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Co-activators and co-repressors in the integration of 
transcriptional responses 
Joseph Torchia*$, Christopher Glass? and Michael G Rosenfeld* 

The nuclear hormone receptors are DNA binding transcription 

factors that are regulated by binding of ligands, switching 

them from an inactive or repressive state to gene-activating 

functions. Recent evidence supports the hypothesis that 

many nuclear receptors switch, in a ligand-dependent 

manner, between binding of a multicomponent co-repressor 

complex containing histone deacetyltransferase activity, and 

binding of a co-activator complex containing factors with 

histone acetyltransferase activity that are further regulated 

by diverse signal transduction pathways. The identification 

of these limiting co-repressor and co-activator complexes 

and their specific interaction motifs, in concert with solution 

of the structures of the receptor ligand-binding domain in 

apo (empty) and ligand bound forms, indicates a common 

molecular mechanism by which these factors activate and 

repress gene transcription. 
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Abbreviations 

AIB 1 
ACTR 
AF-2 
AP-1 
APL 
bHLH 
CBP 
CREB 
ER 
GRIP 
HAT 
HDAC 
LBD 
NCoA 
NCoR 
PAS 
p/CIP 
p/CAF 
PML 
PKF 
PPAR 
PR 
RAC3 
RAR 
RXR 
SRC 
SMRT 
STAT 

amplified in breast cancer 1 
activator of the thyroid and retinoic acid receptor 
activation function-2 
activator protein-l 
acute promyelocytic leukemia 
basic helix-loop-helix 
CREB-binding protein 
CAMP response element binding protein 
estrogen receptor 
glucocorticoid receptor-interacting protein 
histone acetyltransferase 
histone deacetylase 
ligand binding domain 
nuclear receptor co-activator 
nuclear receptor co-repressor 
period/aryl hydrocarbon receptor/single minded 
p3OO/CBP co-integrator associate protein 
p300/CBP-associated factor 
promyelocytic leukemia 
PML zinc finger 
peroxisome proliferator-activated receptor 
progesterone receptor 
receptor-associated co-activator 3 
retinoic acid receptor 
retinoid X receptor 
steroid receptor co-activator 
silencing mediator for RXR and TR 
signal transducer and activator of transcription 

TIF 2 transcriptional intermediary factor 2 
TOT trans-hydroxy tamoxifen 
TR thyroid hormone receptor 
TRAM-l TR activator molecule 

Introduction 
Gene regulation is a complex process that involves the 
coordinated integration of distinct signal transduction 
pathways. The steroid, retinoic acid, and thyroid hormone 
receptors belong to a large family of structurally related 
proteins that function as ligand-activated transcription 
factors, controlling genes involved in many biological 
functions such as cell proliferation and growth, morpho- 
genesis, cellular differentiation, programmed cell death 
and homeostasis. A major challenge has been to define 
the molecular properties of each receptor that determine 
its ability to regulate the transcription of specific target 
genes. Studies within the past two years have led to the 
identification of a number of intermediary proteins that 
interact with nuclear hormone receptors and play essential 
roles in mediating their transcriptional effects. Recent 
evidence suggests that these proteins exist as part of 
large complexes that can be recruited by nuclear hormone 
receptors and function, in part, as chromatin remodeling 
factors. This review will focus on the recent identification 
of a number of components of these complexes and 
their implication for gene regulation by nuclear hormone 
receptors as well as other transcription factors. 

The identification of AF-2 and 
carboxy-terminal receptor structure 
The identification of a conserved transactivation domain 
found in all nuclear hormone receptors that under- 
goes a ligand-dependent conformational change, and the 
observation that different nuclear hormone receptors 
can interfere with each other’s activities in transient 
transfection assays, provided the major impetus for the 
search for co-activator proteins [14]. Ligand-dependent 
transcriptional activation by nuclear receptors, such as the 
estrogen receptor, is mediated by a large (-220 amino 
acid), complex carboxy terminal domain that integrates 
several critical functions. In addition to determining the 
ligand binding properties of a particular receptor, this 
domain also specifies its dimerization properties (i.e. 
homo-dimerization or hetero-dimerization) and contains 
a ligand-dependent transactivation function. Mutational 
analysis, initially in the case of the estrogen receptor 
(ER) [l], led to the delineation of a highly conserved 
subregion within the distal carboxyl terminus of the 
ligand-binding domain (LBD) that was necessary for 
transcriptional activation, termed activation function 2 
(AF-2) [l-4]. In addition to the conserved LBD, many 
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nuclear receptors contain a nonconserved amino-terminal 
activation domain (AF-1) that is not directly controlled 
by ligand, but cooperates with the LBD transactivator 
function in a promoter and cell specific manner. 

