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Abstract
Coactivators are a diverse group of non-DNA binding proteins that induce structural changes in
agonist-bound nuclear receptors (NRs) that are essential for NR-mediated transcriptional
activation. Once bound, coactivators function to bridge enhancer binding proteins to the general
transcription machinery, as well as to recruit secondary coactivators that modify promoter and
enhancer chromatin in a manner permissive for transcriptional activation. In the following review
article, we focus on one of the most in-depth studied families of coactivators, the steroid receptor
coactivators (SRC) 1, 2, and 3. SRCs are widely implicated in NR-mediated diseases, especially in
cancers, with the majority of studies focused on their roles in breast cancer. We highlight the
relevant literature supporting the oncogenic activity of SRCs and their future as diagnostic and
prognostic indicators. With much interest in the development of selective receptor modulators
(SRMs), we focus on how these coactivators regulate the interactions between SRMs and their
respective NRs; and, importantly, the influence that coactivators have on the functional output of
SRMs. Furthermore, we speculate that coactivator-specific inhibitors could provide powerful, all-
encompassing treatments that target multiple modes of oncogenic regulation in cancers resistant to
typical anti-endocrine treatments.
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1. Introduction to NR coactivators
The existence of coactivators was first speculated from early experiments that revealed
ligand-bound NRs, alone, may not be sufficient to communicate with the general
transcription machinery and induce transcriptional activation (Kim, 2008; Klein-Hitpass et
al., 1990; Meyer et al., 1989). NRs, in general, are a large superfamily of proteins that bind
as homo- or heterodimers to specific DNA elements in order to elicit transcriptional
activation of target genes. Steroid nuclear receptors, members of class I NRs, are
specifically recruited to gene promoters upon the binding of a high-affinity ligand to the
respective NR, which induces conformational changes in the NR essential for its activity.
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However, in vitro transcription experiments using only purified NRs and basal transcription
factors could not induce transcriptional activation on their own (Kim, 2008; Klein-Hitpass et
al., 1990). Additionally, the fact that overexpression of one NR could inhibit the
transactivation function of another NR indicated that multiple NRs may compete for
essential factors (Meyer et al., 1989), which are now termed coactivators. The first
coactivator, steroid receptor coactivator 1 (SRC-1), was identified and cloned in our
laboratory in 1995 (Onate et al., 1995). SRC-1 overexpression enhances ligand-induced
transcriptional activation by progesterone receptor (PR), estrogen receptor α (ERα),
glucocorticoid receptor (GR), thyroid receptor (TR), and retinoid X receptor (RXR).
Importantly, overexpression of SRC-1 overcomes ERα-induced squelching of PR.

In addition to SRC-1, over 300 coactivators have now been identified and are implicated in a
wide-range of human diseases (Lanz, 2008; Xu et al., 2009; Yan J., 2008). Coactivators are
strictly defined by their lack of DNA binding, differentiating coactivators from classic
transcription factors. Initially, coactivators were defined as molecules that simply bridge
NRs to the general transcription machinery. While this is a fundamental role of coactivators,
they also modify chromatin within promoter and enhancer regions or recruit secondary
coactivators (co-coactivators) that modify the chromatin in a manner that supports binding
of enhancer regulatory proteins and general transcription factors (Figure 1), such as through
histone acetylation and specific sites of histone methylation. These modifications are well-
known to be associated with active transcription (Johnson and Barton, 2007). Moreover,
recruited co-coactivators mediate all substeps of transcription, including elongation, RNA
splicing, and termination (Lonard and O’Malley B, 2007).

True to the basis of Newton s 3rd law of motion, “for every action there is an equal and
opposite reaction”, molecular counterparts to coactivators have been identified and coined
corepressors. In contrast to coactivators, corepressors function by altering the chromatin
structure of the promoter towards an inactive state. For example, corepressors SMRT
(silencing mediator of retinoid and thyroid receptors) and NCOR (nuclear receptor
corepressor) recruit and activate histone deacetylases, which orchestrate a transcriptionally
repressive chromatin configuration [12, 13]. Corepressors were first discovered as regulators
of class II NRs, such as thyroid hormone receptor (TR), peroxisome proliferator activated
receptor (PPAR), and liver X receptor (LXR) (Baniahmad et al., 1995; Pace, 2008). These
NRs constitutively bind DNA as a heterodimer with retinoid X receptor (RXR), and, in the
absence of ligand, are bound by corepressors that actively inhibit transcription. The addition
of ligand signals for a switch of corepressors for coactivators (Baniahmad et al., 1995; Glass
and Rosenfeld, 2000). Thus, coactivators are essential for the transactivation function of
NRs that are both recruited and constitutively bound to promoter and enhancer DNA.

