SV40 T antigen is often used to study the
pathogenesis of prostate cancer, as male TRAMP mice spontaneously develop
prostate tumors following the onset of puberty. In the TRAMP mouse, when
circulating levels of both GH and IGF-I are reduced by a germ-line mutation that
inactivates the GHRH receptor, the risk to develop prostate cancer is reduced and
cancer progression is slowed [17].

Collectively, these data in the animal model support a complex role for IGF-IR
signaling in prostate tumorigenesis and are in good agreement with data obtained
in human prostate cancer cell cultures where IGF-I increases cell proliferation and
survival [10, 18]. In addition, IGF-IR is often overexpressed in human prostate
cancer as compared to matched normal prostate tissues [19].

Conflicting data are available for the role of IGF-IR in progression of human
prostate cancer. Some studies have found either a direct correlation between
IGF-IR expression and metastatic behavior [17, 20] while others have found no
such correlation [21], or even an inverse correlation [22]. In a model where human
primary prostate epithelial cells were immortalized with SV40 T antigen (P69 line)
or rendered malignant and metastatic by further selection in nude mice (M12 line),
IGF-IR was transcriptionally repressed in malignant and metastatic cells as a result
of increased expression of the WT-1 tumor suppressor [23]. However, in human
prostate cancer xenografts, progression to androgen independence is associated
with increased expression of both IGF-IR and IGF-I [24, 25] and increased
responsiveness to IGF-I [26]. A recent study found a positive immunostaining for
both IRs and IGF-IR in prostate carcinomas, implying the presence of IR/IGF-IR
hybrids [27]. According to this study, IGF-IR were similarly expressed in cancer
tissues and in benign prostate hyperplasia whereas IRs were more intensely
expressed in cancer tissues and increased with Gleason score [27] suggesting that,
in advanced prostate cancers IGF-I binding sites increase as a result of increased
IR/IGF-IR hybrids.

As far as blocking therapies targeting the IGF axis are concerned, IGF-IR
downregulation obtained by an antisense RNA strategy resulted in significant
suppression of human prostate cancer cell invasion and proliferation in vitro [19].
Human monoclonal antibodies, which specifically recognize IGF-II, have been
used to specifically inhibit IGF-IR phosphorylation and downstream kinases Akt
and MAPK [28]. One of these antibodies, at nanomolar concentrations, was shown
to inhibit growth of human prostate cancer cells. A similar antibody inhibited the
growth of human prostate cancer cells transplanted in the context of human bone
in immunodeficient mice [29]. In a recent study it was found that suppression of
IGF-IR expression by a 20-MOE-modified antisense oligonucleotide was associ-
ated with decreased proliferation and survival of cultured prostate cancer cells and
suppressed or delayed prostate tumor growth in xenografts [30].
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Enhanced IGF-IR signaling also correlates with resistance to therapies that
target other kinases, including the EGFR [31], HER2, mTOR and others [32].

2.2 Epidemiology

Several studies have reported an association between abdominal obesity and
increased risk for various malignancies, including carcinomas of the breast, colon-
rectus, endometrium, stomach and prostate [33–35] while weight control is
associated with a decreased cancer risk [36, 37]. With regard to prostate cancer,
obesity is especially associated with an increased risk of cancer aggressiveness and
mortality [38].

Although several factors may contribute to the increased cancer risk of obese
patients, hyperinsulinemia and increased free levels of IGFs are considered major
factors underlying the increased cancer risk associated with obesity. Various studies
have directly correlated the level of circulating IGFs and the occurrence of prostate
cancer [6, 39]. Forty-two studies published worldwide and correlating levels of
IGFs or IGFBPs with prostate cancer occurrence have been recently examined and
subjected to meta-analysis [40]. Results have shown a 21% increased risk per
standard deviation increase in IGF-I, while a modestly reduced risk was associated
to IGFBP-3 increase. Both IGF-I and IGFBP-3 were more strongly associated with
advanced disease. Similar results have been reached by a previous analysis of 12
prospective studies, which found a 38% increased risk of prostate cancer when
considering the highest quintiles vs. lowest quintiles of IGF-I [41].

The degree of this increased risk of prostate cancer in relationship to IGF-I is in
the same range as the increase of ischemic heart disease in relationship to
increased diastolic blood pressure or increased total cholesterol [40, 42].

Taken together, these data indicate that the IGF axis is an important role in
prostate cancer initiation and progression.

3 Cross-Talk Between Sex Steroids and the IGF Axis

3.1 The IGF-I Receptor and Its Signaling Pathways

The IGF-IR is a transmembrane receptor with intrinsic tyrosine kinase activity.
Upon ligand binding IGF-IR becomes phosphorylated on several tyrosine residues
[43] located in the juxta-membrane region, in the catalytic domain, and in the
carboxy-terminal [44]. These phosphotyrosine residues are docking sites for Src
homology 2 (SH2)-containing domain substrates. Major substrates that bind to
IGF-IR include Insulin Receptor Substrates (IRS) and Shc proteins [45, 46]. These
proteins bind the juxtamembrane domain and are phosphorylated on several
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tyrosine residues that act as docking sites for other kinases or adaptors, such as
Phosphatidyl-inositol-3-kinase (PI3-kinase) [47], Grb2 [48] and others. These
reactions activate two major signaling pathways: the ERK1/2 cascade, which is
mainly implicated in the stimulation of cell proliferation and the PI3-K pathway,
which is mainly implicated in the regulation of cell growth and survival.

Activation of the ERK1/2 cascade requires the recruitment of Grb/Sos complex
to IRS or Shc proteins, which triggers the activation of GTPase Ras and down-
stream signaling effectors RAF kinase, MEK1/2 and ERK1/2; Activated ERK1/2
phosphorylate proteins in the cytosol and also translocate into the nucleus,
where they regulate important cellular processes [49, 50]. The activation of the
PI3-K cascade involves the activation of the PI3-K catalytic subunit (p110)
following the binding of the regulatory domain (p85) to IRS or Shc proteins and
PI3-K recruitment to the plasma membrane where it induces the production of the
phosphatidylinositol-3, 4, 5-triphosphate (PIP3). PIP3 activates the 3-phosphoin-
ositide-dependent protein kinase 1 (PDK1) and AKT, which are negatively reg-
ulated by the lipid phosphatase PTEN, which dephosphorylates PIP3.

AKT activates several targets involved in various cell processes, including cell
survival (BAD), gene transcription (FoxO) and ribosome biogenesis (TSC1/TSC2
and mTOR) [51, 52]. mTOR exists in two distinct complexes: mTORC1 (mTOR-
raptor) and mTORC2 (mTOR-rictor). IGF-I modulates mTORC1 complex activity
through the activation of both the ERK1/2 and the PI3-K cascades. Activated
mTORC1 enhances protein synthesis by the phosphorylation of two major targets:
ribosomal S6 Kinase (p70S6K) and eukaryotic initiation factor 4E binding protein
(4EBP1), both of which positively regulate cell growth [53]. AKT also inhibits
GSK-3b function allowing b-catenin to translocate into the nucleus, where it
regulates the transcription of genes involved in proliferation, such as cyclin
D1 [54].

3.2 IGF-I May Affect AR Transcriptional Activity

Various studies have shown cross-talk between the IGF axis and sex steroids in
cancer. IGF-I may affect AR signaling in prostate cancer by various mechanisms.
Whether IGF-I may transactivate the AR in human prostate cancer cells in the
absence of androgens is controversial. While some studies have obtained positive
results [55], others have been unable to confirm these findings [56]. More recently,
the possibility has been raised that the IGF-I effect on AR transcriptional activity is
complex [57]. IGF-I could enhance androgen-stimulated AR transcriptional
activity in non-metastatic prostate cancer cells while suppressing it in metastatic
cells. In LNCaP prostate cancer cells, IGF-I, via Ras/MAPK pathway, may sen-
sitize the AR transcriptional complex to sub-physiological androgens concentra-
tions [58]. Moreover, the activation of the PI3-K/Akt pathway by IGF-I may
phosphorylate the AR at Ser-210 and Ser-790 and inhibit the interaction between
AR and co-regulators [59].
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3.3 IGF-IR and Membrane-Initiated Effects of Sex Steroids

Little is known about the possible interrelationship between the IGF-IR and
membrane-initiated actions of sex steroids. Membrane ER and AR appear to be
located in specialized membrane domains named lipid rafts, which are privileged
locations for the assembly of multiprotein signal some complexes. These
complexes may include nonreceptor tyrosine kinases, such as Src and PI3-K [60],
G proteins, but also receptor tyrosine kinase such as IGF-IR [61].

For the human ER-a the mechanism of transport to the membrane has been
recently characterized. It requires receptor palmitoylation at cystine 447 [62] and
subsequent binding to caveolin-1 (Cav-1), which facilitates ER transport to and
localization at the membrane [63]. ER-a palmitoylation as well as the integrity of
the E domain (ligand-binding domain) are required for ER-dependent ERK1/2 and
PI3-K activation and consequent cell proliferation [64]. Recently, a lipid raft
association has been reported also for ARs in LNCap prostate cancer cells [65].
A conserved mechanism for translocation to the plasma membrane seems, there-
fore, to be common to ER-a and AR [65].

IGF-IR is also present in lipid rafts and interacts directly with Cav-1 in caveolae
[66]. Cav-1 is tyrosine phosphorylated after IGF-I stimulation and Cav-1 silencing
greatly reduces IGF-IR activation and downstream signaling [66].

It has been suggested that ERK1/2 activation by E2 occurs as the consequence
of the activation of a cascade which involves Src-mediated activation of MMP2,
and MMP9, followed by proteolytic release of HB-EGF and consequent EGFR
activation and ERK1/2 phosphorylation [63].

However, it has recently been shown that the activation of this cascade by E2 in
MCF-7 breast cancer cells is initiated by the activation of IGF-IR [67]. Blockade
of EGFR was not sufficient to abrogate IGF-I-induced ERK1/2 activation, sug-
gesting that IGF-IR has EGFR independent ways to activate ERK1/2. In contrast,
other authors have shown that IGF-IR may activate EGFR by physical binding and
not by activating the IGF-IR-MMP-EGFR cascade [68]. In any case, the
involvement of IGF-IR in the activation of the ERK pathway in breast cancer cells
exposed to estrogens seems very likely while it is unclear whether a similar
mechanism operates for androgen-dependent ERK1/2 activation in prostate cancer.

4 Sex Steroids Induce IGF-IR Up-Regulation
via Membrane-Initiated Effects

4.1 Effects of Androgens

Using LNCaP AR positive human prostate cells, we found that androgens induced
a marked increase (approximately 7 folds) in IGF-IR expression [69]. This effect
was relatively rapid, starting 6–12 h after androgen exposure, and dose-dependent
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through a concentration range of 0.01–10.0 nM. IGF-I binding sites concomitantly
increased with a BMax of 36.0 pM in androgen-exposed cells vs. 5.6 pM in
untreated cells while IGF-I binding affinity was not significantly affected [69].
Androgens were able to activate ERK1/2 by c-Src-dependent mechanism, as
previously described by others [60] and inhibition of either MEK-1 or c-Src
completely blocked IGF-IR upregulation. Classical antiandrogens, instead, were
only marginally effective.

In AR negative PC-3 cells, IGF-IR expression did not change in response to
androgens. AR-transfected PC-3 cell clones, however, responded to androgens
with IGF-IR upregulation proportional to the level of AR expression [69]. While
these findings suggested the involvement of a rapid, membrane-initiated effect of
androgens, the use of AR variants lacking the ability to bind DNA, provided proof-
of-concept that the classical genomic pathway was not involved. We used two
different AR mutants (AR-C619Y and AR-881), both lacking DNA binding
capacity and transcriptional activity, although able to elicit rapid membrane-ini-
tiated effects. The AR-C619Y mutant, previously identified in prostate cancer
cells, carries a substitution of a tyrosine for a cysteine at amino acid 619, near the
cysteine that coordinates zinc in the AR DNA-binding domain [70]. The AR-881
mutant was found in a male affected by a phenotype of complete androgen
insensitivity and is characterized by the inability to translocate into the nucleus
[71, 72]. Both AR mutants enhanced IGF-IR promoter activity and induced
IGF-IR up-regulation similarly to the AR wt. This activity was inhibited by
co-transfection with Src or MEK dominant-negative constructs [69].

LNCaP cells, which have low basal IGF-IR expression and are unresponsive to
IGF-I, responded to IGF-I with increased mitogenesis, migration and protection
from apoptosis only after pre-incubation with androgens (Fig. 1). Others have also
reported increased responsiveness to IGF-I in LNCaP cells exposed to androgens
[73] although they have not explained the mechanism of this finding.

4.2 Effects of Estrogens

Various evidences suggest that, besides androgens, estrogens may also play a role
in prostate cancer. Most primary prostate cancers express the beta subtype of the
estrogen receptor (ER-b) [74] while the classical alpha subtype (ER-a) is mostly
silenced by DNA hyper-methylation. ER-b is commonly expressed in prostate
cancer metastases, suggesting a role of this receptor in late-stage cancer [75].
Moreover, ER antagonists may inhibit growth and/or induce apoptosis in prostate
cancer cell lines that express either only ER-b or both ER subtypes [74, 76].

A number of studies, mostly carried out in breast cancer cells, have shown that
estrogens and the IGF system may functionally interact, resulting in reciprocal
potentiation of their signaling pathways [12, 77, 78]. By binding to the ER-a
estrogens are able to increase IGF-I actions with a variety of mechanisms.
Estrogens increase IGF-I binding and IGF-IR mRNA expression [79] and are also
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able to up-regulate IRS-1 expression [80, 81] and to down-regulate IGFBPs [82].
This synergy between IGF and estrogens can explain cancer resistance to anties-
trogen therapies. The two ER subtypes, however, often behave in a different way.
For instance, only ER-a, but not ER-b, transactivates the IGF-I promoter [83].
However, very limited data are available regarding prostate cancer.

