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1 � Introduction

Gene expression in eukaryotes is a tightly controlled process that involves the re-
cruitment of many large coregulator complexes to chromatin so as to regulate tran-
scription. Coregulator complexes have historically been classed as either coactiva-
tor or corepressor complexes, but this classification has been muddied with time 
due to the emerging complexity of the roles of coregulator complexes (reviewed in 
(McKenna et al. 1999) and (Lonard and O’Malley 2007)).

Indeed, whilst many corepressor complexes function to repress transcription, the 
role of corepressors can be reversed on negatively regulated genes (Tagami et al. 
1999; Santos et al. 2011). Furthermore, emerging evidence suggests that corepres-
sor complexes may also be recruited to actively transcribed genes so as to prevent 
inappropriate initiation of transcription within the body of the gene or to prime 
genes for further rounds of transcription (Métivier et al. 2003; Wang et al. 2009).

Many coregulator complexes, as their name implies, are recruited to the genome 
through association with specific transcription factors or families of transcription 
factors. However, many of these complexes contain intrinsic DNA and chromatin 
binding activities and therefore they may also play a role in regulating chromatin 
structure independently of specific transcription factors. Furthermore there is in-
creasing evidence that these complexes are involved in other processes involving 
chromatin such as DNA replication and repair (Doyon et al. 2006; Qin and Parthun 
2006; Kouzarides 2007).

Coregulator complexes appear to function through the recruitment of chromatin 
modifying or remodelling activities to the genome. These activities include ATP-
dependent nucleosome re-positioning as well as enzymes that add or remove co-
valent “epigenetic” modifications to both DNA and histones. These modifications 
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include DNA-methylation, histone methylation and acetylation along with many 
others. These activities are often referred to as epigenetic “writers” and “erasers” 
(Ruthenburg et  al. 2007). Coregulator complexes also contain domains that can 
“read” these epigenetic modifications (reviewed in (Musselman et al. 2012)).

This review will focus largely on the two nuclear corepressor proteins NCoR and 
SMRT that associate with histone deacetylase enzymes (HDACs) to control gene 
expression. The removal of acetyl groups from histone tails by HDACs is associ-
ated with gene repression (Turner 1993; Taunton et al. 1996; Finnin et al. 1999). In 
addition to SMRT and NCoR there are a number of other corepressor complexes 
that have been implicated in regulation of transcription by nuclear receptors includ-
ing: LCoR, RIP140, and HDAC containing complexes such as SIN3a, CoREST 
and NuRD (Cavaillès et al. 1995; Mathur et al. 2001; Kumar et al. 2002; Fernandes 
et al. 2003; Metzger et al. 2005). However their roles in relation to nuclear receptor 
signalling is less-well understood.

2 � The Anatomy of Nuclear Receptor Corepressors

NCoR and SMRT (aka NCOR1 and NCOR2) are the best-characterised corepres-
sors and are important for transcriptional repression by nuclear receptors. These 
homologous platform proteins are 40 % identical and were originally identified 
through their interaction with unliganded retinoid and thyroid hormone receptors 
(Chen and Evans 1995; Hörlein et al. 1995). NCoR and SMRT share many similar 
functions, but importantly are not completely redundant, since whole-body knock-
out of either gene is embryonically lethal (Jepsen et al. 2000; Jepsen et al. 2007). 
Genetic deletion of NCoR results in defects in CNS, erythrocyte and thymocyte 
development whereas deletion of SMRT causes brain and heart defects. These dif-
ferences in phenotype may be due to distinct cell-type specific expression patterns. 
For example in thymocytes, NCoR expression is detectable, whereas SMRT is not 
expressed. In cells from the forebrain, SMRT mRNA expression levels are consid-
erably higher than those of NCoR mRNA (Jepsen et al. 2000; Jepsen et al. 2007). 
The phenotypic differences may also be due to differential recruitment of NCoR 
and SMRT to target genes by nuclear receptors. RAR has been shown in numer-
ous biochemical studies to preferentially recruit SMRT, whereas TR preferentially 
recruits NCoR (Hu and Lazar 1999; Webb et al. 2000; Cohen et al. 2001; Makowski 
et al. 2003). Despite the different roles in development, at the molecular level the 
two corepressors assemble into very similar complexes with common interaction 
partners (Fig. 1).

