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The nuclear receptors belong to a superfamily of 

proteins, many of which are ligand-regulated, that 

bind to specific DNA sequences and control spe- 
cific gene transcription. Recent data show that, in 

addition to contacting the basal transcription ma- 

chinery directly, nuclear receptors inhibit or en- 

hance transcription by recruiting an array of coac- 
tivator or corepressor proteins to the transcription 

complex. In this review we define the properties of 

these putative coregulatory factors; we describe 
the basal and coregulatory factors that are cur- 

rently known to interact with nuclear receptors; we 
suggest various mechanisms by which coactiva- 

tors and corepressors act; we discuss issues that 

are raised by the presence of multiple, perhaps 
competing, coregulatory factors; and we speculate 

how these additional regulatory layers may explain 

the heterogeneity of hormone responses that are 

observed in normal and malignant tissues. (Molec- 
ular Endocrinology 10: 1167-1177, 1996) 

INTRODUCTION 

For many years, the mechanisms of steroid receptor 
action seemed quite simple. The hormone somehow 

found itself in the cell nucleus, where inactive proteins 

-the receptors- awaited it. The hormonal signal then 

activated the receptors, which bound to specific DNA 
sequences and regulated transcription. Simple. We 

congratulated ourselves on the fact that we could study 
transcription directly and could avoid the baffling kinase- 

kinase-kinase cascades that our cell-surface receptor 

colleagues had to contend with, before their favorite 
signaling hormone-activated transcription. 

It now seems that the congratulations were prema- 

ture. Things began to unravel when it became clear 
that steroid receptors are only a subset of a larger 
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family of receptors whose ligands are not only non- 

steroidal but, in many cases, unknown; receptors that 
bind to one ligand, yet are expressed as multiple struc- 

tural variants and isoforms; receptors that do not sit 

idly in the nucleus waiting to be activated, but are 

active even without ligand; receptors that pair with 
partners differing from themselves in a bewildering 

array of heterodimers and DNA-binding sites; recep- 

tors that can control transcription without (heresy!) 
binding to DNA; and, most humbling, receptors that- 

far from being direct controllers of transcription- in- 

teract with a complex array of coregulatory proteins, 
which function as signaling intermediates between the 

receptors and the general transcriptional machinery 

(Refs. 1-3 and references therein). Shades of kinase- 
kinase-kinase! At the Keystone Meeting on Nuclear 

Receptors held in Lake Tahoe, California, on March 

17-22, coactivators and corepressors dominated the 
discussions and the pace of discoveries is quickening. 

Arguably, the major impetus for these discoveries has 
come from recent technological advances in protein- 

protein interaction-screening methods (Ref. 4, for ex- 

ample), and the concurrent ability to rapidly clone and 
characterize the unknown protein partner of the recep- 

tor bait. As a result an impressive number of coregu- 

latory factors and basal transcription factors that in- 

teract with receptors have already been described, 
and these are certain to represent only the tip of the 

iceberg. 

BASAL TRANSCRIPTION FACTORS 

Gene transcription by RNA polymerase II requires as- 

sembly at the TATA box of multiple initiation complex 
proteins. Binding of transcription factor IID (TFIID)- 

itself a complex of the TATA-binding protein (TBP) and 

more than 10 other TBP-associated factors (TAFs)-is 
the first step in this assembly. TFIIB, which serves a 

bridging function between TBP and polymerase II, is 

then recruited to TFIID. Other general transcription 
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factors, designated TFIIA to TFIIJ, join to complete the 

preinitiation complex (Refs. 5 and 6 and references 

therein). 

There is considerable evidence that nuclear recep- 

tors can contact some of the basal factors of the 
preinitiation complex directly, without the need for 

intermediary coregulatory proteins. For example, the 

yeast two-hybrid assay (4) detects a specific ligand- 

dependent interaction between TBP and the hormone 
binding domain (HBD) of retinoid X receptors (RXR) 

that is dependent on a functional receptor activation 

domain (AF) (7). Apparently this interaction does not 

require that any of the reactants be bound to DNA. 

