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Abstract
The response of prostate cells to androgens reflects a combination of androgen receptor (AR)
transactivation and transrepression, but how these two processes differ mechanistically and
influence prostate cancer risk and disease outcome remain elusive. Given recent interest in
targeting AR transrepressive processes, a better understanding of AR/corepressor interaction and
responses is warranted. Here, we used transactivation and interaction assays with wild-type and
mutant ARs, and deletion AR fragments, to dissect the relationship between AR and the
corepressor, silencing mediator for retinoic acid and thyroid hormone receptors (SMRT). We
additionally tested how these processes are influenced by AR agonist and antagonist ligands, as
well as by variation in the polyglutamine tract in the AR amino terminal domain (NTD), which is
encoded by a polymorphic CAG repeat in the gene. SMRT was recruited to the AR ligand binding
domain by agonist ligand, and as determined by the effect of strategic mutations in activation
function 2 (AF-2), requires a precise conformation of that domain. A distinct region of SMRT also
mediated interaction with the AR-NTD via the transactivation unit 5 (TAU5; residues 315–538)
region. The degree to which SMRT was able to repress AR increased from 17% to 56% as the AR
polyglutamine repeat length was increased from 9 to 42 residues, but critically this effect could be
abolished by increasing the SMRT:AR molar ratio. These data suggest that the the extent to which
the CAG encoded polyglutamine repeat influences AR activity represents a balance between
corepressor and coactivator occupancy of the same ligand-dependent and independent AR
interaction surfaces. Changes in the homeostatic relationship of AR to these molecules, including
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SMRT, may explain the variable penetrance of the CAG repeat and the loss of AR signalling
flexibility in prostate cancer progression.
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androgen receptor; polyglutamine; corepressor; SMRT; NCoR; prostate cancer risk; N/C
interaction

1. INTRODUCTION
The AR is a member of the nuclear receptor superfamily of transcription factors sharing a
common evolutionary origin, mode of action and structural architecture, with conserved
domains for DNA (DBD) and steroid ligand binding (LBD), and an evolutionarily variable
amino-terminal domain (NTD) (Fig. 1A). Ultimately, the capacity of nuclear receptors to
function in any given cell depends on recruitment of distinct subsets of cofactors, which
control conformation, nuclear-cytoplasmic localization, movement, response element
recognition, chromatin remodelling, and engagement or disengagement with basal
transcription factors (O’Malley et al. 2008; Wolf et al. 2008). At the transcriptional level,
coregulators that activate and inhibit these processes are termed coactivators and
corepressors respectively. For most nuclear receptors, the binding of agonist ligands induces
conformational changes and formation of activation function 2 (AF-2), a conserved protein-
protein binding surface (Fig. 1A). The AF-2 pocket binds short LxxLL-like peptide motifs in
transcriptional cofactors, such as the p160 family of coactivators comprising NCOA1/
SRC-1, NCOA2/GRIP1 and NCOA3/AIB1, and acts in concert with activation functions in
the NTD of the receptor to mediate overall transcriptional response (Hur et al. 2004; Ozers
et al. 2007).

The AR is distinct from other nuclear receptors as the AR AF-2 surface preferentially
interacts with the 23FQNLF27 peptide of the AR-NTD in the amino/carboxyl terminal (N/C)
interaction, displacing coregulator events to the NTD (He et al. 2006; He et al. 2002a). As a
consequence, AR activity is almost exclusively determined by two overlapping NTD
transcriptional activation units (TAU), TAU-1 and TAU-5 (Jenster et al. 1995; Need et al.
2009) (Fig. 1A). The AR NTD also contains two polymorphic trinucleotide microsatellite
repeats, CAG and GGC, which encode respectively polyglutamine (polyQ) and polyglycine
(polyG) tracts with a distribution of 6–39 (mean 21) and 7–20 (mean 16) residues in man
(Fig. 1A) (Buchanan et al. 2004b).

While the GGC repeat is less variable and usually categorized as being 16 or non-16 repeats,
early studies from our group and others showed that the racial distribution of CAG repeats
was inversely related to prostate cancer risk (Coetzee and Ross 1994; Edwards et al. 1999).
Subsequent studies confirmed a link between CAG length and risk, age of onset and/or
advanced disease at diagnosis (Buchanan et al. 2001a).. While in vitro and animal studies
have related CAG length to receptor activity and prostate size (Albertelli et al. 2008;
Buchanan et al. 2004b), more extensive clinical analyses have failed to demonstrate a
relationship to disease risk, although did identify a correlation between CAG repeat length
and serum testosterone levels (Freedman et al. 2005; Price et al. 2010). We cannot easily
account for these inconsistent findings, or indeed for the inconclusive role of CAG repeat
length in many other diseases (Rajender et al. 2007), perhaps because the precise effect of
CAG and GGC repeat sequences on AR function are unknown.