The classification of coregulators into coactivators or corepressors is based on the general
observations of their activity; however, it should be noted that in some instances
coactivators can repress transcription and corepressors can activate transcription (Pace,
2008). For example, the coactivator SRC-2 was shown to function as a corepressor at the
ERα-repressed TNFα promoter (Cvoro et al., 2006), and the corepressor SMRT coactivated
TRα-driven transcription at a negative thyroid response element (Berghagen et al., 2002)
and was found to be essential for full ERα transcriptional activity (Peterson et al., 2007).
There are many plausible explanations for bimodal functions of coregulators, including the
promoter context, which may alter the orientation of the NR-coregulator complex,
influencing function. For example, SRC-2 activates GR-directed transcription when GR is
bound directly to glucocorticoid response elements, but it represses GR tethered to DNA via
activating protein 1 (AP-1) (Rogatsky et al., 2002).
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2. Structural changes induced by coactivator-NR interactions
Unlike NRs, which have conserved structural domains, there are not universal structural
motifs that define NR coactivators. NRs share structural homology in their central DNA
binding domain and in their two transactivation domains (AF1 and AF2) (Nettles and
Greene, 2005). AF1 is located within the N-terminal domain of NRs and activates
transcription independent of ligand when the region is isolated, while AF2 is housed within
the ligand-binding domain (LBD) of NRs that lies at the C-terminus. As its location
indicates, AF2 activity is ligand-dependent. Crystal structure analyses of apo- and ligand-
bound NRs have elucidated the conformational changes that occur upon ligand binding,
which are essential for NR-mediated transcriptional ativation. The first crystal structure of
an NR LBD was generated for apo-RXR and revealed 12 α-helices and a short β-turn
(Bourguet et al., 2000). In the unliganded form, helices 10 and 11 are perpendicular to one
another, jutting helix 11 inwards towards the ligand-binding pocket (LBP). Hydrophobic
residues of helix 11 fill in the LBP and stabilize it. However, when ligand is present, helix
11 swings out and is in line with helix 10, opening up the hydrophobic LBP for the ligand to
bind. Helix 12, which contains the AF2 domain, then folds inwards over the LBP (Bourguet
et al., 2000; Wurtz et al., 1996). This conformational change is essential for ligand-induced
transactivation function and coactivator recruitment.

While coactivators are a much more diverse group of proteins than NRs and lack such
uniform structure, a motif within several coactivators, including the SRC family of
coactivators, was identified by Heery et al. (Heery et al., 1997) and Torchia et al. (Torchia et
al., 1997). This motif binds to the hydrophobic pocket created within helix 12 of the LBD
upon ligand binding and is termed the LXXLL motif or NR box. Mutation of these residues
inhibits the binding of SRC-1 to the ERα LBD in vitro and SRC-1-mediated activation of
ERα in vivo (Heery et al., 1997). Several NRs have been cocrystalized with their cognate
ligand and a short peptide comprising the LXXLL motif within the nuclear receptor
interaction domain of coactivators, and they revealed that the peptide is stabilized by
interactions between the leucine residues of the LXXLL motif and the hydrophobic groove
of the LBP, as well as by hydrogen bonds between a lysine within helix 3 and a glutamate
within the LXXLL motif located on helix 12 (Bourguet et al., 2000; Darimont et al., 1998;
Gampe et al., 2000; Nolte et al., 1998; Shiau et al., 1998). A recently reported analysis of
nuclear receptor coregulator motifs revealed that of 303 coregulators, 149 have at least one
LXXLL motif; thus, while it is a common motif amongst coregulators, it is not universal
(Lanz, 2008).

3. Steroid Receptor Coactivator (p160) family
3.1. Structural domains of SRC (p160) proteins

As mentioned previously, SRC-1 was the first identified NR coactivator and is the founding
member of the SRC family. It was discovered in a yeast two-hybrid screen as a protein that
interacts with the PR LBD (Onate et al., 1995). SRC-2, also known as GRIP1
(glucocorticoid receptor interacting protein 1) and TIF-2 (transcriptional intermediary
factor-2), was found shortly afterwards as an interacting protein with various NRs (Hong et
al., 1997; Hong et al., 1996; Voegel et al., 1996). SRC-3 was cloned by several different
laboratories and, thus, has many other names, as well: p/CIP (p300/CBP cointegrator
associated protein), RAC3 (RAR-associated coactivator 3), ACTR (activator of thyroid and
retinoic acid receptor), AIB1 (amplified in breast cancer 1), and TRAM1 (thyroid receptor
activator molecule 1) (Anzick et al., 1997; Chen et al., 1997; Li et al., 1997; Takeshita et al.,
1997; Torchia et al., 1997). The SRC proteins are all approximately 160kDa in size and
share 50–55% sequence similarity, with several structural domains conserved (Kim, 2008).
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The N-terminus of SRCs contains a bHLH-PAS motif (basic helix loop helix- Per Arnt
Sims) and is the most conserved domain within the family of proteins (75% similarity and
60% identity) (Kim, 2008). It is involved in several protein-protein interactions that recruit
co-coactivators, such as CoCoA (coiled-coil coactivator), a protein that acts synergistically
with CARM1 (coactivator-associated arginine methyltrasferase 1) and p300 to maximize
transcriptional activation by NRs (Kim et al., 2003). The bHLH-PAS domain also contains a
bipartite nuclear localization signal and is essential for proteasome-dependent turnover of
the coactivators. Mutation of two key residues, K17 and K18, within this region prevented
nuclear localization and showed decreased protein degradation in the presence of
cyclohexamide (Li et al., 2007). The central region contains the nuclear receptor interaction
domain (NRID). SRCs contain three α-helical LXXLL motifs essential for their interaction
with NRs, and the sequences flanking these motifs are important for NR selectivity (Chang
et al., 1999; Coulthard et al., 2003). The C-terminal half includes two activation domains:
AD1 and AD2. Both of these ADs function by recruiting co-coactivators to promoter DNA
that remodel and modify the chromatin in a manner permissive to active transcription (Kim,
2008; Xu et al., 2009). Figure 2 depicts some of the co-coactivators that interact with these
regions; however, published emphasis has been granted to p300/CBP, which interacts with
the AD1 domain, and CARM1 and PRMT1 (protein arginine N-methyltransferase 1), which
interact with the AD2 domain. The C-terminal domain of SRC-1 and SRC-3 also contains
weak HAT activity; however, the importance of this activity and its substrates are yet to be
identified (Chen et al., 1997; Spencer et al., 1997).

