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Steroid Hormone Receptor Signaling in Tumorigenesis
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Abstract Excessive activation of the hormone signaling pathways is implicated in several disorders of the target
tissues, with cancer being one of the most serious fallouts. Steroid hormone receptors are key proteins through which
steroid hormones convey their signals to the cells. Deregulated activity of the hormone receptors due to their altered
activation; stability or sub-cellular localization is heavily implicated in the onset and progress of cancers. The role played
by estrogen and its receptors in breast cancer remains the most thoroughly investigated steroid-dependent cancer system
till date. Choosing it as an example,we have summarized themolecularmechanisms underlying the action of the estrogen
receptors (ERs) in manifesting the effects of the estrogens in the cells. A special emphasis is placed on the molecular
mechanism of their functionality, role of the coactivator proteins, and the reasons for the deregulated signaling.
The therapeutic approaches resulting from the mechanistic study of the ER action and their efficacies are also discussed.
J. Cell. Biochem. 96: 490–505, 2005. � 2005 Wiley-Liss, Inc.
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Steroidhormonesareabiologically important
class of chemically related hormones secreted
into the blood stream by the adrenal cortex and
gonads (ovaries and testes). Steroid hormones
are synthesized from one common precursor
molecule, cholesterol, by the involvement of
several enzymatic pathways resulting in a
myriad of hormones for different target tissues
and organs. The synthesis and release of these
hormones is a tightly controlled process.
Once released into the blood stream, steroid
hormones enter target cells by crossing the
cytoplasmicmembraneandexert their action by
binding tohigh-affinity receptor proteins, called
as steroid hormone receptors (SHRs). SHRs
are a class of structurally related intracellular
proteins that bind to steroid hormones and

convey their signals by affecting downstream
gene expression. Steroid hormones control a
wide variety of cellular functions necessary for
cell homeostasis, proliferation, differentiation,
and apoptosis. SHRs are crucial for the normal
development and growth of their target organs
and tissues. Deregulation of steroid hormone
secretion, signaling, and SHR action leads to a
various disorders, including cancers. Cancers
that depend on steroidhormones include breast,
prostate, testicular, ovarian, and endometrial
cancer [Henderson, 1982]. The concept of a
steroid hormone playing a critical role in carci-
nogenesis was realized long-time back, wherein
surgical removal of the ovaries or testes, which
reduced the levels of circulating hormones,
greatly benefited women with breast cancers
[Lerner and Jordan, 1990] or men with pros-
trate cancer [Huggins and Hodges, 2002],
respectively. This review is intended to provide
an overview of the involvement of SHRs in
the onset and progress of cancers, the role of
select coregulatory proteins and the emerg-
ing therapeutic approaches to treat hormone-
responsive cancers.

SHRs ARE FUNCTIONALLY AND
STRUCTURALLY SIMILAR LIGAND-ACTIVATED

TRANSCRIPTION FACTORS

The family of SHRs comprises of structurally
related proteins,which, on the basis of sequence
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similarity, are believed to forma coherent group
of evolutionarily related proteins derived from
a common ancestral gene via gene duplication
and exon shuffling [Landet, 1997]. Not surpris-
ingly, themembers of this family share common
structural features, which include a central
DNA binding domain (DBD), which is the most
highly conserved domain and is comprised of
two zinc finger motifs that are involved in DNA
binding. The ligand binding domain (LBD) to
which the hormones bind is localized in the C-
terminal half of the protein and is also referred
to as ‘activation function 2’ (AF2). An extensive
structural characterization of the LBD of sev-
eral receptors like estrogen receptor (ER),
progesterone receptor (PR) [Tenenbaum et al.,
1998]andandrogenreceptor (AR) [Shafferetal.,
2004] has resulted in a clear understanding of
the binding of the hormone, the resulting
conformational changes in the receptor, and
the basis of acute specificity of hormone binding
to its receptor. The N-terminal region of the
SHRs (referred to as activation function 1,
[AF1]) has greater sequence variation. Situated
between the DBD and LBD is a variable region
called as the hinge region. Most receptors also
have a variable stretch of amino acids at the C-
terminal end whose function is not very well
understood (referred to as F domain). The ligand-
bound active receptors form homodimers, and
the sequence motifs involved in dimerization
are present in the DBD and LBD region of the
receptors. The binding of the hormone to its
receptor results in its activation, nuclear loca-
lization, formation of homo or heterodimers,
binding to DNA, and modulation of gene tran-
scription. The protein products of these genes
are themediators of steroid signalingpathways.
The specificity of the gene targets affected by

steroid hormones is determined by a simple
and elegant mechanism, wherein each receptor
selectively binds to specific small nucleotide
stretches called as ‘hormone response elements’
(HREs), present in the regulatory chromatin
of the target genes. In general, the HREs are
composed of two small stretches of six nucleo-
tides (half-sites) separated by one or more
variable nucleotides. The identity and specifi-
city of the response elements for different SHRs
have been very well studied and characterized
[Umesono and Evans, 1989]. There is an under-
lying similarity in the basic mechanism with
which the SHRs function. The present review
will attempt to highlight the role of SHRs in the

onset andmaintenance of cancerwith a focus on
the role of ER in breast cancer.

ESTROGEN RECEPTORS

Estrogens are major promoters of cell prolif-
eration in both normal and neoplastic breast
epithelium [Pike et al., 1983] and mediate their
cellular effects via binding to high-affinity ER.
Two major ERs have been identified till date,
namelyERaandERb. ERawas identified in late
1950s andwaspurified a fewyears later [Jensen
and Jordan, 2003]. ERa functions as estrogen
activated transcription factor and involved in
the stimulation of estrogen target genes in-
volved in the regulation of cell cycle progression
and growth of breast epithelium. Excessive
stimulation of the ER pathway due to increased
hormonal secretion or increased levels of the
receptor may lead to augmentation of cell proli-
feration and thus increase the risk of uncon-
trolled growth stimulation and cancer. Patients
with breast cancer have elevated levels of ERa
expression in comparison to healthy subjects
[McGuire et al., 1975]. Results from immuno-
histochemical studies of normal and cancerous
tissue showed approximately 20–30% of cells in
normal mammary gland are ER-positive [Khan
et al., 1998; Shoker et al., 1999], but the ratio of
ER-positive cells significantly increases in pro-
liferative diseases, implying an increased risk
of tumorigenesis under conditions of increased
ER expression. Several recent studies of differ-
entially expressed estrogen responsive genes in
human breast cancer cells and tumors have
helped in identifying the possible estrogen-
inducible oncogenes [Inoue et al., 2002; Coser
et al., 2003; Cunliffe et al., 2003; Frasor et al.,
2003]. One such oligonucleotide micro-array
study of 19,000 human genes identified 226
estrogen-upregulated genes out of which 137 of
them were induced by estrogen and blocked by
antiestrogen ICI [Abba et al., 2005]. A compar-
ison of these genes, identified in cell lines, with
those in tumors showed that 44 were differen-
tially expressed in at least one breast cancer
study, and such genes might have biological
and clinical significance to the pathobiology
of breast cancer. In another study aimed to
identify differentially expressed genes between
ERa-positive and ERa-negative primary breast
tumors [Chin-Yo et al., 2004], 520 transcripts
were identified to be differentially regulated in
ERa positive tumors, 473 out of which were up
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regulated and 47 were down-regulated. Of the
genes with altered expression in ERa-positive
cells, 31% were involved in cell growth and
maintenance, 21% in cell communication, and
16% in regulation of transcription, highlighting
the importance of ER affected genes in tumors.
A continuing study of these genes and their
effects should provide further insights into the
role of ER as a transcription factor and the ER-
pathway in the process of tumorigenesis.

COVALENT MODIFICATIONS CONTROL
ACTIVITY OF SHRs

As with many transcription factors, covalent
modifications play an important role in the
modulation of activity of SHRs. For example,
the activity of ERa can be modified by its phos-
phorylation, acetylation, ubiquitination, and
palmitoylation. Several phosphorylation sites
have been identified in ERa. Majority of these
sites are in the activation function 1 (AF1).
Serines at positions 104 and/or 106 are phos-
phorylated by CDK2 [Rogatsky et al., 1999].
Similarly, serine118 is phosphorylated by mito-
gen activated protein kinase (MAPK) [Kato
et al., 1995], resulting in a ligand-independent
transactivation of ER. Serine 118 is also phos-
phorylated by basal transcription factor TFIIH
associated kinase CDK7 in a MAPK-indepen-
dent and estrogen-dependent manner [Joel
et al., 1988]. Serine 167 of ER is phosphorylated
by casein kinase II and pp90rsk1 [Joel et al.,
1998]. The identification of the phosphorylation
sites and the finding that their mutations
dramatically reduced transactivation of ER
[Ali et al., 1993; Le Goff et al., 1994] has helped
define the mode of activation and functional
importance of the AF1 domain. In addition to
these sites, serine 236, which resides in the C-
terminal zinc finger of DBD is phosphorylated
by protein kinase A (PKA) and leads to inhibi-
tion of dimerization and DNA binding [Chen
et al., 1999].Tyrosine 537,which resides inhelix
12 of the LBD, has been found to be important in
regulation of ligand binding, dimerization, and
transactivation. Experimental replacement of
tyrosine 537 with other amino acids resulted in
a constitutively active receptor and increased
basal association with coactivators [Wies et al.,
1996]. In fact, one of the few natural mutants of
ERa is a mutant where tyrosine 537 is replaced
byarginine [Zhanget al., 1997], and thismutant
activates gene transcription in a ligand-inde-
pendent manner and exhibits a partial resis-

tance to the action of anti-estrogens, implying a
role for Y537R in the hormone independent
status of the cells. Another important phosphor-
ylation site in the AF2 domain is Serine 305,
which couldbephosphorylatedbyp21-activated
kinase 1 (Pak1) [Wang et al., 2002], and phos-
phorylation at this site augments transactiva-
tion function of ERa. Mutation of serine 305 to
alanine (S305A) abolished the stimulation by
Pak1 and mutation to glutamic acid (S305E) to
mimic phosphorylation resulted in an activated
ER, validating the significance of Ser305. More
recently, the Serine 305 site was also found to
be phosphorylated by PKA, which bestowed
tamoxifen resistance. On phosphorylation at
this site, tamoxifen bound to theERbut failed to
induce the inactive conformation and resulted
in persistent ER transactivation [Michalides
et al., 2004]. In brief, identification of different
phosphorylation sites on ERa has revealed the
functional importance of covalent modification
in modulating the activity of the ER.

