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Abstract

Background: The estrogen receptor o (ERa) is a ligand-regulated transcription factor. However, a wide variety of other
extracellular signals can activate ERx in the absence of estrogen. The impact of these alternate modes of activation on gene
expression profiles has not been characterized.

Methodology/Principal Findings: We show that estrogen, growth factors and cAMP elicit surprisingly distinct ERa-
dependent transcriptional responses in human MCF7 breast cancer cells. In response to growth factors and cAMP, ERx
primarily activates and represses genes, respectively. The combined treatments with the anti-estrogen tamoxifen and cAMP
or growth factors regulate yet other sets of genes. In many cases, tamoxifen is perverted to an agonist, potentially
mimicking what is happening in certain tamoxifen-resistant breast tumors and emphasizing the importance of the cellular
signaling environment. Using a computational analysis, we predicted that a Hox protein might be involved in mediating
such combinatorial effects, and then confirmed it experimentally. Although both tamoxifen and cAMP block the
proliferation of MCF7 cells, their combined application stimulates it, and this can be blocked with a dominant-negative Hox
mutant.

Conclusions/Significance: The activating signal dictates both target gene selection and regulation by ERe, and this has
consequences on global gene expression patterns that may be relevant to understanding the progression of ERo-

dependent carcinomas.

journal.pone.0001859

* E-mail: didier.picard@cellbio.unige.ch

Citation: Dudek P, Picard D (2008) Genomics of Signaling Crosstalk of Estrogen Receptor a in Breast Cancer Cells. PLoS ONE 3(3): e1859. doi:10.1371/

Editor: Laszlo Tora, Institute of Genetics and Molecular and Cellular Biology, France
Received December 11, 2007; Accepted February 22, 2008; Published March 26, 2008

Copyright: © 2008 Dudek, Picard. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding for this project was provided by the Fondation Medic, the Swiss National Science Foundation, and the Canton de Geneve.

Competing Interests: The authors have declared that no competing interests exist.

n Current address: Department of Biochemistry, University of Oxford, Oxford, Oxfordshire, United Kingdom

Introduction

In reproductive tissues, estrogens and peptide growth factors (GFs)
are mitogenic and play important roles in the normal and aberrant
development. The first indication that these signaling pathways
communicate with each other was the observation that serum,
insulin and IGF-I can stimulate ERo activity [1]. Indeed, ERo has
been shown to be activated as a transcription factor by many
signaling pathways even in the absence of its cognate ligand estrogen
(|2]; and http://www.picard.ch/downloads/downloads.htm).

The biological cooperation between the EGF and IGF-I
receptor pathways and ERa is the best studied to date. Antibodies
against EGF inhibit estrogen-induced proliferation of uterine tissue
[3] and the ER antagonist ICI164,384 reduces the response to
EGF [4]. This relationship was confirmed genetically, since studies
with ERa knockout mice showed a requirement for ERa for EGF-
induced uterine growth [5,6]. Moreover, the estrogen-dependent
proliferation of the uterine stroma is defective in EGF receptor
knockout mice [7]. In cultured cells, IGF-I is able to stimulate the
transcriptional activity of ERa in the absence of hormone [8,9].
The estrogen-independent activation of ERa by EGF requires the
direct phosphorylation of ERo. by MAPK [10] and this allows the
recruitment of both positive and negative coregulators [11].
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Elevated levels of cAMP also activate ERo in a ligand-
independent fashion, but little is known about the mechanism of
this response [12,13]. Dopamine DI receptor agonists like
dopamine, which lead to increased levels of cAMP and activation
of protein kinase A (PKA), have been shown to activate ERo in the
absence of hormone [14]. PKA has been shown to modulate ERa
function by phosphorylating the ERa residues S167, S236 and
S305 [15-18]. However, there is no evidence that the PKA-
elicited hormone-independent activation of ERw is a consequence
of direct phosphorylation [19], and we have recently found that
this activation is mediated by the phosphorylation-induced
interaction with a transcriptional coactivator (P.D. et al.,
unpublished results).

Although the role of estrogen signaling for breast cancer has
been extensively studied, it is not clear to what extent ligand-
independent activation of ERo contributes to breast cancer
progression to estrogen-independent or endocrine therapy-resis-
tant forms. Overexpression or activation of the EGF receptor
ErbB2 (also known as HER2 and Neu) or activation of MEKK1
has been shown to lead to resistance to the anti-estrogen tamoxifen
in cell culture ([20-22], see also ref. [23]). Inhibition of ErbB2 or
the p42/44 MAP kinases Erk1/2 restored the inhibitory effects of
tamoxifen, underlining the importance of the MAPK pathway in
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regulating cellular growth in these systems [24]. Indeed, in clinical
samples, Erk1/2 have been observed to be hyperactive and
overexpressed in malignant breast tumors [25] and their activity
correlates with a poor response to endocrine therapy and
decreased survival of patients [26]. Furthermore, breast tumor-
derived cells that exhibit elevated MAPK expression are
hypersensitive to estradiol [27]. Interestingly, the ER coactivator
SRC3 is amplified in breast and ovarian cancers [28], and is itself
a target of the p42/44 MAPK pathway [29]. In a retrospective
clinical study on tamoxifen treatment, co-overexpression of SRC3
with ErbB2 was correlated with the poorest outcomes in patients
treated with tamoxifen [30].

The cAMP/PKA pathway may also contribute to endocrine
resistance. Indeed, higher levels of cAMP-binding proteins were
isolated from breast tumor samples that were resistant to
endocrine therapy, compared with those that were not, suggesting
the presence of a very active cAMP/PKA pathway [31]. A gene
profiling study showed that the expression of one of the regulatory
subunits of PKA, Rlo, is significantly reduced in primary breast
tumor samples and correlates with tamoxifen insensitivity [32].
This may be due to a hyperactive PKA phosphorylating ERo on
S305 and locking it into a different conformation in the presence
of tamoxifen [17,18].

A considerable number of studies have been published that used
DNA microarray technology to characterize the gene expression
responses of breast cancer cells to estrogens and anti-estrogens (for
example, refs. [33-38]). Except for one study that compared the
GF responses of the uterus of ERo knock-out and wild-type mice
[39], the impact of ligand-independent activation of ERa has not
been investigated at the genomic level. We used microarray
technology to determine whether different modes of activation of
ERo lead to similar or different genomic responses and how those
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are affected by tamoxifen in human MCF7 breast cancer cells. We
then performed a computational analysis on a set of target genes to
predict the involvement of additional transcription factors and
experimentally confirmed that some are responsible for the
proliferative stimulus of the combined treatment of MCF7 cells
with cAMP and tamoxifen.