3.2. Functions of SRCs
3.2.1. Recruitment of co-coactivators to the AD1 domain—NR-mediated gene
transcription is an ordered, step-wise assembly of transcription factors and coactivators.
Metivier et al. described the ordered recruitment of factors on the ERα gene target, pS2, in
MCF7 cells, which occurs in a cyclical manner of gene transcription (Metivier et al., 2003).
First, ERα binds in the presence of estrogens to estrogen response elements (EREs). Next, a
host of coactivator protein complexes are recruited that function to modify and remodel
chromatin and bridge the NR complex to the general transcription apparatus. SRCs are
among the earliest proteins to be recruited once NRs are bound. SRCs then act as
scaffolding proteins to recruit secondary or co-coactivators, such as p300, which binds to the
AD1 region of SRCs (Dilworth and Chambon, 2001). In vitro transcription from chromatin-
assembled templates revealed that the p300-interacting domain of SRC-1 is essential for
SRC-1-mediated coactivation of PR. Additionally, the SRC-interacting domain of p300, but
not its ERα-interacting region, is essential for p300-mediated coactivation of ERα (Kraus et
al., 1999). These experiments, as well as structural and thermodynamic analysis of the
interactions between SRC-3 and CBP/p300, support a step-wise assembly of factors where
p160 coactivators are recruited first, followed by CBP/p300, which results in a high-affinity
intermolecular complex (Demarest et al., 2002; Liu et al., 2001). CBP/p300 then, in turn,
acetylates histones within the enhancer and promoter regions of the target gene to promote
active transcription. Additionally, RNA helicase A (RHA) is recruited to the SRC-CBP/p300
complex and interacts with RNA polymerase II, bridging NRs with the general transcription
machinery (Nakajima et al., 1997).

3.2.2. Recruitment of co-coactivators to the AD2 domain—The AD2 domain of
SRCs is the site of recruitment for co-coactivators, such as CARM1 and PRMT1. CARM1
was first identified in a yeast two-hybrid screen using the AD2 region of SRC-2 as bait
(Chen et al., 1999). This HMT (histone methyltransfease) specifically methylates histone H3
at arginines 2, 17, and 26. CBP-mediated acetylation of H3K18 promotes CARM1-mediated
methylation of H3R17, suggesting an ordered recruitment of SRCs, CBP/p300, and then
CARM1 (Daujat et al., 2002). CARM1, p300, and SRC-2 act synergistically together to
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enhance ERα-mediated gene transcription in transient transfection assays, and all three
proteins are required for estradiol (E2)-induced transcription when low levels of ERα are
present (Lee et al., 2002; Stallcup et al., 2003). PRMT1 also enhances NR-mediated
transcription and functions synergistically with CARM1 (Koh et al., 2001; Stallcup et al.,
2003); however, it has a different substrate than CARM1. PRMT1 methylates H4R3, and,
interestingly, this event promotes p300/CBP-mediated acetylation on histone H4 (Lee et al.,
2005; Wang et al., 2001). These data emphasize how the cross-talk of histone modifications
is essential for optimal gene induction.

3.2.3. Recruitment of co-coactivators to the AD3 domain—The bHLH-PAS
domain contains activation domain 3 (AD3). This region is a binding site for co-
coactivators, such as CoCoA, GRIP1-associated coactivator 63 (GAC63), Flightless I (Fli-I),
Brg1 and hBrm-associated factor 57 (BAF57), methyl methanesulfonate 19 (MMS19), and
melanoma antigen gene protein-A11 (MAGE-11); all of which have been shown to interact
with this region and enhance SRC-mediated activation of NR-directed transcription (Askew
et al., 2009; Belandia et al., 2002; Chen et al., 2005; Kim et al., 2003; Kim et al., 2006; Lee
et al., 2004; Wu et al., 2001). Many of these co-coactivators function synergistically with
other co-coactivators that bind to the AD1 and AD2 domains of SRCs. For example, CoCoA
acts synergistically with p300 and CARM1 in transient transfection assays (Kim et al.,
2003). CoCoA may help stabilize the SRC-CBP/p300 complex, and it also associates with
components of TFIID, bridging the SRC-CBP/p300 complex with the general transcription
machinery (Kim, 2008). GAC63 functions synergistically with SRCs, CARM-1, and p300
(Chen et al., 2005), and Fli-I enhances SRC-2- and CARM-1-mediated coactivation (Lee et
al., 2004). The coactivator, MAGE-11, is a novel AR (androgen receptor)- and SRC-
interacting protein that increases the accessibility of SRCs to the AF2 domain of AR and is
essential for SRC-mediated transcriptional activation of AR (Askew et al., 2009). Besides
serving as histone modifying enzymes or protein bridges, coactivators promote chromatin
remodeling. BAF57, a subunit of the ATP-dependent chromatin remodeling complex, SWI/
SNF, binds to SRC-1 within its AD3 domain and potentiates SRC-mediated coactivation,
presumably through chromatin remodeling (Belandia et al., 2002).