We hypothesized that estrogens could also contribute to upregulate IGF-IR in
prostate cancer. Indeed, exposure to 17b-estradiol (E2) caused a 4-5-fold IGF-IR
increase. Similarly to androgens, E2 effects did not require ER binding to specific
DNA sequences (EREs) but involved membrane-initiated effects with the activa-
tion of cytosolic kinases such as c-Src, ERK1/2 and PI3-K [84]. Various lines of
evidences supported this conclusion. First, Src and MEK1 inhibitors were able to
completely block the IGF-IR up-regulation induced by E2 exposure, both in
LNCaP cells and in HEK293 transfected with either ER-a or ER-b. Second, estren,
a synthetic ER ligand that induces ERK1/2 and Elk-1 activation without affecting

Fig. 1 Enhanced biological responses to IGF-I in LNCaP cells exposed to androgen R1881.
a R1881-pretreated LNCaP cells show up-regulated IGF-IR levels. b IGF-I (10 nM) exposure
induces significant protection from staurosporin-induced apoptosis, c increase of [3H]thymidine
incorporation, d or migration, only after pretreatment of LNCaP cells with the synthetic androgen
R1881 (10 nM for 48 h). **P = 0.001, IGF-I versus basal, two-tailed Student’s t test for paired
values ([69] and our unpublished data)

202 A. Belfiore



ER binding to DNA [85], reproduced this E2 effect, while pyrazole, a compound
that activates only membran-initiated effects of E2, was ineffective. Third, E2
activated the IGF-IR promoter in cells transfected with a mutant ER that localizes
at the membrane level while it was without effect in cells expressing a mutant
ER that localizes only in the nucleus [84]. Since LNCaP cells express a mutated
AR (AR-T877A) we evaluated the possibility that E2 could cross-react with
AR-T877A. Experiments in transfected HEK293 cells, however, indicated that E2
induces IGF-IR upregulation via both ER-a and ER-b but not via AR-T877A [84].
The individual role of the two ER subtypes in prostate cancer is unclear. However,
these findings show that, as far as IGF-IR upregulation is concerned, both receptor
subtypes behave similarly.

The present results showing a major role of c-Src in mediating E2 effects are
supported by previous studies indicating that E2 activates a Src-dependent path-
way by inducing an interaction between the ER phosphotyrosine 537 and the SH2
domain of Src [60]. Other studies have also demonstrated that ER, Src and p85
form a ternary complex, whose assembly is stimulated by E2 and that induces the
activation of both c-Src and the PI3-K/AKT pathway [86]. The PI3-K inhibitor
LY294002 partially blocked the E2 effect in LNCaP cells, suggesting an
involvement of PI3-K. Moreover, E2 exposure stimulates the association of both
ER-a and ER-b with c-Src and with p85, the regulatory subunit of PI3-K [84].

In summary, these data demonstrate that E2 specifically up-regulates IGF-IR in
prostate cancer cells and sensitizes cancer cells to the biologic effects of IGF-I.
This E2 effect can occur through both ER-a and ER-b and does not involve ER
binding to DNA but rather the activation of kinase cascades initiated by the
association between ER- Src and PI3-K and followed by ERK1/2 phosphorylation.
AR expression is not required, although it may potentiate E2 effect by forming a
complex with ER.

These data raise several potential implications in prostate cancer development
and treatment. First, estrogens may enhance the biological effects of IGFs by up-
regulating IGF-IR both in AR positive and AR negative prostate cancers. Second,
since ER-b is expressed in both normal and pre-cancerous prostate epithelium, it is
possible that environmental xenoestrogens may mimic rapid effects of E2 and
represent a risk factor for prostate cancer.

4.3 Transcription Factors Involved

MISS may eventually regulate gene transcription by various mechanisms that may
include regulation of coactivators or corepressors involved in the classical geno-
mic pathway, but may also involve different transcription factors [87]. One
mechanism reported for androgens (DHT) involves ERK-dependent activation of
Elk-1, which in turn activates c-fos expression thus eliciting gene transcription
independently of AR binding to DNA response elements [88]. Noteworthy, the
activation of this pathway is insensitive to anti-androgens [88]. Gene transcription
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elicited by membrane-initiated actions of androgens may also involve other
mechanisms, as reported by various studies [60, 88–91]. Similar studies have
regarded the rapid effects of estrogens [87, 92].

In prostate cancer cells, we found that rapid effects of both androgens and
estrogens converge into phosphorylation and activation of CREB, a member of the
CREB/CREM/ATF family of transcription factors [93]. Both sex steroids, at
nanomolar concentrations (0.1–1.0 nmol/L) were able to induce CREB phos-
phorylation at Ser133 residue, with an early peak after 30–60 min exposure fol-
lowed by a late peak at 18 h [93]. CREB-Ser133 is a phosphosite required for
CREB-binding protein (CBP) recruitment and formation of the CREB transcrip-
tional complex, which binds to a conserved CREB responsive element (CRE), a
palindromic 8-bp sequence (TGACGTCA) found in the enhancer regions of var-
ious genes [94].

In LNCaP cells, transfection with a dominant negative construct for CREB
abrogated the increase of CRE activity and IGF-IR promoter activity in response to
sex steroids. CREB activation was clearly downstream the c-Src/ERK pathway, in
agreement with the notion that CREB is a substrate of p90Rsk, a kinase down-
stream ERK-1/2 [95–97] (Fig. 2). Various other kinases, such as PKA, PKC and
CaMKII that may be involved in CREB activation do not have a role in our model.
The PI3-K pathway has a role after exposure to estrogens but seems to be dis-
pensable for androgen action [84].

The concept that the AR or ER response element are not involved in IGF-IR
upregulation is reinforced by the finding that AR or ER mutants that do not bind to
DNA are able to induce CREB phosphorylation as well as the wild type receptors.
Furthermore, transfection of AR or ER, as well as of their mutants lacking
genomic activity, in either PC-3 or HEK293 cells, was equally able to induce
CREB phosphorylation after sex steroid stimulation. As expected, untransfected
AR/ER negative cells were unresponsive to sex steroids.

CREB binding elements had not been previously described in the IGF-IR pro-
moter. The human IGF-IR promoter consists in a sequence of 1557 bp, including
a 50-flanking region (-518/-1 fragment) and a 50-UTR region (+1/+1038 fragment).
Both regions are highly GC-rich, and show a very high homology to the corre-
sponding regions of the rat IGF-IR gene [98], with 75% homology in the 50-flanking
region and 85% homology in the 50-UTR region. Major regulators of the IGF-IR gene
include Sp1 transcription factor [99], WT-1 [100] and p53 [101, 102].

We identified sex steroid responsive CREB elements in the 50UTR promoter
region. In cells transfected with either ER or AR (or their mutants lacking genomic
activity), the response of the 50UTR fragment to sex steroids was similar to that of
the full-length promoter. Mutation of one CREB site at the 50UTR markedly
reduced both basal and sex steroid stimulated promoter activity while deletion of
this region completely abolished the response to sex steroids. The role of this
sequence was further confirmed by DNA affinity precipitation assay and by ChIP
analysis [93]. In addition to CREB, CCAAT enhancer binding protein-b (C/EBPb)
seems also involved in mediating E2 effects, as C/EBPb inhibition actually
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blocked E2-induced IGF-IR promoter activity. Further work is needed to elucidate
the precise role of this transcription factor.

While CREB activation by MISS is a novel mechanism of IGF-IR upregulation,
limited data have been reported by others regarding CREB activation by sex
steroids As far as androgens are concerned, DHT has been found to induce c-fos
promoter activity in LNCaP cells through a c-Src/MEK/ERK/CREB pathway [72].
In Sertoli cells androgens may also induce CREB phosphorylation downstream
ERK1/2, although at much higher concentrations (10-25-folds higher) than those
required for IGF-IR upregulation in LNCaP cells [103].

With regard to estrogens, CREB activation has been studied in brain, where it is
involved in plasticity and resistance to apoptosis. In hippocampal primary cell

Fig. 2 Schematic representation of IGF-IR upregulation by membrane-initiated sex steroid
signals in prostate cancer cells. Exposure to either androgens or estrogens induces the formation
of multiprotein complexes involving c-Src and AR and/or ER with the possible participation of
PI3-K, and subsequent activation of ERK1/2. CREB is then phosphorylated at Ser133 and
activated. Activated CREB directly binds to the IGF-IR promoter and induces IGF-IR gene
transcription and protein overexpression. In turn, ligand-activated IGF-IR increases ERK1/2 and
CREB activation, promoting a positive feed-back loop, which induces IGF-IR overexpression
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cultures, both MAPK and CaMKII activities have a role in CREB activation by
estrogens [104], while in immortalized hippocampal cells, MAPK and p90Rsk are
the primary mediators [105].

4.4 IGF-IR Positive Feed-Back Loop Through
CREB Activation

It has been described that IGF-IR activation by IGFs may also stimulate CREB
phosphorylation through the activation of MAPK and p38-MAP kinases and
regulate the expression of CRE-containing genes involved in growth and survival
[106–108]. Sex steroid-induced IGF-IR upregulation may, therefore, amplify
CREB phosphorylation and activate a positive feed-back for IGF-IR expression
with the final result of increased cell sensitivity to IGFs for the stimulation of
growth and survival (Fig. 1).

5 Conclusions and Perspectives

The relationship of prostate cancer with the IGF axis is well established, as dys-
regulated IGF axis is associated with both increased cancer occurrence and cancer
progression to androgen independence. Notably, rapid, membrane-initiated actions
of androgens and estrogens may significantly contribute to IGF axis dysregulation
by stimulating IGF-IR promoter activity and IGF-IR upregulation through the c-
Src/ERK/CREB pathway. There is evidence that the proportion of classical sex
steroid receptors located at the membrane level, and therefore their relevance,
increases in aggressive prostate cancers. In turn, the upregulated IGF-IR may be
involved in a positive feed-back loop involving further stimulation of CREB
phosphorylation and increased IGF-IR expression. IGF-IR upregulation sensitizes
prostate cancer cells to the biological effects of IGFs, thus contributing to tumor
progression and resistance to therapy. It might also increase AR classical genomic
effects by inducing AR phosphorylation.

This sequence of events may occur not only in AR positive but also in AR
negative/ER positive prostate cancer cells and in malignant cells that express AR
and/or ER mutants unable to bind DNA and are only partially inhibited by cur-
rently available anti-androgens and anti-estrogens. This mechanism may synergize
with classical genomic effects of sex steroids and contribute to prostate cancer
progression to androgen-independence. These novel findings strongly suggest
that inhibitors of the c-Src/ERK/PI3-K/CREB pathway and/or IGF-IR inhibitors
should be used to complement the classical anti-hormone therapy in prostate
cancer patients.
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Androgen Receptor Pathway in Prostate
Cancer: Old Target and New Drugs

Christophe Massard and Karim Fizazi

Abstract Prostate cancer is the most common cancer, and the second leading
cause of death from cancer, in males in most Western countries. Prostate cancer
has an exquisite sensitivity to androgen deprivation therapy and is the most
endocrine-sensitive solid neoplasm, although the disease may eventually progress
to the castration-resistant status (CRPC). However, recent evidence was provided
that the cancer progression at the CRPC stage is often mediated by androgen
receptor signaling, so that subsequent androgen receptor targeting may further
contribute to disease control and eventually survival improvement. Several novel
agents targeting the androgen receptor signaling are currently being evaluated
including Abiraterone, MDV-3100, orteronel (TAK-700), and other compounds
currently in early development.
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1 Introduction

Prostate cancer is the commonest malignancy in Western countries and the second
leading cause of cancer-related deaths in males [1–3]. Although advanced disease
is initially sensitive to androgen deprivation therapy (ADT) most deaths occur
following progression towards castration resistant prostate cancer (CRPC), which
is currently incurable, and metastatic dissemination and resistance to ADT [4–6].
Until recently, only docetaxel-based chemotherapy had been shown to modestly
improve survival since the identification of therapeutic castration by Charles
Huggins in 1941 [7–10] (Fig. 1).

The recent discovery of molecular alterations in prostate cancer led to the
development of various agents targeting these alterations [11]. This includes
drugs targeting angiogenesis (bevacizumab, VEGF-Trap), agents targeting
molecules involved in the onset of bone metastases such as endothelin-1 receptor
A (zibotentan), RANK ligand (denosumab) [12], bone-targeting radiopharma-
ceutical agents [13], immunotherapy [14], and also new generation hormonal
manipulations.

During the last decade, the androgen receptor (AR) axis has been demonstrated
to be active in both early and late metastatic prostate cancer [15], which justifies
the development of drugs that directly or indirectly target this receptor such as
abiraterone [16], MDV-3100 [17]. This review aims at describing the rationale of
AR pathway inhibition and the main drugs under development (Table 1).

2 AR Signaling in Prostate Cancer

The AR belongs to the steroid hormone receptor family of ligand-activated nuclear
transcription factors. It contains four functional regions: an amino terminal regulatory
domain (AF-1 site), a DNA- binding domain, a hinge region containing a nuclear
localization signal, and a carboxy-terminal ligand-binding domain (AF-2 site).
Unligated AR are bound to heat shock proteins (HSP) in the cytoplasm; androgen
binding leads to dissociation from HSPs, dimerization, phosphorylation, transloca-
tion in the nucleus, DNA binding, co-activator recruitment, and transcription of
androgen-regulated genes.

Since androgens and AR signaling pathways are regarded as the main oncogene
drivers in prostate carcinogenesis, they represent a logical target for prostate
cancer treatment. The clinical activity of ADT (castration) was first reported more
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than 70 years ago by Huggins and Hodges [18], and remains the mainstay of
systemic therapy. Since then, the treatment of patients with advanced or high-risk
disease has been based on ADT (orchidectomy or pharmacological strategies),
which improves survival in high-risk localized disease, and results in at least a
80% response rate when initiated in patients with newly diagnosed metastatic
disease. Nonetheless, despite continuous ADT, the disease eventually progresses,
usually after a delay of several years [5].