The crystal structures of the carboxyl terminus of several 
nuclear receptors have been solved [S-7,8**]. These 
structures revealed that the LBDs are very similar, 
consisting of twelve highly conserved alpha helical regions. 
The exception is helix 2 found in the retinoid X receptor 
(RXR) structure that is absent in both the thyroid 
hormone receptor (TR) and retinoic acid receptor (RAR). 
A conserved B turn resides between helix 5 and helix 6, of 
the LBD. In the ER, RAR, and TR structures, the ligand 
is buried deep within the hydrophobic core of the LBD, 
and it is not yet certain how access to the binding pocket 
is achieved. 

Several notable differences are apparent in comparing 
the agonist-bound TR, ER, and RAR structures with the 
apo (empty) RXR structure, and the ER bound to the 
antagonist raloxifene. The most striking difference is in 
the position of helix 12, which contains the conserved 
AF-2 core. This helix projects away from the LBD in 
the RXR structure, but is tightly folded against helix 4 
and makes direct contact with the bound ligands of the 
RAR and TR structures [S-7]. These differences suggest 
that the AF-2 region undergoes an extensive shift in 
its position upon the binding of ligands. It is unlikely 
that the AF-Z-containing helix adopts such an extended 
conformation in the unliganded (apo) RAR and TR, 
because this region is interrupted by two proline residues 
that would be predicted to break the helix. Nevertheless, 
the fact that the AF-2 region participates directly in ligand 
interactions strongly supports the idea that it assumes 
different configurations in the presence and absence of 
ligands. 

In the case of the ER bound to raloxifene, helix 12 is 
rotated 1 lo” and shifted by 10 A with respect to its position 
when bound to estrogen [WI. As a result, helix 12 lies in 
a groove formed by helix 5 and the carboxy-terminal end 
of helix 3. This partially buries a conserved lysine residue 
required for transcriptional activation and consequently 
may prevent recruitment of co-activators that interact with 
nuclear receptors in a ligand dependent manner. 

A second striking difference between the apo and ligand 
bound LBD structures is that the loop region between 
helices 2 and 3 in RXR, which also extends away from 
the LBD, is tucked under helix 6 in the RAR and the 
TR structures. In addition, the liganded RAR and TR 
structures are more compact than the unliganded RXR 
LBD, further indicating that ligands may play a structural 
role in reconfiguring other surface features of the LBD. 

The SRC/NCoA family of nuclear receptor 
co-activators 
Although the genes encoding numerous potential co-acti- 
vator proteins have been identified and cloned (reviewed 
in [9]), particular attention has been received by a 
family of proteins referred to as steroid receptor co- 
activators (SRC)/nuclear receptor co-activators (NCoA). 
These proteins were initially identified biochemically 
as 160 kDa proteins (~160) which interacted directly 
with nuclear hormone receptors in an agonist and AF-2 
dependent manner [lo-121. 

To date, three distinct but related ~160 family mem- 
bers have been identified, with each family member 
having a number of splice variants. These include 
SRC-l/NCoA-1, TIFZ/GRIPl/NCoA-2 and more recently 
p/CIP/ACTR/AIBl/RAC3/TRAM-1. Together, these pro- 
teins appear to encode the biochemically identified 
~160 factors [13-16,17”-19”,20’,21]. SRC-1 was initially 
identified on the basis of a two-hybrid screen in yeast 
using the ligand bound progesterone receptor as bait 
[13]. SRC-1 stimulated the transcriptional activities of a 
number of nuclear hormone receptors in response to their 
respective ligands [13]. In parallel studies, the mouse 
homologue of SRC-1, termed NCoA-1, was identified by 
screening bacteriophage-based expression libraries with a 
radiolabeled ER-LBD in the presence of estrogen [ 141 and 
then with the carboxy-terminal ~160 interaction domain 
of the CAMP response element binding protein (CREB) 
binding protein (CBP). 