Similarly, both the N-terminal AFl activation domain 

and the C-terminal AF2 activation domain of estrogen 
receptors (ER) bind to TBP in vitro (8). This binding is 

not restricted by promoter structure, however, since 

TBP overexpression enhances estrogen-induced tran- 

scription and relieves ER-induced self-squelching, de- 
spite varying distances between the estrogen re- 

sponse elements and the TATA box (8). This is 

somewhat surprising, since binding among other pro- 

teins of the initiation complex is constrained by DNA 

distance effects. For example, binding of TFIIB at the 

TATA box defines the maximum linear DNA distance 
allowable between the TATA box and polymerase II 

binding at the transcription start site, approximately 20 

bp downstream (9, 10). I f  similar constraints apply to 

hormone response elements (HRE), then the long dis- 
tances between the TATA box and many upstream 

HREs could be accommodated by looping out of the 

intervening DNA. Interestingly, it may be the binding of 

receptors to their HREs that drives assembly of pro- 
teins at the TATA box. Klein and Struhl (11) propose, 

for example, that accessibility of TBP to the chromatin 

template is the rate-limiting reaction of transcription, 

and that the activation domains of transactivators, like 
nuclear receptors, function in part to increase the rate 

of TBP recruitment to the promoter. 

However, while TBP is necessary, it is not sufficient 

to mediate RNA polymerase II-dependent transcrip- 

tion in response to transactivators (12). This and other 
observations led to the hypothesis that additional fac- 

tors, termed “coactivators,” are also required for effi- 

cient transcription. Since, unlike TBP, the TFIID com- 

plex alone can support transcription regulated by 
upstream activators (lo), it was concluded that coac- 

tivator functions are provided by TAFs associated with 

TFIID (Refs. IO and 12 and references therein), and 

indeed interactions between nuclear receptors and 
TAFs have also been described. For example, ER self- 

squelching and the activities of its AFl and AF2 do- 

mains are due in part to ER interactions with compo- 

nents of the TFIID complex that are chromatographically 

separable from TBP (13). One such TFIID-associated 
factor, TAF,,30, interacts specifically with the AFl but not 

the AF2 activation domain of ER (14). These and other 

data suggest that there are functionally distinct popula- 
tions of TFIID complexes, composed both of comm 1 

core TAFs and of unique TAF subunits, and that the 

unique TAFs are responsible for the specificity of inter- 

actions between TFIID and different classes of activation 

domains (14-l 7). However, even regions outside the ac- 

tivation domains of receptors can bind TAFs, as is the 

case for the interaction between the DNA-binding do- 

main (DBD) of progesterone receptors (PR) and Dro- 
sophila TAF,,l 10 (18). RXR and thyroid hormone recep- 

tors (TR) also interact with TAF,,llO in a ligand- 

dependent manner, and for FIXR at least, this interaction 

persists even if the receptors have been rendered tran- 
scriptionally defective by mutations in AF2 located in the 

HBD (7). 

Transcription factors also form contacts with TFIIB 

(19). They induce conformational changes in TFIIB that 

disrupt its inactivating intramolecular interactions and 

expose new binding sites between TFIIB and other 

basal factors that stabilize assembly of the preinitia- 
tion complex (20). TFIIB is also a target of nuclear 

receptor binding. Several members of the nuclear re- 

ceptor superfamily, including COUP-TF, ER, and PR 
(21), TR6 (22) and TRa (23), and vitamin D (VDR) and 

retinoic acid receptors [RARE, (24)] interact with TFIIB. 

However, the functional domains of the receptors in- 

volved in TFIIB binding differ, so that contact is vari- 

ably formed between TFIIB and the AF-2 of ER (21); an 
AF-l/DBD construct of hPR (21); both an N- and a 

C-terminal contact site of TR6 (22); an N-terminal frag- 

ment of TRol lacking activation function (23); and the 

proximal HBD of VDR (24). There is no explanation for 
this variability at present, nor is there much information 

about the hormone dependence of these interactions 

in intact cells, other than for TR6, where the switch 

between N- and C-terminal binding is controlled by 

ligand (22). 

I f  the binding of nuclear receptors to components of 
the basal transcription apparatus is not absolutely de- 

pendent on receptor activation domains, does this 

mean that the AFs are not involved in protein-protein 
interactions? Or, are there additional nuclear factors 

whose binding to receptors is more specific for AFs? 