Acetylation is another covalent modification
of ERa that affects its activity and hormone
sensitivity. ERa is acetylated on lysine 303 in
the hinge/LBD region by p300 [Wang et al.,
2001], and this modification reduces the sensi-
tivity of ER to the ligand. The clinical signifi-
cance of lysine 303 acetylation was revealed
by the natural occurrence of the Lys-to-Arg
[K303R] substitution mutation in Caucasian
women with breast hyperplasia [Fuqua et al.,
2000]. This mutation, which was observed in
34% of Caucasian patients, resulted in ER that
could not be acetylated leading to remarkable
ligand hypersensitivity with a saturating re-
sponse at physiological levels (10�11 to 10�12M)
of estrogen. InMCF-7 cells expressing thismutant
form of ERa upon treatment with 10�12 M of
estrogen, the proliferation rate was comparable
to the rate with highest concentration of the
hormone (10�9 M), indicating a drastic increase
in response to estrogen by this mutation. This
also suggests that the occurrence of this gain-of-
function mutation had a pathological role in
the onset of breast cancer [Fuqua et al., 2000].
More recently, ERa has been shown to be
palmitoylated at cysteine 447 in the LBD
region. ERa palmitoylation stimulates mem-
brane localization of ER, promotes interaction
with membrane protein caveolin-1 and acti-
vates nongenomic ER signaling, leading to an
increased proliferation of cells [Acconcia et al.,
2005].
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Acetylation also constitutes a major regulat-
ing modification of androgen receptor (AR),
which plays a key role in the progression of
prostrate cancer. AR is acetylated by p/CAF,
p300, and Tip60 [Fu et al., 2000; Gaughan et al.,
2002]. AR acetlyation sites are located in the
hinge region and are well conserved across
species. In this context, it is important to point
out that acetylation of ER reduces ligand sensi-
tivity, whereas acetylation of AR augments
ligand-induced activation [Fu et al., 2004]. This
is one of several examples that highlight the fact
that in spite of fundamental underlying func-
tional similarities among SHRs, there is also
significant difference in the manner in which
each SHR is modulated. This advocates an in-
depth study of each SHR to understand its
specific role in development, proliferation, and
tumorigensis in specialized tissues and organs.

COREGULATORY PROTEINS
CONTROL SHR FUNCTIONS

The binding of the hormones to the respective
SHRs is the first step in transmitting the signal
carried by the hormone. The signal is further
propagated by the SHRs DNA-binding capa-
bility, which occurs at specific gene targets, and
transcription of the genes. The transcriptional
upregulation of the target genes is achieved
by the capability of the ligand-bound SHRs to
recruit a wide bevy of proteins referred to as
‘coactivators’. These coactivators have specialized
functions of modifying the state of chromatin,
recruitment of transcriptional machinery, and
facilitating the transcription of the genes.
Numerous families of coactivators of different
SHRs have been identified. Their mode of
interaction with the receptors and the molecu-
lar mechanism by which they function has
been established. The ligand-binding domain
of SHRs is structurally similar across the
family. It is basically composed of 10–12 alpha
helices that fold into an anti-parallel helical
sandwich consisting of a central core of helices
with helix bundles on either side [Wurtz et al.,
1996]. This three-layered structure creates a
wedge-shaped hydrophobic cavity where the
ligand binds. The C-terminal-most helix (helix
12) extends away from the LBD core in the
receptor when the ligand is not bound. Ligand
binding induces conformational change, invol-
ving the repositioning of helix 12, which reposi-
tions itself by folding against the core of the

LBD. This results in the sealing of the ligand
binding cavity and the creation of a hydrophobic
groove on the LBD, which is specifically recog-
nized and bound by coactivators. The coactiva-
tors can bind to these hydrophobic pockets by
the virtue of conserved motifs referred to as
Nuclear receptor boxes (NR boxes), which are
conserved motifs of five amino acids, ‘LXXLL’
(where L is Leucine and X is any amino acid).
Themotif forms an amphiphathic helixwith the
leucines presented outwards and involved in
binding to the hydrophobic patch on the LBD of
the ligand bound receptor. The mode of binding
of NR box helices to the LBD of SHRs and the
specificity of interaction have been extensively
studied by X-ray crystallographic and muta-
tional analysis and reviewed in detail elsewhere
[Savkur and Burris, 2004].

STEROID RECEPTOR COACTIVATOR (SRC)
FAMILY IN HORMONE ACTION

The first NR coactivator, steroid receptor
coactivator-1 (SRC-1) was cloned by a yeast
two- hybrid screen of the human B-cell cDNA
library using the PR-LBD as bait [Onate et al.,
1995]. It was found to interact in a ligand
dependent manner with AF2 domain of various
NRs like progesterone receptor (PR), ER, thy-
roid receptor (TR), retinoid-X-receptor (RXR),
glucocorticoid receptor (GR), and peroxisome-
proliferator-activated receptor (PPAR) and
enhance their transcriptional activation. The
secondmember of the family, SRC-2, also called
as glucocorticoid receptor-interacting protein 1
(GRIP1), transcriptional intermediary factor 2
(TIF2)/nuclear receptor coactivator-2 (NCoA2)
was identified as a protein binding to AF2
domains of ER and GR [Hong et al., 1996;
Voegel et al., 1996]. The third member of this
family was simultaneously identified and re-
ported by several groups as retinoic acid receptor
(RAR) -interacting protein (RAC3), a CBP-
interacting protein (p/CIP), a hRARb-stimula-
tory protein (ACTR), a gene amplified in breast
cancer (AIB1) and as TR-interacting protein
(TRAM1).P/CIPwas themousehomologwhereas
RAC3/ACTR/AIB-1/TRAM was the human iso-
forms [reviewed in Leo and Chen, 2000]. A
detailed study of the functioning of this family
of coactivators has resulted in an in-depth
understanding of the molecular mechanism by
which SHRs and the NRs recruit the ser-
vices of coactivators to enforce changes in the
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transcription of the target genes as needed by
hormonal signals.

The three members of the SRC family share
about 50–55% sequence similarity. The most
conserved region is the N-terminal region,
which is referred to as the basic helix-loop-helix
(bHLH) domain involved in the DNA binding
and protein-protein interaction [Huang et al.,
1993]. The central region has three NR boxes
with LXXLL motifs involved in the interaction
with the ligand bound nuclear receptors [Chen
et al., 1997; Torchia et al., 1997]. In addition,
there are two transcriptional activation domains
(AD1 and AD2) in the C-terminal region. The
AD1 region is responsible for interaction with
the general transcriptional cointegrators, CBP
and p300. This region has NR box motifs, and
mutation of these NR boxes impairs the inter-
action of SRCs with the transcriptional regu-
lators, implicating the importance of AD1 in
recruiting acetyl transferases like CBP/p300
and p/CAF for chromatin remodeling [Voegel
et al., 1998; Li et al., 2000]. The other activation
domain, AD2 was found to be responsible for
interacting with and recruiting histone methyl-
transferases and coactivator associated argi-
ninemethyltransferase 1 (CARM1) [Chen et al.,
1999; Koh et al., 2001]. In brief, SRCs function
as coactivators by chromatin remodeling and by
recruiting other coactivators.

Results frommechanistic studies have helped
to clarify the step-by-step process of SRC in-
volved transcription activation at themolecular
level.LigandboundactivatedSHR/NRrecruites
a preexisting complex of SRC with p300, pCAF
(p300/CBP associated factor) andCARM1 to the
chromatin resulting in acetylation and methy-
lation of histones at specific sites [Chakravarthi
et al., 1996; Shang et al., 2000; Li et al., 2003].
Subsequently, the SWI/SNF (switch defective/
sucrose nonfermenter) chromatin-remodeling
complex is recruited through direct or indirect
interactions with CBP/p300 and this complex
brings about histone acetylations resulting in
opening of the chromatin [Huang et al., 2003].
In thenext steps theVDR-interacting protein or
TR-associated protein (DRIP/TRAP) mediator
complex is recruited by interactions with SRC/
CBP/p300 complex or direct interactions with
the NR. The TRAP complex directly interacts
with the basal transcriptional machinery, which
results in the initiation of gene transcription [Ito
and Roeder, 2001; Sharma and Fondell, 2002;
Huang et al., 2003].

In addition, several other coactivators have
been identified such as steroid receptor RNA
activator (SRA/SRAP), which is a unique coac-
tivator of SHRs like PR, ER, GR and AR. SRA/
SRAP existed as a ribonucleoprotein complex
containing SRC-1 and it activated transcrip-
tion by interacting with the AF1 domain of the
SHRs, distinguishing it from other coactivators
[Lanz et al., 1999]. E6-associated protein (E6-
AP) is anubiquitin protein ligase thatwas found
to potentiate ligand-dependent transcription of
ER, PR, AR and GR [Nowaz et al., 1999]. It is
overexpressed inmammary tumors [Sivaraman
et al., 2000]. L7/switch protein for antagonists
(L7/SPA) is an antagonist-specific coactivator
with a basic leucine zipper domain; it potenti-
ates only the partial agonist activity of antago-
nists, including tamoxifen but not of the agonist
[Jackson et al., 1997]. The PIAS family (protein
inhibitor of activated signal transducer) is
composed of a group of related proteins. The
first member of the family (PIAS1) was found to
be a coactivator of AR, PR, GR and ER [Kotaja
et al., 2000; Tan et al., 2000] and it is over-
expressed in 33% of prostate cancer samples,
indicating apossible role in tumorigenesis of the
testis or prostate [Li et al., 2002]. SNURF (small
nuclear ring finger protein) was identified as an
interacting protein of the DBD of AR and was
subsequently found tobea coactivator ofAR,GR
andPR [Moilanen et al., 1998]. ARAs (Androgen
receptor associated proteins is a large group of
AR-interacting proteins of different molecular
weights (ARA70, ARA160, ARA54, ARA267)
which can bind and modulate the transcrip-
tional function of AR [Yeh and Chang, 1996].
The identification of potentiators of the SHR
activity has resulted in a wealth of information
regarding the role of these positive coregulators
inmodulating the activity of the SHRs and their
possible role in tumorigenesis.