There are several known mechanisms of resistance to ADT, including AR
amplification, hyper-activation without any androgen-binding, mutations in the
AF-2 site, possible activation by steroids or other ligands, and co-activation by
tyrosine kinases or other molecules. More recently, several studies showed that
intracrine androgen synthesis is able to activate the AR pathway and maintain
cancer survival [19]. Moreover, recent reports showed that CRPC cells can also
express AR splicing variants without the AF-2 site [20, 21], which could represent
a novel mechanism of resistance to castration.

The traditional and empiric use of second-line hormonal therapy in patients
with CRPC was retrospectively supported by the demonstration of sustained AR
expression and intact AR signaling as the disease evolves from androgen-sensitive
to castration resistance [4]. Withdrawing anti-androgens may result in a biological
response in 15–20% of cases (as a likely consequence of AR mutations making
the receptor sensitive to inappropriate anti-androgen stimulation) and adding an
anti-androgen or using an estrogen in patient progressing while on castration alone
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Fig. 1 AR signaling in prostate cancer

Androgen Receptor Pathway in Prostate Cancer 215



may also result in clinical or biological response in approximately 25% of patients
[22]. Finally, targeting the adrenal secretion of testosterone can be achieved by
using steroids or ketoconazole [23]. Prednisone demonstrated a similar biological
response rate compared to an anti-androgen (flutamide), but increased benefits in
terms of pain control and quality of life [24]. Ketoconazole, an antifungal agent
which acts through the inhibition of cytochrome P450, is also associated with a
PSA response rate of approximately 20–40% when combined with corticosteroids.
Unfortunately a phase III trial testing anti-androgen withdrawal with or without
ketoconazole was closed early and therefore, the contribution of this compound on
overall survival remains unknown [25]. The potential importance of subsequent
hormonal manipulation in patients with CRPC was strengthened by data showing
that combining chemotherapy with estramustine, a nitrogen mustard-estradiol
conjugate, can improve overall survival compared with chemotherapy alone
(HR = 0.77 [95% CI, 0.63–0.93], p = 0.02) [9]. A significant benefit was also
reported in PSA response rate, and time to PSA progression. The routine use of
estramustine, however, is limited by its toxicity, including a risk of thrombo-
embolism.

3 Targeting the AR Axis with New Molecules in CRPC

3.1 Inhibition of Steroidogenic Pathways: Abiraterone
and Other Compounds

Several enzymes, such as CYP17, can be targeted to inhibit adrenal and intra-
crine steroid synthesis. Abiraterone acetate (CB 7630), is an irreversible inhibitor
of cytochrome P450-17 (CYP17), with 17a–hydroxylase and C17,20-lyase
properties [26]. Since CYP17 is a key enzyme in the production of androgens
and estrogens in the adrenal glands and tumor tissue [27–29], abiraterone inhibits
both adrenal androgen and intratumoral androgen synthesis. However, due to the
upstream inhibition of the C-21 steroid, the levels of serum cortisol decrease,

Table 1 AR targeting agents in advanced phase III trials for advanced metastatic CRPC

Clinical
trials

Experimental arm Control arm Clinical
setting

Clinicaltrials.gov
number

AFFIRM MDV-3100 Placebo Post-docetaxel NCT00974311
COU-302 Abiraterone acetate

and prednisone
Placebo and

prednisone
Pre-docetaxel NCT00887198

PREVAIL MDV-3100 Placebo Pre-docetaxel NCT01212991
C21005 Orteronel (TAK-700)

and prednisone
Placebo and

prednisone
Post-docetaxel NCT01193257

C21004 Orteronel (TAK-700)
and prednisone

Placebo and
prednisone

Pre-docetaxel NCT01193244
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which can result in a positive feed-back on ACTH and a risk of hypokalemia and
hypertension, which was circumvented by the concomitant administration of
dexamethasone or prednisone in the clinic.

A Phase I study (COU-AA-001) evaluated the safety of continuous daily
administration of abiraterone (250–2,000 mg) without steroid adjunction in
chemotherapy-naive men [16]. No dose-limiting toxicity was observed; the most
frequent side effects were related to the mineralocorticoid excess, including
hypertension, hypokaliemia and lower-limb edema. Antitumor activity was
reported at all dose levels; in total, 66% of the patients exhibited a PSA decrease
above 30 and 38% had a partial response by RECIST criteria. A second Phase I
study (COU-AA-002) [30] evaluated the safety and tolerability of abiraterone
acetate at doses ranging from 250 to 1,000 mg with steroids and confirmed the
acceptable safety profile for further development. The 1,000 mg dose that offered
consistent and well tolerated pharmacological target inhibition was selected for
subsequent evaluation.

Several Phase II studies were conducted [31–33] in both chemotherapy-naïve
and taxane pre-treated CRPC patients. In docetaxel-naive patients, the PSA
response rate was 60–80% [30, 32]. Two Phase II studies (COU-AA-003 and
COU-AA-004) were conducted in post-docetaxel CRPC patients. In the first, 47
patients were treated with abiraterone acetate 1,000 mg/day alone (n = 10), or
combined with prednisone (n = 37). Declines in PSA C 30 C 50 and C 90% were
observed in 32 (69), 24 (51) and 7 (15%) patients respectively. Among 35 patients
evaluable by RECIST, 6 (17%) had a partial response [33]. The drug was well
tolerated in the post-docetaxel setting with similar toxicities to pre-docetaxel patients.

An international, multicentre randomized Phase III double-blind placebo-
controlled was performed on 1,195 patients with metastatic CRPC who had failed
docetaxel-based chemotherapy to compare the efficacy and safety of abiraterone
acetate plus prednisone (AP) with those of placebo plus prednisone (PP) [34]. The
results of the intermediate analysis were recently released and the median overall
survival in the AP group was 450 versus 332 days in the PP group (P \ 0.0001;
HR = 0.65). Time to PSA progression, radiographic progression-free survival and
PSA response rate were also significantly improved in the AR arm. Mineralo-
corticoid-related AEs were more common in the AP arm: fluid retention
30.5 versus 22.3%, and hypokaliemia 17.1 versus 8.4%. However, Grade 3/4
hypokaliemia (3.8 versus 0.8%), and Grade 3/4 hypertension (1.3 versus 0.3%)
were infrequent. This trial showed for the first time that targeting the AR pathway
can prolong overall survival in patients with metastatic CRPC. Another placebo-
controlled randomized Phase III study in the pre-docetaxel setting is closed to
accrual after more than 1,000 patients have been randomized 1:1 for abiraterone
acetate plus prednisolone versus prednisolone plus placebo. The results of this
second trial are awaited.

Different other compounds inhibiting the androgen synthesis are also evaluating
in clinical trials: TAK-700, a selective, non-steroidal inhibitor of 17, 20-lyase
[35–37] (ClinicalTrials.gov-NCT01084655); HE3235 (17a-ethynyl-5a-androstane-
3a, 17b-diol) a synthetic androstenediol (ClinicalTrials.gov-NCT00716794) [38].
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3.2 Androgen Receptor Antagonists: MDV-3100
and Other Compounds

MDV-3100 is a novel AR antagonist that binds to the AR more avidly than
bicalutamide. Unlike bicalutamide, MDV-3100 also inhibits AR function by
blocking nuclear translocation and DNA binding, and has no agonist activity
[38].

In a large multi-center, open-label, dose-escalation phase I/II study performed in
140 CRPC patients treated with doses ranging from 30 to 600 mg/day, the authors
reported antitumor activity including PSA declines of[50% or more in 78 patients
(56%), response in soft tissue in 13 out of 59 patients (22%), and bone disease
stabilization in 61 out of 109 patients (56%) [39] (ClinicalTrials.gov-NCT00510718).
Circulating tumor cells (CTC) count was performed prospectively: 92% of patients
with favorable pretreatment counts (i.e. \5 cells/7.5 mL of blood) maintained
favorable post-treatment counts, while 49% of patients converted from unfavorable
pretreatment (i.e. [5 cells/7.5 mL of blood) to favorable post-treatment counts.
At the 600 mg/day doses, two of three subjects had dose-limiting toxicities (seizure
and rash, respectively). Fatigue was the most frequently reported adverse event with
Grade 3 fatigue occurring in 9, 15 and 20% of patients in the 240, 360 and 480 mg/day
groups, respectively. The dose of 240 mg/day was defined as the maximum tolerated
dose.

A large phase III randomized, double-blind, placebo-controlled study was
performed to determine the benefit in overall survival of MDV-3100 as compared to
placebo in patients with progressive CRPC previously treated with docetaxel-based
chemotherapy. More than 1,100 patients were enrolled and randomized 2:1
(MDV-3100 versus placebo); the accrual was completed in 2010 and the results are
awaited. Another phase III study performed in chemotherapy naïve patients with the
same design and methodology has started recently. This study will enroll patients
with progressive metastatic cancer that have progressed despite ADT, but who have
not been previously treated with cytotoxic chemotherapy (ClinicalTrials.gov
Identifier NCT01212991).

Other potent antagonists of human AR with affinity to AR superior to that of
bicalutamide are in development in phase I/II trials in CRPC patients: ARN-509,
(ClinicalTrials.gov Identifier NCT01171898); BMS-641988 (ClinicalTrials.gov
Identifier NCT00326586); EPI-001 which targets the AF-1 region and inhibits
transactivation of the amino-terminal domain of the AR, without interacting with
the ligand-binding domain with a potential activity against AR splicing variant in
CRPC [40–42].

Finally, many other drugs targeting the AR pathway are currently in early
clinical development, including CYP17 inhibitors (TOK-001), AR antagonists
(ODM-201), drugs aiming to annihilate AR production (SARA or ZD 3514),
17bHSD5 inhibitor (ASP9521), and steroid sulphatase inhibitors (irosustat).
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4 Perspectives: From AR Inhibition to Personalized Medicine

Several issues have significantly limited the development of new active treatments
(including atrasentan, satraplatin, DN 101, oblimersen, GVAX) in metastatic pros-
tate cancer, therefore leading to a series of negative randomized trials [11]. First of
all, the response to treatment is notoriously difficult to assess: metastatic prostate
cancer does not usually generate radiologically measurable lesions and measuring
changes in existing lesions on bone scans is highly unreliable. Secondly, European
and American agencies have requested a demonstrated benefit in overall survival for
drug approval and there is a lack of reliable surrogates for long-term outcome and
clinical benefit. Thirdly, the correlation between PSA changes and long-term
outcome is controversial, and PSA progression does not qualify as a surrogate for
overall survival [5]. In the absence of any other potential outcome measures, these
issues have led to the development of a consensus guideline for the restricted use of
PSA as an endpoint in clinical trials [17]. Finally, and probably most importantly,
metastatic prostate cancer is currently still treated as a ‘‘single disease’’, in contrast to
the other frequent cancers, although there is evidence of considerable heterogeneity
in outcome and sensitivity to anti-prostate cancer therapies. In contrast, the other
three most frequent cancers in Western countries have all been sub-classified based
on molecular features (e.g. ER, PR, HER2/neu, and BRCA-1 in breast cancer, EGF-R
in non-small cell lung cancer, and K-ras in colo-rectal cancer), leading to successful
drug development in specific subgroups [43]. However, increased knowledge in
prostate cancer biology has led to the identification of a number of molecular
alterations, some of which are promising potential targets [44].

Prostate cancer demonstrates great molecular heterogeneity in which several
pathways are simultaneously active, leading to tumourigenesis. Several molecular
alterations have recently been discovered that affect cell proliferation and homeo-
stasis, such as alterations in angiogenesis, signal transduction, apoptosis, immor-
talisation and invasion. The discovery of recurrent gene fusions in prostate cancers
has important clinical and biological implications [45]. The fusion of TMPRSS2 and
ETS genes was reported by Tomlins et al. [26, 46] as the first recurrent genomic
alteration in prostate cancer and has now been confirmed by multiple independent
groups. The genes involved are the androgen-regulated gene TMPRSS2 and ETS
transcription factor family members, ERG, ETV1, or ETV4. TMPRSS2-ERG
fusions are the most predominant molecular subtype, since they have been identified
in approximately 40–80% of prostate cancers. The detection of the translocation of
TMPRSS2 to the ERG gene in prostate cancer tissue could be used as a biomarker in
clinical drug development. Moreover, various molecular abnormalities in the AR
pathway lead to resistance to castration. AR gene amplification has been reported in
25–30% of patients with CRPC but is present at very low rates (1–2%) in those with
primary prostate cancer, indicating that AR amplification is involved in the devel-
opment of CRPC. AR gene amplification is associated with increased mRNA
expression and augmented levels of AR protein. Point mutations in the AR can
result in altered ligand specificity such that mutated ARs can be activated by
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non-androgenic ligands such as anti-androgens [47]. Another pathway with a
prominent role in prostate cancer is the PI3 K/Akt/mTOR pathway, with upregu-
lated signaling found in 30–50% of prostate cancers, often through loss of PTEN.
Molecular changes in the PI3 K/Akt/mTOR signaling pathway have been demon-
strated to differentiate benign from malignant prostatic epithelium and are associ-
ated with a higher tumour stage, grade, and risk of biochemical recurrence [48].
Other important pathways have also been identified in prostate cancer progression to
the castration-resistant stage including but not exclusively the endothelin-1 axis,
clusterin expression and activation, and the implication of tumour angiogenesis.

Ultimately, molecular characterization of prostate cancer shall lead to the
identification of different molecular alterations (such as TMPRSS2-ERG, loss of
PTEN, activation of AR signaling pathway) and probably subsets of prostate
cancer disease with a different natural history, sensitivity and resistance to treat-
ment. In the future, clinical trials will likely need to consider the stratification of
patients by molecular subtypes.