Importantly, immunoprecipitation and immunodepletion 
experiments demonstrated that a fraction of the biochemi- 
cally identified ~160 proteins consisted of SRC-l/NCoA-1, 
while related factors accounted for the other ~160 
molecules [14]. The cDNAs for one related protein 
have been cloned and are known as, TIFZ (151 in 
humans and GRIPl/NCoA-2 [16,17”] in mice. Both 
TIFZ and GRIPl/NCoA-2 have been shown to potentiate 
the transcriptional activity of several nuclear hormone 
receptors. 

A third member of the ~160 family of proteins has 
recently been identified, termed p300/CBP co-integrator 
associated protein (p/CIP) in mice [17**], and amplified 
in breast cancer (AIB)l [18**], activator of the TR and 
RAR (ACTR) [19**], receptor associated co-activator 3 
(RAC3) [ZO’] and TR activator molecule (TRAM-l) 
[Zl] in humans. Interestingly, AIBl, a human splice 
variant of p/CIP, was identified by a technique involving 
chromosome microdissection of genes whose expression 
and copy number are elevated in human breast cancers. 
AIBl, which shows 72% amino acid identity to p/CIP, is 
amplified and overexpressed in several ER-positive breast 
and ovarian cancer cell lines, as well as in primary breast 
cancer specimens, suggesting that altered expression 
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of p/CIP/AIBl may contribute to the development of 
steroid-dependent cancers [ 18”]. 

p/CIP/AIBl/ACTR/RAC3/‘TRAM-1 is highly related to 
SRC-l/NCoA-1 and TIF-Z/GRIP-l/NCoAZ, showing an 
overall amino acid identity of 31% and 36% respec- 
tively. All three related proteins harbor a well-conserved 
amino-terminal basic helix-loop-helix (bHLH) motif a 
period/aryl hydrocarbon receptor/single minded (PAS) 
domain, a serine/threonine-rich region and a carboxy-ter- 
minal glutamine-rich region. It has been demonstrated 
that all three related proteins contain two major transacti- 
vation domains which apparently operate through distinct 
mechanisms: a weaker transactivation domain located in 
the far carboxyl terminus, and a stronger transactivation 
domain which directly overlaps with a conserved region 
that mediates interactions with the CBP/p300 family of 
co-activator proteins [14,17*~,22,23,24*]. 

CBP and ~300 are structurally conserved proteins which 
have been shown to interact and serve co-activator roles for 
numerous transcription factors, including CREB, activator 
protein 1 (AP-1) and signal transducer and activator of 
transcription (STAT) proteins as well as nuclear hormone 
receptors (reviewed in [5,25]). Interactions between the 
carboxyl terminus of CBP/p300 and all of the SRC/NCoA 
family members have been identified in vitro and in viva 
[14,17**,22,23,24*,26]. Interestingly, co-immunoprecipita- 
tion experiments using antibodies that recognize specific 
SRC/NCoA proteins have demonstrated that a significant 
proportion of endogenous CBP/p300 is complexed with 
p/UP, suggesting that p/CIP and CBP can associate in a 
functional complex [17”]. This is further supported by 
intranuclear microinjection of antibodies directed against 
p/CIP which blocked the transcriptional activity of RAR, 
ER, TR and progesterone receptor (PR) and which could 
only be restored when both p/CIP and CBP expression 
vectors were co-injected. In addition, anti-p/CIP anti- 
bodies blocked the transcriptional activity of STAT-l, 
AP-1 and CREB proteins, suggesting that p/CIP can 
serve as an essential co-activator for other CBP-dependent 
transcription factors in at least some cell types [17”]. 
In contrast, the requirement for SRC-l/NCoA-1 appears 
to be limited to nuclear hormone receptors, while the 
TIF2/GRIPl activity does not appear to be limiting in 
the cell types studied. Taken together, these data suggest 
that there are functional distinctions among the related 
family members. Functional distinctions have also been 
demonstrated for the various SRC-l/NCoA-1 isoforms, 
based on thtir ability to enhance the activities of the 
ER in intact cells. This appears to reflect the presence 
of an additional nuclear receptor interaction domain in 
one of the SRC-l/NCoA-1 isoforms [23]. Whether these 
futictional distinctions also reflect recruitment of different 
protein complexes is not clear at present and must await 
further biochemical analysis. 