Another SHR coactivator whose expression
levels andactivity in cancerhas been found to be
of great significance is SRC-3 or AIB1. It was
found to be a cancer amplified coactivator and
plays very important roles in biological pro-
cesses involving cell proliferation, migration,
differentiation, sexual maturation, and repro-
ductive functions, as well as in breast cancer.
SRC-3 was identified by several laboratories
using different strategies [Lan et al., 2003]. It
had functional domains characteristic to the
SRC family of coactivatorsand could formstable
complex with CBP to enhance transcription by
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several nuclear receptors namely, RAR, ER, TR
andPR.Altered expression levels of SRC-3were
seen in hormone-dependent cancers like breast
cancer. SRC-3mRNAwas overexpressed in 31–
64% of breast tumors [Anzick et al., 1997;
Bouras et al., 2001]. Overexpression was seen
in both ER-positive and negative tumors [Bau-
tista et al., 1998]. The SRC-3 protein levels were
not always correlated with the incidence of
cancer. In one of the studies, a comparison of the
normal tissue to the breast tumor showed high
levels ofSRC-3protein in only10%of the tumors
[List et al., 2001]. In invasive breast tumors the
overexpression of SRC-3 was correlated to high
levels of human epidermal growth factor 2
(HER2/neu) [Bautista et al., 1998; Bouras
et al., 2001]. High levels of AIB1 were also
associated with tamoxifen resistance andworse
survival-rate. Patients with high levels of both
SRC-3 and HER2 have worse response to
antiestrogen therapy [Osbourne et al., 2003].
Several studies have established the impor-
tance of AIB1 in cancers. Depletion of SRC-3
levels in MCF-7 breast cancer cells resulted in
reduction of estrogen mediated cell prolifera-
tion and colony formation in soft agar assay
[List et al., 2001]. In breast cancer cells AIB1
was recruited to cyclin D1 promoter, resulting
in an increase of cyclin D1 expression [Planas-
Silva et al., 2001]. A wealth of information was
also obtained by the study of the SRC-3 knock-
out mice (SRC-3�/�) harboring the MMTV/v-
Ha-ras transgene (ras þ). Virgin SRC-3 knock-
out mice had a lower incidence and extent of
mammary gland ductal hyperplasia when com-
pared to the wild type mice indicating that the
initiation of tumorigenesis by MMTV/v-Ha-ras
oncogene was suppressed in the knockout mice.
The frequency of breast tumors and metastasis
to the lungs was also considerably decreased
in SRC-3 knockout mice. A similar pattern of
tumor formation andmetastasis was also found
in mice through multiple pregnancies [Sinn
et al., 1987]. These findings show the involve-
ment of SHR coactivators like SRC-3 in the
initiation and progression of cancers.

PELP1, A NOVEL COREGULATOR
OF HORMONE ACTION

PELP1 has been identified as a novel ER
coactivator. It is aproteinwith 1273amino acids
andunusually rich inprolines (13.2%), glutamic
acid (12.4%) and leucine (12.9%), and hence,

was named as PELP1 (Proline, Glutamic acid
and Leucine rich protein) [Vadlamudi et al.,
2001]. It has nine NR box motifs, seven towards
the N-terminal region and two in the central
region. It interacts with and significantly
enhances the transcriptional function of ERa
indicating that it functions as an ER coactiva-
tor. PELP1 did not have the same effect on PR
and GR indicating that it may functional as
an ER-specific coactivator [Vadlamudi et al.,
2001]. Even though it has amolecular weight of
160 kDa, sequence analysis showed it was
distinct from the other members of the p160
family of coactivators. The conserved domains
of p160 proteins like the bHLH,PER,ARNTand
SIM homology domains were absent in PELP1.
It could interact with transcriptional activators
like CBP and p300 in vivo, which suggest that
PELP1 activates ER transcription by recruiting
general coactivators like CBP and p300.

A possible role of PELP1 in mammary
tumorogensis was also evident by the fact that
a small number of breast tumors analyzed
contain a 3–5 fold higher levels of PELP1 in
comparison to normal adjacent tissue [Vadla-
mudi et al., 2001]. Subsequent studies sug-
gested that PELP1 is identical to another ERb
interacting protein namely modulator of non-
genomic activity of estrogen receptor (MNAR)
[Wong et al., 2002]. The cDNAs of these two
proteins localized to the same region of the
chromosome i.e. 17 p13.3 and showed 99%
sequence homology. In transient transfection
assays MNAR also activated ERa transactiva-
tion function just as PELP1 does. MNAR was
found to play a role as an activator of the non-
genomic effects of ERa by stimulating the
activation of the Src/MAPK pathways. The
interaction of ER with Src was stabilized by
MNAR and such events were identified as the
mechanism with which MNAR activates the
non-genomic effects of ER [Barletta et al., 2004].

A recent study found that the status of
PELP1 could also affect cell cycle progression,
as PELP1 associates with pRb (retinoblastoma
protein), a cell cycle switch protein that is
known to play a fundamental role in the pro-
liferation, development, and differentiation of
eukaryotic cells [Balasenthil and Vadlamudi,
2003]. PELP1 overexpression hyper-sensitizes
breast cancer cells to 17b-estradiol (E2) signal-
ing, enhances progression of breast cancer cells
through the S phase of the cell cycle, and leads
to persistent hyperphosphorylation of pRb in
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an E2-dependent manner. These observations
suggest that PELP1 plays a permissive role in
estrogen mediated cell cycle progression via
its interactions with the pRb pathway. Upon
stimulation of cells with estrogen, there was an
enhanced recruitment of PELP1 to the estrogen
responsive promoters and colocalization with
the acetylated histone H3. Increased levels of
PELP1-associated acetlytransferase activity
were observed on E2 stimulation. In the same
study, PELP1 was also found to interact with
histones H1 and H3, with a greater binding
affinity to H1. It was found that PELP1 in-
creases transcription by chromatin modifica-
tion involving the displacement of H1 [Nair
et al., 2004]. In another study, PELP1 was
confirmed to act as ER coactivator but as a
corepressor of GR and of non-NR sequence-
specific transcription factors tested, including
AP1 (activating protein 1), NF-kB (Nuclear
factor-kappa B), and TCF/SRF (ternary com-
plex factor/serum response factor) [Choi et al.,
2004]. The noted repression activity of PELP1
was due to its ability to recruit HDAC2, which
in-turn might mask the acetylation of histones
H3 and H4 and, prevent them from acting
as substrates for histone acetyltransferases.
Ligand binding to ER reverses the repressor
role of PELP1 with a parallel increase in the
status of histone hyperacetylation. Recently it
was also shown that PELP1 also functions as a
coactivator of signal transducers andactivator 3
(STAT3), increasing its transcriptional activity
[Manavathi et al., 2005]. This positive regula-
tion is brought about by the ability of PELP1 to
augment growth factor induced phosphory-
lation of serine 727 of STAT3 via activation of
src-MAPK pathway. STAT3 is proven to play a
role in tumorigenesis and constitutive phos-
phorylation at serine 727 has been observed in
several tumors. Additionally, genes such as
cyclin D1, c-myc, and c-fos, which are involved
in cell proliferation and oncogenesis, are targets
of STAT3 [LevyandDarnell, 2002]. Functioning
as a coactivator of STAT3 might be one of the
ways inwhichderegulation ofPELP1activity or
expression might be involved in tumorigenesis.

Another notable property of PELP1 is its
ability to function as a coactivator of both ERa
and ERb in endometrial cells and potentiate the
agonist activity of tamoxifen in endometrial
cells but not in breast cells. PELP1 expression
and localization was widely deregulated in the
endometrial tumors [Vadlamudi et al., 2004].

Since PELP1 was primarily localized in the
cytoplasmic and/or nuclear compartment in
endometrial cancers, these studies provided
important clues about the emerging cytoplas-
mic or non-genomic functions of PELP1. In
brief, these studies revealed several facets of
PELP1’s role as a coactivator and corepressor
of NRs and that PELP1 modulates both the
genomic and nongenomic functions of ER. A
continuing investigation of well-studied coacti-
vators likeSRC-3 andnewly emergingmembers
like PELP1 would further help in identification
and clarification of the role played by these
coregulator proteins in cancers and will result
in establishing them as targets in prevention
and treatment of cancers.

NON-CLASSICAL MECHANISM OF ER ACTIVITY

In addition to the classical mechanism of
binding of SHRs to their response elements and
altering the gene transcription, SHRs like ER
were capable of altering gene expression with-
out directly binding to the DNA. This was
evident by the fact that about one third of
human genes that are regulated by ER do not
have the ER responsive (ERE) consensus
sequences [O’Lone et al., 2004]. This is possible
because ER binds and modulates the functions
of other classes of transcription factors such as
activator protein-1 (AP-1) or Sp-1, which in turn
bind to their cognate response elements on the
DNA [Gottlicher et al., 1998]. This phenomenon
observed in the action of several NRs is referred
to as ‘transcriptional cross talk.’