SMRT and NCoR are large proteins (~ 2500 residues) that interact with many nu-
clear receptors, other transcription factors, histone deacetylases and other scaffold 
proteins. The amino-terminus of SMRT (residues 168–725) is the most structured 
region of the protein; is highly conserved between SMRT and NCoR (68 % identity) 
and forms the core of the repression complex. In contrast, the carboxy-terminal 
region of the protein (c. 1700 residues) contains almost no predicted secondary 
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structure and in large part is predicted to be intrinsically disordered (i.e. lacks an 
intrinsically fixed structure) (Fig. 2).

Within the amino-terminal region, there are two structured SANT domains. The 
amino-terminal domain has been shown to be essential for recruitment of histone 
deacetylase 3 (Wen et al. 2000; Guenther et al. 2001). In contrast the second SANT 
domain has been reported to mediate interactions with histones (Yu et  al. 2003; 
Hartman et al. 2005). Given that the two SANT domains are 36 % identical and 
69 % similar, it seems likely that they arose by domain duplication followed by 
functional divergence (Boyer et al. 2004). Interestingly, both domains have a ba-
sic charged surface suggesting that if the second SANT domain is mediating in-
teractions with histones, it may also be interacting with negatively charged DNA 
wrapped around the histone octamer.

The region of SMRT and NCoR amino-terminal to the first SANT domain con-
tains the region that has been shown to be responsible for the recruitment of the 
proteins GPS2 and TBL1X which form the core scaffold of the repression complex 
(Guenther et al. 2000; Zhang et al. 2002).

Throughout the apparently unstructured carboxy-terminal region of the core-
pressors there are short stretches of residues that are conserved between SMRT and 
NCoR. Several of these have been shown to act as interaction motifs for transcrip-
tion factors and other proteins including unliganded or antagonist-bound nuclear re-
ceptors. These sequence motifs seem to become structured upon forming a complex 
with their respective partner proteins (see below).

Fig. 1   The core SMRT/NCoR complex is recruited to chromatin through the ligand-binding 
domains of unliganded-nuclear receptors to repress transcription. The SMRT/NCoR complex tran-
siently assembles with chromatin modifying enzymes and other factors to form a large protein 
complex that regulates gene expression
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Although SMRT and NCoR are the best characterised of the nuclear receptor co-
repressors, a great many other proteins have been implicated in mediating transcrip-
tional repression by nuclear receptors. Some of these, such as RIP140, Hairless and 
LCoR, act as repressors of agonist bound nuclear receptors and probably serve to 
attenuate activation (Cavaillès et al. 1995; Potter et al. 2001; Fernandes et al. 2003). 
Like SMRT and NCoR, these proteins are in large part intrinsically disordered sug-
gesting that this is a functionally important characteristic of this family of proteins.

Fig. 2   The nuclear receptor corepressor SMRT is largely intrinsically disordered except for the 
core repression domain found towards the amino-terminus of the protein (residues 168–725). 
The secondary structure prediction of SMRT is shown with α-helices depicted as cylinders 
and with the core repression domain enlarged for clarity (prediction made using http://bioinf.
cs.ucl.ac.uk/psipred). Structural characterisation of SMRT has been most successful through 
the study of SMRT fragments in complex with other proteins from the SMRT corepressor com-
plex. Structures are illustrated with SMRT coloured to match the secondary structure prediction 
and shown as cartoon
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3 � The Core SMRT/NCoR Repression Complex

When SMRT or NCoR are purified from cells, three proteins (GPS2, TBL1X and 
HDAC3) invariably co-purify as a complex with the corepressor (Guenther et al. 
2000; Li et al. 2000). This complex shows resistance to dissociation and is stable 
in the presence of high salt, moderate sodium dodecyl sulfate and non-ionic or 
ionic detergents suggesting that it acts as a stable core to the repression complex 
(Zhang et al. 2002). HDAC3 is a histone deacetylase with a well-established role 
in nuclear receptor mediated transcriptional repression (Yang et al. 1997; Dangond 
et al. 1998). GPS2 is a G-protein signalling regulator, initially discovered in a yeast 
pheromone response pathway, and shown to be involved in MAP kinase cascades 
(Spain et al. 1996). GPS2 has been shown to have an important role in hepatic bile 
acid synthesis and promotes adipose tissue inflammation in obese subjects (Sanyal 
et al. 2007; Toubal et al. 2013). Mutations in GPS2 have also been linked to medul-
loblastoma (Pugh et al. 2012).