Results

Genomic estrogen, cAMP and GF responses

Recent studies concluded that the ERo-positive human breast
carcinoma cell line MCF7 is an excellent model system for gene
expression studies since the gene expression profiles are nearly
identical to ERa-positive breast tumor xenografts and primary
tumors [37]. Here we analyzed signaling crosstalk-specific profiles
with MCEF7 cells using a human ¢cDNA array. To ensure that the
expression profiles would be due to primary transcriptional
responses, cells were induced for only 4 hours and in the presence
of the translation inhibitor cycloheximide. Details on the
experimental design and methodology are given in Supporting
Information Text S1, and the treatments are listed and illustrated
in Supporting Information Table S1 and Figure S1A, respectively.
220 unique transcripts of the 9,480 represented on the cDNA
arrays responded to at least one of the three treatments by at least
2-fold (Figure 1A and Supporting Information Table S2). The
genes regulated in the sample treated with 17f-estradiol (E2)
accounted for 90 (40.9%) of all regulated genes, including many
genes known to be regulated by E2 such as PGR (progesterone
receptor gene), BCL2, FOS and GREBI. Other genes known to
respond to estrogens like the Cyclin D1 gene (1.6-fold, p=0.007)
and TFF2 (1.38 fold, p=0.03), also responded to E2 in our
experiment, albeit more weakly. The cAMP-regulated target genes
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Figure 1. Analysis of gene expression profiles in response to different signals. (A) Venn diagrams of gene sets regulated by E2/GFs/cAMP.
Top and bottom panels: genes regulated by at least 2-fold (total of 220 genes) and 1.5-fold (922 genes), respectively. (B) Hierarchical clustering
analysis with Eisen tree of 2-fold gene set. (C) Clustering analysis using the gene sets defined separately by a 1.5-fold cut-off for each treatment. Green
and red colour bars represent repression and induction, respectively, compared to control (untreated). Black bars indicate no change.

doi:10.1371/journal.pone.0001859.g001
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accounted for 9.1% (20 of 220) of the total number of regulated
genes. The known cAMP-responsive genes encoding p27/Kipl
(1.54 fold, p=0.009) and Atf3 (1.65 fold, p=0.012) also scored
positive albeit below the 2-fold cut-off. The GF-treated sample
showed the highest differential expression patterns compared with
the control, accounting for 59.1% (130 of 220) of all genes
regulated at least 2-fold, and the largest proportion of genes
regulated at least 1.5 fold (623 of 922, or 67.6%). Classical EGF
and IGF-I regulated genes such as OS and ERBB3 showed strong
responses to the GF cocktail. Figure 1B represents a hierarchical
clustering analysis and Eisen tree of the responses of the 220 genes
that exhibited expression differences of at least 2-fold in the E2,
cAMP and EGF/IGF-I treated samples. Figure 1C represents
three clustering analyses of the genes affected at least 1.5-fold by
each treatment: E2 (360 genes), EGF/IGF-I (623 genes) and
cAMP (122 genes), with a total of 922 unique transcripts.

Validation of some microarray results by quantitative
real-time RT-PCR

In order to verify the gene expression patterns observed in the
microarray analysis, several genes with diverse patterns were
selected and confirmed by Q-PCR. We chose two genes known to
be regulated by E2 (BCL2 and TFFI/pS2), and several others with
interesting expression patterns and potential relevance to cell
proliferation and cancer, including RG:S16 (Regulator of G protein
signaling 16), RAPIGAP (Rapl GTPase activating protein 1),
CCNG2 (Cyclin G2) and EPHB3 (Ephrin type-B receptor 3 precursor).
As an internal control, DMN3 (Dynamin 3) was selected because of
its abundant expression in all samples and the absence of
detectable differences in expression under all treatment conditions.
The results from three conditions (E2, GFs, and cAMP) are shown
in Figure 2 along with a dendrogram representing the microarray
data for comparison. Although in some cases the quantitative
expression values from the PCR results differed considerably from
the microarray data, the results are qualitatively identical. Thus,
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the Q-PCR results validated the gene expression patterns of the
genes tested.

ERa-dependent gene regulation via crosstalk with cAMP
and GFs

Having established that a subset of genes is regulated
independently by several treatments, we determined for which of
the genes the regulation by cAMP or EGF/IGF-1 is ERo-
dependent. ERa-signaling can be blocked with the pure ant-
estrogen ICI 182,780 (ICI), and therefore combining it with cAMP
or EGF/IGF-I should specifically affect ERa-dependent genes,
including those regulated by cAMP or GFs. We quantitatively
defined an ERa-dependent gene as one for which the difference of
expression with the addition of ICI was at least 20%. E2+ICI and
E2+hydroxytamoxifen (OHT) treatment controls were deliberate-
ly not included since these kinds of data already abound in the
literature, and since the focus of our study was on signaling
crosstalk and not on (re-)identifying genes regulated by E2- or
OHT-activated ERo. It must be emphasized that ICI does not act
as an antagonist for the novel membrane-associated estrogen
receptor GPR30 [40—42] allowing us to use this pharmacological
criterion to define ERa-dependence.

In total, 65 of 623 (10.4%) GF-regulated genes were affected by
ICI treatment (Figure 3A top and 3B left; Supporting Information
Table S3). The genes appear to organize into 8 unique clusters,
labelled I-VIIIL. Cluster I represents genes that are independently
induced by E2 and GFs and repressed by ICI alone. Repression by
the sole treatment with ICI suggests that these are genes with a
strong ERo basal activity. Cluster II differs from I by the fact there
is no difference in the ICI-only sample and hence no basal ERx
activity. The behavior of the genes in cluster III is similar to those
of cluster I, differing only in the absolute expression values. Cluster
IV represents genes that, by and large, are not significantly
induced by E2 (if at all), unaffected in the ICI-only sample but
induced by GFs in an ERa-dependent fashion. Cluster V
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Figure 2. Verification of microarray data by Q-PCR. Top panel: dendrogram of fold expression ratios from the microarray data of the genes
DNM3, BCL3, RGS16, TFF1 (pS2), RAP1GAP, EPHB3 and CCNG2. Yellow and cyan indicate induction and repression, respectively. Bottom panel: Q-PCR
results for three conditions (E2, GFs and cAMP). Log-scale graph of the fold expression values calculated with the 44Ct method using DNM3 as
internal control. Values shown are the means of triplicate samples * standard deviation.

doi:10.1371/journal.pone.0001859.9002
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corresponds to GI-induced genes most heavily affected by ICI
treatment, 1.e. the genes with the strongest dependence on ER« for
induction. In contrast to clusters I-V, clusters VI-VIII collectively
correspond to genes that are repressed by GI' treatment and
derepressed by ICI. Cluster VI includes genes with a significant
difference in the ICI-only sample, whereas cluster VII does not.
However, both VI and VII contain genes that are repressed by E2.
Cluster VIII resembles IV in that neither E2 nor ICI-alone affects
expression. Clusters IV and VIII are examples of genes that are
regulated by ERa exclusively upon activation by GFs and not by
E2.