In addition to genomic effects, steroid hor-
mones can rapidly manifest their activity in
cells in a manner that cannot be accounted for
by the activation of RNA and protein synthesis.
These effects are believed to be initiated by
membranous and/or cytoplasmic receptors,
and generally referred to as the ‘Non-genomic’
effects of the steroid hormones and are fre-
quently credited to the activation of several
protein-kinase cascades [Losel and Wehling,
2003]. In ER, these nongenomic effects are
brought about by a sub-population of the clas-
sical ERs (ERa and ERb), which localize at the
plasma membrane [Pappas et al., 1995]. A
truncated form of ERa was reported as the
predominant form of ER at the plasma mem-
brane of endothelial cells [Li et al., 2003].
Several functions of ER have been attributed
to nongenomic actions includingmobilization of
intracellular calcium [Improta-Brears et al.,
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1999], stimulation of adenylate cyclase activity,
and production of cAMP second messenger
[Aronica et al., 1994]. One of themost important
pathways activated by the nongenomic func-
tions of ER is the MAPK signaling pathway,
which has been studied in great depth in
cell types like breast cancer [Migliaccio et al.,
1996], endothelial [Chen et al., 1999], and bone
[Endoh et al., 1997].MAPK is known to activate
phosphotidyl inositol (PI) 3 kinase pathways in
endothelial, breast cancer, and liver cells. As
part of their nongenomic effects, membrane
ERs also activates membrane tyrosine kinase
receptors in various cell types. For instance,
ligand activated ERa activates the epidermal
growth factor receptor (EGFR), which involves
the activation of G proteins, Src kinase, and
matrixmetalloproteinases, resulting in increas-
ed MAPK and Akt activities [Bjornstrom and
Sjoberg, 2005]. ERa also binds and activates
insulin-like growth factor (IGF-I) receptor,
which ultimately results in the activation of
the MAPK pathways [Razandi et al., 2005].
Several instances of the synergistic nature of
the genomic and nongenomic effects of ER have
been observed to alter the expression of the
target gene, such as cyclin D1. The cyclin D1
promoter has no ERE-like sequences but its
stimulation by estrogen primarily involves ER
interaction with the Sp1 transcription factor at
theGC-rich promoter sequences [Castro-Rivera
et al., 2001] and with the c-Jun/ATF-2 hetero-
dimers at the variant CRE [Sabbah et al., 1999].
On the other hand, it has also been shown that
activation of cyclin D1 gene occurs by the as-
sociation of ERa with Src kinase and the p85a
regulatory subunit of PI3-kinase in breast
cancer cells [Marino et al., 2002]. Interestingly,
both the ERs (ERa and ERb) are also targets
of MAPK phosphorylation, which modulates
their activity, ultimately affecting their geno-
mic functions. On the whole, the effects of the
steroid hormones in cells are the cumulative
results of their genomic and nongenomic effects
involving activation of a myriad of protein
kinase pathways, which in-turn will influence
secondary genomic responses.

ESTROGEN RECEPTOR b, ANOTHER
SIGNIFICANT PLAYER IN
ESTROGEN SIGNALING

A second ER was identified a decade ago
and named ERb to distinguish it from the pre-
viously identified and extensively studied ERa

[Mosselman et al., 1996]. Later it was cloned
fromrat prostrate [Kuiper et al., 1996], and then
from mouse [Tremblay et al., 1997] and human
[Ogawa et al., 1998]. The possibility that ERb is
an isoform of ERa was eliminated by the fact
that two different genes coded them. ERa gene
is located on chromosome 6 and ERb gene on
chromosome 14 [Enmark et al., 1997]. ERb
protein has 530 amino acids and is smaller than
ERa, which has 595 amino acid residues.
Human ERa and ERb share structural homol-
ogy in their domains. Comparison of the amino
acid sequences of various domains between the
two receptors showed that the activation func-
tion domain (A/B or the AF1 domain) was the
least conserved with 30% sequence similarity
and studies have shown that the AF1 domain of
ERb is not involved in modulating its activity
[Hall and McDonnell, 1999]. The two receptors
share amaximumhomology of 96% in theDNA-
binding domain (domain C), 36% homology of
the hinge region (domain D), and 53% sequence
homology in the ligand binding or the AF2
domain. Similar to ERa, ERb also functions as a
ligand-dependent transcription factor. A com-
parison of the ligandbinding affinities of the two
receptors showed that they both bind to 17b-
estradiol with the same degree of affinity but
show subtle differences in binding to other
ligands. In comparison to ERa, ERb binds
with twice the affinity to antiestrogens like 4-
hydroxy tamoxifen (4-OHT) and ICI 164,384,
and with half the affinity to diethylsilbesterol
(DES) and five times the affinity to phytoestro-
gen like genistein [Kuiper et al., 1997].

Several variants of ERb resulting from inser-
tions, exon deletions, or alternative splicing
have been discovered. These variants can also
bind ligands and mediate estrogen signaling
[Paech et al., 1997; Cowley and Parker, 1999].
The most studied variant of ERb is ERbcx,
which is truncated at the C-terminus and is
transcribed using an alternative exon 8 and has
an additional 26 amino acids because of alter-
native splicing. It has a reduced binding affinity
to 17b-estradiol and to the EREs [Ogawa et al.,
1998]. The most interesting aspect of this
variant is the fact that it heterodimerizes with
ERa and inhibits its transcriptional activity
[Pace et al., 1997; Pettersson et al., 2000] sug-
gesting it may have an important role in
neutralizing the activity of ERa and may con-
tribute to phenomena such as hormone inde-
pendence and tamoxifen resistance. Further
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studies showed that other isoforms of ERb such
as ERb1, ERb2, and ERb5 also have the same
negative effect on ERa [Peng et al., 2003],
indicating the importance of these isoforms in
the overall estrogen signaling.

The discovery of an additional ER, ERb
forced a reappraisal of the understanding of
the estrogen signaling in cells and the therapies
being used to treat breast cancer. ERa and ERb
have contrasting effects on cell proliferation in
breast cancer. The specific functions of ERb in
cancer are not verywell known in comparison to
the level of understanding of the role played by
its counterpart ERa, but initial studies suggest
that ERbmight have an inhibitory effect on cell
proliferation. This concept was revealed by the
fact that the levels of ERb are highest in normal
tissue as well as in benign disease but decrease
during carcinogenesis [Brandenberger et al.,
1998]. Accordingly, the ratio of ERa to ERb
was observed to increase during carcinogenesis
[Pujol et al., 1998; Rutherford et al., 2000],
strengthening the concept of ERa as promoting
tumorigenesis while ERb of preventing it. As
additional proof is loss of the ERb expression
could be one of the leading events to breast and
ovarian carcinogenesis [Lazennec et al., 2001;
Bardin et al., 2004]. Mechanistic studies of the
functions of ERb are revealing the reason
behind its anti-proliferative effects in contrast
to ERa. One of the possibilities is the dominant
negative effect the ERb variants have on ERa
by heterodimerizing with it and silencing its
activation functions.

The two ERs differ distinctly in the mode of
interacting with the coregulator proteins. For
instance, inERa the binding of the agonist leads
to the release of corepressors like N-CoR and
SMRT and binding of coactivators and tran-
scriptional activation. ERb has been shown,
both in vitro and in vivo to bind the corepressor
N-CoRandSMRT in thepresence ofERagonists
such as estradiol and phytoestrogens such as
genestein but not in the presence of antiestro-
gens [Webb et al., 2003]. In MDA-MB231 cells,
ERb inhibited cell proliferation in a ligand-
dependent manner, in contrast to the induction
of cell proliferation by ERa [Lazennec et al.,
2001]. In a recent study, stable cell lines of
ERbWTand the variant ERbcxmutant inMCF-
7 cells showed reduced the percentage of cell
population in the S-phase and the number of
colonies in the anchorage independent assay
[Omoto et al., 2003]. In another study, induced

expression of ERb in ERa-positive breast cancer
cells led to inhibition of their growth. It was also
found that this reduction in proliferation by
ERbmight be due to repression of the cyclin D1
gene, which is a key player in controlling the
G1–S transition and thus cell proliferation.
Numerous other components of the cell cycle
involved in proliferation such as cyclin E or
Cdc25A were decreased [Strom et al., 2004].
Increased cell proliferation and response to
estrogen in ERb-knockout mice suggests that
it plays a role in the modulating the effects of
ERa. The antiproliferative effects of ERb are
also evident in both prostate and colon tissue.
ERb is expressed in high levels in the prostate
and colon when compared to ERa. It was shown
in the knockout mice that ERb is involved in
the regulation of epithelial cell growth and
its absence resulted in prostatic epithelium
[Weihua et al., 2001]. A distinct loss of ERb
was observed in colon cancer cells, but the
mRNA levels did not change [Foley et al., 2000].
A change in the localization of ERb was also
observed in colon cancer cells where it was
found to be cytoplasmic, whereas in the normal
cells it was predominantly nuclear [Witte et al.,
2001]. Several lines of evidence from studies in
various tissues point towards the possibility of
ERb functioning as a tumor suppressor. Most
importantly ERb has an antiproliferative effect
and antagonizes the functions of ERa advocat-
ing continuing research of this receptor as a
target for cancer prevention and treatment.