Steroid receptors have classically been distinguished from those for thyroid hormone,
retinoic acid and vitamin D by their relationship with DNA (Laudet 1997). While
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unliganded steroid receptors such as AR are thought to be held in an inactive conformation
away from DNA by chaperones, those for thyroid hormone and retinoic acid are
constitutively bound to DNA in a multi-subunit corepressor complex that actively represses
basal gene transcription (Chen and Evans 1995). In contrast, conventional thought holds that
liganded receptors of both classes bind DNA, recruit nuclear receptor coactivators and
promote gene transactivation (Biddie et al. 2010; Jepsen et al. 2000; McEwan 2009;
McKenna and O’Malley 2000).

The molecules at the core of the nuclear receptor corepressor complex are the nuclear
receptor corepressor (NCOR1) and silencing mediator for retinoic acid and thyroid hormone
receptors (SMRT/NCOR2) (Chen and Evans 1995; Cunliffe 2008; Perissi et al. 2010).
SMRT and NCOR1 are large scaffold proteins that interact with the hydrophobic AF-2
surface of nuclear receptors using extended LxxLL-like amphipathic alpha helices (LxxI/
HIxxxI/L) (the CoRNR boxes) and contain at least three independent repressor domains that
alter histone deacetylase (HDAC) activity (Chen and Evans 1995; Perissi et al. 2010; Stanya
and Kao 2009). Corepressor recruitment inhibits receptor activation, promotes DNA
condensation and attenuates binding of other transcription factors (Cunliffe 2008; Perissi et
al. 2010). Thus, receptor occupancy by either repressors or activators is a major determinant
of nuclear/steroid receptor transcriptional activity (Glass and Rosenfeld 2000).

In this study, we sought to better define the relationship between the AR and SMRT, and in
particular the role played by AR AF-2 and NTD interaction surfaces, canonical and non-
canonical ligands, and variation in the length of the CAG encoded polyglutamine repeat in
SMRT-mediated repression. We additionally map SMRT interaction surfaces within the AR
NTD, and compare the relative specificity and strength of corepressor recruitment to AF-2
with the AR N/C interaction. Our data provide new information on the dynamic role of
corepressors in AR signalling, and have implications for understanding AR antagonists,
tissue-specific variation in androgen responses, and how the AR CAG repeat might be
variably associated with risk and progression of prostate cancer.

2. MATERIALS AND METHODS
2.1 Plasmid vectors

Expression vector for the full-length smaller isoform of SMRT (pCMX-gal4-h-fSMRT;
sSMRT) was provided by Dr Ron M. Evans (Howard Hughes Medical Institute, Salk
Institute for Biological Studies, La Jolla, California). AR-responsive probasin (ARR3-tk-
luc), MMTV (MMTV-luc), PSA540 (pGL3-PSA540), GAL-4 targeted pGK1 luciferase
reporter constructs, AR expression vectors encoding different polyQ lengths [pcDNA-
AR(CAG)n], the constitutive truncated variant (1–709), mammalian two-hybrid AR-NTD
(1–538, 1–555), and mammalian two-hybrid wild-type (618–919, 644–919), E897Q and
T877A variant AR-LBD constructs have been previously described (Buchanan et al. 2007;
Buchanan et al. 2004b; Need et al. 2009). Mammalian two-hybrid pM-GAL4 and pVP16-
AD vectors encoding AR-NTD fragments (encompassing amino acids 1–156, 141–356,
351–426, 427–538, 351–538) were provided by Dr Ryan A. Irvine (NCCC, USC, Los
Angeles, CA). pSG5-GRIP1 was provided by Professor Mike Stallcup (University of
Southern California, Los Angeles, California). sSMRT fragments for pM and pVP16 vectors
were amplified in PCR reactions using Pfu DNA polymerase (Promega, La Jolla, CA) with
the following primer pairs:

aa1-1495 (5′-CAGAGAATTCATGGAGGCATGGGACGCC-3′, 5′-
GTCATCTAGACTTTAGACAGGCAAGGATGCCG-3′);

aa1-333 (5′-CAGAGAATTCATGGAGGCATGGGACGCC-3′, 5′-
GTCATCTAGATGATGGACCCGCGGATGT-3′);
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aa298-632 (5′-CAGAGAATTCAGAGCCATCTCCTCAGCCAGCA-3′, 5′-
GTCATCTAGAGGTGTCGGGGCAGGTAGTAGGC-3′);

aa598-937 (5′-CAGAGAATTCGGCGTGGACCTGTATCGCAG-3′, 5′-
GTCATCTAGAGAAGGCATGGCCGGTGTCT-3′);

aa890-1266 (5′-CAGAGAATTCACATTCCCACCTGCCACCCACT-3′, 5′-
GTCATCTAGACTTGCTTCTTGGACTTGACCAT-3′);

a1222-1495 (5′-CAGAGAATTCCTGCTGTACCGGGATGGGGAAC-3′, 5′-
GTCATCTAGACTTTAGACAGGCAAGGATGCCG-3′). Products were purified,
digested with EcoR1 and XbaI and cloned into the equivalent sites of pM and pVP16
vectors.