3.2.4. Coactivation of transcription factors—While the focus of this review is on the
role of coactivators in NR-mediated transcription, we would be remiss not to mention that
the SRC family of proteins also coactivate transcription factors. Transcription factors
interacting with each of the three ADs of the SRCs have been identified, including
myogenin to AD3, NF-KB to AD1, and AP-1 to AD2. SRCs coactivate these transcription
factors in response to specific cellular signals, such as coactivation of NFKB in response to
TNFα stimulation, (Wu et al., 2004) and coactivation of MEF2C and myogenin in response
to skeletal muscle differentiation stimuli (Chen et al., 2000). Needless to say, SRCs play a
role in a host of developmental and disease-related processes due to their diverse protein-
protein interactions.

3.3. SRC-containing protein complexes
NRs function in large, multi-protein complexes whose components are directed and
stabilized in the presence of ligand. Mass spectrometry analysis of proteins
immunoprecipitated with an antibody targeting ERα in cells treated with vehicle or E2
revealed a relatively stable complex of 26 ERα-associated proteins (Lanz et al., 2010).
Among these, E2-enrichment was greatest for SRC-3. SRCs, themselves, exist in dynamic
complexes. An initial investigation into coactivator complexes reported that steady-state
SRC complexes consist of six to ten stably associated protein and many more loosely-bound
proteins (Jung et al., 2005; Lonard and O’Malley B, 2007). Like ERα, comparison of SRC-3
protein complexes in vehicle and E2-treated cells revealed different associating proteins
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(Lanz et al., 2010). In E2-treated cells, SRC-3 associates with a number of proteins involved
in transcription and signal transduction. The association of these proteins likely varies
dependent on the cellular context and function that the SRC protein is performing. Within
these complexes, SRCs can be coded for specific functions through post-translational
modifications (PTMs) induced by kinases, methyltransferases, and other protein-modifying
enzymes associated with them (Feng et al., 2006; Wu et al., 2007; Wu et al., 2004), making
SRCs extremely versatile.

3.4. SRCs in cancer
3.4.1. SRC-3—Coactivators, in general, are associated with a plethora of human diseases,
including metabolic syndrome and a multitude of cancers (Lanz, 2008; Yan J., 2008; York
and O’Malley, 2010). SRC-1 and SRC-3 are particularly overexpressed in breast cancer.
NCOA3, the gene encoding SRC-3, is amplified in approximately 5–10% of breast cancers
(Anzick et al., 1997; Bautista et al., 1998), while its mRNA is overexpressed in about 30–
60% of cases (Anzick et al., 1997; Bouras et al., 2001; Zhao et al., 2003). Depending on the
sampling population and its parameters, a variety of conclusions have been drawn as to
SRC-3 s contribution to breast cancer and endocrine therapy treatment. In general, SRC-3
overexpression is associated with larger tumor size, higher tumor grade, and worse disease-
free survival (Xu et al., 2009). Particularly in Her2/neu-positive tumors, SRC-3
overexpression is associated with tamoxifen resistance (Kirkegaard et al., 2007; Zhao et al.,
2003). Thus, SRC-3 is a useful diagnostic and prognostic indicator for breast cancer.

In vivo mouse models have proven invaluable for assessing SRC-3 s role in breast cancer. A
mouse mammary tumor virus (MMTV) LTR-driven SRC-3 transgenic mouse was created to
specifically overexpress SRC-3 in the mammary tissue of mice (Torres-Arzayus et al.,
2004). In this model, there was a significant increase in mammary tumors, as well as other
tumors. Of the 145 tumors identified in the SRC-3 overexpressing mice, there were 48
mammary gland adenocarcinomas, 42 pituitary adenomas, 18 uterine leiomyosarcomas, 18
lung adenocarcinomas, and 6 or less of other types. These results are in contrast to the
detection of only 3 lung and 2 pituitary gland tumors in the age-matched, wildtype mice. In
contrast, loss of SRC-3 reduces tumor incidence induced in an MMTV-v-Ha-ras breast
cancer mouse model (Kuang et al., 2004), an MMTV-PyMT (polyoma middle T
oncoprotein) breast cancer mouse model (Qin et al., 2008), or induced by the chemical
carcinogen DMBA (Kuang et al., 2005). Furthermore, the MMTV-PyMT SRC-3−/− mouse
showed a decrease in breast tumor metastasis to the lung (Qin et al., 2008). SRC-3 promotes
tumor metastasis by coactivating the Ets transcription factor, PEA3, which upregulates
expression of the matrix metalloprotease 2 (MMP2) and MMP9 promoters. Another mouse
model was made to look at the function of SRC-3 in Her2- overexpressing tumors. In line
with findings that showed SRC-3 overexpresion correlates with Her2/neu levels, MMTV-
ERBB2 mice heterozygous for SRC-3 showed delayed tumorigenesis compared with their
SRC-3 wildtype counterparts.