TBL1X (and its closely related homologues TBL1Y and TBL1XR1) are WD40 
repeat-containing proteins that have been shown to be involved in human hear-
ing; loss-of-function mutations in TBL1X have been linked to deafness (Bassi et al. 
1999). TBL1X has been shown be important for maintaining a healthy liver fat 
content through interaction with PPARα; TBL1X deficiency results in fatty liver 
development and further metabolic syndromes such as steatosis and hypertriglyc-
eridemia (Kulozik et al. 2011).

HDAC3, GPS2 and TBL1X interact with the highly conserved core-region 
of SMRT (168–725). Residues 168–297 are sufficient to bind to both GPS2 and 
TBL1X, whereas residues 409–475 are required for the recruitment of HDAC3 
(Oberoi et al. 2011). In between these two interaction domains there are three pre-
dicted α-helices that may also contribute to the interaction with the TBL1X and/or 
HDAC3. Importantly it has been shown that there is a three-way complex between 
SMRT, GPS2 and TBL1X, such that SMRT and GPS2 interact directly with each 
other as well as both interacting with TBL1X, thus forming a tight three-way com-
plex (Oberoi et al. 2011).

Structural studies have demonstrated that residues 167–207 of SMRT form an 
anti-parallel coiled-coil with residues 53–90 of GPS2 (Fig. 3) (Oberoi et al. 2011). 
The anti-parallel orientation positions the two regions that bind to TBL1X at one 
end of the coiled coil. Residues 227–297 of SMRT and 1–52 of GPS2 interact with 
the amino-terminal domain of TBL1X. Modelling, together with interaction map-
ping studies, has shown that the interaction regions in SMRT and GPS2 form short 
helical structures that bind in grooves on either side of a TBL1X dimer.

TBL1X consists of a LisH domain and a WD40 domain. The LisH domain of 
TBL1X forms a homodimer with an antiparallel four-helix bundle stabilised by po-
lar and non-polar contacts. Two additional helices cross over to form an X-shaped 
structure that rests on the four-helix bundle. Two TBL1X dimers interact through 
one surface of the four-helix bundle so as to form a tetramer (Oberoi et al. 2011). 
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The similarity between TBL1X, TBL1Y and TBL1XR1 is such that it would be ex-
pected that a TBL1 tetramer could be formed from any combination of these closely 
related proteins.

An eight-bladed WD40 domain is located carboxy-terminal to the TBL1X tet-
ramerisation domain. Thus the tetramerisation of TBL1X amino-terminal domain 
draws together four WD40 domains into close proximity (which may have implica-
tions for chromatin targeting). The WD40 domain structure of TBLR1X has been 
solved (PDBcode 4LG9) and resembles the WD40 domain from WDR5 that is 
known to mediate interactions with chromatin (Wysocka et al. 2005; Couture et al. 
2006; Ruthenburg et al. 2006). It is possible that the WD40 domains in TBL1X will 
serve a similar role.

The tetramerisation of TBL1X also implies that the whole complex will contain 
2 copies of SMRT or NCoR, 2 copies of HDAC3 and 2 of GPS2 along with the 

Fig. 3   A schematic model of the core repression domain of SMRT ( blue) showing the character-
ised interactions with HDAC3 ( green), IP4 ( pink), GPS2 ( grey) and TBL1X ( salmon and red). 
SMRT is arranged in a linear format for simplicity but may fold to a more compact arrangement 
in solution. SMRT:GPS2 (pdbcode 2LG5), TBL1X tetramer (pdbcode 2XTC), WD40 domains of 
TBLXR1(pdbcode 4LG9), HDAC3:SMRT-SANT1 (pdbcode 4A69, 1XC5), SMRT-SANT2 (pdb-
code 2LTP). Dotted lines indicate regions of SMRT that have not been structurally characterised
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TBL1X tetramer. This would equate to a total molecular weight of approximate 1 
MDa that fits well with the reported size of the complex when purified from nuclear 
extracts (Guenther et al. 2000; Li et al. 2000; Varlakhanova et al. 2011).