THERAPEUTIC APPROACHES FOR
HORMONE DEPENDENT CANCERS

Extensive research on the molecular mecha-
nisms involved in the action of steroidal hor-
mones has helped to identify potential
molecular targets in cells that could be modu-
lated to prevent and treat cancer. Asmost of the
action of the hormones occurs via their recep-
tors, it is not surprising that a majority of drugs
being used are compounds, which modulate the
functions of these receptors. Because of the
complexity involved in the action of the ster-
oidal hormones and the wide array of effects
these receptors exert in cells, it has been a
challenge to formulate drugs with maximal
beneficial effects with aminimal and preferably
no undesirable side effects. In the case of breast
cancer, a class of drugs generally referred to as
selectiveERmodulators orSERMs,whichact as
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receptor binding competitors of estrogens and
block the effects of estrogens, have been used as
therapeutic agents. One of the most widely and
successfully used drugs is Tamoxifen, which is a
nonsteroidal antiestrogen that antagonizes the
action of estrogens and is being used in both
prevention [Fisher et al., 1998] and treatment
of breast cancer [Cole et al., 1971]. It is a very
efficient SERM in the breast tissue, but it had a
different mode of action in other tissues. For
example, in endometrium and bone tissues,
tamoxifen acts as an agonist increasing the risk
of endometrial cancer in patients [Fisher et al.,
1994]. In addition to this, prolonged adminis-
tration of tamoxifen has resulted in develop-
ment of resistance to its effects and due to its
slightly ‘agonistic’ effects even tumor regrowth
has been observed [Johnston, 1997]. Once the
fallouts of prolonged tamoxifen use were rea-
lized, effortswere accelerated to synthesize new
versions of tamoxifen with improved agonist
and antagonist effects. This has led to the
synthesis and testing of several other analogues
such as toremifene, iodoxifene, droloxifene, and
TAT-59. These compounds also show mixed
tissue dependent agonist and antagonist activ-
ities [Johnston, 2005].
At the molecular level, SERMs serve as

antiestrogens that bind to the ligand-binding
domain (AF2) of the ER and because of their
different molecular structures; they induce a
conformational change in the LBD that is dif-
ferent from the change brought about by
estrogens. This altered conformation prevents
the coactivators from binding to AF2 blocking
the transactivation function of the receptors.
As they affect only the AF2 domain, the AF1
domain is not affected and still can bring about
transcriptional upregulation of the target genes.
The effect of the AF1 domain has been attrib-
uted to the partial agonist action elicited by
SERMs. A constant search for a perfect or pure
antiestrogen with no agonist activity and a
higher potency has resulted in the discovery of
another class of drugs referred to as ‘selective
ER downregulators’ (SERDs), one of the most
widely usedmember ofwhich is fulvestrant (ICI
182780), a steroidal anti-estrogen. The mode of
functioning of this family is to bind to the ligand-
binding domain and by their long bulky side
chains at the 7a and 11b the affect dimerization
of ER, resulting in the lack of binding of the
receptor to DNA, higher receptor degradation
and hence, absolutely no agonist effect [Parker,

1993]. Clinical trials suggest fulvestrant as an
effective drug as compared to tamoxifen. It has
100-fold higher affinity to ER and no agonist
activity in the uterus. It can completely block
the stimulatory activity of both estrogens and
partial agonist activity of SERMs [reviewed in
Howell et al., 2000].

In addition to targeting the functioning of
the receptors, another effective approach for
treatment of breast cancer is to inhibit the
estrogen synthesis. Even though the ovaries are
the principal source of estrogen in premenopau-
sal and non-pregnant women, other sites of
estrogen biosynthesis are present throughout
the body. These sites, which include the mesen-
chymal cells of the adipose tissue and skin
[Simpson et al., 1997], osteoblasts [Bruch et al.,
1992], vascular endothelium [Sasano et al.,
1999], and aortic smooth muscle cells [Naftolin
et al., 1975], are themajor sources of estrogen in
postmenopausal women. The estrogen synthe-
sized in these sites is biologically active at the
local tissue level in paracrine or intracrine
fashion. These sites of estrogen synthesis are
capable of increasing local levels of estrogen to
considerable high levels, which plays an impor-
tant pathophysiological role in carcinogenesis.
In view of these findings, current strategies
are designed to inhibit the local synthesis of
estrogens. One of the important therapeutic
approaches is to inhibit the enzyme involved in
the biosynthesis of estrogen, namely aromatase
cytochrome P450 or estrogen synthetase and
the class of inhibitors, which are being used, are
referred to as aromatase inhibitors (AIs). These
inhibitors are being exclusively used in post-
menopausal women as these agents have little
ability to obliterate aramatase activity in pre-
menopausal ovaries [Simpson and Dowsett,
2002]. Aminoglutethimide was the first ap-
proved AI and has been used as a drug for
several years in breast cancer therapy [Santen
et al., 1982; Santen and Harvey, 1999]. This
first generation AI was non-specific and could
involve several enzymes, which are involved in
estrogen biosynthesis. This can result in the
inhibition of estrogen synthesis in a global
fashion and could have detrimental side effects
at sites where estrogen is essential for normal
functioning such as bone mineralization and
maintainance of cognitive functioning in the
brain. Later generations of AIs with higher
potency and specificity such as anastrazole,
letozole, and exemestane, are US Food and
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Drug Adminstration (FDA) approved for treat-
ment of advanced breast cancer are currently
reaching culmination of their clinical trials. In
the view of the fact that the most extensively
used breast cancer drugs like tamoxifen and
other SERMs are not generally potent for an
indefinite period of time, the AIs have the
potential of providing an alternate treatment
either as back-up drugs or even first-line drugs
for breast cancer treatment.

SUMMARY

In the present review, we have provided an
overall view of the functions of the SHRs by
focusing on the actions of estrogen via its
receptors, which remains one of the most well
understood and researched steroid pathways.
We have elaborated on a wide variety of factors
that affect this pathway, with special emphasis
on the classical or genomic effects that are
responsible for a major portion of estrogen
effect. We also have discussed in detail the
modulation of the functioning of the ERs by the

coregulatory proteins, specifically the coactiva-
tors. A detailed description on the functions of a
well-studied SHR coactivator, AIB1 or SRC-3,
and a relatively new ER coactivator namely
PELP1 has been given to provide an insight
into the functioning of these proteins. A detail-
ed analysis of the second ER, ERb has been
undertaken as it is emerging as a vital player in
estrogen signaling by its transcriptional func-
tions and the ability to affect the functions of
ERa. To maintain the brevity of the review
discussion on the role of the corepressor family
of coregulators has been excluded. A brief
discussion on the ‘nongenomic’ pathway of
estrogen functions has been included. We also
have briefly discussed the use of therapeutic
agents, which have, emerged from the under-
standing of the role played by estrogens and its
receptors innormal andmalignant events in the
target tissues. A schematic diagram has been
provided reflecting the differentmodes of action
and complexity of the functioning of estrogens
and its receptors (Fig. 1). There lies an under-
lying commonality in the functioning of the

Fig. 1. Receptor mediated estrogen-signaling pathways. A schematic diagram depicting the complexity
of estrogen signaling in the cells. The genomic and nongenomic effects are highlighted along with the
therapeutic approaches being used.
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steroid hormones and their respective recep-
tors. This is evident by the considerable degree
of similarity in the functioning, adverse effects
of deregulation and therapeutic approaches
that have been observed in the case of steroidal
hormones. Extensive studies have also revealed
that they draw from a common pool of coactiva-
tors and corepressors to modulate their func-
tions. An appreciable degree of deviation and
differences have also been revealed between
the steroidal hormone actions that validate
continuing research on each one of them.
Further research on steroidal hormones, their
receptor functions, and the different pathways
by which they manifest their effects would help
in better recognizing their roles in the normal
functioning of cells and would help in the
development of more effective therapeutic
approaches to prevent and treat the tumori-
genic effects that result from their deregulated
activity.

ACKNOWLEDGMENTS

We thank the members of Dr. Kumar’s
laboratory for their helpful discussions. We
apologize to several of our colleagues for not
citing their primary references because of space
limitation.

REFERENCES

Abba MC, Hu Y, Sun H, Drake JA, Gaddis S, Baggerly K,
Sahin A, Aldaz CM. 2005. Gene expression signature of
estrogen receptor a status in breast cancer. BMC
Genomics 6:37–44.

Acconcia F, Ascenzi P, Bocedi A, Spisni E, Tomasi V,
Trentalance A, Visca P, Marino M. 2005. Palmitolyation
dependentestrogenreceptoralphamembrane localization:
Regulation by 17b-estradiol. Mol Biol Cell 16:231–237.

Ali S, Metzger D, Bornert JM, Chambon P. 1993.
Phosphorylation of human estrogen receptor. Identifica-
tion of a phosphorylation site recquired for transactiva-
tion. EMBO J 12:1153–1160.

Anzick SL, Kononen J, Walker RL, Azorsa DO, Tanner
MM, Guan XY, Sauter G, Kallioniemi OP, Trent JM,
Meltzer PS. 1997. AIB1, a steroid receptor coactivator
amplified in breast and ovarian cancer. Science
277(5328):965–968.

Aronica SM, Kraus WL, Katzenellenbogen BS. 1994.
Estrogen action via the cAMP-signaling pathway:
Stimulation of adenylate cyclase and cAMP-regulated
gene transcription. Proc Natl Acad Sci USA 91(18):
8517–8521.

Balasenthil S, Vadlamudi RK. 2003. Functional Interac-
tions between the Estrogen Receptor Coactivator PELP1/
MNAR and Retinoblastoma Protein. J Biol Chem
278:22119–22127.

Bardin A, Hoffmann P, Boulle N, Katsaros D, Vignon F,
Pujol P, Lazennec G. 2004. Involvement of estrogen

receptor beta in ovarian carcinogenesis. Cancer Res
64(16):5861–5869.

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.

Bautista S, Valles H, Walker RL, Anzick S, Zeillinger R,
Meltzer P, Theillet C. 1998. In breast cancer, amplifica-
tion of the steroid receptor coactivator gene AIB1 is
correlated with estrogen and progesterone receptor
positivity. Clin Cancer Res 4:2925–2929.

Bjornstrom L, Sjoberg M. 2005. Mechanisms of estrogen
receptor signaling: Convergence of genomic and non-
genomic actions on target genes. Mol Endocrinol 19(4):
833–842.

Bouras T, SoutheyMC, Venter DJ. 2001. Overexpression of
the steroid receptor coactivator AIB1 in breast cancer
correlates with the absence of estrogen and progesterone
receptors and positivity for p53 and HER2/neu. Cancer
Res 61:903–907.

Brandenberger AW, Tee MK, Jaffe RB. 1998. Estrogen
receptor alpha (ER-alpha) and beta (ER-beta) mRNAs in
normal ovary, ovarian serous cystadenocarcinoma and
ovarian cancer cell lines: Down-regulation of ER-beta in
neoplastic tissues. J Clin Endocrinol Metab 83(3):1025–
1028.