With the original more stringent 2-fold cut-off, the set of cAMP-
regulated genes was relatively small. We therefore lowered the
threshold to 1.3-fold to obtain a larger number of ERa-dependent
genes (Figure 3A bottom and 3B right; Supporting Information
Table S3). Of the 28 genes, 26 could be classified into three unique
clusters. The two remaining genes, LMCDI and RAFTLIN,
exhibited their own unique behaviors. All three clusters exhibited
no significant changes in expression in the ICI-only sample.
Cluster I is the largest of the classes, accounting for half of the
genes in this set, and representing genes that are repressed by
cAMP in an ERa-dependent way but not affected by E2. Much
like for clusters IV and VIII from the GF gene set, ERo appears to
be required but not sufficient to regulate these genes, at least in the
presence of E2. Cluster II represents genes that are repressed by
both E2 and cAMP. In contrast, cluster III corresponds to genes
that are induced by both E2 and cAMP. The gene RAFTLIN
(double asterisk) is the only example of a gene for which E2 had no
effect and yet cAMP induced it in a partially ERo-dependent
fashion. The gene LMCD! (single asterisk) is the only one in either
ERo-dependent gene set to exhibit opposite responses to hormone
and to signaling crosstalk.

B
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Effects of cCAMP and GFs on the tamoxifen response

Unlike ICI, OHT is not a pure anti-estrogen and can even
activate ERa in a context-dependent manner. Thus, in addition to
studying the genomic effects of ligand-independent activation of
ERo, we wished to understand how signaling crosstalk can
influence the intrinsic agonistic or antagonistic activities of OHT
at the genomic level. We defined an OHT-coregulated gene (as
opposed to a gene that is affected by OHT alone) as one where
OHT-cotreatment resulted in an expression difference of at least
1.3-fold compared to cAMP/GFs alone. However, if a gene
exhibited the same behavior in the OHT-alone sample as in the
cotreatment sample, then it was filtered out and not further
considered in the analysis. In addition, in order not to confuse, for
instance, inverse agonism with antagonism, the cotreatment
sample genes were filtered out if they behaved in the opposite
fashion in the presence of E2. This was the case, for example, for
genes that are repressed by E2 but induced by the addition of both
OHT and cAMP or GF. Although we cannot formally exclude the
possibility that some OHT (or E2) signaling effects in MCEF7 cells
were mediated by ERa-independent pathways such as those
regulated by GPR30, the focus on genes differentially affected by
the combined treatments of OHT with cAMP or GFs (based on
the “filtering” mentioned above) would tend to exclude a major
contribution of those. Moreover, preliminary results from profiling
GPR30-mediated gene expression changes in response to OHT
indicate an entirely different set of target genes than the ones
studied here (Deo Prakash Pandey, Marcello Maggiolini, and DP,
unpublished results).

OHT was found to coregulate 80 genes in concert with cAMP
compared to only 28 genes with GFs (Supporting Information
Table S4, and Figure 4B). This was an unexpected finding
considering the proportion of genes that cAMP and GFs regulate
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Figure 3. Ligand-independent ERa-mediated gene expression profiles. (A) Log expression ratios of the ICl-affected GF-regulated (65 genes)
and cAMP regulated (28 genes) gene sets at the top and bottom, respectively. (B) Hierarchical cluster analysis with Eisen tree of gene sets shown in
panel A. Interesting clusters are numbered on the right. Asterisks denote genes with unique response that are discussed in the text. Colour code as in

Figure 1.
doi:10.1371/journal.pone.0001859.g003
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when applied separately, and might suggest that cAMP is
significantly more effective than GI's at modulating OHT activity.
A cluster analysis of these genes is shown in Figure 4A. To
highlight the importance of filtering out those genes that display
the same behavior with OHT alone, this analysis, as an exception,
still includes them. There is remarkably little overlap between the
responses to these different treatments (Figure 4B), illustrating a
crosstalk-specific agonistic activity for OHT that differs substan-
tially from its intrinsic agonistic activity. It should be noted that the
term agonist is used here to denote a ligand, OHT, that turns on
ERo activity above its basal activity, irrespective of whether it then
acts as a repressor or an activator of transcription. Genes where
OHT showed the strongest agonistic activity are illustrated in
Figure 4C, and are shown separately for both crosstalk signals.
Interestingly, there was a small group of genes in the original set of
108 OHT-coregulated genes (80 coregulated with cAMP plus 28
coregulated with GFs) that exhibited the intriguing behavior of
opposing responses when comparing the two crosstalk signals
(Figure 4C). Whereas OHT induces the expression of HSPBS,
GREBI and CXCLI2 in the cAMP-treated sample, it represses it in
the GF-treated sample. Similarly, OHT derepresses the GF-
induced repression of HSPC051, whereas it represses the same
gene in the cAMP-treated sample. Since these opposing behaviors

ERa Crosstalk Genomics

occur with the same genes, it implies that there are two
independent molecular mechanisms of OHT-mediated signaling
crosstalk.

Computational analysis of promoters involved in ERa-
dependent, cAMP-regulated gene regulation

The ligand-independent activation of ERa by cAMP leads to
the regulation of a distinct set of genes (Figure 3B, right panel)
whose responses to various other treatments are highlighted in
Figure 5 (top panel). We hypothesized that the regulation of the
ERa-dependent/cAMP-regulated genes might be explained by a
simple combinatorial code of transcription factor co-recruitment
that could be detected by analyzing the promoter/enhancer
regions of these genes. To facilitate the computational promoter
analysis, we employed Modellnspector [43], a component of the
GenomatixSuite software. Of the 28 unique transcripts that were
cAMP-regulated and affected by ICI treatment (ERc-dependent)
in our microarray data set, 21 were identifiable genes whose
promoter sequences could be downloaded and analyzed. These
sequences were scanned with Modellnspector for matches to a
predefined library of functional promoter modules. A “module” is
defined by a combination of two to three specific transcription
factor binding sites, their order, strand orientation and distance
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Figure 4. Interplay between OHT and signaling crosstalk. (A) Hierarchical cluster analysis with Eisen tree of genes affected by OHT in GF- and
cAMP-treated samples. Gene set includes 20 genes that also respond in the same manner to OHT alone (marked with dotted lines). Some sets of
genes with interesting behaviors are marked with solid lines and listed. (B) Venn diagrams illustrating overlap between gene sets obtained with OHT
alone or in combination with cAMP or GFs. (C) Selected patterns of genes most strongly affected by the agonistic activity of OHT. Arrows mark rows