SRC-3 overexpression correlates with the development and/or progression of several other
cancers besides breast cancer, including lung cancer, prostate cancer, meningioma,
colorectal cancer, and pancreatic cancer (Xu et al., 2009; Yan J., 2008). SRC-3 coactivates
AR and is overexpressed in prostate cancer. Its expression correlates with worse tumor
grade and worse disease-free survival (Gnanapragasam et al., 2001). It is also
overexpressed, along with SRC-1 and SRC-2, in a majority of PR-positive meningiomas,
10–35% of colorectal cancers (Xie et al., 2005) and 6 of 9 tested pancreatic cancer cell lines
(Ghadimi et al., 1999). Moreover, its expression increases throughout the progression of
pancreatic cancer (Henke et al., 2004). Recently, there have been several publications
highlighting the importance of SRC-3 in lung cancer. One study observed SRC-3 protein
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overexpression by immunohistochemistry (IHC) in 48.4% of non small cell lung sarcomas
(NSCLS) and gene amplification by fluorescence in situ hybridization (FISH) in 8.2% of
NSCLS (He et al., 2010). This same data set revealed a significant correlation between
SRC-3 overexpression and ascending pathologic node stage, as well as shortened patient
survival. Strikingly, these authors concluded that SRC-3 is the “most significant predictor
for survival in multivariate analysis.” These findings are supported by a publication by Cai
et al. that reported 27% of NSCLS tumors overexpress SRC-3 protein, and these patients
have shorter overall and disease-free survival (Cai et al., 2010). Moreover, an analysis of
NCOA3 copy number variation in lung and breast cancer cell lines revealed 25% of NSCLS,
35% of SCLC and 48% of breast cancer cell lines have gene amplification (Cai et al., 2010).
Thus, SRC-3 is a bona-fide oncogene in multiple cancers; its influence likely expanding as
more cancer types are explored.

3.4.2. SRC-1—Like SRC-3, SRC-1 expression positively correlates with breast
tumorigenesis, with a reported increase in 19–29% of samples studied (Xu et al., 2009). Its
expression, too, negatively correlates with disease-free survival, and positively with Her2
expression and tamoxifen resistance (Fleming et al., 2004a; Fleming et al., 2004b; Myers et
al., 2004). An MMTV mouse model of breast cancer revealed that loss of SRC-1 does not
affect tumor initiation or growth, but it significantly inhibits tumor metastasis to the lung
(Wang et al., 2009). The mechanism of SRC-1 action, here, was shown to be due to loss of
colony stimulating factor 1 (CSF-1), which recruits tumor-associated macrophages, and loss
of PEA3-mediated TWIST expression, an epithelial-messenchymal transition (EMT)-
promoting gene. In a study of 70 Her2-positive primary breast tumors, SRC-1 and the Ets
transcription factor, PEA3, were significantly associated with tumor recurrence in a
univariate analysis (Fleming et al., 2004b). In vitro experiments in breast cancer cell lines
revealed that growth factors EGF and bFGF increase the association of Ets factors with their
DNA binding elements and their association with both SRC-1 and SRC-3, leading to
increased transcription (Myers et al., 2005) and yielding a potential pathway for SRC-1 and
SRC-3-mediated gene activation independent of estrogen signaling. In addition to being
amplified and/or overexpressed in breast cancers, high SRC-1 was reported in meningiomas
and prostate cancer (Xu et al., 2009); therefore, assessing SRC-1 levels in patients with these
cancers may be useful for prognostic purposes.

3.4.3. SRC-2—Unlike SRC-1 and SRC-3, there are few reports regarding a potential role
for SRC-2 in oncogenesis. One study reported no significant change in SRC-2 protein levels
between normal and malignant breast tissue (Hudelist et al., 2003); however another
publication revealed a correlation between all three SRCs and cyclin D1 expression in ERα-
positive breast tumors (Girault et al., 2003). Additionally, SRC-2 was reported to be high in
76% of meningiomas tested (Girault et al., 2003) and, along with SRC-1, in high-grade
prostate tumors (Gregory et al., 2001). A fusion protein between SRC-2 and the
transcription factor MOZ is frequently found in human acute myeloid leukemia (Troke et al.,
2006). The AD1 domain of SRC-2, containing its interaction domain with CBP/p300, is
fused with MOZ, and this fusion results in mislocalization of CBP from promyelocytic
leukemia bodies. These initial studies give credence to the need for more investigation into
potential roles for SRC-2 in oncogenesis.

4. Modulation of coactivator-NR interactions by SRMs
The identification of selective receptor modulators (SRMs) created much excitement for
potential therapeutic drugs to treat cancers and other NR-mediated diseases. Indeed, the
SRM, 4-hydroxytamoxifen (4HT), has had a great deal of success in the treatment of breast
cancer (Jordan, 1992; Vogel et al., 2010). However, resistance to anti-endocrine therapies is
an all too common problem. An initial clinical trial aimed at investigating the therapeutic
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effects of 4HT, the National Surgical Adjuvant Breast and Bowel Project (NSABP), found
that women with breast cancer positive for ERα, but negative for axillary lymph nodes,
benefited from 5 years of 4HT treatment. These women were then randomly selected to
either receive placebo or continue 4HT treatment for 7 additional years. These results
showed that women who took the placebo actually did slightly better than those receiving
additional 4HT (Fisher et al., 2001). These data support the hypothesis that in some cellular
contexts, anti-estrogens like 4HT can actually behave as ERα agonists when administered
chronically. Agonistic effects of 4HT were previously implicated in studies analyzing the
effects of 4HT treatment in the bone and uterus. Two years of 4HT treatment given to
postmenopausal breast cancer patients had an estrogenic effect on the endometrium and the
skeleton, increasing bone mass density (Jordan, 1992; Love et al., 1992; Wolf and Jordan,
1992). Raloxifene, another anti-estrogen drug, also displayed estrogenic effects in the bone
but functioned as an anti-estrogen in the endometrium. These in vivo observations were
supported by molecular work analyzing the activity of the transactivation domains of ERα
on several promoters in the presence of estrogens or anti-estrogens, such as 4HT, and
demonstrated 4HT-mediated, ERα-directed transcriptional activation of specific promoters
(Tzukerman et al., 1994). The selective functional behavior of these drugs in different
cellular contexts gave rise to the term selective estrogen receptor modulator (SERM).