Bruch HR, Wolf L, Budde R, Romalo G, Schweikert HU.
1992. Androstenedione metabolism in cultured human
osteoblast-like cells. J Clin EndocrinolMetab 75(1):101–105.

Castro-Rivera E, Samudio I, Safe S. 2001. Estrogen regu-
lation of cyclin D1 gene expression in ZR-75 breast cancer
cells involves multiple enhancer elements. J Biol Chem
276(33):30853–30861.

Chakravarthi D, LaMorte VJ, Nelson MC, Nakajima T,
Schulman IG, Juguilon H, Montminy M, Evans RM.
1996. Role of CBP/p300 in nuclear receptor signaling.
Nature 383:99–103.

Chen H, Lin RJ, Schiltz RL, Chakravarthi D, Nash A, Nagy
L, Privalsky ML, Nakatani Y, Evans RM. 1997. Nuclear
receptor coactivator ACTR is a novel histone acetyl
transferase and forms a multimeric activation complex
with P/CAF and CBP/p300. Cell 90:569–580.

Chen D, Ma H, Hong H, Koh SS, Huang SM, Schurter BT,
Aswad DW, Stallcup MR. 1999. Regulation of transcrip-
tion by a protein methyltransferase. Science 284:2174–
2177.

Chen D, Pace PE, Coombes RC, ALI S. 1999. Phosphoryla-
tion of human estrogen receptor alpha by PKA regulates
dimerization. Mol Cell Biol 19:1002–1015.

Chen Z, Yuhanna IS, Galcheva-Gargova Z, Karas RH,
Mendelsohn ME, Shaul PW. 1999. Estrogen receptor
alpha mediates the nongenomic activation of endothelial
nitric oxide synthase by estrogen. J Clin Invest 103(3):
401–406.

Cheskis BJ. 2004. Regulation of cell signalling cascades by
steroid hormones. J Cell Biochem 93:20–27.

Chin-Yo L, Anders S, Vinsensius BV, Say Li K, Ai Li Yeo,
Thomsen JS, Chan WC, Doray B, Bangarusamy DK,
Ramasamy A, Vergara LA, Tang S, Chong A, Bajic VB,
Miller LD, Gustafsson JA, Liu ET. 2004. Discovery of
estrogen receptor a target genes and response elements
in breast tumor cells. Genome Biol 5(R66):1–18.

Choi YB, Ko JK, Shin J. 2004. The Transcriptional
Corepressor, PELP1, Recruits HDAC2 and Masks

Recent Advances into Hormone Action 501



Histones Using Two Separate Domains. J Biol Chem 279:
50930–50941.

Cole MP, Jones CT, Todd ID. 1971. A new anti-oestrogenic
agent in late breast cancer. An early clinical appraisal of
ICI46474. Br J Cancer 25(2):270–275.

Coser KR, Chesnes J, Hur J, Ray S, Isselbacher KJ, Shioda
T. 2003. Global analysis of ligand sensitivity of estrogen
inducible and suppressible genes in MCF7/BUS breast
cancer cells by DNA microarray. Proc Natl Acad Sci USA
100:13994–13999.

Cowley SM, Parker MG. 1999. A comparison of transcrip-
tional activation by REa and REb. J Steroid BiochemMol
Biol 69:165–175.

Cunliffe HE, Ringner M, Bilke S, Walker RL, Cheung JM,
Chen Y, Meltzer PS. 2003. The gene expression response
of breast cancer to growth regulators: Patterns and
correlation with tumor expression profiles. Cancer Res
63:7158–7166.

Early Breast Cancer Trialists’ Collaborative Group. 1998.
Tamoxifen for early breast cancer: An overview of the
randomised trials. Lancet 351:1451–1467.

Endoh H, Sasaki H, Maruyama K, Takeyama K, Waga I,
Shimizu T, Kato S, Kawashima H. 1997. Rapid activation
of MAP kinase by estrogen in the bone cell line. Biochem
Biophys Res Commun 235(1):99–102.

Enmark E, Pelto-Huikko M, Grandien K, Lagercrantz S,
Lagercrantz J, Fried G, Nordenskjold M, Gustafsson JA.
1997. Human estrogen receptor beta-gene structure,
chromosomal localization, and expression pattern. J Clin
Endocrinol Metab 12:4258–4265.

Fisher B, Costantino JP, Redmond CK, Fisher ER,
Wickerham DL, Cronin WM. 1994. Endometrial cancer
in tamoxifen-treated breast cancer patients: Findings
from the National Surgical Adjuvant Breast and Bowel
Project (NSABP) B-14. J Natl Cancer Inst 86(7):527–
537.

Fisher B, Costantino JP, Wickerham DL, Redmond CK,
Kavanah M, Cronin WM, Vogel V, Robidoux A, Dimitrov
N, Atkins J, Daly M, Wieand S, Tan-Chiu E, Ford L,
Wolmark N. 1998. Tamoxifen for prevention of breast
cancer: report of the National Surgical Adjuvant Breast
and Bowel Project P-1 Study. J Natl Cancer Inst
90(18):1371–1388.

Foley EF, Jazaeri AA, Shupnik MA, Jazaeri O, Rice LW.
2000. Selective loss of estrogen receptor beta in malig-
nant human colon. Cancer Res 60(2):245–248.

Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR,
Katzenellenbogen BS. 2003. Profiling of estrogen up- and
downregulated gene expressionin human breast cancer
cells: Insights into gene networks and pathways under-
lying estrogenic control of proliferation and cell pheno-
type. Endocrinology 144:4562–4574.

Fu M, Wang C, Reutens AT, Ang J, Angeletti RH, Siconolfi-
Baez L, Ogryzko V, Avantagiatti ML, Pestell RG. 2000.
p300 and p300/camp-response element binding protein
associated factor acetylate the androgen receptor at sites
governing hormone-dependent transactivation. J Biol
Chem 275:20853–20860.

Fu M, Wang C, Zhang X, Pestell RG. 2004. Acetylation of
nuclear receptors in cellular growth and apoptosis.
Biochem Pharmacol 68:1199–1208.

Fuqua SA, Wiltschke C, Zhang QX, Borg A, Castles CG,
Friedrichs WE, Hopp T, Hilsenbeck S, Mohsin S,
O’Connell P, Allred DC. 2000. A hypersensitive estrogen

receptor alpha mutation in premalignant lesions. Cancer
Res 60:4026–4029.

Gaughan L, Logan IR, Cook S, Neal DE, Robson CN. 2002.
Tip60 and histone deacetylase 1 regulate androgen
receptor activity through changes to acetylation status
of the receptor. J Biol Chem 277:25904–25913.

Gottlicher M, Heck S, Herlich P. 1998. Transcriptional
cross talk, the second mode of steroid hormone receptor
action. J Mol Med 76:480–489.

Hall JM, McDonnell DP. 1999. The estrogen receptor beta-
isoform (ERbeta) of the human estrogen receptor mod-
ulates ERalpha transcriptional activity and is a key
regulator of the cellular response to estrogens and
antiestrogens. Endocrinology 140(12):5566–5578.

Henderson BE, Ross RK, Pike MC, Casagrande JT. 1982.
Endogenous hormones as a major factor in human
cancer. Cancer Res 42:3232–3239.

Hong H, Kohli K, Trivedi A, Johnson DL, Stallcup MR.
1996. GRIP1 a novel mouse protein that acts as a tran-
scriptional coactivator in yeast for the hoemonal binding
domains of steroid receptors. Proc Natl Acad Sci USA
93:4948–4952.

Howell A, Osborne CK, Morris C, Wakeling AE. 2000. ICI
182,780 (Faslodex): Development of a novel, ‘‘pure’’
antiestrogen. Cancer 89(4):817–825.

Huang ZJ, Edery I, Robash M. 1993. PAS is a dimerization
domain common to Drosophila period and several
transcription factors. Nature 364:259–262.

Huang ZQ, Li J, Sachs LM, Cole PA, Wong J. 2003. A role
for cofactor–cofactor and cofactor–histone interactions
in targeting p300, SWI/SNF, and mediator for transcrip-
tion. EMBO J 22:2146–2155.

Huggins C, Hodges CV. 2002. Studies on prostatic cancer:
The effect of castration, of estrogen and of androgen
injections on serum phosphatases in metastatic carci-
noma of the prostrate. J Urology 168:9–12.

Improta-Brears T, Whorton AR, Codazzi F, York JD, Meyer
T, McDonnell DP. 1999. Estrogen-induced activation of
mitogen-activated protein kinase requires mobilization
of intracellular calcium. Proc Natl Acad Sci USA 96(8):
4686–4691.

Inoue A, Yoshida N, Omoto Y, Oguchi S, Yamori T, Kiyama
R, Hayashi S. 2002. Development of cDNAmicroarray for
expression profiling of estrogen-responsive genes. J Mol
Endocrinol 29:175–192.

Ito M, Roeder RG. 2001. The TRAP/SMCC/mediator com-
plex and thyroid hormone receptor function. Trends
Endocrinol Metab 12:127–134.

Jackson TA, Richer JK, Brain DL, Takimoto GS, Tung L,
Horwitz KB. 1997. The partial agonist activity of
antagonist occupied steroid receptors is controlled by a
novel hinge domain coactivator L7/SPA and the core-
pressor N-CoR or SMRT. Mol Endcrinol 11:693–705.

Jensen EV, Jordan VC. 2003. The estrogen receptor: A
model for molecular medicine. Clin Cancer Res 9:1980–
1989.

Joel PB, Traish AM, Lannigan DA. 1988. Estradiol-induced
phosphorylation of serine 118 in estrogen receptor is
independent of p42/p44 mitogen-activated protein
kinase. J Biol Chem 273:13317–13323.

Joel PB, Smith J, Sturgill TW, Fisher TL, Blenis J,
Lannigan DA. 1998. pp90rsk1 regulates estrogen recep-
tor mediated transcription through phosphorylation of
serines 167. Mol Cell Biol 18:1978–1984.