Evidence for additional factors is supported by obser- 

vations that different classes of receptors can interfere 

with one another’s transcriptional activity by squelch- 
ing limiting factors that are not components of the 

basal transcription machinery (25-27). These factors 

are also termed “coactivators” if the liganded but non- 

DNA-bound interfering receptor can squelch tran- 

scription by a promoter-bound receptor, without low- 
ering the levels of basal transcription, or inhibiting 

transcription from other promoters (25, 26). Such co- 
activators are the major subject of this review. How- 

ever, it is clear from the preceding, and will be rein- 

forced by the following, that the term “coactivator” is, 

at present, very loosely defined. Perhaps in the future, 

the terminology will be refined on the basis of discrete 

functional characteristics, as it becomes evident that 
receptors can form multiprotein complexes by binding 

to a variety of different coactivators, to other transcrip- 

tion and regulatory proteins, and to multiple basal 
factors. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/1
0
/1

0
/1

1
6
7
/2

7
1
3
2
7
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



MINIREVIEW 1169 

COACTIVATORS 

If the interactions between receptors and basal tran- 

scription factors are necessary but not sufficient for 

accurate and efficient hormone-dependent transcrip- 
tional control, then at least a third category of factors 

must also be involved. Such an oligomeric complex- 

involving activator proteins (i.e. the receptors), coac- 
tivators, and basal factors-is believed to be neces- 

sary to stabilize the interactants and provide transcrip- 

tional specificity (28). For example, to achieve efficient 

transcription, RAR62 has been shown to interact not 
only with TFIID, but with an additional ElA-like factor 

(29). This model postulates the existence of one or 

more bridging factors present in limiting amounts, in- 

terposed between the receptors and basal factors. 
Surprisingly then, the first nuclear receptor coacti- 

vators to be described are components of the pol II 

holoenzyme and probably serve another function. In 
yeast, the SWIISNF family of proteins are required for 

transcription of differentially regulated genes, in part 

because SWVSNF reverse the repressive effects of 
chromatin components (30-33). Yoshinaga et al. (34) 

reported that transcriptional activation by glucocorti- 

coid receptors (GR) or ER in yeast is dependent on 

SWIl, SW12, and SW13 function. Human homologs of 
these proteins, termed hSNF2cu, hSNF26 (31), or hbrm 

(30, 31), enhance transcription by ER, RAR (31), and 
GR (30, 31) in transfection assays and require an intact 

receptor DBD (30). The molecular mechanisms by 

which hSNF2 or hbrm enhance transcription are still 

unclear. However SWVSNF are integral components 

of the polymerase II holoenzyme, and one model holds 
that the transactivator recruits pol II by binding to a 

subset of its components, and that SWVSNF then 

enhance the stability of activator/DNA binding by de- 
stabilizing nucleosomes (35). A highly intriguing obser- 

vation suggesting other possible mechanisms is that 

GR activation by hbrm is further enhanced by cotrans- 
fection of the retinoblastoma protein (Rb), which inter- 

acts directly with hbrm (32). 

These studies raise additional questions about the 

definition of a coactivator. Is a coactivator any limiting 
factor that enhances the transcriptional activity of a 

nuclear receptor without altering basal transcription? 

Is direct protein-protein contact between the factor 
and the receptor a requirement? For example, while 

Rb enhances GR-dependent transcription, it does so 

without binding directly to the receptors, and strictly 
speaking, is therefore not a coactivator. Is ligand reg- 

ulation of the receptor-coactivator interaction an ad- 

ditional requirement? What about a requirement for 
direct contact not only between the coactivator and 

the receptors, but also between the coactivator and 

basal factors, which the bridging model would pre- 

dict? It is not clear at present whether SNF2/hbrm 
fulfill even the first of these criteria. 

On the other hand, some recently described factors 
meet several of them (Table 1). Two members of a 

family of related proteins, a 160-kDa protein called 

ERAP 160 or ~160 (36) and a 140-kDa nuclear protein 

called RIP 140 (37, 38) were recently identified by in 

vitro protein-protein interaction assays using the HBD 

of ER as bait. Binding of both factors to ER is stabilized 

by estrogens and destabilized by antiestrogens, sug- 

gesting that the coactivator-receptor interactions are 
ligand regulated and that they require a conformation- 

ally active HBD. 

RIP 140 is AF2-specific since, in HeLa cells, it en- 

hances the transcriptional activity of a construct con- 

taining a Gal4 DBD fused to a wild type ER AF2 do- 
main, but not of a similar construct fused to a 

transcriptionally defective AF2 mutant (37). RIP 140 

therefore meets three criteria for designation as a co- 

activator. However, unlike ER that bind to both TBP 

and TFIIB (8, 21, 38) in a ligand-independent manner 

(38) RIP 140 interacts with neither of these basal 
factors (38). Perhaps contact by either (or both) part- 

ner in the receptor/coactivator complex is sufficient to 

activate the basal transcriptional apparatus? Such a 
model would attenuate the bridging function for a co- 

activator, in favor of other functions. 