4.1. Coactivator-NR interactions influenced by SERMs and SERDs
SERMs are classified as partial antagonists, as opposed to full antagonists such as ICI
182780, also known as fulvestrant. Both types of antagonists interfere with NR-coactivator
interactions but by different mechanisms. Full or pure antagonists, such as ICI, create a
disordered structure for helix 12 that cannot contact the LBD and form the coactivator
docking site (Nettles and Greene, 2005; Pace, 2008). They also promote cytoplasmic
localization of the receptor, immobilization within the nuclear matrix, and ubiquitin-
mediated degradation of the NR via the proteasome system (Htun et al., 1999; Long and
Nephew, 2006). These additional activities of full antagonists led to the term selective ER
down-regulators (SERDs). Partial antagonists, or SERMs, such as raloxifene and 4HT, bind
to the LBD and position helix 12 in such a manner that it occludes the coactivator binding
site (Nettles and Greene, 2005). The structures of ERα-E2 and ERα-4HT revealed that they
were both different from one another, as previously described and, importantly, from apo-
receptor, indicating that neither 4HT nor raloxifene merely displaces estradiol from ERα and
reverts the receptor back to its inactive state (Grasfeder, 2008; McDonnell et al., 1995).
They create an entirely different structural conformation, which may be regulated in novel
ways to promote agonist versus antagonist effects. Indeed, studies have shown an altered
coactivator-NR structure in the presence of anti-estrogens, as opposed to estrogens. A
peptide-based phage display screen probing changes in ERα conformation in the presence of
buffer, E2, or 4HT revealed that different peptides are able to interact with ERα in the
presence of different ligands, even when the ligands have the same agonistic or antagonistic
effect (Chang et al., 1999; Norris et al., 1999; Paige et al., 1999; Wijayaratne et al., 1999).
Thus, even if canonical coactivator sites are blocked with tamoxifen treatment, other sites
may be available and provide a means for SERM-mediated transcriptional activation.

While these studies show that different ligands (E2 or 4HT) induce different structural
conformations on ERα, it should be noted that not all ligands that promote divergent NR
activity do so by creating alternate structural conformations. For example, the crystal
structure of the PPARγ-RXRα complex bound to DNA, various ligands, and coactivator
peptides was solved and revealed that rosiglitazone, a PPARγ agonist; GW9662, a suicide
inhibitor of PPARγ; and BVT.13, a partial PPARγ agonist, all create similar PPARγ-RXRα
structural conformations (Chandra et al., 2008). In this study, DNA was critical for the
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conformation of the PPARγ-RXRα structure, and the LBD influences DNA binding, and,
thus, may influence the transcriptional activity of the NR by different ligands in this manner.

4.2. Coactivator levels and activity influence SRM agonist/antagonist activity
The pertinent question then became what factors are imposing the differential agonist and
antagonist effects of SERM treatment. The O Malley laboratory provided some of the
earliest evidence that the relative recruitment of coactivators or corepressors is instrumental
towards the agonist/antagonist effects of SERMs (Smith et al., 1997). In HeLa cells, where
4HT is an agonist, overexpression of SRC-1 enhances 4HT s activity; whereas,
overexpression of a corepressor such as SMRT, reduces 4HT-mediated stimulation (Smith et
al., 1997). In MCF7 and T47D breast cancer cells, where 4HT acts as an ERα antagonist,
corepressors were recruited to the repressed c-myc promoter, but coactivators were recruited
to the same c-myc promoter in Ishikawa endometrial cells, where 4HT acts as an agonist
(Shang and Brown, 2002). These data were recently corroborated by an analysis from
Romano et al. that showed in all cellular contexts tested, when estradiol or 4HT was an
activating stimulus, coactivators were recruited; while corepressors were recruited when
4HT acted as a repressing stimulus (Romano et al., 2010a). The question at hand now
slightly shifts to what factors contribute towards the relative recruitment of coactivators
versus corepressors. In the Brown lab study, it was found that SRC-1 is expressed at a much
higher level in Ishikawa cells, where 4HT has agonist properties, than in MCF-7 cells, where
it functions antagonistically. (Shang and Brown, 2002). Additionally, Romano et al.
reported that overexpression of SRC-1 could convert tamoxifen from a transcriptionally
repressive stimulus to an activating one, and overexpression of the corepressor NCoR could
similarly reprogram tamoxifen-stimulated genes for transcriptional repression (Romano et
al., 2010b). These functions of coactivators ring true for other NRs besides ERα. For
example, overexpression of SRC-1 stimulates PR activity in HeLa cells treated with RU486-
(a selective progesterone receptor modulator) (Liu et al., 2002). Likewise, low expression of
the NR corepressor complex, NCoR/SMRT, is associated with better 4HT resistance
(Lavinsky et al., 1998; Liu et al., 2002). Thus, the expression level of coactivators versus
corepressors may determine whether a SERM has an agonist or antagonist effect.