5 Conclusion

In conclusion, recent evidence has demonstrated that progression in prostate
cancer is often mediated by androgen receptor signaling, so that subsequent
androgen receptor targeting may further contribute to disease control and even-
tually survival improvement. Abiraterone acetate, an androgen biosynthesis
inhibitor, was tested in patients with CRPC pre-treated with docetaxel in a phase
III trial with demonstration of an overall survival benefit, confirming that CRPC
remains hormone-driven, even in advanced stages of the disease. Several novel
agents also targeting the androgen receptor signaling are currently being evaluated
including MDV-3100, orteronel (TAK-700), and other agents are currently in
earlier development phases. Several studies are ongoing to identify potential
predictors of response or resistance to AR signaling pathway targeting agents.
In the future, tumor samples (initial prostate cancer, biopsy of a metastatic lesion,
molecular characterization of CTC), should allow the identification of various
molecular alterations predictive for sensitivity to subsequent hormone manipula-
tions (abiraterone, MDV-3100, already approved anti-hormonal agents), to
taxane-based chemotherapy (docetaxel or cabazitaxel), and non-endocrine,
non-chemotherapy agents including immunotherapy.
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Quantitative Visualization of Sex Steroid
Receptor Functions: AR and ERa

Michael J. Bolt, Sean M. Hartig, Adam T. Szafran,
Sanjay N. Mediwala, Marco Marcelli
and Michael A. Mancini

Abstract The nuclear receptors (NR) are a critical superfamily of gene regulatory
proteins involved in all of human physiology. Classic biochemical techniques have
provided deep insights into NR function but, due to their nature as single endpoint
assays derived from pooled cell populations and tissues, these approaches are
intrinsically unable to address important mechanistic considerations linked
to cellular heterogeneity. Androgen receptor (AR) and estrogen receptor-a (ER)
are members of the Type 1 steroid receptor subfamily of NRs that contribute to sex
determination. Numerous recent advances have permitted direct, quantitative
visualization of AR and ER functions within a cellular context that can be
combined with conventional molecular and biochemical approaches. This new
approach, essentially single cell-based systems biology, now enables researchers
to follow NR shuttling through subcellular compartments in response to physio-
logic, pathologic or pharmacologic stimuli, to quantify transcriptional activity, and
to identify interacting molecules leading to induction, or repression, of tran-
scription. Here, we discuss recent reports that have applied advanced imaging
systems [high throughput microscopy (HTM), high content analysis (HCA),
FRET, FRAP] to dissect the biology of ER and AR at the single cell level.
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First, we discuss the use of HCA to examine AR functions in genital skin fibro-
blasts derived from normally virilized individuals and patients with androgen
insensitivity syndrome (AIS), and in prostate cancer cell lines. Second, we high-
light how these imaging techniques have been applied to define compound-specific
mechanisms of ER gene regulation and coregulator interactions. These methods
reveal new findings about the actions of AR and ER that are overlooked by
conventional methods.

Keywords Gene regulation � Estrogen receptor � Androgen receptor � Nuclear
receptor � High throughput microscopy � High content analysis
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1 Introduction

1.1 Gene Regulation

Regulation of the genome is a critical step in the process of creating and main-
taining life. In normal tissue, transcription factors are activated (through expres-
sion and/or signaling), bind to specific sites throughout the genome along with
interacting factors (chromatin remodeling complexes, coregulators), and facilitate
the recruitment of RNA polymerase II to regulate genes. This process is highly
controlled through ligand-activation, kinase signaling [1], feedback loops [2], and
proteolysis [3]. Not surprisingly, gene regulation must be tightly controlled for
homeostasis. Alterations in the gene regulatory environment can lead to aberrant
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gene expression and initiate disease progression, as in endocrine disorders and
cancer.

Traditional biochemical approaches for studying gene expression (ChIP, qPCR,
luciferase assays) are remarkably useful single endpoint assays. However, there is
an increasing need to develop multi-level, integrated views based upon more
complex assays that enhance our understanding of the intrinsic complexities in
gene regulation.

Cell–cell heterogeneity is an important factor that is not addressed in bio-
chemical assays. While there have been outstanding advances in our understanding
of the molecular mechanisms involved in NR/CoR (coregulator) biology, these
achievements have been largely based upon three different experimental approa-
ches. First, cell free systems [4] that allow a penultimate, reductionist dissection of
key functional molecules. Second, animal models [5] have provided great insights
into organismic-scale responses to genetic manipulation. Third, and closely tied to
our rationale for much of the work presented in this review, tremendous efforts
have been applied to the study the biologic responses of large cell populations
either in tissue, or cultured cells. While generally not well appreciated, data that
are derived from thousands or millions of cells in a dish are best described as
‘‘population averages’’. Such approaches provide no ability to appreciate the
variation of biological responses within the population, regardless of the clonal
nature of the cells, or attempts to chemically synchronize them.

Towards the goal of understanding cell–cell variability, multiplex high-through-
put, multi-endpoint analyses (e.g., high-content analysis, HCA) are becoming
increasingly utilized. With reference to AR and ER studies as a focal point, this
chapter will discuss the utility and benefit of combining modern molecular cell
biology and high throughput microscopy (HTM), other fluorescence imaging
techniques, and high content analysis (HCA) to study gene regulation at the single
cell level.

1.2 Quantitative Imaging of Cell–Cell Heterogeneity

Cellular responsiveness, on a population scale, has largely been thought to func-
tion as a linear process in which cells gradually respond to an experimental or
environmental perturbation. This concept arises when a specific population-level
response marker (e.g., target gene expression, post translational modification
(PTM) gradually changes as a function of time and/or stimulus dose. Further, it has
been assumed that the average output from the entire cell population is typically
regulated in a reproducible manner, yielding deterministic models that can be
applied to better understand mechanisms of gene expression. These models pre-
dict, validated by the classic, bulk biochemical methods such as RT-PCR, Western
blotting, luciferase assays, coIPs, that increasing levels of stimuli-responsive
transcription factors interact with gene regulator regions causing the expected
transcription output in each cell. Recent work has challenged this model and
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suggests that gene expression and cellular responsiveness are highly variable
amongst isogenic cell variants; this heterogeneity has been observed in lower
eukaryotes to mammalian cells derived from human tissue, suggesting that cell-to-
cell variation is critical to the process of gene activation and an organized cellular
response [6–8]. These results have led to the development of stochastic models
where multiple responsive regulatory events (receptor localization, chromatin
remodeling, gene expression, etc.) are necessary to produce the population-level
deterministic response and adaptation to variable environments [9]. Further, it is
now increasingly accepted that cellular functions are not necessarily determined by
the ensemble average of a nominally homogeneous population, and that outliers in
a heterogeneous cell population do not simply represent irrelevant, short-lived
phenotypic states [10]. Because variation in cell-to-cell activities influence genetic
selection and evolution [11, 12], the ability to understand and visualize single cell
function is absolutely critical to reveal the machinery underlying alterations in
promoter regulation, in chromatin structure necessary for epigenetic changes,
haploinsufficiency, clonal emergence, and cancer metastasis [13, 14–15]. How-
ever, the mechanistic detail of how cell-to-cell variation in gene regulation
delivers deterministic behavior has been largely unstudied due to system com-
plexity and unavailability of experimental platforms that can distinguish individual
responses from cells.

While cellular heterogeneity is not easy to study, there have been recent
advances in exploring cellular heterogeneity in model systems. Slack et al. [16]
measured fluorescent markers labeling either DNA/phospho-p30/phospho-ERK or
DNA/actin/a-tubulin across a time- and dose-response of 25 different drugs. The
25 drugs were selected from 5 functional categories including effectors of DNA
replication and microtubule disruptors. The authors used image analysis to identify
cell regions, and then quantified colocalization of the marker set (stated above).
Due to the large amount of data, the authors implemented data reduction algo-
rithms (principle component analysis) to reveal distinct phenotypic populations.
Based on their analysis of drug perturbation in HeLa cells, the authors argued that
heterogeneity within populations represents a redistribution of a limited repertoire
of underlying states, i.e. all states are present before treatment, but there are
changes to the percentage of cells in a state upon drug treatment. Their system
demonstrated the power of using HTM across time- and dose-responses to char-
acterize shifts in the status of a population of cells, ultimately demonstrating that
all cell states are present, it is only the distribution that changes.

In 2009, Loo et al. [17] also investigated heterogeneity using an image-based
approach to classify phenotypic properties of distinct subpopulations. This man-
uscript addressed an issue that affects all fluorescent-based experiments: there is
a limit to the number of markers that can be used for any given experiment
(3–5 depending on the detection equipment in use). The authors used HCA to
examine different cell subpopulations based upon expression of known differen-
tiation markers. In 3T3L1 preadipocytes, the population of cells was split into
4 subgroups based on expression of adiponectin and total cellular levels of lipid.
The authors trained a classifier to learn the patterns of features that best describe
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the four subpopulations. This allowed the system to decide for itself what popu-
lation a specific cell was in according to the features extracted during the imaging
process. Next, the authors removed (deleted from the record) all of the features
from one marker. The classifiers were recreated from the list of features that still
remained that best separated the four classes without relying on features from the
removed marker. In this manner, it was iteratively possible to add new markers to
further study the subpopulations, without compromising available fluorescent
channels or further stressing data collection/management workflows. Ultimately,
this approach defined subpopulations of leukemic and lung cancer cells, using a
different panel of markers for each cell type. Taken together, the effort clearly
highlighted the need and value to apply HCA to studying cell subpopulations.

In another excellent example illustrating the utility of image-based screening in
determining drug responses at the single cell level, Loo et al., [18] used a support
vector machine (SVM) algorithm to define classifiers for separation of treated
versus untreated cells. First, changes in sets of fluorescent markers were evaluated
against 100 different compounds in HeLa cells. With the ability to capture
thousands of cells per treatment combined with cell cycle determination based
upon DNA staining, measurement of broad and specific effects within each cell
cycle phase were possible. The study showed how high content analysis and data
reduction techniques can be used to contrast feature types (texture- versus inten-
sity-based) for collections of marker sets. These examples of high throughput
microscopy and high content analysis highlight the innate ability of these methods
to characterize subpopulations of cells under different perturbations and can also
be used to study the biology of nuclear receptors.

While Altschuler’s lab [17] developed a framework for analysis of subpopu-
lations in 3T3-L1, an additional study used HCA to determine the mechanisms of
cell–cell variability in peroxisome proliferator-activated receptor (PPARc and
lipid accumulation during human adipocyte differentiation [19]. To identify
potential coactivator interplay and redundancy during human adipogenesis, Hartig
et al. used HCA to quantify new links between the nuclear receptor PPARc,
proadipogenic steroid receptor coactivators (SRCs), and lipogenesis in human
subcutaneous adipocytes. As expected during the first 96 h of differentiation, there
were robust and concomitant increases in PPARc protein levels and lipid content
within the bulk population. When examined on a cell-to-cell basis, marked cell-
to-cell heterogeneity was apparent, with PPARc and lipid levels varying up to a
1,000-fold. Experimentally, they perturbed PPARc heterogeneity by down-
regulating SRC-2 and SRC-3 while, simultaneously, quantifying PPARc. Knock-
downs of SRC-2 and SRC-3, individually or jointly, equally inhibited lipid
accumulation by preventing lipogenic gene engagement, without affecting PPARc
protein levels. When this result was analyzed further, SRC-2 and SRC-3 knock-
down increased the proportion of cells in a PPARchi/Lipidlo state, likely reflecting
PPARc with reduced transcriptional activity. This effect on PPARc was corrobo-
rated when increased levels of phospho- PPAR~cS114 was detected, which is a
post-translational modification that reduces PPARc transcriptional activity and
blocks adipogenesis. This study represents an innovative application of HCA to
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describe a putative mechanism driving non-genetic, mutation-independent
population variability. But also, novel to coregulator biology, SRC-2 and SRC-3
not only ‘coactivate’ PPARc biochemically, as established extensively in the
literature, but also promote PPARc population variation and attenuate an anti-
adipogenic PPARc phosphorylation event in a previously undiscovered way.
These findings and methodology establish a framework for future studies of
molecular heterogeneity and gene regulatory mechanisms overlooked by classic,
homogenized, biochemical methods.

1.3 High-Throughput Techniques for Studying Nuclear
Receptor Biology

As nuclear receptors are regulated by many inputs and feedback outputs, it is
necessary to study a wide range of NR-associated endpoints. Quantitative, image-
based, high throughput systems allow the collection of large datasets that, com-
bined with HCA, produce a set of quantitative endpoints on a cell-by-cell basis.
This section will introduce and discuss HCA and high throughput screening (HCS)
as a means to study mechanisms governing NR activity.

A key, early event in transcription is alteration of the chromatin environment.
Activating histone marks such as acetylated Histone 3 Lysine 27 are requirements
for transcription [20]. To discover regulators of chromatin modification, a recent
study [21] used quantitative high throughput screening (qHTS) to screen 60,000
compounds for reagents that de-repress a repressed GFP locus. Over 400 hits were
identified that relieved repression and/or activated transcription of the GFP
reporter. Common chemical substructures were extracted from the hits, yielding
six varieties of compounds. Analysis of false-positives (fluorescent compounds)
identified a series containing quinoline and thisdiazinane cores. Importantly, the
hit compounds were not histone deacetylase (HDAC) or DNA methyltransferase
inhibitors, but were effective in the slowing cancer cell growth, similar to other
epigenetic modulators. Extending qHTS methodology to identify epigenetic
modulators highlights the ability of microscopy-based screening to discover new
classes of compounds that act through novel biological candidate proteins.