2.2 Cell culture, transactivation assays and immunoblot analysis
COS-1 cells (American Type Culture Collection, Rockville, MD) and the PC-3 cell subline
PC-3AR+, described previously (Buchanan et al. 2004a) were maintained in RPMI 1640
medium supplemented with 5% fetal bovine serum (FBS; SAFC, NSW, Australia).
Transactivation and coactivator assays were performed in PC-3AR+ cells (10,000 cells/well
in 96-well plates) transfected with 100ng ARR3-tk-Luc and 0.5–2.5ng pCMV-AR3.1 or
equivalent molar amount of AR fragments or variant constructs using Lipofectamine 2000™

as previously described (Need et al. 2009). Coactivator assays included 1–50ng pSG5-
GRIP1, pCMX-GAL4-h-fSMRT or pCMX-SMRT. Controls always included a molar
equivalent amount of the appropriate empty vector, and all comparisons were balanced for
total DNA using the prokaryotic pBS-SK plasmid-. Mammalian 2-hybrid N/C interaction
assays were performed in COS-1 cells (10,000 cells/well in 96-well plates) transfected
similarly with 25ng pGK-1, and 5ng of each of pVP16 and GAL4 expression vectors as
previously described (Buchanan et al. 2004b). For both assays, following a 4-hour
transfection cells were cultured in RPMI-1640 supplemented with 5% charcoal stripped FBS
and 0.01–100nM steroids for 20–24 hours, lysed and analyzed for luciferase activity as
previously described (Buchanan et al. 2004b). Data represents six independently transfected
and steroid or vehicle treated wells, and is presented as mean (± sem) for each condition. For
immunoblot analysis, COS-1 cells (200,000 cells in 6-well dishes) were transfected with
100ng of GAL4-SMRT fragment expression vectors and incubated for 24 hours. Soluble
protein (20ug) was resolved by SDS-PAGE, transferred to Hybond C membranes (GE
healthcare, NSW, Australia), and immunoblotted using GAL4 antibody (Clontech, Mountain
View, CA), detected using HRP conjugated IgG (Dako Australia, VIC, Australia), and
visualized using ECL western blotting reagents (GE Healthcare).

2.3 Microarray analysis
Affymetrix U95 microarray data collected as part of our previous studies (Scher et al. 2004)
from 23 untreated primary prostate cancers, 17 primary prostate tumors treated with short-
term neoadjuvant androgen ablation, and 9 metastatic lesions (manually dissected for
prostate cancer epithelial cells) was analyzed for gene expression as previously described
(Scher et al. 2004).

3. RESULTS
3.1 SMRT repression of agonist-activated AR

Using a minimal SMRT isoform (sSMRT) (Fig. 1B) (Chen et al. 1996), we examined in
detail how the nuclear corepressors inhibit AR transcriptional responses to agonist ligands in
cotransfected prostate cancer PC-3 cells (Fig. 2). AR activity stimulated by 0.1–10nM of the
potent agonist, 5α-dihydrotestosterone (DHT) was repressed by greater than 50% by sSMRT
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on both the androgen specific minimal probasin promoter (ARR3) and the more complex
mouse mammary tumor virus (MMTV) promoter containing canonical hormone response
elements (Fig. 2A–B). To investigate how this repression may be offset by the magnitude of
the AR transcriptional response, we utilized receptor variants encoding 9 (Fig. 2C) and 29
(Fig. 2D) glutamine repeats in the NTD; the former having significantly higher maximal
activity (Buchanan et al. 2004b). In both cases, repression was achieved at 5ng of sSMRT
and was proportionally equivalent across all DHT concentrations (Fig. 2C,D). Increasing the
amount of sSMRT to 10ng did not increase repression (Fig. 2C,D). In contrast to p160 and
other coactivators (Buchanan et al. 2007; Need et al. 2009; Shen et al. 2005), overexpression
of sSMRT did not affect AR sensitivity to ligand (Fig 2C,D).

To investigate agonist specificity of SMRT responses, we compared DHT with
medroxyprogesterone acetate (MPA), an AR agonist that in contrast to DHT does not induce
a direct N-terminal/C-terminal (N/C) interaction (Birrell et al. 2007). The repression of AR
responses to DHT and MPA by sSMRT were similar on the ARR3 promoter (Fig. 2E) and a
similar response was observed for the tandem KLK3 enhancer and promoter construct,
PSA540 (data not shown). Increasing the amount of AR in the experiment was able to
partially rescue AR activity from sSMRT inhibition (Fig. 2F). These data imply that the
molar ratio of AR and SMRT is a more important determinant of the degree of repression
than the AR agonist, magnitude of the transcriptional response or origin of the reporter.
Moreover, they indicate that SMRT dampens the transcriptional response of the receptor
rather than altering the overall dynamics of AR action.