of most relevant pairwise comparisons.
doi:10.1371/journal.pone.0001859.9g004
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range. The best scoring 2-element and 3-element transcription
factor binding sites (modules) are illustrated in Figure 5. Most
importantly, no single 2-element or 3-element module was found
to occur in all promoters from either the upregulated or repressed
group of genes. The top three 3-clement modules in the cAMP-
induced group (MI1, MI2 and MI3) occurred in 3 out of 6 of
promoters, but 5 out of 6 promoters were covered by a
combination of MIl and MI3. Only the MITF promoter
contained all three modules. In the cAMP-repressed group, fewer
common 3-element modules were uncovered than in the cAMP-
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induced group (3 versus 8), despite there being significantly more
promoters to scan; this may reflect a more robust functional
conservation of the respective promoters. The MR2 and MR3
modules were found in 5 out of 15 promoters each, whereas the
MR1 module occurs in 8 promoters, though two of those
promoters, belonging to the IDI and ARF4L genes, contain a
poorly conserved MYT1 site (marked with dotted lines in Figure 5).
There is significant overlap among the 3 modules, and yet, one
third of the promoters in this group had no detectable 3-element
module. Results from a genome-wide search of these modules in
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Figure 5. Computational modelling of transcription factor binding site modules in ERa-dependent/cAMP-regulated promoters. Top
panel: microarray data of those genes from this set for which promoter sequences (—1000 bp to +100 bp) were available (21 out of 28). Middle panel:
list of ten highest scoring 2-element transcription factor binding site (2xTFBS) modules. Bottom panel: list of three optimized modules containing 3
transcription factor binding-sites (3XTFBS) each; hashed lines, partial module coverage; grey boxes, conserved 2xTFBS module transmitted to a
3XTFBS module; black box, conserved 1xTFBS transmitted to a 3xTFBS module; asterisks denote genes with no detectable 3xTFBS modules. + and —
indicate strand orientation, and digits indicate distances in base pairs between transcription factor elements.

doi:10.1371/journal.pone.0001859.g005
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other promoters as well as a gene ontology analysis are
summarized in Supporting Information Tables S5-B and S5-C.

Requirement for a homeodomain-containing protein for
cAMP/OHT-dependent proliferation of MCF7 cells

Much like anti-estrogens such as OHT, cAMP is known to
inhibit E2-dependent proliferation of MCF?7 cells by inhibiting the
G1/S transition [44-46] (see also Figure 6A). Remarkably, the
antiproliferative activity of cAMP is partially rescued with OHT
(Figure 6A), which may be due to cAMP-induced OHT-agonism.
Intriguingly, about half of the genes (11 out of 21) used in the
promoter analysis of ER target genes regulated by cAMP are also
genes whose expression was subject to cAMP-induced OHT-
agonism (Figure 6B). Therefore, we hypothesized that one or more
of the transcription factor binding site modules found earlier might
be involved, in conjunction with ERo, in the transcriptional
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regulation of a gene (or genes) important for proliferation induced
by the combined treatment with cAMP and OHT.

To test this, we overexpressed dominant-negative (dn) forms of
Hox, Pax5, and CREB in MCF7 cells (representing the modules
MI1, MI2 and MR, respectively), and measured the proliferative
responses to OHT and cAMP (Figure 6C). Neither overexpression
of dnPax5 nor dnCREB blocked cAMP/OHT-induced prolifer-
ation. dnCREB even slightly promoted proliferation, possibly
because CREB is the target and mediator of the anti-proliferative
cAMP pathway. In contrast, overexpression of dnHox significantly
inhibited cAMP/OHT-induced proliferation whereas it had no
effect on E2-induced proliferation. dnHox was derived from
HoxD13, but since it essentially only contains the homeodomain,
we expect it to function as a dominant-negative mutant for many
homeodomain-containing transcription factors. Thus, these results
suggest that an as yet unidentified homeodomain-containing
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Figure 6. A Hox protein mediates cAMP-induced agonistic switch of OHT for MCF7 proliferation. (A) MCF7 proliferation assay. Equal
numbers of cells (2 x10°) were seeded onto plates and then treated over a period of 6 days with vehicle control (0.1% ethanol), 10 nM E2, 1 mM 8-Br-
cAMP (cAMP), 1 uM OHT or combinations thereof. (B) Venn diagram showing overlap between the cAMP-regulated/ERx-dependent genes and genes
OHT-regulated by cAMP (corrected for E2 and OHT behavior as described in the text). The overlapping 14 genes include the 11 genes used in the
promoter analysis of Figure 5 (ARF4L, ARFIP1, CLPS, DPP6, GRIA3, KLK1, NDUFB2, P2RY13, RAFTLIN, RAG2, UBCE7IP5) and the unannotated transcripts/
genes KIAA0406, KIAA0556 and Hs.541338 (see Supporting Information Tables S3 and S4). (C) Effect of dominant-negative transcription factor
mutants on proliferation of MCF7 cells. Cells were transfected with expression vectors for dnPax5, dnCREB or dnHox, or empty expression vector
(control). Data in panels A and C are representative of two independent experiments.

doi:10.1371/journal.pone.0001859.g006
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transcription factor is a mediator of the cAMP/OHT-induced
proliferation of MCF?7 cells.

Discussion

The key finding of our comparative microarray analysis is that
cAMP, growth factors and estrogen elicit vastly different
transcriptional responses, both at the level of the whole genome
and, perhaps more remarkably, of ERa-dependent genes. Thus,
depending on how ERa is activated, it regulates largely different
sets of genes. Another unexpected finding is that ERo primarily
represses genes in response to cAMP despite the fact that this
particular response was originally characterized with a reporter
gene that monitors activation. Although a large number of
microarray studies that focused on ERa and/or breast cancer cells
had been reported (for example, refs. [33-39]), these aspects had
been missed. Our analysis uniquely concentrated on signaling
crosstalk with ERo, notably its ligand-independent activation, and
on the agonistic effects of OHT in the presence of additional
extracellular signals, which at least in part are also mediated by

ERo.