In addition to binding ER, ERAP 160 binds two other 

members of the nuclear receptor family, namely RARp 

and RXRa (36). This promiscuity is a recurrent theme 

for several coactivators isolated to date, which, to- 
gether with the fact that these nuclear receptor coac- 

tivators are found in most tissues, suggests that they 

play a generic role in transcription that is not restricted 

to nuclear receptors. If  they exist, coactivators that 
interact uniquely only with members of the nuclear 

receptor family have not yet been characterized. 

Several additional factors that interact with nuclear 

receptors in a ligand-dependent manner have now 

been described, some of which may be members of a 

large family of related proteins: 
1. SRC-1 was isolated by a yeast two-hybrid screen 

from a human cDNA library using the HBD of hPR as 

bait (39). Its predicted molecular mass is 125 kDa. In 
vitro, it interacts with agonist- but not antagonist- 

occupied hPR. In HeLa cells, SRC-1 enhances hPR- 

mediated transcription in the presence of the agonist 

R5020 but not the antagonist RU486, and it does not 

alter basal promoter activity. Its mRNA is present in all 
cells tested. SRC-1 also enhances in vivo transcription 

by GR, ER, TR, and RXR (39), and its overexpression 

reverses ER-induced squelching of PR-regulated tran- 
scription. The latter is an important test when defining 

a coactivator and confirms that, in viva, the same or a 

similar factor is regulating the activities of both ER and 

PR. Additional studies with ER show that SRC-1 inac- 
tivates ER occupied by pure antiestrogens, but it en- 

hances the activity of ligands that have mixed agonist/ 

antagonist properties, and it is also involved in ligand- 

independent ER activation (3). 

Recent data indicate that SRC-1 and ERAP 160 

(~160) are variants of the same family of coactivators. 
Kamei et a/. (40) have isolated mouse ~160 as a ter- 

nary complex with liganded nuclear receptors and a 
300-kDa protein related to the CAMP response ele- 
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Table 1. Nuclear Receotor Coreaulators-1996 

Synonyms? Splice Variants Species Homolog@ Related Proteins” Comments 

COACTIVATORS 

ERAPl60 
(36, 40)’ 

ERAP140 (36)d 
RIP160 (37)d 
RIP140 (37, 38)d 
Trip1 (45, 46) 

ySPT6 (43, 44) 
ySWIl/SNF (33, 

34) 

ySWl2 (30) 

ARAm (49) 
hRPF1 (50, 51) 

RAP46 (53) 
TlFl (46a, 48) 

COREPRESSORS 

TRUP (65) 

Calreticulin 
(63, 64) 

ySsn6iTupl 
(67-69) 

mN-CoR 

(72, 73) 
SMRT (74, 79a) 

hSRC-1 (39) 
~160 (36) 

pl40 
~160 
pl40 
~45, Mssl 
CAD (43, 47) 

ySNF2 (30) 

RFG (49) 

surf-3, L7a, 
PLA-X (65) 

TRAC-2 (78) 

SRC-lb, lc, Id mSRC-1 (40) 

ySUG1, mSUG1 
(45, 46, 47, 47a) 

ceSPT6, hSPT6 (43) 
hSWIl/SNF (33, 34) 

hbrm (30), 
hSNFa (31) 

hSNF6 (31), 
BRGl (31) 

dbrm (brahma) 

mGRlP1 (42) 
hTIF2 (87) 

ERAPs identified 
biochemically (36); 
SRC-1 (39) is gene 
that encodes 
ERAPl6O/pl60 (40) 

Differs from ERAPl60 
Differs from ERAPl40 
26s Proteasome subunit 

Interacts with histones 
Multimeric protein 

complex (33, 34) 
Chromatin reorganization 
Same as SWIl/SNF 

yRSP5 (51) 
mNEDD-4 (51) 

EG-AP (50), 
Trip1 2 (45) 

Ubiquitin protein-ligase 

RlPl3WT, 
RIP13Ale 

TRAC-1 (78) 

hN-CoR’ SMRT (74) 

N-CoR, RIPl3WT 

Partial identity to T18 
oncogene (48) 

Blocks DNA binding 

Blocks DNA binding 

Interact with histones; 
yeast repressor 
complex 

COINTEGRATORS 

CBP (40, 80a, b) ~300 (40, 80a, b) 

Numbers in parentheses correspond to references in text. y, Yeast; m, mouse; h, human; d, Drosophila, ce, C. elegans. 