3.2 SMRT repression is modulated by length of the AR CAG repeat/AR polyQ tract in a
process dependent on the AR:SMRT ratio

The inverse relationship between increasing polyQ length (encoded by the CAG repeat) and
AR activity is dependent on cell and promoter context, and modulated by p160 and other
NTD coactivators (Beilin et al. 2000; Buchanan et al. 2004b; Hsiao et al. 1999; Irvine et al.
2000). In contrast, polyQ length does not affect ligand binding characteristics, steady-state
protein levels of the receptor, or activity of the isolated AF-1 region (Buchanan et al.
2004b). We demonstrate here that the degree to which sSMRT represses activity of full-
length AR is directly proportional to polyQ/CAG length, increasing stepwise (normalized
for each variant in the absence of sSMRT) from 17(±7)%, 31(±4)% and 56(±3)% for
glutamine repeat lengths of 9, 21 and 42 respectively (Fig. 3A). Critically however,
repression of AR became largely independent of polyQ length as the amount of transfected
sSMRT was increased. At the highest amount of SMRT tested, repression of AR variants
with between 9 and 42 glutamine residues showed only minimal variation (67(±3) to
71(±2)% repression; Fig. 3B). These results suggest that the effect of the polyQ/CAG repeat
on AR function is critically dependent on the ratio between AR and repressors, and can be
eliminated when SMRT is in excess.

3.3 SMRT repression of AR is dependent on the AR/corepressor ratio
Although it is well established that the response of AR to cofactors in vitro is critically
dependent on the relative levels of each protein (Irvine et al. 2000; Ma et al. 1999), this
concept is almost universally overlooked in clinical analyses. Indeed, we have previously
shown that the mean AR:cofactor ratio in a cohort of prostate cancer samples is more
informative of progression than the average of each protein alone (Buchanan et al. 2007).
When we interrogated our published prostate cancer microarray data (Holzbeierlein et al.
2004; Scher et al. 2004), the ratio of AR expression to both SMRT (NCOR2) and NCOR1
was found to be more variable in metastatic compared with primary samples, primarily due
to changes in AR expression (Fig. 4). Given our findings above, this implies that the relative
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contribution of the AR CAG repeat to androgen signalling may actually change during
disease progression.

3.4 SMRT can repress transactivation driven by both AF-1 and AF-2
It was previously reported that SMRT and/or NCOR1 are recruited to both the NTD and
LBD of steroid receptors (Dotzlaw et al. 2002; Varlakhanova et al. 2010). To assess in detail
the consequences of these interactions for AR activity derived from either AF-1 or AF-2, we
created AR constructs depleted of these two activation functions but retaining the DBD (i.e.
AF-1, amino acids 1–648; AF-2, amino acids 538–919; Fig. 5A). In PC3 cells, sSMRT
repressed both the weak agonist activity derived from isolated AF-2 (Fig. 5B) and the strong
ligand-independent activity derived from isolated AF-1 (Fig. 5C). Conversely, coexpression
of the p160 protein GRIP1 amplified activity derived from both domains (Fig. 5B–C),
consistent with the common but opposing modes of action for these two cofactor classes.
The inhibition of intrinsic AF-1 activity was dependent on the amount of sSMRT added
(Fig. 5D), but not on promoter context (Fig. 5E–F). Previous studies from our group
identified a protein-protein interaction surface in the LBD (Buchanan et al. 2001b), now
termed BF-3, that is mutated in prostate cancer and coordinates the response of cofactors at
AF-2 (Buchanan et al. 2001b; Estebanez-Perpina et al. 2007). sSMRT was able to mediate a
similar degree of repression of both loss (P671A) and gain (I672T) of function AR BF-3
variants compared to full-length AR (Fig. 5G).

3.5 SMRT interaction with the AR-LBD is driven by agonist ligands and dependent on
structural integrity of the AF-2 surface

To determine how SMRT might be affecting the response of the AR to different agonists,
we first investigated protein-protein interaction between full-length sSMRT and the
complete AR-LBD (i.e. 644–919) (Fig. 6A). We observed a strong DHT dose-dependent
interaction between these two proteins that was up to 79-fold higher than control (Fig. 6B–
C). These results imply that sSMRT interacts via a ligand-dependent interaction surface on
the AR, of which AF-2 is most likely (Hodgson et al. 2008; Liao et al. 2003). We took
advantage of two known characteristics of AF-2 to investigate this further: (i) the
relationship between AF-2 formation and agonist ligands, and (ii) mutations in the core of
the AF-2 that alter the structure of the surface upon ligand binding (Birrell et al. 2007; He et
al. 2006). First, recruitment of sSMRT to the wild-type AR-LBD segregated with ligands
known to elicit an androgenic response [i.e. DHT, MPA, androstenedione (ASD)], whereas
no increased signal was seen with AR antagonists [hydroxyflutamide (OHF), bicalutamide
(BIC)] or the non-androgenic ligand progesterone (PROG; Fig. 6D). Introducing the T877A
substitution from the LNCaP human prostate cancer cell line, which broadens AR agonist-
like responses to include adrenal androgens, progesterone and hydroxyflutamide
(Veldscholte et al. 1992; Veldscholte et al. 1990), clearly demonstrates the relationship
between agonist action and sSMRT recruitment to the AF-2 surface (Fig. 6D). Consistent
with this interpretation, the non-steroidal anti-androgen BIC is known to retain antagonist
activity on the LNCaP AR (Veldscholte et al. 1992) and fails to induce SMRT recruitment
(Fig. 6D). Conversely, introducing the E897Q substitution that disrupts the charge clamp
responsible for holding LxxLL-like helices within the AF-2 pocket, but not agonist
responses, eliminated ligand-dependent sSMRT recruitment for all ligands tested (Fig. 6D).
Together, the above observations suggest that a precise agonist-induced conformation of
AF-2 is required for sSMRT recruitment.