The combination of NR biology with high throughput, multiplexed screening
has been applied to identify selective nuclear receptor modulators (SNRMs).
Glucocorticoids, acting through the glucocorticoid receptor (GR), are used as anti-
inflammatory agents and immunotherapeutics. However, likely linked to the
widespread physiological role of GR in numerous organ systems, these drugs can
result in hazardous side effects [22]. In order to screen for drugs that exhibit tissue-
specific activity without side effects, 1,040 compounds were screened in A549
cells in parallel for transcriptional activity at four different promoters [23]. These
promoters each controlled expression of a different fluorescent protein (cerulean
fluorescent protein, yellow fluorescent protein, or mOrange fluorescent protein)
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and were transfected into a GR positive, glucocorticoid-responsive cell type
(A549). The fourth promoter controlled a non-dexamethasone (Dex, a GR agonist)
responsive mCherry fluorescent protein. The compounds were screened for both
agonist and antagonistic activity with a fluorescent plate reader. With this screen,
compounds were classified based upon their ability to affect one or more
promoters. One class affected all three dex-regulated promoters (for example,
Mitoantrone), another class only two promoters (for example rosolic acid), or a
class affecting only 1 promoter (forskolin). A new class of GR inhibitors, anth-
racyclines, was discovered with confirmatory experiments performed in U2OS
cells line stably transfected with GR. These findings emphasize the advantage of
using fluorescent multiplexing methods to identify compounds that uniquely affect
nuclear receptor biology. By standard luciferase assays, these experiments would
have to be run in parallel, requiring four times as much source material while
being unable to study multiple promoters during the same treatment. However, this
multiplexed XFP assay was a plate-based assay that can only assess the bulk
average response. Improvements in HTM and HCA are now in place to allow the
measurement of cell–cell contributions to GR-mediated reporter activity.

The above systems provided an intellectual framework to study the complex
biology of the sex steroid receptors ERa and AR. The ability to separate and
classify subpopulations of cells are very important for identifying antagonists
against these receptors while also determine the properties of cell populations that
predispose disease. It is also known that cells expressing AR and ERa exhibit
cellular heterogeneity in the levels of these receptors and receptor-associated
coregulators. The next sections will discuss the advances made in the field of AR
and ERa biology obtained through the use advanced fluorescence microscopy
techniques, including FRAP, FRET, and high throughput microscopy. We will
highlight the opportunities that state-of-the-art imaging approaches bring to the
study of gene regulation by focusing upon model systems for AR and ER. First,
relevant molecular and clinical information will be presented, then followed by
examples of imaging based efforts to better understand mechanisms of action and
screening.

2 Androgen Receptor

2.1 Basic AR Biology

The androgen receptor (AR) is a member of the nuclear receptor super-family,
functions as a ligand-inducible transcription factor, and is involved in the differ-
entiation and development of the male genital apparatus [24]. There are a number
of prerequisites leading to wild-type AR activation under physiologic circum-
stances. Especially in the context of cellular analyses, it is important to note that in
the absence of agonist, up to 80% of AR is localized in the cytoplasm where it is
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complexed to molecular chaperones. Addition of agonist sheds chaperones and
allows receptor translocation to the nucleus. Once within the nucleoplasmic
compartment, agonist-activated AR forms a hyperspeckled fluorescent pattern that
is generally linked to an active transcriptional status [25–27]. These agonist-
induced speckles likely represent transient interactions (see below) between AR,
nuclear proteins and/or DNA [28]. AR nuclear speckles are not visualized when
AR-mediated transcription is repressed by antagonists, for instance in the presence
of Casodex [25]. In the nucleus, agonist-bound AR associates with the chromatin
of AR-responsive genes and recruits coregulators (CoR) and the transcriptional
machinery to induce (or inhibit) target gene transcription. The biological effects of
AR are modified by a set of post-translational modifications (PTMs, e.g., phos-
phorylation, acetylation, sumoylation [29] that can change its function, localiza-
tion, and protein–protein interaction profile. Briefly summarized below, human
diseases associated with hypo or hyperfunction of AR have been described in at
least 3 different clinical entities.

More than 400 inactivating mutations of AR have been found in patients
affected by androgen insensitivity syndrome (AIS) (http://androgendb.mcgill.ca/).
AIS presentation depends on the site of the mutations, the degree of inactivation,
and falls within one of the following phenotypes: complete (CAIS complete
androgen insensitivity syndrome), partial (PAIS partial androgen insensitivity
syndrome) and minimal (MAIS minimal androgen insensitivity syndrome) [24].

A second clinical entity associated with AR is the expansion of a CAG/gluta-
mine (Q) tract in exon 1 of AR, known as Kennedys Disease (also known as Spinal
Bulbar Muscular Atrophy) [30], that represents one of nine neurodegenerative
disorders associated with the expansion of CAG repeats in the coding region of an
otherwise unrelated gene. The clinical picture associated with Kennedys
Disease consists of lower motor neuron degeneration in males [31] and signs of
partial androgen insensitivity, testicular atrophy, gynecomastia and/or reduced
fertility [32]. As with other polyglutamine expanded proteins (e.g., Huntingtin,
Spinal Cerebellar Ataxia-1, etc.), AR with an expanded poly Q tract undergoes
misfolding and cellular aggregation and it is thought to exert toxic effects in the
nervous system through several mechanisms [33]. These include disruption of AR
transcriptional activity and sequestration of coregulators [30, 34], interference with
the ubiquitin-proteasome pathway followed by induction of a stress response, and
possibly interruption of axonal transport and synaptic function [35]. In keeping
with cell culture experiments showing a partial reduction of AR function mediated
by the expanded CAG tract, it is also possible that reduced transcription function
of the mutated protein contributes to the pathogenesis of SBMA disease [36].

The third and most prevalent clinical entity associated with AR dysfunction is
prostate cancer. Interestingly, the classic, physiologic model of AR activation has
underscored that nuclear translocation, subnuclear organization and PTMs are
critically important in prostate cancer. Not only is AR involved in primary tumor
development, it is also required for disease progression to androgen-independent
disease. Since AR is involved in prostate cancer (PC) growth, most patients
affected by this disease undergo androgen depletion therapy (ADT) when surgery
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is not an option. Although this therapy is initially effective, invariably treatment-
resistance occurs after a median of two years leading to castration resistant
prostate cancer (CRPC) [37]. Once prostate cancer has transitioned to CRPC, the
disease invariably progresses to a fatal outcome, and was expected to kill 27,360
Americans in 2009 [38]. However, ligand-dependent, activation does not apply to
CRPC, where AR is active in a ligand-independent way. In CRPC, AR is con-
stitutively found in the nucleus. The fact that AR is active in patients who have
undergone ADT creates the paradox that AR agonists, depleted after chemical
castration, are not necessary for AR activation under castration resistant condi-
tions. Many reviews over the years [39, 40] have summarized and proposed
hypotheses that describe putative mechanisms of ligand-independent AR activity.
This section will discuss the advances in fluorescent imaging techniques that have
expanded our knowledge of AR action.

2.2 Microscopy-Based AR Assays for Mechanistic Inquiry
of AR Function

Monitoring reporter gene activity as the functional readout has classically iden-
tified AR inhibitors. However, these assays are vulnerable to non-AR effects such
as inhibitors of mRNA stability and RNA polymerase II that often yield antago-
nistic results similar to bona fide inhibition of AR. While extensive biochemical
controls are used to minimize problems with enzymatic assays, imaging approa-
ches have been developed to screen for AR inhibitors that specifically examine
changes in AR conformation within a cellular context [41]. Here, Fluorescence
Resonance Energy Transfer (FRET) can be performed using a dual-tagged AR
fusion protein with CFP at the N-terminus and YFP at the C-terminus (C-AR-Y).
The well-studied agonist-induced increase in N–C terminal contact results in
increased FRET signals [42]. As FRET signals are intrinsically distance-dependent
(\60 angstroms), visualization of changes to FRET signals have been considered a
form of ‘nanoscopy’. For screening purposes, C-AR-Y was stably expressed in
both LAPC4 and HEK293 cell lines as an assay to identify new AR inhibitors.
In the initial report, this assay was used to screen[1,000 compounds along with a
traditional luciferase reporter assays. The imaging approach identified 34 com-
pounds that decrease N–C terminal interactions in the presence of androgen. Hits
were also validated in an MMTV-luciferase reporter assay. Tritiated DHT com-
petition assays showed that most of the hits were non-competitive inhibitors.
Ultimately, a diverse set of compounds affecting AR were identified, including
coumarin derivatives, antimicrobial agents such as sulfaquinoxaline, and inter-
estingly GABA receptor inhibitors, such as Clonazepam. This assay not only
showed the power of using a cell-based, conformation assay in screening com-
pounds for AR activity but also provided evidence of new pathways that affect AR
signaling.
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In a follow-up study, [43] the FRET assay was combined with HTM to quantify
both N–C interactions and changes in subcellular localization, creating a multi-
plexed approach that encompasses multiple stages of AR activation (Fig. 1). This
screen comprised [4,400 bioactive molecules of which 7% decreased the FRET
signal, 0.5% inhibited nuclear translocation, and 0.3% inhibited both measure-
ments. Hits were validated through dose response assays and DHT binding. The
screen identified compounds such as Sanguinarine and Ketoconazole as known
compounds that inhibit AR by interfering with ligand binding. The authors also
identified noncompetitive inhibitors such as radicicol and 17-AAG, two Hsp90
inhibitors that blocked AR activation without affecting DHT binding. Interest-
ingly, the authors found a novel inhibitory compound, oxindole I, that actually
increased the FRET signal signifying a more tightly folded receptor. Taken
together, these imaging-based assays display the power of immunofluorescence in
screening compound libraries while simultaneously looking for distinct outcomes
and detecting novel mechanisms.

2.3 FRAP/FRET Assays for Studying the Mechanisms
of AR Activation

While fluorescence-based assays are useful screening tools, they can also be
used to determine basic mechanistic information on AR function in normal
tissues or in various disease states. In 2005, Schaufele et al. [42] compared
ligand-dependent activation, intramolecular contact, and intermolecular interac-
tions for AR, ER, and PPARc using CFP-NR-YFP, CFP-NR, and NR-YFP
constructs. After validating the ligand-dependent, biological activity of the
constructs (in some cases more active than wild-type AR), it was shown that an
increase in the inter-molecular FRET ratio was observed between CFP-AR and
AR-YFP only in the nucleus. Interestingly, when the same experiment was
performed on cells expressing CFP-AR-YFP, an increase in the intra-molecular
FRET ratio occurred in both the cytoplasm and the nucleus of the cells. This
data provided a cell-based validation for the classic model of ligand binding to
AR where agonists act by inducing a conformational change in the receptor.
After liganded AR translocates to the nucleus, it then dimerizes with another
liganded AR. In contrast to AR, the CFP-ER-YFP did show high levels of
FRET without ligand. PPARc, which only heterodimerizes with RXR [44],
showed only intramolecular FRET occurring that was not increased with addition of
ligand, suggesting conformational change is not a key step in PPARc activation.
They further showed that O-hydroxyflutamide (OHF), a known AR antagonist,
inhibited the DHT-dependent increase in FRET. Also, they established that deletion
of the FQNLF motif within N-terminal domain was necessary for full FRET in
response to DHT. In terms of prostate cancer-linked mutant forms of AR found in
hormone-refractory cancer (874Y, 877A, 877S), FRET was used to show non-AR
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Fig. 1 Screening methods using imaging for studying AR biology. Many AR studies with
imaging have used primarily 3 methods for discerning the biology. Translocation studies (a) look
at effect on the movement of AR from the cytoplasm to the nucleus but say nothing about the
conformation or reporter output. N-terminal/c-terminal FRET (b) illustrates the effects of a
compound (or siRNA) on the conformation of the receptor. Finally the use of a reporter gene
(c) describes the actual transcriptional activity of the receptor. These combined approaches have
yielded much valuable information about the effectors of AR-mediated transcription
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ligands (progesterone, estradiol) altered intramolecular AR interactions in these
more promiscuous mutants. Similar results were found [28] when FRET was used
to show that the FQNLF motif, located in the X domain, was necessary for AR
conformational changes. Also, utilizing a multi-modal approach, this group
combined FRET reporting of AR conformation with simultaneous quantification
of AR molecular mobility via Fluorescence Recover After Photobleaching
(FRAP). Using this technique, the authors showed a loss of FRET when AR is
bound to the DNA, suggesting that binding to DNA induced yet another confor-
mational change to the molecule. They further showed a reduced FRET signal in
the immobile fraction of AR located in nuclear speckles (sites that partially
overlap with active transcription [45]. The use of FRET combined with translo-
cation and mobility analyses has shown not only agonist/antagonist activity of
ligands, but also mutation-specific effects, and conformational changes AR
occupies while moving through the nucleus.

Further FRAP studies on AR [46] focused on various mutants that included a
DNA-binding (A573D [47] and two ligand-specificity altering substitutions
(W714C and T877A) that are responsive to bicalutamide and OHF, respectively.
FRAP curves showed a faster recovery time for the A573D mutation in the
presence of R1881, and W714C and T877A reveals wild-type like kinetics and
immobile fraction. Treatment with bicalutamide or OHF causes an increase of the
immobile fraction and slows diffusion rate of W714C and T877A, respectively,
which also correlates with the formation of subnuclear hyperspeckles. These
mutations in the receptor change the structure of AR thus allowing the receptor to
become hormone refractory.