Clinical data assessing coactivator levels in breast cancer samples from women treated with
4HT support this hypothesis. SRC-1 was scored as positive or negative by IHC in 52 human
breast cancer tissue samples from patients treated for 5 years with 4HT (Fleming et al.,
2004a). 92% of patients with disease recurrence were SRC-1-positive, compared with only
10% of the nonrecurrence patients being positive for SRC-1. Similar results were seen from
an analysis of SRC-3 in 4HT-treated patients. Tumor specimens from 316 patients with
axillary node-positive breast cancer treated with or without 4HT were scored for SRC-3
protein levels. This study found that high SRC-3 levels correlate with worse disease-free
survival, indicative of 4HT resistance. The patients with the worst outcome were those with
both SRC-3 and Her2 overexpression (Osborne et al., 2003). There are a few studies that did
not show a statistical correlation between SRC-3 and overall disease recurrence; however,
this is likely due to the cohort of samples collected and analyzed. In one such study, SRC-3,
by itself, was not predictive of recurrence, but together with high Her2/3, it is predictive
(Kirkegaard et al., 2007). Another data set by Dihge et al supports the hypothesis that
SRC-3 may be most predictive when other factors are present to exacerbate a worse disease
progression (Dihge et al., 2008). In this study of 297 breast cancer samples from patients
treated with 4HT, SRC-3 expression was predictive for recurrence that occurs within the
first 2 years but not long term at 5 years.

Tamoxifen treatment, itself, can raise coactivator levels, contributing towards resistance.
The generation of SRC-1- and SRC-3- luciferase fusion proteins allowed for quantitative
measurement of the relative changes in protein levels after treatment with E2, 4HT, or
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raloxifene and revealed a dramatic increase in protein expression with 4HT treatment
(Lonard et al., 2004). Endogenous SRC-3 protein levels also increased in BT474 cells
treated with 4HT (Su et al., 2008). Even with a low dose of tamoxifen, an increase in SRC-3
mRNA was seen (Haugan Moi et al., 2010). In fact, in this same study, an increase in all
three SRCs was observed; however, the increase in SRC-3 was the most significant.
Additionally, other signals may be induced in tamoxifen-resistant tumors, which either
increase coactivator levels or their activity. In line with the correlation observed between
SRC-3 and Her2 expression in breast cancers, Her2- overexpression stimulates
phosphorylation of SRC-3 (Osborne et al., 2003). It is well established that phosphorylation
of SRC-3 is essential for its function as an NR coactivator (Wu et al., 2002; Wu et al., 2004;
Zheng et al., 2005). Moreover, knockdown of SRC-3 in Her2-amplified BT474 cells restores
tamoxifen-induced inhibition of cell proliferation (Su et al., 2008).

Downstream of Her2 signaling lies the MAPK-activated Ets family of transcription factors.
Ets factors are expressed in breast cancers and correlate with cancer progression and
metastasis (Myers et al., 2005). Treatment of breast cancer cells with growth factors can
increase the association between Ets factors and SRC-3 (Myers et al., 2005), as well as
SRC-3 s association with ERα in 4HT-resistant MCF-7 cells (Zhao et al., 2009). In fact,
knockdown of SRC-3 inhibited Her1 (EGFR)/Her2-induced cell growth and restored the
sensitivity of 4HT-resistant cells to 4HT treatment. These studies and others suggest that
breast cancers that are resistant to anti-endocrine therapies may have developed E2-
independent mechanisms of cell growth. These mechanisms may include directing
coactivators towards interaction with other factors besides NRs, such as Ets proteins (Myers
et al., 2005) or E2F1 (Louie et al., 2004), allowing the cells to circumvent NRs altogether.

4.3. NR levels and post-translational modifications influence coregulator binding in the
presence of SRMs

Signaling pathways that are upregulated in some cancers, such as the previously mentioned
Her2 pathway, can modify coactivators or NRs to promote transcription in the presence of
anti-estrogens. For example, activation of PKA (protein kinase A) promotes 4HT resistance
through phosphorylation of ERα at S305. FRET analysis revealed that PKA-mediated ERα
S305 phosphorylation alters the orientation between ERα and SRC-1 such that RNA
polymerase II is recruited and transcription ensues (Zwart et al., 2007). PKA also induces
phosphorylation of PR (Wagner et al., 1998) and AR, which blocks (Dotzlaw et al., 2002)
corepressor recruitment and stimulates gene expression in the presence of their respective
NR antagonists.

The expression level of NRs is another variable that can influence the agonist/antagonist
activity of SRMs. A microarray-based profiling screen of prostate cancer xenograft models
revealed a consistent increase in AR mRNA levels in models that had developed resistance
to anti-androgen therapy (Chen et al., 2004). Overexpression of AR in LnCaP prostate
cancer cells, mimicking the AR levels found in the anti-androgen resistant xenografts,
converted the cells from SARM (selective androgen receptor modulator)- sensitive to
resistant, as measured by their ability to grow in low androgen levels and in the presence of
the anti-androgen, bicalutamide. In cells overexpressing AR, but not those lacking AR-
overexpression, bicalutamide treatment resulted in the increased recruitment of SRC-1 and
decreased recruitment of NCoR to the promoter of AR target genes, PSA and KLK-2 (Chen
et al., 2004).