3.6 Role of the AF-2 surface in SMRT recruitment and N/C interaction
Analogous to the AR 23FQNLF27 region mediating the N/C interaction, peptide library
screens have consistently identified FxxLF sequences as the highest affinity peptides for the
agonist-induced AF-2 surface (Chang and McDonnell 2002; Hur et al. 2004). Our aims here
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were to (i) compare the sensitivity of the AF-2 surface for recruitment of sSMRT and the
NTD (i.e. N/C), and (ii) determine whether either interaction is affected by other regions of
the AR, such as the hinge region (H; Fig. 7A) which is known to attenuate AF-2 activity
(Moilanen et al. 1997). In the mammalian two-hybrid assay, extending the AR-LBD
construct to include amino acids 618–643 of the hinge decreased both sSMRT recruitment
and the N/C interaction to a similar extent, but for both AR constructs N/C occurred at DHT
concentrations 10-fold lower than sSMRT recruitment (Fig. 7B-C). Compared to N/C
however, sSMRT recruitment was relatively more sensitive to MPA and ASD (Fig. 7D–E).
Both DHT-induced interactions could be antagonized to a similar extent by increasing
amounts of the non-permissive ligands, OHF and PROG (Fig. 7F–G). These results confirm
the requirement for AF-2 in both interactions and an inhibitory effect of the hinge region,
but imply that N/C and SMRT may require a different conformation of the AF-2 surface.

3.7 SMRT recruitment to the AR-NTD maps to a region containing the polyglycine repeat
The effect of polyQ length on SMRT repression presented above (Fig. 3) and on p160
responses in other studies (Buchanan et al. 2004b; Irvine et al. 2000), is consistent with
interaction of both cofactor classes with the AR-NTD (Ma et al. 1999; Need et al. 2009).
Nevertheless, unlike the full-length receptor above (Fig. 3), the relative repression of the
AR-NTD by SMRT was independent of CAG repeat length (data not shown). Using a series
of sSMRT constructs tethered to the GAL4-DBD (Fig. 8A), we mapped using the
mammalian two-hybrid assay a significant increase in response to VP16-AR NTD (amino
acids 1–538) with sSMRT residues 1–333, but not the full-length repressor (Fig. 8B). The
latter cannot be explained by variation in expression of the different sSMRT fragments (Fig.
8C), but instead may be due to steric effects associated with binding full-length sSMRT
directly to DNA and/or recruitment of the complete cellular repressor machinery (reviewed
in Glass and Rosenfeld 2000; Perissi et al. 2004). Mapping in the reverse orientation using
sSMRT fragments tethered to VP16, captured an increased signal for full-length sSMRT and
the AR-NTD(1–557) compared with controls (Fig. 8D), but only limited apparent
recruitment of smaller sSMRT fragments (Fig. 8E). In this orientation, the direct tethering of
repressor functions to the VP16 activation domain may be producing false negatives.
Irrespective, using sSMRT(1–333) and a series of AR-NTD fusion fragments (Fig. 8D), we
were able to map this interaction to a region of the AR-NTD encompassing TAU-5 residues
315–538, which is centred on the polyglycine repeat (Fig. 8D,F).

4. DISCUSSION
The dynamic nature of steroid responses in different tissues necessitates a flexible system of
transcriptional regulation. A component of this process is the relationship of the steroid
receptors with their coregulators, which act to amplify (coactivators) or inhibit
(corepressors) transcriptional activity in a locus and lineage specific manner (Carroll et al.
2005; Heemers and Tindall 2007). This dynamic relationship implies that transrepression is
just as important as transactivation for overall cellular response (reviewed in Perissi et al.
2010). It is now emerging that this mechanism breaks down in the evolution of cancer, with
malignant cells adopting a more rigid steroidogenic response (reviewed in Battaglia et al.
2010). In prostate cancer, the AR evolves the capacity to target genes involved in
proliferation at the expense of those controlling cell cycle (Hendriksen et al. 2006; Wang et
al. 2009), which may be mediated by changes in the relationship of AR with key
coregulators. Although numerous studies have reported changes in the expression of AR and
its coregulators during disease progression, including SMRT (reviewed in Battaglia et al.
2010; Chmelar et al. 2007), we nonetheless know little of how they alter the AR-driven
transcriptional network.
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Several studies have shown that antagonists of androgen and estrogen (ER) receptors might
be conducive to recruitment of SMRT and NCOR over p160 coactivators, thereby repressing
partial-agonist responses (Hodgson et al. 2005; Hodgson et al. 2007; Hodgson et al. 2008;
Peterson et al. 2007). In this manner, corepressors would play a key role in conferring
agonist or antagonist capacity. The data in this study supports the recognition that SMRT
and NCOR1 can bind AR in the presence of agonist ligands such as DHT (Hodgson et al.
2005; Yoon and Wong 2006), thereby dampening the receptor’s ability to activate gene
transcription and thereby promote prostate cancer cell growth (Eisold et al. 2009). Indeed,
numerous microarray and functional studies have demonstrated that agonist-activated steroid
receptors are as likely to repress transcription as activate it (Cunliffe 2008; Perissi et al.
2010; Yoon and Wong 2006). Similarly, inhibitors of histone deacetylase activity increase
AR levels, promote corepressor/AR interaction on DNA, and augment AR activity and
chromatin remodelling of integrated reporters in a receptor- and DHT-dependent manner
(List et al. 1999; Trtkova et al. 2010).