4 � Assembly of HDAC3 in the SMRT/NCoR Complex

As mentioned earlier, the first of the two SANT domains in SMRT and NCoR has 
been shown to be responsible for the recruitment of HDAC3. Surprisingly, it was 
also found that enzymatic activity of HDAC3 was very significantly enhanced 
through interaction with this domain which was named accordingly: “the deacety-
lase activation domain” (DAD) (Guenther et al. 2001). The SMRT-DAD is in fact 
an extended SANT domain which was shown by NMR to fold into a compact four-
helical structure composed of a canonical three-helix bundle SANT domain, and 
amino-terminal helix termed H0 (Codina et al. 2005). Structure-guided mutagenesis 
was used to determine the residues that were required for binding and those that 
were essential for activating HDAC3. The molecular detail of this interaction was 
clarified through the crystal structure of the SMRT-DAD bound to HDAC3 (Wat-
son et al. 2012). The structure shows that the isolated SMRT-DAD must undergo a 
major structural rearrangement on binding. Helix H0 unfolds to expose an HDAC3 
binding surface, and both helix H0 and the SANT domain make extensive intermo-
lecular interactions with the surface of HDAC3. Whether this unfolding transition 
occurs on binding HDAC3 or whether the complex is assembled directly after syn-
thesis is uncertain.

5 � HDAC Activity Is Regulated by Inositol Phosphates

The structure of the HDAC3:SMRT complex led to the surprising finding that there 
was an inositol tetrakisphosphate molecule (Ins(1,4,5,6)P4) located at the interface 
of HDAC and the SANT domain of the corepressor (Watson et al. 2012). The ino-
sitol phosphate co-purified with the complex that had been expressed in HEK293 
cells. Subsequent deacetylase assays revealed that the IP4 can be washed out of the 
HDAC3:SMRT complex using high salt resulting in an enzymatically inert complex 
(Millard et al. 2013). Addition of inositol phosphates leads to the restoration of full 
deacetylase activity suggesting that inositol phosphates might be bona fide regula-
tors of HDAC3 activity. The concentrations of these small signalling molecules in 
the cell has been shown to be sufficiently high to make them physiologically rel-
evant regulators of HDAC activity (Barker et al. 2004). Whilst the exact mechanism 
of activation by inositol phosphate binding has yet to be fully determined there is 
some evidence that this involves the stabilisation of the active site channel (Watson 
et al. 2012; Arrar et al. 2013). The biological rationale for regulation of HDAC3 by 
inositol phosphates remains to be established.
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6 � The SMRT/NCoR Complex Is A Paradigm for Other 
Class I HDAC Complexes

Intriguingly, several other corepressor proteins that recruit HDACs 1&2 contain 
very similar SANT domains to that of the SMRT-DAD. These include the MTA 
proteins from the NuRD complex (nucleosome remodelling and deacetylase com-
plex) and RCOR proteins from the CoREST complex (cofactor of REST). In both 
these corepressors, the SANT domain is preceded by an ELM2 domain that has 
been shown to be important for HDAC recruitment (Toh et  al. 2000; Lee et  al. 
2006). Although, not as firmly established as for the SMRT/NCoR complex, there is 
evidence that both the NuRD and CoREST complexes associate with nuclear recep-
tors. MTA1 directly binds estrogen receptor-α via an nuclear receptor binding motif 
found in a naturally occurring short form of the corepressor protein (Kumar et al. 
2002). LSD1 (part of the CoREST complex) associates with the androgen receptor 
(Metzger et al. 2005).

The structure of MTA1 bound to HDAC1 shows that the MTA1-SANT do-
main binds to the HDAC1 in a very similar fashion to the SMRT-DAD domain 
binding to HDAC3 (Millard et al. 2013). As was observed for the HDAC3:SMRT 
complex, there is a basic inositol binding pocket formed at the interface between 
HDAC1 and the MTA1-SANT domain. Biochemical assays confirm that inositol 
phosphates also regulate the HDAC1 activity in this complex.