A novel domain mediates nuclear hormone 
receptor/co-activator interactions 
The nuclear receptor interaction domains of p/UP, SRC- 
l/NCoA-1, and TIFZ/GRIPl contain three highly con- 
served motifs that share a consensus amino acid sequence, 
LXXLL (where X is any amino acid) [16,17”,20*,22, 
27”,28]. Analysis of these interaction regions strongly 
suggested that they represent helical domains, often 
with amphipathic characteristics, a common feature of 
membrane proteins. Mutations of the first or third motif in 
the nuclear receptor interaction domain of SRC-l/NCoA-1 
did not affect interaction with liganded nuclear receptors, 
while clustered amino acid mutations in the second motif 
markedly decreased interaction with ligand bound ER 
and RAR [17**]. Furthermore, the addition of an excess 
25mer oligopeptide encompassing this motif blocked 
biochemical interactions between nuclear receptors and 
SRC-l/NCoA-1, as assessed by glutathione S-transferase 
(GST) pull-down assays [ 17”,27**]. Evidence of potential 
selective functional requirements of these helical motifs 
in the nuclear receptor interaction domain was provided 
by studies of the efficacy of SRC-l/NCoA-1 harboring 
mutations in helical domain 2 or 3 of the nuclear receptor 
interaction domain in rescuing anti-NCoA-1 IgG inhibition 
of RAR function [17**]. An SRC-l/NCoA-1 protein 
harboring clustered point mutations in helical domain 
3 was completely ineffective at rescuing RAR function, 
while retaining full functional activity in ER-dependent 
gene activation. In contrast, a mutation in helical domain 
2 was completely ineffective at rescuing ER function 
[17”]. These data suggest that specific short motifs 
are both required and sufficient for interaction and can 
afford a level of receptor specificity. In addition, the 
CBP-interaction domain of p/CIP contains two such 
elements (e.g. QLDELL), harboring acidic residues 
between the leucine residues. Similar motifs have been 
identified in virtually all of the many factors whose 
genes have been cloned, based on their ability to 
interact with liganded nuclear receptors, including CBP, 
TIFl and receptor intermediary protein 140 (RIP 140). 
[17”,27**,29]. Since a comparable motif is present in 
the AF-2 domain of nuclear receptors and is functionally 
important [l-3], it is conceivable that the LXXLL motif 
provides a critical mode of coordinating the entire nuclear 
receptor/co-activator complex. The fact that there are six 
such motifs in p/CIP and the NCoAs (Figure la) reinforces 
the possibility of a complex involving multiple NCoAs 
and/or other nuclear receptor-associated factors. 

CBP/p300 
As stated earlier, ligand-dependent transcription by many 
nuclear receptors requires CBP/p300 [14], which also 
exerts essential co-activator roles for many other classes 
of regulated transcription factors (reviewed in [S,ZS]). 
The activation of nuclear receptors by CBP/p300 appears 
to require the carboxy-terminal ~160 interaction domain 
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Figure 1 
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(a) Domains of the p/CIP/SRC-l/NCoA and CBP/p300 family of proteins. All of the plCIP/SRC-1INCoA proteins contain a nuclear receptor 
interaction domain, a CBP/p300 interaction domain and a PASlHLH region (dark shaded area) in the amino terminus. In CBP/pSOO, the nuclear 
receptor interaction domain is found in the amino terminus (dark grey) and the plCIP/SRC-l/NCoA interaction domain (pl60lD) is found in 
the carboxyl terminus (light grey). CBPlp300 also contains several other interaction domains including the CREB (KIX) interaction domain and 
several zinc finger regions (C/H1 , C/H2 and C/H3). The C/H3 domain in CBPIp300 interacts with several transcriptional regulatory proteins 
including p/CAF, El A, ppgORSK, FOS and TFIIB. The bromodomain (Bromo) and the histone acetyltransferase (HAT) domain are also indicated. 
The presence of LXXLL helical motifs are indicated by asterisks (*). These motifs exert distinct roles in protein-protein interactions and exhibit 
receptor specific functions. (b) Model of transcription factor specific requirements for CBP, p/ClP, p/CAF and NCoA-IISRC-1 in the co-activator 
complex. The required,components of the co-activator complex appear to be distinct for different classes of transcription factors, and the 
required HAT activity is also transcription factor-specific. In the case of nuclear receptors (left), plCAF and NCoA-1 ISRC-1 appear to interact 
with liganded receptor by direct interactions, with p/CAF binding to RAR upon dismissal of the NCoRISinSIRPD3 complex. 