Single cell-based AR interactions with target DNA were tested using a novel
model system that contains multiple repeats of the MMTV promoter [48].
Through expression of a tetracycline-inducible GFP-AR [49], the authors first
demonstrated that AR differentially translocates in a ligand dependent fashion,
with R1881[RU486[DHT[OHF[Vehicle and that translocation data did not
correlate well with standard transcriptional output from various luciferase
reporters. However, AR localization to the MMTV promoter array positively
correlated with mRNA transcription determined by FISH. FRAP of AR at the
MMTV promoter locus under various ligands showed differential recovery times
for agonists and antagonists, similar to GR and PR, and ER in another steroid
receptor-based model system [50]. Ligand-dependent recruitment of the BRM
chromatin remodeling complex in the presence of agonistic compounds was
also shown. Taken together, use of a fluorescent microscopy-based assay
allowed for multiplexed analyses that covered a wide range of mechanistic
steps involved in the activation of AR. The final section will discuss using
some of the approaches discussed above in the context of personalized
medicine, specifically in a proof of concept test to treat in the context of
androgen insensitivity syndrome (AIS).
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2.4 High-Throughput Imaging for Characterizing Pathological
AR Dysfunction Moving Towards Personalized Medicine

A major goal of biomedical research is personalized medicine and patient-specific
care. This requires a deep understanding of the disease attributes that a specific
patient presents, i.e. a mutation, progression, responsiveness. High throughput
microscopy has been used to study responsiveness of pharmacological compounds
in cell models [26] and in primary cultures from patients [27]. These manuscripts
detailed the development and proof of concept applications that use HTM to
characterize complex biological responses using a cell-by-cell imaging approach.
In the first report, wild-type and mutant (T877A, the LnCaP), and F764L (an AIS
mutation) forms of AR were tested for ligand effects in a monolayer cell culture
model. All three responded normally to R1881 in terms of translocation. The assay
was enhanced through the use of image analysis tools, which automatically segment
nuclei and take measurements based on fluorescent signal (Fig. 2). This translo-
cation assay was combined with a subnuclear pattern assay (Hyperspeckling), and a
transcriptional reporter assay using transient expression of a probasin proximal
promoter regulating expression of a dsRED2 reporter gene. With this automated
system, the researchers were able to generate dose response curves for nuclear
translocation, hyperspeckling, and reporter accumulation. EC50 values for many
ligands including R1881, Mibolerone, estrogen, and progesterone were then
established. Interestingly, the cells with the highest levels of GFP-AR had the
lowest amount of reporter accumulation suggesting that over expression of AR can
actually lead to failed androgen responsiveness. IC50 s for various antagonists
(bicalutamide, vinclozolin, decursin) were also calculated based on translocation,
hyperspeckling and reporter output. As the cell cycle has been shown to be linked
to gene expression, Szafran and colleagues also demonstrated differential ligand
responsiveness throughout the cell cycle. AR translocation in response to R1881
was most sensitive in G1, with the lowest sensitivity during S phase. Hyper-
speckling, however, was most highly detected in G2, followed by G1, with minor
hyperspeckling occurring in S phase. This study demonstrated the strength of high
throughput imaging in characterizing multiple AR actions simultaneously; more
importantly, however, this work showed how single cell data could be used to
mine data from heterogeneous cell populations’ values that would be completely
missed by standard biochemical approaches.

As a step closer to patient studies, a follow-up manuscript [27] examined
primary genital skin fibroblasts from both healthy individuals and patients who
have either partial or complete androgen insensitivity syndrome (AIS). It was
previously known that these AIS patients harbored different AR mutations: F764L
and P766S (complete AIS), and R840C (partial AIS). In addition, it was previously
determined that these mutations result in different levels of AR dysfunction in
response to the endogenous androgen DHT (dihydroxytestosterone). Through the
use of HTM, the authors were able to demonstrate a strong correlation between
nuclear hyperspeckling and the transcriptional output in all wild-type and mutant
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Fig. 2 Scheme for advanced multiplex NR screening. Assay workflow for a multiplex high
content screen. a Cells are seeded in a multiwell plate made with optically sensitive glass (or high
quality plastic). Cells are then treated/fixed/immunolabeled and/or stained robotically (a Beckman
robot is shown here). Following fixation, the cells are imaged on an automated fluorescence
microscopy platform (e.g., high throughput microscope). b Autofocus-based multi-channel
fluorescent images are acquired from one or multiple fields of each well. c Images are analyzed
through an automated analysis platform (PipelinePilot shown here) that performs background
subtraction, then creates cell and subcellular segmentation (masks); masks are then examined for
up to hundreds of imaging features (intensity, texture, statistics, etc.) that can define a systems
level view of the biological responses occurring at the single cell level. d Example outputs from
image analysis: (i) straightforward translocation measurements, (ii) dose-response curves, and
(iii) kinetic analysis
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strains. Whereas all AIS mutations resulted in either a moderate to profound
transcriptional dysfunction in the presence of DHT, each mutation had a distinct
phenotype response to the panel of ligands tested. For example, at concentrations
of DHT that failed to produce significant hyperspeckling or transcriptional activity
from the F764L mutated receptor, near normal levels of nuclear translocation of
the receptor were observed. Furthermore, use of high levels of mibolerone,
a synthetic androgen, with the F764L mutation was able to induce not only nuclear
translocation, but also significant hyperspeckling and transcriptional activity.
In comparison, the other complete AIS associated mutation P766S did not dem-
onstrate a similar response or ligand preference. These results demonstrate not
only the diversity of the AR response that can be appreciated when examining
samples obtained from both normal individuals and patients with a similar diag-
nosis using an image based approach, but also the type of highly enriched data that
will be necessary as personalized medicine continues to move forward.

3 Estrogen Receptor

3.1 Basic ER Biology

Estrogen receptor-a (ER) is Type I class steroid receptor and a founding member
of the nuclear receptor superfamily. Primarily, ER functions as a transcription
factor that facilitates regulation of hormone-dependent genes. Similar to other
nuclear receptors, ER protein has five domains (from N to C): the AF-1 domain,
the DNA binding domain (DBD), the hinge region, the ligand-binding domain
(LBD), the AF-2 domain (within the LBD) [51], and the F-domain [52]. The two
AF domains within ER have different functions. AF-1 is a ligand-independent
domain acted upon by kinase signaling and interacts with many coactivators. The
AF-2 domain is ligand-dependent through which ER recruits coregulators to the
transcriptional apparatus [53]. Some cell types require both transactivation
domains to acquire full activity, while others do not [54], adding another level of
complexity to ER-mediated transcription. Unlike other classical steroid receptors,
ER is a chiefly nuclear resident protein ([90%) under control conditions [55].
The natural ligand for ER is 17b-estradiol (E2). Upon E2 binding, ER is released
from the chaperone heat shock proteins [56], dimerizes with another ligand-bound
ER, and binds to estrogen response elements (ERE) throughout the genome. This
event recruits cofactors causing alterations to the chromatin environment [57],
allowing recruitment of transcriptional machinery and RNA polymerase II (Pol II),
inducing target genes such as progesterone receptor, c-fos [58], and cyclin D1 [59].
ER is expressed in the female reproductive (breast, uterus, and ovary), skeletal
[60], cardiovascular [61], and nervous [62] systems.

ER works through three mechanisms to activate transcription: (1) ER/ERE
direct activation, (2) SP-1/AP-1 enhancers driving indirect activation of transcrip-
tion [58], and (3) non-genomic signaling from kinase cascades [63]. These pathways
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can be activated in ligand-dependent and -independent ways while both require post-
translational modifications (PTMs). ER can be highly modified by PTMs including
methylation [64], acetylation [65], and phosphorylation [66] causing diverse ER
signaling effects. Kinase cascades play an important role in cancer progression with
certain ER phospho-sites being implicated in tamoxifen resistance [67].

Tamoxifen is one of the first compounds referred to as a selective estrogen
receptor modulators (SERM), as it possesses either agonist or antagonist effects
that depend upon tissue/phosphorylation context (e.g., repressive effects in breast
tissue but agonistic effects in the uterus [68] and bone). Since its discovery,
tamoxifen has been the chief treatment for ER-positive breast cancers and con-
tinues, today, despite an efficacy of only 50% in patients [69]. Tumors, almost
invariably, develop resistance to the drug through various mechanisms: metabolic
drug disposition [70], SERM reversal to agonist activity [71], overexpression of
cofactors such as SRC-1 and HER2/neu [72], activation of the EGF signaling
pathway enhancing tamoxifen agonism [73], and spontaneous mutations to the
F-domain [74]. New SERMs have become available in recent years including
raloxifene and lasofoxifene. As none of the new SERMs have exhibited efficacy
better than tamoxifen, there continues to be an urgent need for continued drug
screening with more sensitive screening applications.

SERM activity is mediated by structural changes within ER that recruit distinct
groups of transcriptional coregulators. Significant research has been devoted to
mechanisms of cancer progression driven by coregulator action. Upon interaction
of ligand-bound ER with EREs, coactivators such as CBP [75], steroid receptor
coactivators (SRC-1, SRC-2, SRC-3) [76], and PRMT1 [77] form multi-protein
complexes that lead to decondensation of chromatin (via histone acetyltransferase
recruitment), and create a protein bridge allowing recruitment of Pol II and sub-
sequent transcription. Tamoxifen-bound ER has been shown to recruit nuclear
receptor corepressor (NCOR) and silencing mediator of retinoid and thyroid
receptors (SMRT) [78], which in turn recruit histone deacetylases and demethy-
lases condensing the chromatin and inhibiting transcription. Significant effort has
been devoted to studying ER interactions with its environment (chromatin/CoR)
that affect ER by both conventional and microscopy-based approaches. The
following sections will outline this area of study.

3.2 ER Dynamics and Chromatin Remodeling
by Microscopy

As noted above, an important aspect of nuclear receptor biology is subcellular
localization and trafficking. Many biochemical endpoint assays have been used to
study ER translocation (cell fractionation assays [79], ER mobility, and
ER-mediated chromatin remodeling. Due its flexibility and multi-parametric nat-
ure, fluorescence microscopy has provided informative windows into ER biology
that have begun to supplant classic biochemical assays.
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FRAP is a key means to look at mobility of proteins within living cells. Proteins
fused with fluorescent tags are bleached in a specific region of a cell using a now
commonly accessible laser scanning confocal microscope. The rate at which the
bleached region regains fluorescence is attributed to the mobility of the tagged
protein as it diffuses to return fluorescence to the targeted region. Study of ER
mobility led to the first observation that nuclear proteins can have differential
dynamics based upon a variety of ligand conditions. Stenoien et al. [80] showed
that in HeLa cells unliganded ER has a very rapid recovery time (\1 s). Addition
of estradiol or tamoxifen increases this recovery to about six seconds, an effect
attributed to ER interactions with DNA and regulator proteins, and trafficking
through the dense chromatin environment. Interestingly, treatment with ICI
182,780 (ICI, also known as Fulvestrant), a ligand that induces degradation of the
receptor [81], caused the receptor to be irreversibly immobilized, (t1/2=[5 min).
Similar to ER, the coactivator SRC-1 took seconds to recover under estradiol and
tamoxifen conditions. Unlike ER, SRC-1 recovery was not effected by ICI. Inhi-
bition of the proteasome (through treatment with MG132) was also able to
immobilize ER. Further experiments showed that helix 12 (amino acids 534–554)
of ER was necessary for ICI-mediated immobilization. Irreversible binding of ER
to chromatin is thus perceived to be the dominant mechanism through which ICI
conveys full antagonism. While the standard single cell-based FRAP approach has
analyzed AR and ER extensively, quantitative measurements are made upon the
entire nuclear pool of receptor; in recent years, new tools have allowed visuali-
zation of ER bound to DNA and/or interacting with CoRs (see below).

In the past decade, a select few groups [49, 82, 83] worldwide have developed
the technology to study transcriptional mechanisms at the single cell level.
Pioneering efforts in this direction began in the mid-90s in the Belmont lab [84].
With the goal of determining changes in chromatin structure within the nucleus of
a cell, Robinett et al. [82] integrated an extrachromosomal locus harboring lac
operator repeats that could be visualized by its cognate DNA binding protein. This
group has championed the now wide-spread use of an integrated cassette of 256
lac operator repeats, and their visualization by expression of a GFP-tagged lac
repressor. These early, large scale chromatin alteration studies led to use of the
lacO-lacR system in a variety of applications, including the first engineered cell
line that contained a visible and regulated transcriptional locus expressing a
fluorescent reporter gene [85]. During the same period, the Hager lab [83, 86, 87]
reported a spontaneous, multi-copy integration of the MMTV viral DNA in a
clonal variant of mouse mammary tumor cells (C127), which facilitated moni-
toring GR binding to GRE/ARE/PRE’s (mentioned above, [88] found within the
MMTV promoter, which has also been used to study AR and progesterone receptor
[49, 88]. When GFP-fusions of the glucocorticoid receptor were expressed, they all
showed ligand-induced targeting and colocalization of mRNA transcripts [87].
Importantly, when FRAP experiments were performed in this single cell model
system, they revealed that NR-DNA complexes are much more dynamic than
previously thought from biochemical studies [87]. Similarly, FRAP studies
revealed GFP-ER exhibited a marked range in mobility based upon ligand and
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proteasome activity [80]; further, using a modified lac array system, ligand
dependent NR-CoR interactions were also shown to be remarkably dynamic [89],
quite unlike the previous models based upon in vitro studies suggesting long-lived
stability of NR-CoR complexes. A series of additional transcription array studies
further emphasized the dynamic nature of gene regulators at transcriptional loci,
including several papers using the MMTV array system [90], a prolactin gene
array system [50] (discussed below), and a NFkB/HIV promoter model [91]. While
the above model systems possess intrinsically rich and minable mechanistic
content, their use as tools in high throughput approaches has been limited due to
challenges in automated image acquisition and quantitative analyses.