In this study, we have shown that SMRT is able to reduce agonist-activated AR responses
on multiple responsive sites. . Interaction of SMRT with the AR-LBD requires agonist
binding, is weaker than the N/C interaction at the same site, and is antagonized by non-
canonical ligands. Nevertheless, AF-2 core mutations effect parallel changes on SMRT
recruitment, N/C interaction, ligand agonist capacity and, as previously shown, p160
coactivator recruitment (Berrevoets et al. 1998; He et al. 2000; He et al. 2002a; He et al.
2002b). As such, these interactions appear to require a similar folded agonist-induced AF-2
surface, while the variable sensitivity of these interactions may reflect the nature of the
interacting peptide (Chang and McDonnell 2002; Hur et al. 2004), or a more complex
interaction surface. These findings are consistent with our data showing that SMRT
interaction with AF-2 is mediated by a region distinct from the well-characterised CoRNR
boxes and is considerably weaker than interaction of the full sSMRT molecule. Indeed,
distinct but overlapping surfaces in AF-2 are responsible for coactivator and corepressor
binding to other nuclear receptors (Glass and Rosenfeld 2000; Perissi et al. 2004).

Key to understanding corepressor effects on the AR is the recognition that agonist binding
has greater consequences on the structure of receptor LBDs than the repositioning of helix
12 (Pissios et al. 2000), and translates stabilizing conformational changes to the NTD that
promote interaction with coregulator molecules including SMRT (Fischer et al. 2010;
McEwan 2004; McEwan et al. 2007). Indeed, the high affinity N/C interaction that occurs
rapidly in the cytoplasm upon agonist binding (van Royen et al. 2007), likely induces
structural order within the NTD and primes the DNA-bound receptor for cofactor binding.
Like the p160 coactivators (Need et al. 2009; Shen et al. 2005), our data suggests that SMRT
may utilize different surfaces to form a bridge between TAU-5 and AF-2 regions of the
receptor. In this model, the response of AR to agonists thus reflects the degree of induced
NTD structural order and competitive ability of coactivators and/or corepressors to bind to
and bridge, the N and C termini of the receptor. In support of this model, the greater relative
ability of MPA and ASD to recruit SMRT to the LBD rather than the N/C interaction
parallels the reduced relative agonist activity of those ligands compared with DHT
(Buchanan et al. 2005). This model also explains why SMRT is more effective at repressing
the intrinsic activity of isolated NTD and LBD fragments than that of the full-length
receptor. For receptor antagonists, the inability to form a precise AF-2 surface would limit
N/C-induced conformational changes and be permissive for cofactor binding only in the
NTD. Indeed, binding of SMRT and/or NCOR1 to full length AR, as well as for ERα, PGR
and glucocorticoid receptor (GR), reportedly occurs only via the NTD (Jackson et al. 1997;
Smith et al. 1997; Smith and McLaughlin 1997; Zhang et al. 1998). That antagonists mostly
inhibit transcriptional responses raises the possibility that unstructured receptor NTDs
favour interaction with corepressors over coactivators.
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There has been considerable interest over the last two decades about the length of the AR
CAG repeat and its association with the risk of developing prostate cancer and other
diseases (Coetzee and Ross 1994; Freedman et al. 2005; Giovannucci et al. 1997; Price et al.
2010). The belief that the relationship between CAG length and disease relates to a gradient
of AR transcriptional competence is supported by a recently described mouse model
comparing different AR CAG repeat lengths (Albertelli et al. 2008; Robins et al. 2008),
which demonstrated that shorter AR CAG repeat length led to increased AR transcriptional
activity and earlier onset of tumorigenesis. This polyQ effect on AR activity may be partly
mediated by altered cofactor responses. For example ras-related nuclear protein (RAN)
binds to the polyQ region and enhances AR activity in a polyQ size-dependent manner
(Hsiao et al. 1999). Despite interacting with a distinct NTD region, the same as identified in
this study for the AR NTD-SMRT interaction, all three p160 coactivators exaggerate the
polyQ effect on AR transactivation (Irvine et al. 2000). Additionally, we found that the
AR:SMRT ratio has a marked effect on the extent to which activity of the full-length
receptor, but not of the isolated NTD, is influenced by CAG repeat/polyQ length. These
results can be explained in terms of the structural model presented above. The polyQ acts as
a flexible spacer that separates regions of the NTD involved in N/C interaction and cofactor
driven transactivation, and influences activity of the full-length AR but not the isolated NTD
(Buchanan et al. 2004b). The longer the polyQ tract the greater the intrinsic disorder in the
NTD, which by our structural model will favour SMRT binding over coactivator
recruitment. Increasing the availability of SMRT will push the AR towards a corepressor-
bound state, squelching the polyQ effect. This has important implications in understanding
the contribution of the AR CAG repeat in prostate cancer (Buchanan et al. 2001a). At a
basic level, we know that an increase in AR is perhaps the only common defining factor in
prostate cancer progression (Chen et al. 2004; Scher and Sawyers 2005). For a given amount
of SMRT, this would not only increase overall transcriptional output from androgen
signaling but enhance the influence of the CAG repeat on AR transcriptional responses. This
could explain why the polyQ size effect varies in different cell lines (Beilin et al. 2000), and
why some studies have failed to detect a relationship between CAG repeat length and
prostate cancer risk/progression (Freedman et al. 2005; Price et al. 2010). The phenotypic
effects of the AR-CAG polymorphism in prostate cancer and other diseases should therefore
be considered in a tissue-specific manner in the context of the level of AR and availability of
key cofactors such as SMRT.
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Highlights