ERua-dependent gene expression and signaling crosstalk

Among the ERo-dependent groups of genes with varied
behavior, clusters IV and VIII from the GI sample and cluster I
from the cAMP sample are extremely interesting. They represent
genes whose regulation by GIs or cAMP requires ERa, but for
which the cognate ligand E2 has no effect. This is strong evidence
that cAMP and GFs are activating ERa in a ligand-independent
manner. Moreover, it argues that ligand-independent activation
can lead to a specific gene expression response, which differs
markedly from the hormone-dependent response. The ligand-
independent response also varies depending on the source of the
signal, since there is virtually no overlap between the ERo-
dependent genes regulated by cAMP and those regulated by GFs.
Indeed, to our surprise, among the 96 unique transcripts that were
ERa-dependent in the crosstalk samples, only one gene,
TFF1(pS2), appeared in both the cAMP and GF group (see also
top panel in Figure 5). This supports the idea that cAMP and GF-
signaling lead to different ERa-dependent outcomes, and suggests
that two distinct ligand-independent mechanisms of activation are
at play.

Moreover, there are interesting differences between the two
signaling crosstalk responses. For instance, there is not a single
example of an ICl-affected gene that is repressed by E2 and
induced by GFs (or vice versa). When E2/GF-regulation requires
ERao, it appears to be always unidirectional. This does not seem to
be the case with E2/cAMP regulation. LMCDI, for instance, is
weakly induced with E2 alone, but repressed by cAMP, and vyet,
both responses require ERo.. Another difference between the two
ligand-independent responses is the relative distribution of
induction and repression of gene expression. Whereas GI's
activate ERo primarily to induce gene expression, it appears that
cAMP activates ERa to repress the expression of genes.
Unfortunately, still relatively little is known about how E2-
liganded ERa represses genes [47-49]. Hence, it is difficult to
begin to speculate about the molecular mechanisms.

A first indication about the underlying molecular mechanisms
that direct signal-specific responses comes from a recent study by
Surmacz and colleagues [50]. Using chromatin immunoprecipi-
tation experiments, they found that different coactivator complex-
es are assembled on two selected ER target genes in response to
E2 or IGF-I. The nature of these complexes was both signal-
dependent and influenced by whether ERo was recruited to the
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target gene directly through an estrogen response element or
indirectly through another transcription factor (AP1). Taken
together with our own genomic analysis, this argues that different
signals activate ERa to do different things, either on different
genes or even on the same gene. At the molecular level, this means
that ERo assembles different coactivator (or corepressor) com-
plexes as a function of target gene and activating signal. It is also
conceivable that different signals already direct ERa to different
target genes. Future experiments will address these mechanistic
aspects as well as the physiological consequences of these signal-
specific responses.

Our findings seem to contradict those found by the only other
microarray study that specifically looked at ERa/GF signaling
crosstalk, and which concluded that the GF response is not altered
by the deletion of the ERo gene in the mouse [39]. While it was
difficult for these authors to reconcile these results with their
previous demonstration that the growth response of the uterus to
GF's is mediated by ERa [5,6], it has not been clarified whether
estrogen and GFs both crosstalk and act in parallel in this system
and to what extent these are responses specific to the uterus.

Agonistic activity of tamoxifen and implications for
endocrine resistance

Our findings may also have implications for endocrine therapy.
A large proportion of ER+ breast cancers eventually become
resistant to anti-hormone treatment [51]. There is also a large
body of evidence that directly implicates the aberrant behavior of
growth factor receptor pathways, in particular the ErbB2 and
MAPK pathways, in the acquisition and maintenance of
tamoxifen resistance (discussed in ref. [2]). Furthermore, very
few studies have been done on the role of cAMP signaling for anti-
hormone resistance, despite first evidence as early as 1990 [31].
Although cAMP/PKA signaling has been shown to pervert
tamoxifen to an agonist for ERa target gene activation [17,52],
the molecular mechanisms remain unclear. Nevertheless, our
analysis further illustrates that studying the effects of OH'T on gene
transcription in isolation may not yield an accurate picture of its
biological activity @ wvivo and highlights the importance of
considering the cellular signaling environment as a whole when
interpreting such results.

The computational analysis of signal-specific ERo target gene
sets did not reveal a single common transcription factor framework
that could reliably explain or predict the observed genetic
behavior. This may indicate a multi-layered complexity that
would require further experimentation to separate. Despite this,
several highly specific promoter modules containing three
transcription factor binding sites separated by a specific distance
with a specific strand orientation were found in ERa target genes
differentially regulated by cAMP. Three modules were revealed
that contain highly conserved Hox, Pax5 and CREB transcription
factor binding sites. We addressed the physiological significance of
this @ silico association with a MCF7 proliferation assay. It was
known that elevation of cAMP suppresses E2-dependent prolifer-
ation of MCF7 cells [44-46], but not of tamoxifen-resistant
MCF7-LCC2 cells [46]. We observed that cAMP in combination
with OHT promotes the proliferation of MCE7 cells, albeit at
less than 50% the effectiveness of estrogen. This is the first time
that the potentially adverse consequences of cAMP signaling
crosstalk for endocrine therapy are recapitulated by augmenting
cAMP levels in tissue culture, and not just for the activation of
one or two ERa target genes. It confirms a previous report that
showed a similar growth stimulation by knocking down expression
of a regulatory subunit of PKA [17]. Furthermore, overexpression
of a dominant-negative Hox protein, harboring only the
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homeodomain, was sufficient to block this cAMP/OHT-induced
proliferation. This result implicates a homedomain-containing
transcription factor as a transcriptional facilitator of OHT-agonism.
By “facilitator” we mean that the Hox protein(s) could be required to
allow the regulation of genes required for proliferation by ER« in the
presence of cAMP and OHT. This does not need to involve any kind
of direct interaction between a Hox protein and ER«, but instead the
Hox protein might merely prepare a promoter or enhancer for
regulation by ERa. Although the computational analysis strongly
suggests some kind of functional interaction, it is formally conceivable
that a Hox protein acts through an unrelated (ER-independent) gene
in the presence of cAMP to synergize with OHT. Such mechanistic
questions will be addressed most efficiently once the Hox protein(s)
will have been identified. It will also be interesting to evaluate whether
a direct phosphorylation of this Hox protein(s) by PKA, as is known
for the paradigmatic PKA-regulated transcription factor CREB [53],
contributes an additional layer of regulatory complexity.

Hox proteins are a large family of transcription factors. The most
common element among all factors is the highly conserved
homeodomain, which is a 61 amino acid helix-turn-helix DNA
binding motif. In addition, over 100 other human proteins contain
the homeodomain as well. HOX genes are important in embryo-
genesis and organogenesis because they regulate cell proliferation
and differentiation. Since normal development and cancer involve a
balance between proliferation and differentiation, it is not surprising
that //OX genes have been linked to many different tumors,
including breast cancer [54]. Expression studies of the entire HOX
gene cluster in breast cancers revealed elevated expression for
several members, including HOXA4, B3, B13, (13, D3 and DI13.
Moreover, HOXBI3 overexpression can be used as a component of
a two-gene signature predicting poor outcome in tamoxifen-treated
patients, and its ectopic expression promotes motility and invasion
vitro [55]. It remains to be determined which Hox protein is the one
that is required for the proliferation of breast cancer cells exposed to
both tamoxifen and signals elevating cAMP.