The ELM2 domain of MTA1 is also present in the HDAC1:MTA1 structure and 
is shown to wrap completely around the catalytic domain of HDAC1 in an extended 
groove. This positions the amino-terminus of the ELM2 domain and carboxy-ter-
minus of the SANT domain on either side of the active site. Interaction studies with 
HDAC3 and SMRT show that, although there is only limited sequence conserva-
tion, a region amino-terminal to the SANT domain in SMRT also contributes to 
interaction with HDAC3 (Millard et al. 2013). This is likely to mimic the ELM2 
domain, and so wrap around HDAC3, drawing TBL1 and GPS2 closer to the his-
tone deacetylase. This extensive interface would correlate well with the observed 
stability of the HDAC3:SMRT complex.

HDACs 1&2 are highly similar (83 % identical) and are recruited interchange-
ably to the same repression complexes including the NuRD, CoREST and Sin3A 
complexes (Laherty et al. 1997; Xue et al. 1998; Lee et al. 2005). In contrast, whilst 
HDAC3 is also similar to HDACs 1&2 (53 % identical), it is recruited uniquely to 
the SMRT/NCoR complex. Careful comparison of the interactions of MTA1 and 
SMRT with HDACs 1&3, respectively, reveal a series of subtle but sufficient dif-
ferences to result in the HDACs being recruited their cognate partners. In particu-
lar, there are two distinct regions in that contribute primarily to the specificity of 
assembling these highly related HDAC:corepressor complexes (Fig. 4) (Millard 
et al. 2013).
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7 � Recruitment of Repression Complexes to Nuclear 
Receptors

Corepressor proteins are recruited to specific genomic loci through interactions 
with the ligand-binding domains (LBDs) of unliganded nuclear receptors. There are 
48 unique receptors and many of their LBDs have been structurally characterised by 
crystallography (reviewed in (Rastinejad et al. 2013)). The LBD has a three-layered 

Fig. 4   Structures of a HDAC3:SMRT and b HDAC1:MTA1 corepressor complexes. The HDACs 
are illustrated as surfaces ( grey) with the bound corepressors are shown as cartoons. These are 
coloured to highlight the SANT domains ( green), helix H0 of SMRT ( orange) and the ELM2 
domain of MTA1 ( magenta). The HDAC active sites are located at the top of each panel. Electro-
static surface profiles of c HDAC3 and d HDAC1 with their cognate corepressors following a 90° 
rotation. An acetate molecule can be seen in the HDAC active sites ( green). Inositol phosphate 
( green and orange) is bound to the HDAC3:SMRT in a basic binding pocket at the interface 
between the molecules. A similar basic pocket is formed at the interface between HDAC1 and 
MTA1 and could accommodate an inositol phosphate molecule. HDAC3:SMRT (pdbcode 4A69) 
and HDAC1:MTA1 (pdbcode 4BKX)
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α-helical sandwich fold and the ligand-binding pocket is found within the middle 
layer (Bourguet et al. 1995; Renaud et al. 1995; Wagner et al. 1995). The ligand is 
shielded from the external environment when bound within this hydrophobic pock-
et. A carboxy-terminal helix (known as helix 12 or AF2 helix) lies across this pocket 
and can make direct contact with the ligand.

Before exploring how repression complexes are recruited to nuclear receptors, it 
is useful to consider how coactivators are recruited to ligand-bound nuclear recep-
tors. Sequence alignment of short activating fragments from RIP140, SRC1 and 
CBP identified a highly conserved consensus motif LxxLL (NR box) that was suf-
ficient for binding (Heery et al. 1997; Darimont et al. 1998). The molecular detail of 
NR box recruitment has been revealed through structural studies of isolated LBDs 
bound to short coactivator peptides (Nolte et al. 1998; Watkins et al. 2003). The 
LxxLL motif adopts a helical structure on binding to the surface of the LBD and 
makes contact along a hydrophobic binding groove formed by helices 3, 4, 5 and 12. 
Helix 12 is promoted to the “active” conformation on ligand binding and is essential 
to support coactivator binding (reviewed in (Nagy and Schwabe 2004)).