An improvement to the study of ERa transcription at a single chromosomal locus
came with the creation of a multi-copy integration of the mammalian prolactin
promoter and enhancer region, which includes an amplified region containing
additional ERE/Pit1 synergy elements [50]. This super enhancer controls the
expression of a peroxisome-targeted dsRED2 transcriptional reporter gene, and was
integrated * 100x into the genome of HeLa cells. Expression of transient GFP-ER
in this cell line allows visualization of promoter occupancy with physiologically
relevant transcriptional responses to ligands. Upon addition of estradiol, a large,
diffuse foci appears within the cells as opposed to treatment with tamoxifen, which
causes smaller, brighter foci to form. This system allowed for visualization of ER at
a known genomic locus, with other coregulators, forming a type of visual ChIP.
Some proteins were constitutively at the locus, while others (SRC-1, BRG1, SRC-
3) were recruited by ER ligands. Time-lapse imaging showed rapid loading of ER
followed by increasing array size. RNA fluorescence in situ hybridization (RNA
FISH, a method for measure amounts of mRNA [92] confirmed rapid (* 15 min)
and active ([5-fold) induction of mRNA synthesis at the ER-occupied prolactin
array. Chromatin marks (e.g., acetylated H3 and H4) also appear at the PRL array,
providing further validation of the array model. FRAP of the GFP-ER loaded array
showed rapid recovery after E2 (* 6 s) or tam (* 4 s) treatments, with almost no
recovery after ICI treatment. The creation of a multi-copy ER-regulated locus has
allowed a visual ChIP view of the defined steps of ER-controlled transcription
activation, including quantitative time-lapse studies that monitor transcriptional
output from ligand or growth factor stimulation [93]. In the next section we will
discuss how these same methods and systems can be used to further study mediators
of ER action, including transcriptional coregulators.

3.3 Using High-Throughput Microscopy to Study
ER-Coregulator Interactions

Since their discovery of NR CoR’s in the mid-90s, it is difficult to separate the
study of ER in the absence of CoR’s. The interactions of ER and the members of
the p160 family of coactivators (SRC-1, SRC-2, SRC-3; SRCs) have been widely
studied using biochemical methods (immunoprecipitation-mass spectrometry,
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IP-MS) but these represent single endpoint assays that cannot distinguish the
patterns of gene regulation from cell-to-cell.

The use of imaging to study ERa and coregulator interactions began with a
non-automated approach in an article by Stenoien et al. [93], where the authors
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Fig. 3 Visualizing ER biology by HCA. Fluorescence microscopy visualization of multiple
mechanistic steps in ER activation of transcription. Bioengineered cell line harboring a visible
mammalian transcriptional unit and expressing GFP-ERa [50]. Unliganded GFP-ERa (i),
is readily visible in a diffuse pattern primarily within nuclei [93]. Upon treatment with
17b-estradiol, ER rapidly (minutes) targets the EREs within the integrated reporter gene locus,
and in a hyperspeckled pattern throughput the nucleuoplasm (ii), once loaded at the promoter
locus (iii), ER recruits the transcriptional machinery (various coregulators and modifying
enzymes) including RNA polymerase II (iv) and initiates transcription
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used GFP-tagged ER in MCF-7 cells to study hyperspeckling under different
ligands and colocalization of the coregulator SRC-1. A nuclear matrix preparation
stripping away of soluble proteins and DNA leaving only insoluble proteins bound
to nuclear structural proteins [94] was performed where they observed that there
was only a small correlation between ER hyperspeckles and those of transcription
sites (marked by RNA polymerase II). However, under agonist conditions SRC-1
did correlate with the ER foci indicating their expected ability to interact in vivo.
Subsequent studies using FRET showed that a relatively small fraction of the
colocalizing nuclear pools of ER and SRC-1 actually interact. These experiments
established the interconnectivity between dynamic subnuclear trafficking and
interaction with coactivators that are preceding initiation of transcription.

With the creation of the PRL-HeLa system mentioned in the previous section,
it has been possible to dissect interactions between ER and the vast set of known
coregulators, in terms of nuclear localization, protein-DNA interactions and
transcription initiation [55]. Using robust image analysis software the authors
were able to quantify loading of RNA polymerase II (polII) onto the arrays that
was more highly loaded with E2 treatment than tamoxifen. Differences in ligands
were also seen in hyperspeckling (agreeing with earlier reports), array area (ability
of E2 to open the chromatin), and nuclear translocation of the receptor (Fig. 3).
Kinetic analyses of promoter occupancy showed rapid loading of E2-bound ER
onto the PRL array (\10 min), compatible with loading observed in kinetic ChIP
assays [95] but more sensitive to low dose treatments. Interestingly, 4HT was
recruited at a reduced rate compared to E2 (*30 min). The authors also showed
that E2 increased the array area of the integrated locus over the first 30 min, but a
reduction in the area after 5 h of treatment with a similar reduction in the amount
of PolII loading. Using the PRL-HeLa cell line, the authors also screened a small
library of known endocrine disrupting chemicals for xenoestrogen effects. The cell
line was capable of distinguishing agonist from antagonist using a SVM classifi-
cation strategy that separated unknown compounds into agonist or antagonist-like
groups [55]. These findings emphasize the utility of this cell line for future
screening of endocrine disrupting compounds and small molecule effectors of ER.

4 Conclusions

High throughput microscopy combined with high content analysis affords
immense opportunities to study nuclear receptor biology. All steps of nuclear
receptor-mediated transcription can be studied intensely using the methods
described in this chapter. We anticipate the NR field will move forward with
increasingly common multi-endpoint studies as better software and more flexible
assays are developed. One bottleneck to high throughput image-based assays is the
onerous demand for increased data storage and CPU-intensive processing; in the
future, these challenges will continue to be solved by investing in bioinformatic
resources.
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Fluorescent techniques have shed light on mechanistic principles governing AR
action and have led to discovery of new families of ligands. At the same time, the
use of high throughput microscopy is moving towards applications in personalized
medicine. Similarly, the use of high throughput microscopy has led to the dis-
covery of many new effectors of ER biology and entire families of compounds that
can bind to ER and modulate its activity. These methods have not only discovered
new ligand binding partners but also shed light on the dynamics of the receptor and
its interactions with the large pool of coregulators. Future studies using higher
resolution microscopy with increased throughput will lead to incredible systems
biology-based advances in the understanding of how the sex steroid receptors
function.
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Micropatterned Surfaces as Tools
for the Study of the Rapid Non-genomic
Actions of Steroid Receptors

Andrew C. B. Cato, Emmanuel Oppong and Sylwia Sekula-Neuner

Abstract Steroid hormones control several developmental and physiological
processes by binding to intracellular receptors that, in turn, interact with DNA to
alter gene expression. These processes typically take at least 30 to 60 min for an
increase in mRNA expression to be observed. In contrast, other regulatory actions
of steroid hormones such as increases in activity of mitogen activated protein
kinases are manifested within seconds to a few minutes and are far too rapid to be
due to changes at the genomic level. Because these effects are not impaired by
inhibitors of mRNA transcription, they are referred to non-genomic or rapid
actions to distinguish them from the classical genomic effects at the transcriptional
level. The non-genomic effects are thought to occur at the plasma membrane but
have proven difficult to analyse in detail because of technical problems arising
from capturing the receptors at the membrane due to their dynamic behaviour,
subcellular sizes and complexity of action. Here we describe a novel technique for
studying the non-genomic action of steroid hormones making use of dip-pen
nanolithography (DPN) for patterning supported lipid bilayers containing hapte-
nated lipids onto glass surfaces. Mast cells have been chosen for these studies
because of the crucial role they play in allergic reactions and because the
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non-genomic action of steroid hormones have been reported as one of the means
whereby allergy is regulated in these cells. Since mast cells express IgE receptors
on their surfaces, they are treated with an anti-IgE antibody and allowed to settle
on the patterned surfaces. The IgE receptor is then cross-linked through interaction
with the haptenated lipids and this leads to the recruitment of different signalling
molecules including steroid receptors to the patterned lipids. The DPN approach
allows a nano-scale characterisation of the activating events afforded by the lipid
bilayer. The patterns enable quantitative evaluation of co-localised cellular com-
ponents and the steroid receptors to be assessed. This assay also allows visual-
isation and analysis of the interacting proteins to be made on a single cell level as
well as receptor-proximal events triggered by allergens and regulation by steroid
receptors to be measured. This method could be adapted for studying the rapid
action of steroid hormones in other cell types.

Keywords Dip-pen nanolithography � Non-nuclear action � Glucocorticoid
receptor � Mast cells � Single cell analysis
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1 Introduction

Steroid hormones are small lipophilic molecules that mediate a variety of physi-
ological responses varying from the control of carbohydrate metabolism to the
mediation of stress response. They are also important for proper embryonic
development as well as acquisition of secondary sexual characteristics [1]. These
hormones function by binding to an inactive intracellular receptor such as the
glucocorticoid or androgen receptors that are localized in the cytoplasm. Upon
hormone binding they are translocated to the nucleus where they bind to hormone
response elements to alter the expression of hormone regulated genes [1]. Nuclear
translocation of the hormone bound receptor usually takes between 10 and 30 min
[2–4] and changes in gene transcription are observed after about 120 min [1, 5, 6].
This mechanism is referred to as genomic action of steroid hormones and has been
well defined for the almost all members of the steroid receptor family [1].
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Increasing evidence suggests that the variety of responses seen in cells after
hormone treatment cannot all be explained by genomic mechanisms. Some
responses are too rapid to be explained by transcriptional activation and protein
synthesis and are therefore referred to as non-genomic mechanism [7]. Almost all
members of the steroid receptor family have now been reported to act via a rapid
non-genomic mechanism [7–11] but the mechanisms involved are not fully
understood [12, 13]. Nonetheless, the plasma cell membrane remains the unani-
mously accepted site for the rapid non-genomic action of steroid hormones.

2 Membrane Receptors

Some studies postulate the existence of novel membrane bound receptors for the
rapid action of steroid hormones. For example membrane glucocorticoid receptors
(mGR) in amphibian neuronal membranes and in rodent lymphoma cells have
been described but the origin and function of these receptors are still unex-
plained [12]. Reports of novel membrane progesterone receptors that held great
promises as pharmaceutical targets in the treatment of gynaecological and
obstetrical disorders have been discarded [14]. Another example of a G protein
coupled receptor proposed to mediate the rapid effect of oestrogen has received
very little support [14, 15].

Several studies now show that the rapid non-genomic action of steroid hor-
mones occur through membrane bound classical intracellular receptors and this has
initiated a number of studies on this novel action of steroid receptors.

2.1 Classical Intracellular Steroid Receptors
as Membrane-Bound Steroid Receptor

Initial studies to demonstrate that the rapid non-genomic action of steroid hormone
is mediated by the classical intracellular receptors were carried out with fluores-
cently labelled steroids attached to bulky proteins that prevented their transport
across the plasma membrane, so that the steroid complexes remained on the cell
surface. The membrane-bound hormone binding entities were then confirmed as
classical intracellular receptors by the use of antibodies directed against different
regions of the steroid receptor. For example, oestrogen-BSA conjugates were used
to analyse the oestrogen-mediated rapid release of prolactin in GH3/B6 rat pitu-
itary cells [16]. In these studies, the membrane localised binding was identified as
ERa after the use of antibodies that recognised different parts of the ERa [16].

Studies using total internal reflection fluorescence microscopy where excitation
of fluorophores is limited to within 70–100 nm of the cell surface showed the
presence of the androgen receptor at the membrane of Sertoli cells [17]. However not
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a larger number of sites of the steroid receptors have been identified at the plasma
membrane. In an earlier work only 20% of oestrogen binding sites have, for example,
been estimated at the plasma membrane of MCF7 human breast cancer cells.
The other sites include the nucleus (45%), cytosol (10%) and other organelles [18].
The low number of sites and dynamics of association with the plasma membrane
have made it very difficult to come up with a unified mode of action for the rapid non-
genomic effects of steroid hormones compared to the genomic effects. So far several
different mechanisms have been put forward to describe the rapid action of steroid
hormones and a few examples are listed below.

2.1.1 Mechanisms of Rapid Non-genomic Action of Steroid Receptors

1. Steroid receptors such as the androgen and oestrogen receptors (AR and ER)
are reported to occur in caveolae. Caveolae, also known as plasmalemmal
vesicles, are 50- to 100-nm diameter flask-shaped sub compartments of the
plasma membrane. They contain an important structural component caveolin, a
22-kD transmembrane phosphoprotein that forms a scaffold onto which many
classes of signalling molecules can assemble to generate pre-assembled sig-
nalling complexes [19]. Steroid receptors such as ER and AR are reported to
interact with caveolin [20, 21] but it is not clear whether this interaction is
necessary for the rapid non-genomic acid of the receptors.

2. The most studied pathway for the rapid action of steroid hormones is the
activation of the Ras/Raf-1/ERK pathway by oestrogen. Different mechanisms
have been proposed to explain the initial processes that trigger this pathway:

• ERa is reported to bind to insulin like growth factor-1 (IGF-1) receptor to
stimulate phosphorylation of this receptor in a ligand-specific fashion [22].
The phosphorylated IGF-1 receptor transmits signals that activate ERK1 and
ERK2.

• Oestrogen activates human colon carcinoma-derived Caco-2 cell growth
through a rapid and reversible stimulation of intermediates in the signal
transduction pathway of the c-Src-related tyrosine kinases c-Src and c-Yes, as
well as of ERK1 and ERK2 [23]. In the human breast cancer cell line MCF-7,
estradiol triggers a rapid increase in the active form of p21ras, rapid tyrosine
phosphorylation of Shc and p190, and association of p190 with the guanosine
triphosphatase (GTPase) activating protein (GAP) for p21ras, p21ras-GAP [24].
Both Shc and p190 are substrates of activated Src, and once phosphorylated
they interact with other proteins and stimulate p21ras [24]. ERa interacts with
Src [24], and this interaction may be responsible for the activation of ERK1
and ERK2.

• ERa-mediated activation of ERK1 and ERK2 is reported to occur through
interaction of the receptor with Shc, a downstream target of Src [25].