Our analysis provides a genomic glimpse into how cAMP and
GFs pervert tamoxifen into an agonist, and sets the stage for
identifying and characterizing genes involved in causing resistance
to endocrine therapy. It will also have to be established what the
source of signals may be that leads to elevated levels of cAMP and
GFs. Apart from autocrine or paracrine signals from the epithelial
cells themselves, a stromal origin should be considered. The recent
discovery that mesenchymal cells promote the metastasis of breast
cancer cells is a telling illustration [56]. At least for a subset of
ERa-dependent carcinomas, our genomic analyses emphasize the
necessity to consider the impact of additional extracellular signals
on the effectiveness of tamoxifen as an antagonist. Our results
might ultimately facilitate the development of personalized forms
of endocrine therapy.

Materials and Methods

Cell culture

An estrogen-independent (but not ERa-independent) MCF7
variant MCF7-SH [57] was used for microarray and Q-PCR
experiments. Because this MCF7 variant expresses higher levels of
ERea, transcriptional responses could be expected to be more
robust. These cells were grown in phenol red-free Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
charcoal-treated fetal calf serum (FCS). For proliferation assays,
estrogen-dependent MCF7 cells (a gift from F. Auricchio, Naples)
had to be used. They were maintained in medium supplemented
with E2. Note that both of these types of MCF7 cells express ERa
but not ERf (data not shown).
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Microarray analysis

The human 10K E cDNA arrays, generated by the DNA Array
Facility of the University of Lausanne, Switzerland (DAFL), are based
on the Incyte cDNA collection (for details, see GEO accession number
GPL2746). Treatments for expression analyses were for 4 hours with
100 nM 17 f-estradiol (E2), hydroxytamoxifen (OHT) or ICI182,780
ICI), 1 mM 8-Br-cAMP or a combination of 50 pg/ml EGF and
50 pug/ml IGF-I, in the presence of cycloheximide. The detailed
procedures for treating the cells, isolation of RNA, and production of
Cy5- and Cy3-labelled ¢cDNA probes of treatment and control
samples, respectively, are described in Supporting Information Text
S1 and Figures S1 and S2. Cluster analysis was done using the software
Genespring (Agilent), and promoter analysis was done with the
GenomatixSuite software (www.genomatix.de), notably ModelInspec-
tor and the proprietary Promoter Module Library. The microarray
data were deposited with GEO (accession number GSE10466).

Quantitative real-time PCR analysis

Real-time RT-PCR was done as described in Supporting
Information Text S1 with the same total RNA sample replicates
used in the microarray experiments. Primers are listed in
Supporting Information Table S6.

Dominant negative constructs, MCF7 transfection and
proliferation assay

The expression vector pKW-prd-en for dominant negative Pax5
was a gift from M. Busslinger [58]. The plasmid for A-CREB was
a gift from C. Vinson [59]. A construct with exon 2 of HoxD13 in
Bluescript (a gift from D. Duboule) served as template for PCR
amplification of the homeodomain coding sequences with the
primers 5'-GGGAATTCTGGATGTGGCTTTAAA-3" and 5'-
GGAATTCTCAGGAGACAGTGTCTTTG-3'. This PCR
product was cloned into FEcoRI-BamHI-digested plasmid CKF
[60]. Estrogen-dependent MCF7 cells were seeded into 6-well
plates at 2x10° cells per well in phenol red-free DMEM
supplemented with 5% (v/v) charcoal-treated FCS and transfected
using TransIT LT1 (Mirus) (day 0). Note that transfection
efficiencies routinely reached 70-90%. 24 hours post-transfection
(day 1), cultures were supplemented with hormones as required.
Cells were counted on days 2, 4, and 6.
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Figure S1
Found at:
PDF)

doi:10.1371/journal.pone.0001859.s002 (0.19 MB

Figure S2
Found at:
PDF)
Table S1
Found at:
PDF)
Table S2
Found at:
PDF)
Table S3

Found at:
PDF)

doi:10.1371/journal.pone.0001859.s003 (0.11 MB

doi:10.1371/journal.pone.0001859.s004 (0.03 MB

do1:10.1371/journal.pone.0001859.s005 (0.11 MB

do1:10.1371/journal.pone.0001859.s006 (0.06 MB

March 2008 | Volume 3 | Issue 3 | e1859



Table S4
Found at:
PDF)

Table S5
Found at: doi:10.1371/journal.pone.0001859.s008 (0.06 MB
PDF)

doi:10.1371/journal.pone.0001859.s007 (0.08 MB

Table S6

Found at: doi:10.1371/journal.pone.0001859.s009 (0.03 MB
PDF)

References

1. Katzenellenbogen BS, Norman M]J (1990) Multihormonal regulation of the
progesterone receptor in MCF-7 human breast cancer cells: interrelationships
among insulin/insulin-like growth factor-I, serum, and estrogen. Endocrinology
126: 891-898.

2. Picard D (2003) SCOPE/IUPAC project on environmental implications of
endocrine active substances: Molecular mechanisms of cross-talk between
growth factors and nuclear receptor signaling. Pure Appl Chem 75: 1743-1756.

3. Ignar-Trowbridge DM, Nelson KG, Bidwell MC, Curtis SW, Washburn TF, et
al. (1992) Coupling of dual signaling pathways: epidermal growth factor action
involves the estrogen receptor. Proc Natl Acad Sci USA 89: 4658-4662.

4. Ignar-Trowbridge DM, Teng CT, Ross KA, Parker MG, Korach KS, et al.
(1993) Peptide growth factors elicit estrogen receptor-dependent transcriptional
activation of an estrogen-responsive element. Mol Endocrinol 7: 992-998.

5. Curtis SW, Washburn T, Sewall C, DiAugustine R, Lindzey J, 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 USA 93: 12626-12630.

6. Klotz DM, Hewitt SC, Ciana P, Raviscioni M, Lindzey JK, et al. (2002)
Requirement of estrogen receptor-o in insulin-like growth factor-1 (IGF-1)-
induced uterine responses and in vivo evidence for IGF- 1/estrogen receptor
cross-talk. J Biol Chem 277: 8531-8537.

7. Hom YK, Young P, Wiesen JF, Miettinen PJ, Derynck R, et al. (1998) Uterine
and vaginal organ growth requires epidermal growth factor receptor signaling
from stroma. Endocrinology 139: 913-921.