502 Singh and Kumar



Johnston SR. 1997. Acquired tamoxifen resistance in human
breast cancer—potential mechanisms and clinical impli-
cations. Anticancer Drugs 8(10):911–930.

Johnston SR. 2005. Endocrinology and hormone therapy in
breast cancer: Selective oestrogen receptor modulators
and doenregulators for breast cancer—have they lost
their way? Breast Cancer Res 7:119–130.

Kato S, Endho H, Masuhiro Y, Kitamoto T, Uchiyama S,
Sasaki H, Masushige S, Gotoh Y, Nishida E, Kawashima
H, Metzger D, Chambon P. 1995. Activation of the
estrogen receptor through phosphorylation by mito-
gens-activated protein kinase. Science 270:1491–1494.

Khan SA, Rogers MA, Khurana KK, Meguid MM, Numann
PJ. 1998. Estrogen receptor expression in benign breast
epithelium and breast cancer risk. J Natl Cancer Inst
90:37–42.

Koh SS, Chen D, Lee YH, Stallcup MR. 2001. Synergistic
enhancement of nuclear receptor function by p160
coactivators with protein methyltransferase activities.
J Biol Chem 276:1089–1098.

Kotaja N, Aittomaki S, Silvennoinen O, Palvimo JJ, Janne
OA. 2000. ARIP3 and other PIAS proteins differ in their
ability to modulate steroid receptor dependent transcrip-
tional activation. Mol Endocrinol 14:1986–2000.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S,
Gustafsson JA. 1996. Cloning of a novel receptor
expressed in rat prostate and ovary. Proc Natl Acad Sci
USA 93(12):5925–5930.

Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad
J, Nilsson S, Gustafsson JA. 1997. Comparison of the
ligand binding specificity and transcript tissue distribu-
tion of estrogen receptors alpha and beta. Endocrinology
138(3):863–870.

Lan L, Kuang S-Q, Yuan Y, Gonzalez SM, O’Malley BW, Xu
J. 2003. Molecular structure and biological function of
the cancer-amplified nuclear receptor coactivator SRC-3/
AIB1. J Steroid Biochem Mol Biol 83:3–14.

Landet V. 1997. Evolution of nuclear receptor superfamily:
Early diversification from an ancesteral orphan receptor.
J Mol Endocrinology 19:207–226.

Lanz RB, McEnna NJ, Onate SA, Albrecht U, Wong J,
Tsai MJ, O’Malley BW. 1999. A steroid receptor coacti-
vator, SRA, functions as RNA and is present in an SRC-1
complex. Cell 97:17–27.

Lazennec G, Bresson D, Lucas A, Chauveau C, Vignon F.
2001. ER beta inhibits proliferation and invasion of
breast cancer cells. Endocrinology 142(9):4120–4130.

Le Goff P, Montono MM, Schodin DJ, Katzenelenbogen
BS. 1994. Phosphorylation of human estrogen receptor.
Identification of hormone regulated sites and examina-
tion of their influence on transcriptional activity. J Biol
Chem 269:4458–4466.

Leo C, Chen DJ. 2000. The SRC family of nuclear receptor
coactivators. Gene 245:1–11.

Lerner L, Jordan V. 1990. Development of antiestrogens
and their use in breast cancer: Eighth Cain memorial
award lecture. Cancer Res 50:4177–4189.

Levy DE, Darnell JE. 2002. Stats: transcriptional control
and biological impact. Nat Rev Mol Cell Biol 3:651–
662.

Li J, O’Malley BW, Wong J. 2000. p300 requires its histone
acetyl transferase activity and SRC-1 interaction domain
to facilitate thyroid hormone receptor activation in
chromatin. Mol Cell Biol 20:2031–2042.

Li P, Yu X, Ge K, Melamed J, Roeder RG, Wang Z. 2002.
Heterogeneous expression and functions of androgen
receptor co-factors in primary prostrate cancers. Am J
Pathol 161:1467–1474.

Li L, Hanes MP, Bender JR. 2003a. Plasma membrane
localization and function of the estrogen receptor alpha
variant (ER46) in human endothelial cells. Proc Natl
Acad Sci USA 100:4807–4812.

Li X, Wong J, Tsai SY, Tsai MJ, O’Malley BW. 2003b.
Progesterone and glucocorticoid receptors recruit distinct
paterns of local chromatin modifications. Mol Cell Biol
23:3763–3773.

List HJ, Lauritsen KJ, Reiter R, Powers C, Wellstein A,
Reigel AT. 2001. Ribozyme targeting demonstrates
that the nuclear receptor coactivator AIB1 is a rate-
limiting factor of estrogen dependent growth of human
MCF-7 breast cancer cells. J Biol Chem 276:23763–
23768.

List HJ, Reiter R, Singh B, Wellstein A, Riegel AT. 2001.
Expression of the nuclear coactivator AIB1 in normal and
malignant breast tissue. Breast Cancer Res Treat 68:21–
28.

Losel R, Wehling M. 2003. Nongenomic actions of steroid
hormones. Nat Rev in Mol Cell Biol 4:46–56.

Manavathi B, Nair SS, Wang R-A, Kumar R, Vadlamudi
RK. 2005. PELP1 is essential in growth factor regulation
of STAT3 activation. Cancer Res In press.

MarinoM, Acconcia F, Bresciani F,Weisz A, Trentalance A.
2002. Distinct nongenomic signal transduction pathways
controlled by 17beta-estradiol regulate DNA synthesis
and cyclin D (1) gene transcription in HepG2 cells. Mol
Biol Cell 13(10):3720–3729.

McGuire WL, Carbone PP, Vollmer EP. 1975. Estrogen
receptor in human breast cancer. New York: Raven
Press.

Michalides R, Griekspoor A, Balkenende A, Verwoerd D,
Janssen L, Jalink K, Floore A, Velds A, van’t Veer L,
Neefjes J. 2004. Tamoxifen resistance of by a conforma-
tional arrest of the estrogen receptor alpha after PKA
activation in breast cancer. Cancer Cell 5:597–605.

Migliaccio A, Di Domenico M, Castoria G, de Falco A,
Bontempo P, Nola E, Auricchio F. 1996. Tyrosine kinase/
p21ras/MAP-kinase pathway activation by estradiol–
receptor complex in MCF-7 cells. EMBO J 15(6):1292–
1300.

Moilanen AM, Karvonen U, Poukka H, Yan W, Toppari J,
Janne OA, Palvimo JJ. 1998. Identification of a novel
RING finger protein as a coregulator in steroid receptor
regulated gene transcription. Mol Cell Biol 18:5128–
5139.

Mosselman S, Polman J, Dijkema R. 1996. ER beta:
Identification and characterization of a novel human
estrogen receptor. FEBS Lett 392(1):49–53.

Naftolin F, Ryan KJ, Davies IJ, Reddy VV, Flores F, Petro
Z, Kuhn M, White RJ, Takaoka Y, Wolin L. 1975. The
formation of estrogens by central neuroendocrine tissues.
Recent Prog Horm Res 31:295–319.

Nair SS, Mishra SK, Yang Z, Balasenthil S, Kumar R,
Vadlamudi RK. 2004. Potential role of a novel transcrip-
tional coactivator PELP1 in histone H1 displacement in
cancer cells. Cancer Res 64:6416–6423.

Nowaz Z, Lonard DM, Smith CL, Lev-Lehman E, Tsai SY,
Tsai MJ, O’Malley BW. 1999. The Angelman syndrome
associated protein, E6-AP, is a coactivator for the nuclear

Recent Advances into Hormone Action 503



hormone receptor superfamily. Mol Cell Biol 19:1182–
1189.

O’Lone R, Firth MC, Karlsson EK, Hansen U. 2004.
Genomic targets of nuclear estrogen receptors. Mol
Endocrinol 18:1859–1875.

Ogawa S, Inoue S, Watanabe T, Orimo A, Hosoi T, Ouchi Y,
Muramatsu M. 1998. Molecular cloning and character-
ization of human estrogen receptor betacx: A potential
inhibitor ofestrogen action in human. Nucleic Acids Res
26(15):3505–3512.

Ogawa S, Inoue S, Watanabe T, Hiroi H, Orimo A, Hosoi T,
Ouchi Y, Muramatsu M. 2005. The complete primary
structure of human estrogen receptor beta (hER beta)
and its heterodimerization with ER alpha in vivo and
in vitro. Biochem Biophys Res Commun 243(1):122–126.

Omoto Y, Eguchi H, Yamamoto-Yamaguchi Y, Hayashi S.
2003. Estrogen receptor (ER) beta1 and ERbetacx/beta2
inhibit ERalpha function differently in breast cancer cell
line MCF7. Oncogene 22(32):5011–5020.

Onate SA, Tsai SY, Tsai MJ, O’Malley BW. 1995. Sequence
and characterization of a coactivator for the steroid
hormone receptor superfamily. Science 270:1354–1357.

Osborne CK, Bardou V, Hopp TA, Chamness GC, Hilsen-
beck SG, Fuqua SA, Wong J, Allred DC, Clark GM, Schiff
R. 2003. Role of estrogen receptor coactivator AIB1 (SRC-
3) and HER2/neu in tamoxifen resistance in breast
cancer. J Natl Cancer Inst 95:353–361.

Pace P, Taylor J, Suntharalingam S, Coombes RC, Ali S.
1997. Human estrogen receptor beta binds DNA in a
manner similar to and dimerizes with estrogen receptor
alpha. J Biol Chem 272(41):25832–25838.

Paech K, Webb P, Kuiper G, Nilson S, Gustafsson JA,
Kushner PJ, Scalan TS. 1997. Differential ligand activa-
tion of estrogen receptors REa and REb at AP-1 site.
Science 277:1508–1510.

Pappas TC, Gametchu B, Watson CS. 1995. Membrane
estrogen receptors identified by multiple antibody label-
ing and impeded ligand binding. FASEB J 9:404–410.

ParkerMG. 1993. Action of ‘pure’ antiestrogen in inhibiting
estrogen receptor action. Breast Cancer Res Treat 26:
131–137.