[24*]. Intriguingly, CBP and ~300 appear to be func- 
tionally limiting, and may account for a component of 
the transrepression events by factors that utilize these 
co-activators [14,30-321. The action of CBP/p300 appears 
to require both its intrinsic enzymatic functions (see 
below) and its role as a platform for a large number of 
potentially important associated proteins. For example, 
one domain, referred to as C/H3, is capable of binding 
the adenoviral ElA oncoprotein [33], a protein kinase 
pp90rSKl postulated to antagonize CREB function [34*], 
RNA helicase A [35.*] in this case postulated to potentiate 
CREB function by recruitment of RNA polymerase II 

holoenzyme complex, and pSOO/CBP associated factor 
(p/CAF), a GCNS orthologue described below [36**]. 
Distinct regions of CBP, and associated factors, however, 
may be required for function of different classes of 
transcription factors. For example, the ElA inhibition of 
STAT-l and nuclear receptor function appears to require 
distinct domains (C/H3 and ~160 interaction domains 
respectively [24*]). A third region of functional importance 
has been defined based on the discovery of a domain 
of CBP/p300 exhibiting intrinsic histone acetyltransferase 
(HAT) function [37**,38*]. Removal or mutation of this 
domain resulted in loss of function for many transcription 
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factors [39**], analogous to the role of the HAT domain in 
the yeast ADA2 complex [40**,41**,42]. 

P/CAF is a component of the co-activator 
complex 
Recently the complexity of the co-activator machinery 
has expanded to include a mammalian protein known as 
p/CAF, that is homologous to GCN5, and can also form 
a complex with CBP/p300 [36”]. Based on the initial 
discovery of HAT activity in a Tetrahymena homologue 
of GCNS [40**], p/CAF also was tested for and found 
to possess intrinsic HAT activity that can acetylate 
free histones H3 and H4 and nucleosomal H3 [36**]. 
Structurally, p/CAF contains a unique amino-terminal 
domain and a carboxy-terminal region that contains the 
HAT domain, and is highly homologous to GCNS. 
The amino-terminal region is apparently capable of 
interacting with a number of potential components of the 
co-activator complex, including CBP and SRC-l/NCoA-1, 
as well as nuclear hormone receptors [19**,39**]. A 
second interaction domain has also been identified in 
the carboxy-terminal region of p/CAF [39”]. This region 
corresponds to a highly conserved domain found in yeast 
and human GCN5 that interacts with ADA& and can 
interact with p/UP in mammalian cells. Interactions with 
both the PR and the RAR have been demonstrated both 
in vitro and in viva, although these interactions do not 
appear to be ligand- or AF-Z-dependent [19”,39**,43]. 
Microinjection of anti-p/CAF IgG into living cells blocked 
ligand-dependent activation of nuclear hormone receptors 
[39**]. This activation could be restored by co-injecting 
a p/CAF expression vector suggesting that p/CAF is 
required for nuclear hormone receptor signalling. 

In addition, HAT activity has been reported for SRC-1 

]44”1, while a small, potentially significant activity 
was also reported for ACTR [19**]. Taken together 
these findings suggest that transcription factors function 
by targeting specific regulatory complexes that include 
distinct classes of mutually interacting HATS which can 
modulate chromatin structure at specific promoter or 
enhancer regions. The multicomponent composition of 
the co-activator complex is reminiscent of the Swi/Snf 
complex purified from mammalian cells. This complex, 
which can disrupt nucleosomes and facilitate binding 
of several transcription factors, is composed of at least 
nine different proteins [4.5]. Furthermore, this complex is 
heterogeneous within different cell types, sharing several 
common subunits but also containing subunits which are 
unique. More recently, GCNS-containing HAT complexes 
have been identified in yeast [46] and in mammalian cells 
[47]. In the latter, human GCN5 was resolved into two 
populations of large macromolecular complexes one of 
which also included p/CAE 