• Activation of ERK1 and ERK2 by oestrogen increases the expression of the
prolactin gene in cultured rat lactotroph and somatolactotroph cell lines.
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The mechanism by which ERK1 and ERK2 is activated by the hormone is not
quite clear, but it is independent of the activation of c-Src family of tyrosine
kinases [26]. Rapid and transient tyrosine phosphorylation of c-Raf-1 has been
implicated in this action [26].

3. It has been shown that methylation of an arginine residue at position 260 of the
ER allows it to interact with the p85 subunit of phosphatidyl-inositol 3-kinase
(PI3K) and Src at the plasma membrane to mediate the rapid action of oest-
rogen [27]. In another study tyrosine phosphorylation of the ER at position 537
is reported to be responsible for it to interact with the SH2 domain of Src [28].

4. In yet another report, it is thought that the affinity of the ER for Src is through
allosteric modification brought about by the adaptor protein MNAR (modulator
of non-genomic action of oestrogen receptor) [29].

5. ERa interacts with the WD-repeat protein striatin and targets it to the cell
membrane and serves as a scaffold for an ERa-Ga1 complex. Destruction of
this complex blocks the rapid non-genomic action of ERa [30].

6. ERa associates with microtubules through the microtubule-binding protein
haematopoietin PBX-interaction protein (HPIP) and also helps in the recruit-
ment and activation of the p85 subunit of PI3 kinase and Src in a ligand
dependent manner [31].

7. Recently, a cDNA of an alternatively spliced variant of ERa, termed ER-a36
has been cloned [32]. The predicted protein possesses three potential myris-
toylation sites located near the N-terminus that are thought to anchor the
receptor into the plasma membrane. These findings thus predict that ER-a36
functions very differently from ERa in response to oestrogen signalling. It is
proposed that ER-a36 is predominantly associated with the plasma membrane
where it transduces both oestrogen- and antiestrogen-dependent activation of
the mitogen-activated protein kinase/extracellular signal-regulated kinase sig-
nalling pathway and stimulates cell growth [32].

2.1.2 Physiologic Significance of the Rapid Action of Steroid Hormones

In terms of its physiological significance several studies have shown that the rapid
non-genomic action of steroid receptors function together with the genomic
response to enhance the physiological action of steroid receptors [12]. It is well
recognised that important effects of sex steroid hormones such as apoptosis pro-
tection, cyclin D1 up regulation and bone protective effects may occur through
activation of non-genomic pathways [33].

Since the rapid non-genomic action of steroids defines a novel mechanism of
steroid hormone action, several pharmaceutical companies were interested in
ligands that apparently bind the steroid receptors with a bias towards activation of
the non-genomic pathway over the classical genomic response. The exact physi-
ological role of the rapid action of steroids is however not known since it seems to
be intertwined with the classical genomic action.
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So far the rapid action of steroids has been reported in diverse cells and
tissues including breast, prostate, bone, the cardiovascular system and in the
immune system. One of the important cells in the immune system that responds to
the rapid action of steroid hormones that we have chosen for our studies is the
mast cell.

3 Rapid Action of Steroids in Mast Cells

We use mast cells as a model to study the rapid non-genomic action of steroids
because they play very important roles in allergy. Allergies have become pro-
gressively more common over the past two decades in response to rapid changes in
the environment and people’s lifestyle. Nearly one in three Europeans suffers, or
will suffer, from an allergic disorder. In the adult population, 70% of those affected
attest that allergies limit their daily activities. The European Federation of Allergy
and Airways Diseases Associations (EFA) claims that asthma is responsible for 9
billion lost working days in the European Union. The social cost-in terms of health
care and absenteeism, for example—is estimated at € 45 billion/year.

Mast cells express high affinity IgE receptors (FceRI) organized as a, b and c
chains on their surfaces. When bound to IgE, the receptors are aggregated by
allergens that initiate biochemical events leading to the release of inflammatory
mediators [34]. Many of the mediators include histamine, numerous specific
proteases and tumour necrosis factor-a (TNF-a). On activation, they also rapidly
synthesise bioactive metabolites of arachidonic acid, prostagladins and leukotri-
enes. A programme of gene expression is activated leading to de novo synthesis of
several cytokines and chemokines [34].

At the molecular level, the first demonstrable response after cross-linking and
the activation of FceRI is the rapid activation of cytoplasmic protein kinases and
effector pathways that control mast cell responses. One such kinase is Lyn that is
converted from an inactive to an active state before it phosphorylates specific
motifs on the b- and c-chains of the FceRI complex (Fig. 1). In the activated state,
Lyn recruits Syk to the receptor c-chain to further activate the signal transduction
pathway [34] that ends up in the production of the inflammatory mediators. Steroid
receptors such as glucocorticoid (GR), progesterone receptor [35], oestrogen
receptor (ER) and androgen receptor (AR) are all expressed in mast cells.
A number of them (e.g. GR, ER and PR) have been implicated in the regulation of
mast cells action through rapid non-genomic pathways. For example while the GR
and PR [36] are reported to inhibit mast cell action, ER activates this pathway
[11, 36]. Since the activation of mast cells occurs primarily at the plasma mem-
brane, we have developed a system to study the non-genomic action of the steroid
receptors at the cell membrane using dip-pen nanolithography (DPN) as indicated
in Fig. 1.
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4 Dip-Pen Nanolithography to Study Events
at the IgE Receptor

The technique we are using in this work is dip-pen nanolithography (DPN) that is
based on Atomic Force Microscopy (AFM) principle invented by the group of
Chad Mirkin [37] for patterning a wide variety of compounds onto surfaces. This
has enabled the study of many fundamental phenomena in surface chemistry [38].
DPN is a method of chemical deposition that employs an atomic force microscope
(AFM) probe ‘‘pen’’ that has been coated with a molecular ‘‘ink’’ compound. This
probe, upon contact with a surface, deposits the ink by diffusion through a water
meniscus that forms under ambient conditions between the tip and the substrate.
Through control of various conditions such as ambient humidity and writing speed,
this method allows the generation of complex patterns with features as small as
15 nm, depending on the ink composition used. Since its initial demonstration,
patterns from a wide variety of compounds have been written or templated using
this technique including polymers, colloidal nanoparticles and biomolecules.

Biomimetic membrane patterns formed by DPN have recently been used
as substrates for the selective adhesion and activation of T-cells [39]. We have
now adapted this technique for our analysis of mast cells using as ink the

Fig. 1 Schematic diagram of a lipid patterned surface carrying the allergen DNP. Crosslinking
the IgE receptor (FceRI) at the lipid rafts in the membrane (represented by the dots) will lead to
the rapid recruitment of the kinases Lyn and Syk to phosphorylate and activate the cell. Steroid
receptors (NR) could be rapidly recruited to these lipid rafts to interfere or enhance the signalling
process by interacting directly with Lyn, Syk, the IgE receptors or other signalling molecules at
the lipid rafts
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phospholipid 1,2-Dioleoyl-sn-Glycero-3-phosphocholine (DOPC) as a main car-
rier. In preliminary studies, we can show that the bioactive lipid with the allergenic
head group 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[6-[(2,4-
dinitrophenyl)amino]-hexanoyl] (DNP-cap-PE) when mixed with DOPC can be
co-patterned onto glass surfaces (Fig. 2). In these experiments we used fluoro-
phore-labelled 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (18:1 lissamine rhodamine/PE) (Avanti Polar Lipids,
Alabaster, AL, USA) for visualisation of the pattern. DPN was performed with
commercially available instrumentation (DPN 5000, Nanoink Inc., USA). Tip
coating and writing were carried out using a commercially available ink wells
MW-6 and one-dimensional tip arrays of the M type. The inkwells were filled with
a chloroform solution of the phospholipid ink (3 ll, 10 mM, doped with 1 mol%
of the fluorophore-labelled lipid). The solvent was allowed to evaporate for 30 min
before coating the tips. Tips were inked by placing them in contact with the
inkwell and increasing the humidity to 70% for at least 30 min. Excess ink was

Fig. 2 Multiplexed lithography of phospholipids with allergenic headgroups. a Chemical
structures of DOPC carrier lipid and allergenic phospholipid DNP-cap-PE. b Schematic
illustration of the multiplexed patterning of different lipid mixtures. c Fluorescence image of
nanoarrays composed of DOPC and increasing amounts of DNP phospholipid with the rhodamine
labelled lipid admixture
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removed from freshly coated tips by writing at high humidity ([65%) on a sac-
rificial substrate for *10 min. Patterning of the dot arrays was done at 35%
humidity, 23�C, with writing speed 10 lm/s. Glass substrates were plasma treated
with oxygen (20 sccm, 100 mTorr, 30 s). Oxygen plasma treatment decreases the
contact angle of water, making the substrate more hydrophilic and better suitable
for the lithography.

RBL-2H3 mast cells were treated with Alexa Fluor� 488-labelled Monoclonal
Antibody to IgE (In vitrogen for Alexa 488 and Sigma for IgE antibody). The
labelled antibody was used to sensitise the mast cells to make them visible in live
cell imaging. The cells were then place over the pattern and it can clearly be seen
that they bind the surface containing the 30% DNP (evident by the yellow dot) and
not the area containing only the DOPC (Fig. 3).

With no haptenated lipid present, the cells remained rounded and mostly
detached from the patterned surface. When the bilayers contain DOPC and DNP,
the cells flatten and spread out. Clustering of IgE receptor on mast cells initiates
signal transduction that leads to degranulation and release of chemical mediators.
This process is accompanied by polymerisation of cytoskeletal actin leading to
spread of the rounded cell and ruffling caused by extension of lamellipodia. The
clear morphological changes allow us to establish that the receptors clustered by
the haptenated lipid stimulate a cellular response. In cases where this process is not
yet clearly visible, the cell activation could be detected via staining with phos-
photyrosine antibody. One of the very early events following cross-linking of the

Fig. 3 RBL-2H3 mast cells
FceRI receptor (labelled
green with Alexa 488-IgE
antibody) clustering on DNP
patterns labelled red with
rhodamine. Antibody-
receptor clusters (green) are
co-localized (in yellow) over
the 30% patterned DNP
ligand but not over the DOPC
control
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IgE receptor is tyrosine phosphorylation brought about by the recruitment of
various kinases to the cross-linked receptor. Our preliminary quantification of the
phosphorylation events showed that approx. 2 min after cross-linking nearly 18%
of the cells were activated in terms of positive phosphotyrosine signal rising to
45% at 5 min time point. The system is therefore set for analysing the rapid
action of steroid hormones triggered after activation of the cells by allergenic
hapten (Fig. 4).

Fig. 4 Activation of mast cells on DNP-lipid patterns. a RBL 2H3 cells show micrometer-scale
concentration of phosphorylated tyrosine, which appears as early as 5 min. b At 15 min, the
phosphorylated tyrosine signal reaches a maximum. Cells on the DOPC pattern show no
detectable tyrosine phoshorylation. c Plot of the percentage of activated cells on DNP arrays over
time
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5 Questions to be Answered

How are the steroid receptor recruited to the plasma membrane?
We will use the above-described approaches to find out how fluorescently-

labelled GR and ER are recruited to the lipid rafts following activation of these
receptors. Upon hormone treatment it is thought that the steroid receptors present
in an inactive state in complexes with molecular chaperones dissociate and are
transported into the nucleus. Since the receptors could also be transported to the
plasma membrane, we would like to know how this is brought about and to
determine the dynamics of this recruitment. In this connection, we would use
photobleaching experiments to measure the recovery of fluorescence after the
ablation of the signal (FRAP) to determine the kinetics of the recovery. This would
give an idea as to the dynamics of recruitment and the mobility of the receptors.

What molecules interact with the steroid receptors at the plasma membrane?
To analyse protein–protein interaction, the bimolecular fluorescence comple-

mentation (BiFC) would be used. This assay is based on the splitting of the yellow
florescence protein (YFP) into two parts (C-terminal part of YFP: YC and
N-terminal part of YFP, YN). These two parts do not spontaneously re-associate
and do not fluoresce. Fusing the YN and YC to two potentially interacting proteins
will lead to fluorescence only when they interact. Using the BiFC assay with the
steroid receptor as prey and members of the signalling molecules of the mast cells
(e.g. Lyn, Fyn or Syk) as bait will determine the in vivo interacting partners of the
receptor. Mutant receptors will also be analysed to identify the domains and
sequences needed for their recruitment and action at the lipid raft.

6 Conclusions

We have described here a novel method to elucidate the early processes underlying
the rapid non-genomic action of steroid receptors using mast cells as model. This
is to be accomplished using the technique of dip-pen nanolithography (DPN) for
the direct patterning of model allergens such as haptenated lipids onto surfaces in
order to activate the signalling cascade. Mast cells will be allowed to settle on
these patterned surfaces and to make contact with the hapten through their surface
expressed IgE receptor. This approach will allow recruitment of signalling mol-
ecules including steroid receptors to the lipid domains collectively referred to as
lipid rafts to be visualised and analysed at the single cell level. It will also allow
receptor-proximal events triggered by antigenic IgE receptor cross-linking and
interference or enhancement by steroid receptors to be measured. Through the use
of fluorescently labelled lipids and IgE or steroid receptor, FceRI clustering and
subsequent events can be measured in living cells in ‘‘real time’’. Time course
experiments of tyrosine phosphorylation of the mast cells will be used as a read-
out for the activation of the cells. Alternatively, measurements of the intracellular
Ca2+ levels of the cell could be used as a measure of the degree of activation.
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Rapid action of steroids has so far proven difficult to analyse in any great depths
because of technical problems arising from capturing the receptors at the plasma
membrane. With the use of the latest developments in DPN, these problems could
now be overcome. It would make it possible for molecular interactions of the
steroid receptors with cellular signalling components to be assessed with great
precision. Above all, this would generate knowledge that could be further explored
at the level of identification of specific ligands for this pathway for the determi-
nation of the physiological relevance of the rapid action of steroids.
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