4.4. The promoter context may alter NR-coregulator interactions, influencing SRM effects
DNA, itself, has long been theorized to act as an allosteric regulator of transcription factors,
such as NRs, (Lefstin and Yamamoto, 1998). DNA sequence influences NR binding,
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structural conformation, and the recruitment of coactivators and corepressors (Chandra et
al., 2008; Heneghan et al., 2007; Lefstin and Yamamoto, 1998). Thus, the promoter context
of NR-target genes can influence the effects of SRMs on NR activity. For example, 4HT and
raloxifene treatments repress ERα bound to classical EREs in HeLa cells, but these ligands
increase transcription when ERα is tethered to DNA through AP-1 (Webb et al., 1999). This
pattern holds true in endometrial carcinoma cancer cells, as well. Genes, such as cathepsin D
and EBAG9, whose promoters have classical EREs, are repressed by 4HT and raloxifene;
however, 4HT activates transcription of c-myc and IGF-1 promoters that lack canonical
EREs (Shang and Brown, 2002). As previously mentioned, SRC-2 activates GR-directed
transcription when GR is bound directly to glucocorticoid response elements, but it represses
GR tethered to DNA via activating protein 1 (AP-1) (Rogatsky et al., 2002). One potential
explanation is that the promoter context regulates SRM s effects by altering the orientation
of the NR in such a way that alters its interaction with coregulators or the activity of the
coregulators. In summary, multiple variables, including coregulator and NR levels and
activity, which can be influenced by various cancer-specific alterations in signaling
pathways, as well as promoter-specific contexts may contribute to the differential agonist/
antagonist effects of anti-endocrine therapies, such as tamoxifen (Figure 3).

5. Interrupting NR-coactivator interactions for therapeutic purposes
It is clear now that cancer cells can employ many mechanisms to circumvent SRMs that aim
to silence NR activity. However, in each of these instances, once a cell becomes resistant to
the anti-endocrine therapy, it still must be able to recruit coactivators in order to function.
Thus, it stands to reason that interfering with NR-coactivator interactions should be very
beneficial in treating NR-mediated diseases, such as cancer. Peptides identified in the
previously mentioned phage-display screen can interfere with the agonistic activity of 4HT
in resistant cells (Chang et al., 1999; Norris et al., 1999). These peptides, however, will
require significant modifications to make them druggable, but some progress has been made
in this area (Grasfeder, 2008). A peptide with a macrolactam ring was successful in
preventing SRC-2 interaction with the TRβ/T3 complex (Geistlinger and Guy, 2001). Other
peptide-derived antagonists can block the interaction of SRC-1 with ERα or ERβ, as well
(Galande et al., 2004; Galande et al., 2005; Leduc et al., 2003). In addition to peptides, small
molecule inhibitors (SMIs) have been investigated for potential therapeutic use. Rodriguez
et al. demonstrated that a small molecule can target the coactivator binding pocket of ERα
and displace a coactivator-derived peptide containing the LXXLL motif responsible for
binding ERα (Rodriguez et al., 2004). Small molecules that inhibit coactivator binding to
TRβ have also been discovered (Arnold et al., 2005). These SMIs were able to completely
block TRβ-induced transcriptional activity. One potential problem with SMIs or peptide-
based therapies that target NR-coactivator interactions is that the published literature has
shown that overexpression of coactivators often circumvents the need for NRs to promote
cell growth. As mentioned previously, SRC-3 interaction with other transcription factors,
such as E2F1 and Ets factors, do not depend on an intact NR. Moreover, cells often
upregulate other signaling pathways, such as EGFR and Her2, which can compensate for
loss of an NR and promote coactivator function. In fact, in breast cancer ERα-negative
cancers have a worse prognosis than ERα-positive cancers. Thus, SMIs that can directly
bind to overexpressed coactivators and downregulate their activity or stability may be the
preferred therapy of the future.
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Figure 1. SRC-mediated coactivation of NRs
SRC proteins are recruited to hormone bound NRs and bind through their LXXLL motifs, of
which they have three. SRCs then recruit multiple secondary coactivator complexes that
bind to their three activation domains (ADs). Three examples are shown: histone
acetyltransferase, p300/CBP; histone methyltransferases, PRMT1 and CARM1; and
chromatin remodeling complex, SWI/SNF. These secondary coactivators modify the
chromatin and bridge the NR complex with the general transcription machinery to elicit
transcriptional activation. SRCs (steroid receptor coactivators); bHLH/PAS (basic helix-
loop-helix/Per-Arnt-Sim); S/T (serine/threonine –rich region); NR (nuclear receptor); Ac
(acetylation); Me (methylation); HRE (hormone response element); L (LXXLL motifs).
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Figure 2. SRC-interacting proteins
SRCs coactivate nuclear receptors (NRs), as well as numerous transcription factors. Once
tethered to chromatin via these interactions, SRCs recruit a number of secondary
coactivators that interact with its activation domains (ADs). This is a representative list of
just some of SRC s interacting proteins, of which SRC-interacting domains have been
mapped. Proteins are referenced and adapted from (Kim, 2008) (Yan J., 2008) (Xu et al.,
2009) and as mentioned throughout the text.
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Figure 3. Multiple cellular factors influence coactivator-NR interactions in the presence of
SRMs, affecting SRM functional effects on NR-mediated transcription
Listed are several cellular variables, including NR and coactivator levels and activity,
influenced by the differential upregulation of oncogenic signaling pathways, as well as gene-
specific promoter contexts that determine whether a SRM will have agonist or antagonist
effects. The cartoon demonstrates just some of these potential variables that can impact
SRM antagonist/agonist activities and pathways that may be involved. Not all variable are
likely to be in play at one time and are cancer, cell- and gene-dependent. SRM (selective
receptor modulator); NR (nuclear receptor); HRE (hormone response element; AP-1
(activating protein 1); SRC (steroid receptor coactivator); PKA (protein kinase A); Her2
(human epidermal growth factor 2); P (phosphorylation).
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