Potential roles of multiple HAT activities 
The finding that CBP/pSOO, p/CIP and p/CAF exist 
as part of a co-activator complex that is required for 

nuclear receptor function, and that each of these proteins 
possesses a HAT activity, presents an apparent paradox 
with regard to functional redundancy. One explanation 
for this apparent redundancy is that HAT activities 
could be restricted to specific substrates which may 
include nonhistone proteins. This is supported by the 
observation that ~300 can acetylate ~53, stimulating 
its sequence-specific DNA binding [48”]; core proteins 
may also be targets [49]. Another possibility is that 
different classes of transcription factors require specific 
acetyltransferases because of factor-specific alterations 
in composition and/or conformation of the recruited 
co-activator complex. Initial support for this hypothesis 
comes from studies in which RAR was found to require 
p/CAF HAT activity but not CBP HAT activity, while 
CREB was found to require CBP HAT activity but 
not p/CAF HAT activity [39”]. Analogous observations 
have been made in experiments assessing the role of 
p/CAF and p300/CBP in muscle differentiation [SO**]. 
Although both p/CAF and ~300 seem to be essential 
for muscle differentiation, myoD-mediated pZ1 expression 
and cell cycle arrest are dependent on the HAT activity of 
p/CAF whereas the HAT activity of ~300 is dispensable 
for these functions, suggesting a differential requirement 
of HAT activities in various differentiation programs. 
Together, available data suggest that distinct members of 
the co-activator complex are required for different classes 
of transcription factors, reflecting distinct conformation 
and/or content of these complexes. While the specific 
HAT components required for each class of transcription 
factor may vary, at least one HAT function appears to be 
required for activity of all regulated transcription factors 
studied to date. 

Nuclear receptor co-repressors 
Several members of the nuclear hormone receptor family 
function as transcriptional repressors in the absence of 
hormone. This repressor activity resides in a distinct 
region of the LBD of RAR and TR and is functionally 
separable from the carboxy-terminal AF-2 domain [51,X!]. 
Recent studies have identified two related proteins, 
known as nuclear receptor co-repressor (NCoR) [53,54] 
and silencing mediator for RXR and TR (SMRT) [Xi], that 
mediate transcriptional repression by TR and RAR. On 
the basis of the biochemical characterization of a 270 kDa 
protein that associated with TR-RXR heterodimers on 
DNA, the gene encoding a putative NCoR was cloned 
using the TR as bait in a yeast two-hybrid screen 
[53-Z]. Similar approaches also identified the related 
factor, SMRT and TR-associating factors (TRAC) [56,57]. 
These proteins were initially suggested to function as 
co-repressors based on the correlation between the loss 
of ligand-independent repressor function and loss of the 
ability to interact with NCoR/SMRT in mutants of TR 
and RAR, as well as on the identification of multiple 
transferable repressor domains [53,54,56,57]. Recently, 
the number of nuclear hormone receptors shown to 
interact with NCoR/SMRT’has expanded to include other 
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members of the nuclear hormone receptor superfamily, 
such as COUP-TF [SS], Rev-ErbA [59],PPARy [60], and 
importantly, antagonist-bound steroid receptors such as 
ER [60,61] and PR [62]. In addition, it has become evident 
that although NCoR and SMRT are structurally related, 
they are not entirely redundant but can allow for a certain 
degree of specificity of repression. For example, although 
DNA bound TR-RXR heterodimers can bind both NCoR 
and SMRT equally well, Rev-ErbA seems to mediate 
transcriptional repression through NCoR alone whereas 
PPARycannot bind NCoR and only binds weakly to 
SMRT [63*]. PR in the presence of the antagonist RU-486 
and ER in the presence of the antagonist tamoxifen 
can interact with NCoR suggesting a mechanism by 
which antagonist-occupied nuclear hormone receptors 
can actively repress transcription. Activation of specific 
signal transduction pathways can relieve interaction of 
NCoR with tran.r-hydroxyl tamoxifen (TOT)-bound ER, 
converting TOT into an agonist [60]. Furthermore, 
microinjection of antibodies recognizing NCoR or other 
components of the co-repressor complex (see below) 
also results in conversion of TOT from an antagonist 
to an agonist whose function is now dependent on the 
integrity of the co-activator complex. These data suggest 
that the relative levels of co-activators and co-repressors 
account for the ability of a partial agonist or antagonist to 
induce activation in specific cell types and have potentially 
intriguing implications with regard to resistance to TOT in 
breast cancer therapy [60]. 