8. Ma ZQ), Santagati S, Patrone C, Pollio G, Vegeto E, et al. (1994) Insulin-like
growth factors activate estrogen receptor to control the growth and
differentiation of the human neuroblastoma cell line SK- Er3. Mol Endocrinol
8: 910-918.

9. Newton CJ, Buric R, Trapp T, Brockmeier S, Pagotto U, et al. (1994) The
unliganded estrogen receptor (ER) transduces growth factor signals. J Steroid
Biochem Mol Biol 48: 481-486.

. Bunone G, Briand P-A, 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.

11. Gburcik V, Picard D (2006) The cell-specific activity of the estrogen receptor o
may be fine-tuned by phosphorylation-induced structural gymnastics. Nucl
Recept Signal 4: ¢005.

. Aronica SM, Katzenellenbogen BS (1993) Stimulation of estrogen receptor-
mediated transcription and alteration in the phosphorylation state of the rat
uterine estrogen receptor by estrogen, cyclic adenosine monophosphate, and
insulin-like growth factor-I. Mol Endocrinol 7: 743-752.

. Denner LA, Weigel NL, Maxwell BL, Schrader WT, O’Malley BW (1990)

Regulation of progesterone receptor-mediated transcription by phosphorylation.

Science 250: 1740-1743.

Power RF, Mani SK, Codina J, Conneely OM, O’Malley BW (1991)

Dopaminergic and ligand-independent activation of steroid hormone receptors.

Science 254: 1636-1639.

15. Chen D, Pace PE, Coombes RC, Ali S (1999) Phosphorylation of human
estrogen receptor o by protein kinase A regulates dimerization. Mol Cell Biol 19:
1002-1015.

. Cui Y, Zhang M, Pestell R, Curran EM, Welshons WV, et al. (2004)
Phosphorylation of estrogen receptor alpha blocks its acetylation and regulates
estrogen sensitivity. Cancer Res 64: 9199-9208.

. Michalides R, Grickspoor A, Balkenende A, Verwoerd D, Janssen L, et al. (2004)
Tamoxifen resistance by a conformational arrest of the estrogen receptor o after
PKA activation in breast cancer. Cancer Cell 5: 597-605.

. Zwart W, Griekspoor A, Berno V, Lakeman K, Jalink K, et al. (2007) PKA-
induced resistance to tamoxifen is associated with an altered orientation of ERo
towards co-activator SRC-1. EMBO J 26: 3534-3544.

. Lazennec G, Thomas JA, Katzenellenbogen BS (2001) Involvement of cyclic

AMP response element binding protein (CREB) and estrogen receptor

phosphorylation in the synergistic activation of the estrogen receptor by

estradiol and protein kinase activators. ] Steroid Biochem Mol Biol 77: 193-203.

Benz CC, Scott GK, Sarup JC, Johnson RM, Tripathy D, et al. (1993) Estrogen-

dependent, tamoxifen-resistant tumorigenic growth of MCF-7 cells transfected

with HER2/neu. Breast Cancer Res Treat 24: 85-95.

20.

@ PLoS ONE | www.plosone.org

10

ERa Crosstalk Genomics

Acknowledgments

We would like to thank F. Auricchio, M. Busslinger, D. Duboule, and C.
Vinson for gifts of plasmids and cells. We are grateful to V. Gburcik for her
early involvement in the pilot phase of the project. We are indebted to the
leaders and collaborators of the DAFL for providing and helping with
custom arrays. We thank D. Prakash Pandey and S. Carascossa for critical
reading of the manuscript.

Author Contributions

Conceived and designed the experiments: DP PD. Performed the
experiments: PD. Analyzed the data: DP PD. Wrote the paper: DP PD.

21. Pietras RJ, Arboleda J, Reese DM, Wongvipat N, Pegram MD, et al. (1995)
HER-2 tyrosine kinase pathway targets estrogen receptor and promotes
hormone-independent growth in human breast cancer cells. Oncogene 10:
2435-2446.

Shou J, Massarweh S, Osborne CK, Wakeling AE, Ali S, et al. (2004)

Mechanisms of tamoxifen resistance: increased estrogen receptor-HER2/neu

cross-talk in ER/HER2-positive breast cancer. J Natl Cancer Inst 96: 926-935.

. Lavinsky RM, Jepsen K, Heinzel T, Torchia J, Mullen TM, et al. (1998) Diverse
signaling pathways modulate nuclear receptor recruitment of N-CoR and
SMRT complexes. Proc Natl Acad Sci USA 95: 2920-2925.

. Kurokawa H, Lenferink AE, Simpson JF, Pisacane PI, Sliwkowski MX, et al.

(2000) Inhibition of HER2/neu (erbB-2) and mitogen-activated protein kinases

enhances tamoxifen action against HER2-overexpressing, tamoxifen-resistant

breast cancer cells. Cancer Res 60: 5887-5894.

Sivaraman VS, Wang H, Nuovo GJ, Malbon CC (1997) Hyperexpression of

mitogen-activated protein kinase in human breast cancer. J Clin Invest 99:

1478-1483.

Gee JM, Robertson JF, Ellis 10, Nicholson RI (2001) Phosphorylation of

ERK1/2 mitogen-activated protein kinase is associated with poor response to

anti-hormonal therapy and decreased patient survival in clinical breast cancer.

Int J Cancer 95: 247-254.

Shim WS, Conaway M, Masamura S, Yue W, Wang JP, et al. (2000) Estradiol

hypersensitivity and mitogen-activated protein kinase expression in long-term

estrogen deprived human breast cancer cells in vivo. Endocrinology 141:

396-405.

Anzick SL, Kononen J, Walker RL, Azorsa DO, Tanner MM, et al. (1997)

AIBI, a steroid receptor coactivator amplified in breast and ovarian cancer.

Science 277: 965-968.

Font de Mora J, Brown M (2000) AIB1 is a conduit for kinase-mediated growth

factor signaling to the estrogen receptor. Mol Cell Biol 20: 5041-5047.

. Osborne CK, Bardou V, Hopp TA, Chamness GC, Hilsenbeck SG, et al. (2003)

Role of the estrogen receptor coactivator AIB1 (SRC-3) and HER-2/neu in

tamoxifen resistance in breast cancer. J Natl Cancer Inst 95: 353-361.

Miller WR, Elton RA, Dixon JM, Chetty U, Watson DM (1990) Cyclic AMP

binding proteins and prognosis in breast cancer. Br J Cancer 61: 263-266.

Miller WR, Hulme MJ, Bartlett JM, MacCallum J, Dixon JM (1997) Changes in

messenger RNA expression of protein kinase A regulatory subunit I« in breast

cancer patients treated with tamoxifen. Clin Cancer Res 3: 2399-2404.