• Repression by SMRT increases with the length of the polymorphic AR CAG
repeat

• SMRT represses AR agonist activity by binding to both activation functions 1
and 2

• Ligands discriminate recruitment of SMRT and the receptors NTD (N/C
interaction)

• An induced structural model of corepressor recruitment and AR responses
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FIGURE 1. AR and SMRT constructs used in this study
A Schematic representation of the AR showing the N-terminal (NTD), DNA-binding (DBD)
and ligand-binding (LBD) domains, and subdomain structures including activation functions
(TAU-1, TAU-5, AF-2), homopolymeric repeat sequences in the NTD [polyglutamine, (Q)n;
polyglycine, (G)n], and the 23FQNLF27 peptide required for N/C interactions. The location
of point mutations in the AR are shown. Numbers represent the amino-acid residues. B.
Schematic representation of the smaller sSMRT isoform (Chen and Evans 1995) showing
repressor domain III (RDIII), the nuclear receptor interaction domain (NRID), location of
the CoRNR box (C), regions with histone deacetylase (HDAC) activity. The interaction
surfaces for key SMRT cofactors and substrates are depicted below the schematic. Numbers
represent amino-acid residues.
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FIGURE 2. SMRT dampens the transcriptional capacity of the AR but does not alter the
specificity or sensitivity of transcriptional responses
PC-3 cells (15,000 per well in 96 well plates) were transiently transfected with AR, either
sSMRT or molar equivalent of empty vector, and one of probasin (ARR3), PSA (PSA540)
or MMTV luciferase reporter constructs, and treated with vehicle (ethanol) or different
concentrations of agonists DHT or medroxyprogesterone acetate (MPA) as indicated. Data
represent the mean (±SEM) of 5–8 independently transfected wells. A–B. Effect of sSMRT
on DHT-mediated AR transactivaiton on ARR3 and MMTV promoters shown as relative
light units (RLU). C–D. Ability of sSMRT to repress transactivation capacity of AR with
short (Q9) or long (Q29) polyQ repeat length. Data are presented as percent luciferase
activity for AR without sSMRT at 10−9M (1nM) DHT. E. sSMRT repression of AR activity
is similar for both natural (i.e. DHT) and non-classical (i.e. MPA) receptor agonists on the
ARR3 promoter. Data are presented as percent AR activity (±SEM) with control. F.
Increasing the comparative amount of transfected full-length (fl) AR partially rescues AR
activity from sSMRT repression. Data are presented as percent AR activity with control in
the presence of DHT for each transfection condition.
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FIGURE 3. The degree to which SMRT repression is modulated by AR CAG repeat length is
dependent on the AR:SMRT ratio
Experiments were conducted in PC-3 cells as detailed in Fig. 2, but using AR vectors
encoding polyQ repeat lengths of 9–42 residues as indicated. A. Repression of AR by
sSMRT is proportional to polyQ repeat length. Data are presented as percent maximal
activity of each AR alone. B. The polyQ effect on sSMRT repression is diminished/
abolished by increasing transfected amounts of the corepressor. Data is presented as the
mean percent repression by sSMRT of each AR in the presence of 1nM DHT. Lines of best
fit across polyQ length for each amount of sSMRT are shown.