The nuclear receptor co-repressor complex 
Several lines of evidence suggest that NCoR and SMRT 
are included in a general mechanism of active repression 
that is used by other classes of transcription factors. For 
example, the bHLH-Zip protein Max can heterodimerize 
with members of the Myc/Mad family of bHLH pro- 
teins (reviewed in [64]). Both Myc-Max and Mad-Max 
recognize similar sites on DNA, yet they elicit opposite 
transcriptional responses. Myc-Max heterodimers activate 
transcription whereas Mad-Max heterodimers repress 
transcription. This repression is mediated through inter- 
action with two related co-repressor proteins mSin3A and 
mSin3B [65,66], the mammalian homologues of the yeast 
repressor Sin3p. In yeast, Sin3p is genetically linked to the 
transcriptional repressor RPD3 [67]. Direct interactions 
between RPD3 and Sin3 have been demonstrated and 
both accentuate the transcriptional silencing of common 
sets of genes. Recently, human homologues of yeast 
RPD3, termed histone deacetylases (HDACs) [68’,69], 
have been identified by affinity purification with an 
inhibitor of histone deacetylase activity. These studies 
revealed that RPD3 and HDACs possess intrinsic histone 
deacetylase activity, thus establishing an important link 
between repression and histone deacetylation. Histone 
hypoacetylation is associated with transcriptionally silent 
chromosomal domains, while acetylation of lysine residues 
within the amino-terminal tails of histones H3 and H4 is 

associated with increased transcription. Therefore these 
findings are consistent with a model in which acetylation- 
induced alterations of nucleosome conformation allow 
the transcriptional machinery increased accessibility to 
targeted promoters [70,71]. 

Insights into the mechanism of repression in mam- 
malian cells have come from the recent identification 
of a co-repressor complex that includes NCoR/SMRT 
as well as Sin3 and RPD3 [72**-77”]. Sin3 interacts 
with NCoR/SMRT, mRPD3 and Mad through distinct 
repressor domains found in Sin3 [72”,73”,75”]. In 
addition, microinjection of specific antibodies to each 
component of the NCoR/mSIN3/mRPD3 complex blocks 
the transcriptional repression mediated by TR, RAR 
or Mad/Max suggesting that each component of the 
co-repressor complex is essential for repression [72**]. 
The core co-repressor complex contains more than seven 
apparently stably associated polypeptides, including the 
histone deacetylases HDACl and HDACZ, RbAp48, 
SAP18, and a 30 kDa polypeptide [76”,77**], of which 
only the highly related proteins HDACl and HDACZ have 
known enzymatic activity [74**,77**]. RbAp48, originally 
identified as a protein that could bind the retinoblastoma 
protein, is also found as a component of the chromatin 
assembly factor CAF-1, and a yeast orthologue, HapZp, is 
associated with yeast B-type HAT [78]. These data suggest 
that transcription factors, that function as transcriptional 
repressors do so by a common mechanism involving 
recruitment of a multicomponent complex containing 
HDAC activity and the re-establishment of a repres- 
sive chromatin state. Subsequent experiments link the 
co-repressor to other classes of repressors, including the 
retinoblastoma protein [79,80*]. Studies of RAR fusion 
proteins resulting from chromosomal translocations in 
patients with acute promyelocytic leukemia (APL) have 
provided further evidence for an important biological 
role for the co-repressor complex in mediating nuclear 
hormone receptor function [81”-83”]. These fusion 
proteins involve either the promyelocytic leukemia protein 
(PML) or the promyelocytic zinc finger protein (PLZF) 
and have been implicated in the block to terminal 
differentiation of promyelocytic cells. Although both 
PLZF-RARa and PML-RARa can interact with compo- 
nents of the co-repressor complex, the addition of retinoic 
acid dismisses the co-repressor complex from PML-RARa. 
In contrast, PLZF-RARa interacts constitutively with 
components of the co-repressor complex which cannot be 
dismissed by ligand. These findings could provide a po- 
tential explanation why PML-RARa APL patients achieve 
complete remission following retinoic acid treatments 
whereas PLZF-RARa APL patients respond very poorly. 
Surprisingly, trapoxin, which inhibits HDAC function, is 
capable of overcoming the differentiation block in cells 
containing the PLZF-RARa fusion protein. This suggests 
that deacetylase inhibitors might be used therapeutically 
in APL patients who do not respond to retinoic acid 
treatment. 
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Switch of co-repressor to co-activator 
complexes 
Based on these studies, the prevailing model suggests that 
nuclear hormone receptors, or Mad/Max, bind DNA and 
mediate repression by recruiting the NCoR/Sin3/RPDS 
complex, resulting in histone deacetylation and repression 
of transcription. Ligand binding to hormone receptors, or 
when Mad/Max is replaced by Myc/Max heterodimers, 
results in the replacement of the NCoR/Sin3/RPD3 
repressor complex, by a co-activator complex consist- 
ing of multiple HAT proteins which catalyze histone 
acetylation (Figure 2). This model provides a conceptual 
link between deacetylation/acetylation and transcriptional 
repression and activation. This is extended to recruitment 
of the co-repressor to other factors, such as the ER on 