Cunliffe HE, Ringner M, Bilke S, Walker RL, Cheung JM, et al. (2003) The

gene expression response of breast cancer to growth regulators: patterns and

correlation with tumor expression profiles. Cancer Res 63: 7158-7166.

. Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR, et al. (2003) Profiling of
estrogen up- and down-regulated gene expression in human breast cancer cells:
insights into gene networks and pathways underlying estrogenic control of
proliferation and cell phenotype. Endocrinology 144: 4562-4574.

. Frasor J, Stossi F, Danes JM, Komm B, Lyttle CR, et al. (2004) Selective

estrogen receptor modulators: discrimination of agonistic versus antagonistic

activities by gene expression profiling in breast cancer cells. Cancer Res 64:

1522-1533.

Lin C-Y, Strom A, Vega VB, Kong SL, Yeo AL, et al. (2004) Discovery of

estrogen receptor a target genes and response elements in breast tumor cells.

Genome Biology 5: R66.

. Creighton CJ, Cordero KE, Larios JM, Miller RS, Johnson MD, et al. (2006)

Genes regulated by estrogen in breast tumor cells in vitro are similarly regulated

in vivo in tumor xenografts and human breast tumors. Genome Biology 7: R28.

Bourdeau V, Deschenes J, Laperriere D, Aid M, White JH, et al. (2008)

Mechanisms of primary and secondary estrogen target gene regulation in breast

cancer cells. Nucleic Acids Res 36: 76-93.

Hewitt SC, Collins J, Grissom S, Deroo B, Korach KS (2005) Global uterine

genomics in vivo: microarray evaluation of the estrogen receptor a-growth factor

cross-talk mechanism. Mol Endocrinol 19: 667-668.

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.

22.

27.

28.

29.

31.

32.

36.

38.

39.

40.

March 2008 | Volume 3 | Issue 3 | e1859



41.

42.

44.

46.

47.

48.

49.

Maggiolini M, Vivacqua A, Fasanella G, Recchia AG, Sisci D, et al. (2004) The
G protein-coupled receptor GPR30 mediates ¢-fos up-regulation by 17 f-estradiol
and phytoestrogens in breast cancer cells. ] Biol Chem 279: 27009-27016.
Prossnitz ER, Arterburn JB, Sklar LA (2007) GPR30: A G protein-coupled
receptor for estrogen. Mol Cell Endocrinol 265-266: 138-142.

. Frech K, Danescu-Mayer J, Werner T (1997) A novel method to develop highly

specific models for regulatory units detects a new LTR in GenBank which
contains a functional promoter. J Mol Biol 270: 674-687.

Vintermyr OK, Boe R, Brustugun OT, Maronde E, Aakvaag A, et al. (1995)
Cyclic adenosine monophosphate (cAMP) analogs 8-Cl- and 8-NH2-cAMP
induce cell death independently of cAMP kinase-mediated inhibition of the G1/
S transition in mammary carcinoma cells (MCF-7). Endocrinology 136:

2513-2520.

. Fontana JA, Miksis G, Miranda DM, Durham JP (1987) Inhibition of human

mammary carcinoma cell proliferation by retinoids and intracellular cAMP
elevating compounds. J Natl Cancer Inst 78: 1107-1112.

Al-Dhaheri MH, Rowan BG (2007) Protein kinase A exhibits selective
modulation of estradiol-dependent transcription in breast cancer cells that is
associated with decreased ligand binding, altered estrogen receptor o promoter
interaction, and changes in receptor phosphorylation. Mol Endocrinol 21:
439-456.

Chadwick CC, Chippari S, Matelan E, Borges-Marcucci L, Eckert AM, et al.
(2005) Identification of pathway-selective estrogen receptor ligands that inhibit
NF-xB transcriptional activity. Proc Natl Acad Sci USA 102: 2543-2548.
Kininis M, Chen BS, Diehl AG, Isaacs GD, Zhang T, et al. (2007) Genomic
analyses of transcription factor binding, histone acetylation, and gene expression
reveal mechanistically distinct classes of estrogen-regulated promoters. Mol Cell
Biol 27: 5090-5104.

Nettles KW, Gil G, Nowak J, Metivier R, Sharma VB, et al. (2008) CBP is a
dosage-dependent regulator of Nuclear Factor-kB suppression by the estrogen
receptor. Mol Endocrinol 22: 263-272.

@ PLoS ONE | www.plosone.org

1

50.

51.

52.

56.

57.

58.

59.

60.

ERa Crosstalk Genomics

Cascio S, Bartella V, Garofalo C, Russo A, Giordano A, et al. (2007) Insulin-like
growth factor 1 differentially regulates estrogen receptor-dependent transcription
at estrogen response element and AP-1 sites in breast cancer cells. J Biol Chem
282: 3498-3506.

Ali S, Coombes RC (2002) Endocrine-responsive breast cancer and strategies for
combating resistance. Nat Rev Cancer 2: 101-112.

Fujimoto N, Katzenellenbogen BS (1994) Alteration in the agonist/antagonist
balance of antiestrogens by activation of protein kinase A signaling pathways in
breast cancer cells: antiestrogen selectivity and promoter dependence. Mol
Endocrinol 8: 296-304.

Siu YT, Jin DY (2007) CREB-a real culprit in oncogenesis. FEBS J 274:
3224-3232.

. Chen H, Sukumar S (2003) HOX genes: emerging stars in cancer. Cancer Biol

Ther 2: 524-525.

. Ma X]J, Wang Z, Ryan PD, Isakoff SJ, Barmettler A, et al. (2004) A two-gene

expression ratio predicts clinical outcome in breast cancer patients treated with
tamoxifen. Cancer Cell 5: 607-616.

Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, et al. (2007)
Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis. Nature 449: 557-563.

Kalkhoven E, Beraldi E, Panno ML, De Winter JP, Thijssen JH, et al. (1996)
Growth inhibition by anti-estrogens and progestins in TGF-f-resistant and -
sensitive breast-tumor cells. Int J Cancer 65: 682-687.

Nutt SL, Morrison AM, Dorfler P, Rolink A, Busslinger M (1998) Identification
of BSAP (Pax-5) target genes in early B-cell development by loss- and gain-of-
function experiments. EMBO J 17: 2319-2333.

Ahn S, Olive M, Aggarwal S, Krylov D, Ginty DD, et al. (1998) A dominant-
negative inhibitor of CREB reveals that it is a general mediator of stimulus-
dependent transcription of c-fos. Mol Cell Biol 18: 967-977.

Donzé O, Abbas-Terki T, Picard D (2001) The Hsp90 chaperone complex is
both a facilitator and a repressor of the dsSRNA-dependent kinase PKR. EMBO J
20: 3771-3780.

March 2008 | Volume 3 | Issue 3 | e1859