Buchanan et al. Page 18

Mol Cell Endocrinol. Author manuscript; available in PMC 2012 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4. Change in the relative level of AR and corepressors in prostate cancer progression
Expression of AR and the corepressors NCOR1 and NCOR2/SMRT derived from published
Affymetrix array profiling experiments in clinical prostate cancer samples (Holzbeierlein et
al. 2004; Scher et al. 2004). Relative log2 expression of AR/SMRT or AR/NCOR1. primary,
primary prostate cancer; AAT, primary cancer following short-term androgen deprivation
therapy; BM, bone metastases; metastatic, metastatic prostate cancer.
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FIGURE 5. SMRT is capable of repressing the AR-LBD in a ligand dependent and the AR-NTD
in a ligand independent manner
Experiments for B–G were conducted and presented as detailed in Fig. 2, although where
indicated substituting the p160 coactivator, GRIP1 for sSMRT. A. Schematic representation
of the AR as in Fig. 1, showing the location of point mutations introduced into the AR, as
well as fragments created as isolated expression vectors. Numbers represent the amino-acid
residues. B. The small transactivation capacity directed by the isolated AR-LBD [i.e.
AR(538–919)] is amplified by GRIP1 and inhibited by SMRT in a ligand dependent
manner. Data are expressed as percent activity of full length (flAR) in the presence of 1nM
DHT. C. The constitutive transactivation capacity mediated by TAU-1/5 of AR(1–648) is
decreased by sSMRT and amplified by GRIP1 independent of ligand. Data are presented as
percent constitutive activity for AR alone in the absence of ligand. D. The transactivation
capacity of the constitutive AR(1–709) variant is decreased by sSMRT in a dose-dependent
manner. E–F. Both ligand dependent and independent AR transactivation capacity is
repressed to a similar extent by SMRT on either ARR3 or MMTV promoters. Data are
presented as in A. G. sSMRT can repress DHT-mediated transactivation of somatic
mutations that confer either increased or decreased receptor function. Data are presented as
arbitrary light units (ALU).
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FIGURE 6. SMRT interaction with the AR-LBD is driven by agonist ligands and is dependent
on the structural integrity of the AF-2 surface
For B–D, COS-1 cells (20,000 per well in 96 well plates) were transfected with equivalent
molar amounts of VP16-AD and GAL-DBD fusion constructs, and with the GAL4-
responsive pGK1 reporter. AR and SMRT negative interaction controls were SV40-T
antigen and p53. Transfected cells were treated with vehicle or DHT, progesterone (PROG),
medroxyprogesterone acetate (MPA), bicalutamide (BIC), hydroxyflutamide (OHF) or
androstenedione (ASD) as indicated. Data is in relative light units (RLU), and represents the
mean (±SEM) of 4–6 independently transfected wells. A. Schematic representation of the
AR as in Fig. 1, showing the location of point mutations introduced into the AR, as well as
fragments created as GAL4 and/or VP16 fusion constructs. Numbers represent the amino-
acid residues. B–C. Analysis of DHT-dependent recruitment of sSMRT to the AR-LBD. D.
Analysis of the relationship between sSMRT recruitment to the AR-LBD, different ligands,
and by mutations analysis, the conformation of AF-2. Tested LBDs were wild-type (wt) AR,
T877A containing the promiscuous AR variant from the LNCaP cell line, and E897Q that
disrupts the charge clamp of the AF-2 pocket but not transactivation (Veldscholte et al.
1990).
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FIGURE 7. Agonist recruitment of SMRT to the AR-LBD parallels the N/C interaction
Experiments in B–G were conducted and presented as described in Fig. 6, except for D–E
where data is shown as percent of the interaction mediated by DHT. A. Schematic
representation of the AR as in Fig. 1, showing fragments created as GAL4 and/or VP16
fusion constructs. Numbers represent the amino-acid residues. B–C. Effect of including
residues encompassing the C-terminal extension of the DBD (i.e. amino acids 618–643) on
recruitment of sSMRT and the AR-NTD by the AR-LBD. D–E. The relative ability of non-
canonical ligands to induce recruitment of sSMRT and the AR-NTD to the AR-LBD. Data
in C is from Fig. 6C. F–G. DHT induced recruitment of both sSMRT and the AR-NTD to
the AF-2 surface can be potently inhibited by non-agonist ligands OHF and PROG.
Inhibition of N/C may be slightly less sensitive to disruption.
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FIGURE 8. Amino acids 1–333 in RDIII of SMRT mediate interaction with the TAU-5 region of
the AR-NTD encompassing the polyglycine repeat
Experiments for B–C and E–F were conducted and presented as described in Fig. 6. A.
Schematic representation of the sSMRT isoform as in Fig. 1B showing fragments generated
as fusions in mammalian two-hybrid GAL4 DNA binding domain and VP16 activation
domain vectors. Numbers represent amino-acid residues. B. GAL-4 sSMRT fusion
constructs used to map the interaction with the AR-NTD implicates sSMRT amino acids 1–
333 of the RDIII region. The AR N/C interaction is presented as a positive control. C.
Immunoblot analysis showing the expected molecular weight of each sSMRT fragment. D.
Schematic representation of the AR as in Fig. 1, showing fragments created as GAL4 and/or
VP16 fusion constructs. Numbers represent the amino-acid residues. E. VP16 sSMRT
fusion constructs used to map the interaction with the AR-NTD (the converse experiment to
B) identifies full-length sSMRT but not individual fragments. F. AR-NTD fragments used to
map interaction with the 1–333 RDIII region of sSMRT identifies the AR TAU-5 region of
the receptor encompassing the polyglycine repeat
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