binding of antagonists, or to proteins associated with 
differentiation blocks, such as PLZFIRARCX fusion protein. 
Furthermore signal transduction pathways can increase 
or decrease co-repressor recruitment. Conversely, the 
recruitment of the co-activator complex is regulated, and 
the required components are distinct for different classes 
of transcription factors. On the basis of a requirement of at 
least one HAT function for activation by each transcription 
factor, the role of chromatin effects in gene activation is 
highly plausible. 

Conclusions 
Functional studies using the frog oocyte system have 
permitted an evaluation of chromatin structure and nuclear 
receptor function in vivo. These studies have demon- 

Figure 2 

Current Opinion in Cell Biology 

Model of co-regulator requirement in nuclear receptor functions. In the absence of ligand (-ligand) nuclear hormones receptors (ER, RAR and 
PPAR$ interact with a co-repressor complex that includes N-CoR/SMRT, mSin3, the histone deacetylase mRPD3/HDAC, sapl8, sap 48, p 30 
and other proteins (indicated by the large grey oval). Ligand binding (+ligand) releases the co-repressor complex and allows the HAT-containing 
co-activator complex to bind that includes SRC-1 INCoA-1, p/CIP, p/CAF, CBP/pSOO and possibly other proteins (indicated by the large grey 
oval) resulting in histone acetylation and transcriptional activation. In addition, the interactions between nuclear hormone receptors and the 
co-repressor or co-activator complexes may be regulated by diverse signal hormone transduction pathways including activation of protein 
kinase A (PKA) and the MAP kinase pathway (MAPK). 
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strated that chromatin disruption by nuclear hormone 
receptors is hormone regulated and AF-2 dependent. The 
rearrangement or disruption of chromatin alone, however, 
appears to be insufficient for mediating a transcriptional 
response [84**]. This is further supported by in vitro 
transcription studies of the ER using chromatin templates 
in which ~300 was capable of enhancing the efficiency 
of transcriptional initiation by ligand-bound ER. Once an 
initial round of transcription has occurred however, ~300 
is not required for transcriptional initiation [SW]. This 
suggests that transcriptional activation by nuclear hormone 
receptors, as well as other DNA binding proteins, is a 
two step mechanism that may require additional factors 
in order to initiate a transcriptional response [43]. These 
other factors may be part of the pm-initiation complex, 
as it has been demonstrated that nuclear hormone 
receptors can interact with a number of TAFs (TATA 
box binding protein associated factors) and components of 
the core transcriptional machinery [55,56]. In addition, a 
multiprotein complex has been affinity-purified from cells 
stably transfected with an epitope-tagged TR construct. 
This TR-associated protein complex includes at least 
eight novel proteins, which apparently do not include 
any of the known co-activator proteins [57]. Itr vitro 

reconstitution studies on naked DNA templates have 
shown that this complex can enhance ligand-dependent 
transcriptional activity of TR-RXR heterodimers. Thus, 
actions of nuclear receptors may require cofactors acting 
at the chromatin level and interacting with the complex 
proteins collectively referred to as the core transcriptional 
machinery. 
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