More recently, full-length nuclear receptors have been characterised bound to 
coactivator peptides (Chandra et al. 2008; Chandra et al. 2013; Lou et al. 2014). 
The structures of full-length heterodimer PPARγ-RXRα, HNF4α homodimer, and 
RXRα-LXRβbound to DNA provide insight into the relative positioning of the 
DNA-binding domain with respect to the LBD. Peptide binding to the full-length 
receptor is largely similar to that seen in the isolated LBDs, and since binding is 
some distance from the DNA-binding domain, it is suggested that the other domains 
do not directly modulate coactivator binding.

In contrast to coactivator binding, repression complex recruitment to nuclear 
receptors is more favourable in the absence of ligand. Mapping studies and se-
quence alignment revealed that recruitment occurs through the consensus motif 
LxxH/IIxxxI/L (CoRNR box) (Hu and Lazar 1999; Nagy et al. 1999; Perissi et al. 
1999). There are three CoRNR box motifs or interaction domains (ID1, ID2 and 
ID3) that occur in both SMRT and NCoR (Webb et al. 2000). The first structure 
of an LBD (PPARa bound to antagonist GW6471) with bound corepressor peptide 
ID1 (SMRT) showed that the CoRNR box assumes a helical fold and its binding 
prevents helix 12 from assuming an active conformation (Xu et al. 2002). This crys-
tal structure showed that coactivator and corepressor binding is mutually exclusive 
as both bind to the same surface of the LBD. The SMRT corepressor peptide has 
a larger interaction interface with the LBD than that of coactivator motifs and is 
not dependant on helix 12. Further LBD crystal structures with bound corepressor 
peptides have been solved, and of note, are the two ligand-free corepressor-bound 
structures that are now available (structures and relevant references are detailed in 
Table 1). The first of these structures, Rev-erbα bound to ID2 (NCoR), showed that 
NCoR forms both the expected α-helix but also an unanticipated antiparallel β-sheet 
with helix 11 of the LBD (Phelan et al. 2010). This β-structure may be a feature that 
is specifically tailored for recruitment of Rev-erbα by ID2 (NCoR) but would not 
occur with ID1 (NCoR) due to sequence differences.
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The second of these structures, RXRα bound to ID1 (SMRT), was solved with 
the nuclear receptor in both the unliganded and antagonist bound state. The unligan-
ded receptor was shown to be a tetramer in the crystal structure with each monomer 
binding to one SMRT peptide (Zhang et al. 2011). Interestingly the antagonist dis-
placed the SMRT peptide allowing helix 12 from neighbouring molecules to bind to 
the vacated corepressor binding site.

Much work has focused on understanding how the LBD can switch binding pref-
erence from coactivator to corepressor. Several lines of evidence suggest that ligand 
binding promotes the stabilisation of the LBD, and this stabilisation drives coacti-
vator binding, rather than the absolute position of helix 12 relative to the rest of the 
domain. Examination of the crystallography temperature factors of apo-LBDs, and 
further NMR mobility studies, suggest that the lower ligand-binding section of the 
domain is more mobile that the upper portion of the LBD (Nolte et al. 1998; Cronet 
et al. 2001; Watkins et al. 2003). Further biochemical studies suggest that ligand 
binding stabilises the receptor, and this causes the LBD to become more compact 
and rigid (Keidel et al. 1994; Pissios et al. 2000). In the absence of ligand, the longer 
CoRNR box motif stabilises the ligand-free LBD. The mobility of helix 12 itself has 
been studied by fluorescence anisotropy and the helix shows much slower dynam-
ics on ligand binding, suggesting that it associates with the surface of the LBD, 
presumably in the active position (Kallenberger et al. 2003). Therefore, helix 12 
acts as a readout of ligand state, and plays a key role in selectively recruiting either 
coactivator or corepressor.

In contrast to SMRT and NCoR, RIP140 and LCoR are corepressor proteins that 
associate with ligand-bound nuclear receptors by means of an LxxLL motif. This 
motif occurs nine times in RIP140 and a single motif has been identified in LCoR 
(Heery et al. 1997; Fernandes et al. 2003). The recruitment of corepressors through 
the LxxLL motif suggests a very different biological rationale for repression since 
this sequence is most commonly found in coactivator proteins and mediates their 
recruitment to nuclear receptors (Cavaillès et al. 1995). However, like SMRT and 
NCoR, RIP140 and LCoR act as corepressors through the recruitment of HDACs 
complexes (Wei et al. 2000; Fernandes et al. 2003).