Peng B, Lu B, Leygue E, Murphy LC. 2003. Putative
functional characteristics of human estrogen receptor-
beta isoforms. Mol Endocrinol 30(1):13–29.

Pettersson K, Delaunay F, Gustafsson JA. 2000. Estrogen
receptor beta acts as a dominant regulator of estrogen
signaling. Oncogene 19(43):4970–4978.

Pike MC, Krailo MO, Henderson BE, Casagrande JT, Hoel
DG. 1983. Hormonal risk factors, breast tissue age, and
the age incidence of breast cancer. Nature 303:767–770.

Planas-Silva MD, Shang Y, Donaher JL, Brown M,
Weinberg RA. 2001. AIB1 enhances estrogen-dependent
induction of cyclin D1 expression. Cancer Res 61:3858–
3862.

Pujol P, Rey JM, Nirde P, Roger P, Gastaldi M, Laffargue F,
Rochefort H, Maudelonde T. 1998. Differential expres-
sion of estrogen receptor-alpha and -beta messenger
RNAs as a potential marker of ovarian carcinogenesis.
Cancer Res 58(23):5367–5373.

Razandi M, Pedram A, Park ST, Levin ER. 2005. Proximal
events in signaling by plasma membrane estrogen
receptors. J Biol Chem 278(4):2701–2712.

Rogatsky I, Trowbridge JM, Garabedian MJ. 1999. Poten-
tiation of human estrogen receptor alpha transcriptional

activation through phosphorylation of serines 104 and
106 by cyclin A-CDK2 complex. J Biol Chem 274:22296–
22302.

Rutherford T, Brown WD, Sapi E, Aschkenazi S, Munoz A,
Mor G. 2000. Absence of estrogen receptor-beta expres-
sion in metastatic ovarian cancer. Obstet Gynecol 96(3):
417–421.

Sabbah M, Courilleau D, Mester J, Redeuilh G. 1999.
Estrogen induction of the cyclin D1 promoter: involve-
ment of a cAMP response-like element. Proc Natl Acad
Sci USA 96(20):1217–112122.

Santen RJ, Harvey HA. 1999. Use of aromatase inhibitors
in breast carcinoma. Endocr Relat Cancer 6(1):75–92.

Santen RJ, Worgul TJ, Lipton A, Harvey H, Boucher A,
Samojlik E, Wells SA. 1982. Aminoglutethimide as
treatment of postmenopausal women with advanced
breast carcinoma. Ann Intern Med 96(1):94–101.

Sasano H, Murakami H, Shizawa S, Satomi S, Nagura H,
Harada N. 1999. Aromatase and sex steroid receptors in
human vena cava. Endocr J 46(2):233–242.

Savkur RS, Burris TP. 2004. The coactivator LXXLL
nuclear receptor recognition motif. J Peptide Res 63:
207–212.

Shaffer PL, Jivan A, Dollins DE, Claesseus F, Gewirth DT.
2004. Structural basis of androgen receptor binding to
selective androgen response elements. PNAS 101:4758–
4763.

Shang Y, Hu X, Di Renzo J, Lazar MA, Brown M. 2000.
Cofactor dynamics and sufficiency in estrogen receptor
regulated transcription. Cell 103:843–852.

Sharma D, Fondell JD. 2002. Ordered recruitment of
histone acetyltransferases and the TRAP/mediator com-
plex to thyroid hormone responsive promoters in vivo.
Proc Natl Acad Sci USA 99:7934–7939.

Shoker BS, Jarvis C, Clark RB. 1999. Estrogen receptor-
positive proliferating cells in the normal and precancer-
ous breast. Am J Pathol 155:184–185.

Simpson ER, Dowsett M. 2002. Aromatase and its inhibi-
tors: Significance for breast cancer therapy. Recent Prog
Horm Res 57:317–338.

Simpson ER, Zhao Y, Agarwal VR, Michael MD, Bulun SE,
HinshelwoodMM, Graham-Lorence S, Sun T, Fisher CR,
Qin K, Mendelson CR. 1997. Aromatase expression in
health and disease. Recent Prog Horm Res 52:185–213.

Sinn E, Muller W, Pattengale P, Tepler I, Wallace R, Leder
P. 1987. Coexpression of MMTV/v-Ha-ras and MMTV/c-
myc genes in transgenic mice: Synergistic action of
oncogenes in vivo. Cell 49:465–475.

Sivaraman L, Nawaz Z, Medina D, Conneely OM, O’Malley
BW. 2000. The dual function steroid receptor coctivator/
ubiquitin ligase, E6-AP is ovexpressed in mouse mam-
mary tumorigenesis. Breast Cancer Res Treat 62:185–
195.

Strom A, Hartman J, Foster JS, Kietz S, Wimalasena J,
Gustafsson JA. 2004. Estrogen receptor beta inhibits
17beta-estradiol-stimulated proliferation of the breast
cancer cell line T47D. Proc Natl Acad Sci USA 101(6):
1566–1571.

Tan J, Hall SH, Hamil KG, Grossman G, Petrusz P, Liao J,
Shuai K, French FH. 2000. Protein inhibitor of activated
STAT1 is a nuclear receptor coregulator expressed in
human testis. Mol Endocrinol 14:14–26.

Tenenbaum DM, Wang Y, Williams SP, Sigler PB. 1998.
Crystallographic comparison of the estrogen and pro-

504 Singh and Kumar



gesterone receptors’ ligand binding domains. PNAS
95:5998–6003.

Torchia J, Rose DW, Inostroza J, Kamei Y, Westin S, Glass
CK, Roesnfeld GM. 1997. The transcriptional coactivator
p/CIP binds CBP and mediated nuclear receptor func-
tion. Nature 387:677–684.

Tremblay GB, Tremblay A, Copeland NG, Gilbert DJ,
Jenkins NA, Labrie F, Giguere V. 1997. Cloning,
chromosomal localization, and functional analysis of
the murine estrogen receptor beta. Mol Endocrinol
3:353–365.

Umesono K, Evans RM. 1989. Determinants of target
gene specificity for steroid/thyroid hormone receptors.
Cell 57:1139–1146.

Vadlamudi RK, Wang R-A, Mazumdar A, Kim Y-S, Shin J,
Sahin A, Kumar RK. 2001. Molecular cloning and
molecular characterization of PELP1, a novel coregulator
of estrogen receptor a. J Biol Chem 276:38272–39279.

Vadlamudi RK, Balasenthil S, Broaddus RR, Gustafsson
JA, Kumar R. 2004. Deregulation of estrogen receptor
coactivator proline-, glutamic acid-, and leucine-rich
protein-1/modulator of nongenomic activity of estrogen
receptor in human endometrial tumors. J Clin Endocri-
nol Metab 89:6130–6138.

Voegel JJ, HeineMJ, Zechel C, Chambon P, Gronemeyer H.
1996. TIF2 a 160 kilodalton transcriptional mediator for
the ligand dependent activation function AF-2 of nuclear
receptors. EMBO J 15:3667–3675.

Voegel JJ, Hiene MJ, Tini M, Vivat V, Chambon P,
Gronemeyer H. 1998. The coactivator TIF2 contains
three nuclear receptor-binding motifs and mediates
transactivation through CBP binding-dependent and
-independent pathways. EMBO J 17:507–519.

Wang C, Fu M, Angelletti RH, Siconolfi-Baez L, Reutens
AT, Albanese C, Lisanti MP, Katzenellenbogen BS, Kato
S, Hop T, Fuqua SA, Lopez GN, Kushner PJ, Pestell RG.
2001. Direct acetylation of the estrogen receptor alpha
hinge region by p300 regulates transactivation and
hormone sensitivity. J Biol Chem 276(21):18375–18383.

Wang RA, Mazumdar A, Vadlamudi RK, Kumar R. 2002.
P21-activated kinase-1 phosphorylates and transacti-
vates estrogen receptor-a and promotes hyperplasia in
mammary epithelium. EMBO J 21:5437–5447.

Webb P, Valentine C, Nguyen P, Price RH Jr, Marimuthu
A, West BL, Baxter JD, Kushner PJ. 2003. ERbeta
Binds N-CoR in the Presence of Estrogens via an
LXXLL-like Motif in the N-CoR C-terminus. Nucl Recept
281:1–4.

Weihua Z, Makela S, Andersson LC, Salmi S, Saji S,
Webster JI, Jensen EV, Nilsson S, WarnerM, Gustafsson
JA. 2001. A role for estrogen receptor beta in the
regulation of growth of the ventral prostate. Proc Natl
Acad Sci USA 98(11):6330–6335.

Wies KE, Ekena K, Thomas JA, Lazennec G, Katzenellen-
bogen BS. 1996. Constitutively active human estrogen
receptors containing amino acid substitutions for tyr-
osine 537 in the receptor protein. Mol Endocrinol
10:1388–1398.

Witte D, Chirala M, Younes A, Li Y, Younes M. 2001.
Estrogen receptor beta is expressed in human colorectal
adenocarcinoma. Hum Pathol 32(9):940–944.

Wong CW, McNally C, Nickbarg E, Komm BS, Cheskis BJ.
2002. Estrogen receptor-interacting protein that modu-
lates its nongenomic activity-crosstalk with Src/Erk
phosphorylation cascade. Proc Natl Acad Sci USA
99:14783–14788.

Wurtz JM, Bourguet W, Renaud JP, Vivat V, Chambon P,
Moras D, Gronemeyer H. 1996. A canonical structure for
the ligand-binding domain of nuclear receptors. Nat
Struct Biol 3:87–94.

Yeh C, Chang C. 1996. Cloning and characterization of a
specific coactivator ARA70, for androgen receptor I
human prostate cells. Proc Natl Acad Sci USA 93:5517–
5521.

Zhang QX, Borg A, Wolf DM, Oesterreich S, Fuqua AS.
1997. An estrogen receptor mutant with strong hormone
independent activity from a metastatic breast cancer.
Cancer Res 57:1244–1249.

Recent Advances into Hormone Action 505