The stoichiometry of corepressor binding to dimeric, DNA bound nuclear recep-
tors remains to be fully established. SMRT and other corepressors contain more 
than one NR or CoRNR box motif and therefore a single corepressor could in prin-
ciple interact with both nuclear receptors in a homo- or hetero-dimer. Interestingly, 
several coregulator complexes are dimeric and contain two corepressor proteins 
that could both make interactions with nuclear receptor ligand binding domains. 
Although we can only speculate about the assembly of corepressor complexes, re-
cent work has shown that the coactivator PGC-1α is recruited to ERRα and ERRγ 
asymmetrically such that a single NR box motif efficiently interacts with just one 
subunit of the homodimeric receptor (Takacs et al. 2013).
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8 � Recruitment of Other Transcriptional Regulators

SMRT and NCoR have been shown to associate with numerous other proteins beside 
those already described. In general, these further interactions tend to be relatively 
transient in comparison, but are nevertheless specific. Some of these interactions 
have only been loosely mapped to extended regions within SMRT, but others have 
been mapped in detail, and some of these interaction sites have been characterised 
through structural studies.

A small peptide from SMRT has been crystallised with the repressive transcrip-
tion factor BCL6 and is shown to adopt a beta-strand on binding (Ahmad et  al. 
2003). BCL6 is required for normal B cell maturation, and deregulated expression 
leads to B-cell non-Hodgkin lymphomas. Residues 1414–1430 of SMRT bind to 
the homodimeric BTB domain of BCL6, with the amino-terminus of the SMRT 
peptide contributing a β-strand along an existing β-sheet at the bottom of the dimer, 
while the rest of the peptide binds in an extended conformation on the surface of 
the domain. BCL6 has also been crystallised in complex with a 17 residue peptide 
from BCoR (a non-homologous corepressor), and although it does not show any 
significant sequence similarity with the SMRT peptide, both peptides bind along the 
same lateral groove in BCL6 (Ghetu et al. 2008).

Fluorescently labelled peptides were used to accurately map a binding region 
of SMRT to the chimeric protein AML1/ETO (Gelmetti et al. 1998). AML1/ETO 
acts as a transcription regulator that represses proliferation and differentiation of 
primary bone marrow cells through an interaction with SMRT. The AML1/ETO 
chimera is formed through a chromosomal translocation and has been shown to 
cause acute myeloid leukemia. The NMR structure of AML1/ETO bound to resi-
dues 1101–1113 of SMRT showed that the SMRT peptide forms a short antiparallel 
β-sheet on the surface of the MYND domain, and the rest of the peptide binds in 
an extended conformation in a hydrophobic pocket of the domain (Liu et al. 2007).

The transcriptional regulator SHARP binds to SMRT at its very carboxy-termi-
nus (residues 2257–2517) through a conserved acidic (LSD) motif (Ariyoshi and 
Schwabe 2003). The SMRT peptide requires phosphorylation on the serine residue 
of this motif in order to show increased binding affinity to SHARP (Mikami et al. 
2014). Several other transcriptional regulators have been shown to bind to SMRT 
including DACH1, DEAF1 and Kaiso (Yoon et  al. 2003; Wu et  al. 2003; Kateb 
et al. 2013). In addition to HDAC3, other histone deacetylase enzymes are recruited 
by SMRT. Interactions between SMRT with HDAC1, HDAC4, HDAC5, HDAC7 
and Sirt1 have been reported (Nagy et al. 1997; Kao et al. 2000; Fischle et al. 2001, 
2002; Picard et al. 2004). Furthermore, the SMRT complex has been shown to in-
teract with other chromatin modifying enzymes, such as the histone demethylase 
JMJD2A (Zhang et al. 2005). The structural details of these complexes remain to 
be determined.
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9 � Chromatin Targeting Through Corepressor Associated 
Proteins

It is firmly established that the SMRT complex is targeted to specific genomic loci 
through interactions with transcription factors such as nuclear receptors that have 
their own DNA binding activity. However, targeting of repression complexes can 
be achieved through associated chromatin targeting domains. The only intrinsic 
chromatin-targeting domain within SMRT/NCoR identified so far is the SANT2 
domain (Yu et al. 2003). Several other chromatin interacting proteins contain SANT 
domains, including those from Ada2 and ISWI, share the property of histone bind-
ing (Boyer et al. 2002; Grüne et al. 2003).

Further chromatin targeting of the SMRT repression complex may occur through 
the WD40 domains of TBL1. Corepressor proteins such as RBBP7 contain the 
WD40 domain fold and have been shown to bind to histone tails (Murzina et al. 
2008). There are four WD40 domains within each SMRT complex since TBL1 tet-
ramerises, and it is possible that either each domain could bind to histone tails from 
the same stretch of chromatin, or alternatively could draw distant chromatin strands 
closer together.

Recruitment to chromatin through coregulator-associated proteins has been 
shown to be a sequential and regulated process. The first study to identify the or-
dered recruitment of coregulator complexes followed the transcriptional activation 
of the HO gene in budding yeast (Cosma et al. 1999). They found that transcrip-
tion factors, coactivator and corepressor complexes arrived and left in a set pattern 
that was precisely timed. Similar scenarios have been suggested for corepressor 
recruitment in higher eukaryotes, and in one study, ligand bound ERα was shown 
to sequentially recruit the SMRT and the NURD complex (Liu and Bagchi 2004). A 
more detailed account of ordered recruitment can be found in the following review 
(Perissi et al. 2010).

10 � Post-transcriptional Modifications Influencing 
Corepressor Function

Both SMRT and NCoR are subject to extensive alternative mRNA splicing and this 
regulates their activity (Goodson et al. 2005). Splicing has been shown to occur 
in vivo to generate multiple SMRT and NCoR variants that have distinguishable 
repression characteristics. SMRT can be alternatively spliced to contain either one, 
two or three CoRNR box motifs and this has a pronounced effect during differentia-
tion and development (Short et al. 2005; Malartre et al. 2006; Goodson et al. 2011). 
The multiple isoforms of SMRT and NCoR allow diversified roles for the various 
splice variants, presumably through the recruitment of different interacting partners.

Post-translational modification of SMRT and NCoR, such as phosphorylation 
and ubiquitination, create alternative binding surfaces for interaction partners. In 
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some cases these modifications are added sequentially to bring about the desired 
outcome. For example, SMRT is targeted by 14-3-3ε and UBE2D1 following phos-
phorylation by IKKα at residue Ser2410 (Hoberg et al. 2004). This targets SMRT 
for export from the nucleus, followed by proteosomal degradation. The ubiquitin 
ligase Siah2 is specific for NCoR, but not for SMRT. Siah2 is an E3 ligase that 
interacts with UBE2E2 and effectively reverses NCoR-mediated transcriptional re-
pression through ubiquitination (Zhang et al. 1998). Phosphorylation of SMRT by 
casein kinase 2 on Ser1492 stabilises the association between SMRT and nuclear 
receptors, thus enhancing repression (Zhou et  al. 2001). Another SMRT specific 
degradation pathway has also been identified and involves the peptidyl-prolyl isom-
erase Pin1 (Stanya et al. 2008). It is likely that modifications such as acetylation, 
SUMOylation and methylation of residues within SMRT and NCoR will modulate 
their activity and will lead to further diversification of their properties.

11 � Conclusions

Corepressors are large scaffold proteins whose essential role is to recruit chromatin 
modifying enzymes to the genome so as to bring about transcriptional repression. 
Many functional and structural studies are beginning to clarify to the molecular de-
tails of protein-protein interactions within these complexes. The SMRT and NCoR 
repression complexes are the best-characterised nuclear receptor corepressors. They 
assemble a stable multivalent core complex containing a tetramer of TBL1X and 
two copies of HDAC3, GPS2 and SMRT or NCoR. Beyond the core complex the 
corepressors are largely disordered, but contain many short sequence motifs essen-
tial for forming transient interactions with transcription factors (including unligan-
ded nuclear receptors) and other proteins that contribute to transcription repression.

The recent finding that HDAC activity in the complex is dependent upon an as-
sociated inositol phosphate molecule raises the intriguing question as to whether 
transcriptional repression may be regulated by this small molecule. It remains to 
be established whether the levels of inositol phosphates are regulated in individual 
compartments of the cell, perhaps during the cell cycle or in a circadian fashion.
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