a The same protein referred to by another name. 
’ The same protein reflecting species divergence. 
c The same protein family regardless of species. 
d ERAPl60 and RIP160 are different proteins but both are commonly referred to as ~160. Similarly ERAP140 and RIP140 are 
different proteins but both are referred to as ~140. 
e Unpublished, personal communication, D. Moore. 
‘T. A. Jackson, J. K. Richer, and K. B. Horwitz, unpublished. 

ment-binding protein, CBP (41). The C terminus of 
~160 has 88% identity with SRC-1, and its N-terminal 

extensions predict proteins of 159 and 152 kDa. Other 

N-terminal (SRC-1 b) or C-terminal (SRC-1 c, SRC-1 d) 

splice variants have also been detected (40). 
GRIP1 is an 86-kDa mouse protein with homology 

to SRC-1. It interacts with the HBD of GR, ER, and 
androgen receptors (AR) in a ligand-regulated man- 

ner in yeast and in vitro, and it functions as a coac- 

tivator for steroid receptor HBDs in yeast (42). In 
addition to a receptor interaction domain, GRIP1 

also has a strong endogenous activation function, 

and it inhibits basal transcription. Based on this 
basal squelching property, the authors infer that 

GRIP 1 can contact the basal transcriptional ma- 

chinery in addition to the receptors, as would be 

expected of a true bridging protein (42). 
2. SPT6 is a yeast protein involved in the regulation 

of several yeast genes. It is capable of transferring 
histones onto DNA to form nucleosomes and is pos- 

tulated to be active in regions undergoing extensive 
chromatin reorganization such as those that occur at 
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highly regulated genes (43). SPT6 binds to the HBD of 

ER in vitro, and it enhances ER-mediated transcription 
in yeast and in mammalian cells (44). A mammalian 

homolog has not yet been described. Whether this is a 

true coactivator, or a protein in the SNF/SWI class, is 

still unclear. 

3. Trip1 , a homolog of the yeast transcriptional me- 
diator Sugl, binds full-length TR61 and RX!? in vitro 

(45) in a ligand-independent manner (46). Preliminary 

studies using TR domain fragments indicate that the 

TR N terminus binds Trip1 constitutively, while the TR 
HBD binds Trip1 in a ligand-dependent manner (46), 

suggesting that Trip1 can influence both AFl and AF2. 

The mouse Trip1 homolog, mSug1, has recently been 
cloned and shown to differ from Trip1 by only three 

amino acids (46a). Mouse Sugl is widely expressed in 

tissues and it interacts with ER, VDR, RXRa, RARa, 
and TRa in a ligand- and AF-2-dependent manner. 

These data, in conjunction with preliminary data show- 

ing that yeast Sugl interacts with TBP (47), suggested 

that Suglflripl are subunits of the RNA pol II holoen- 

zyme complex and serve a bridging function between 

transactivators and the basal transcription complex. 
More recent data suggest, however, that Sugl is a 

subunit of the 26s proteasome complex that catalyzes 

the degradation of ubiquitin-conjugated proteins (47a). 

It may therefore affect transcription ony indirectly, by 

controlling the turnover rates of receptors or other 
regulatory factors. If  so, Sugl/Tripl may not be coac- 

tivators as defined above. 

4. TIFl is a mouse protein that has a RING finger 
domain and a bromodomain analogous to that of 

many other nuclear regulatory proteins (48). It interacts 

with the conserved AF2 motif in the HBD of RXRy, 

RXRa, RARal, VDR, PR, and ER in vitro and in yeast, 

and in vivo with ER in COS-1 cells, in a ligand-depen- 
dent manner. TIFI does not bind the basal factors 

TBP, TFIIB, TFIID, or TAF,,30, nor does it bind recep- 

tors that have a mutated AF2 motif. However, despite 

these characteristics of a coactivator, TIFl interferes 
with, rather than enables, transactivation by RXRCI in 

the presence of 9-cis-retinoic acid. It also inhibits li- 

gand-dependent transcription by RAR and ER. The 

authors suggest that TIFl sequesters a limiting factor 

(but not a basal factor) which functions downstream of 
TlFl (48) - adding at least one more factor to the 

putative ternary regulatory complex. 

5. ARA,, is a 70-kDa human protein isolated with 
the hAR HBD as bait (49). It interacts with AR in an 

androgen-dependent manner in vitro and does not 

bind antiandrogen-occupied receptors. In cotransfec- 

tion assays, ARA,, enhances AR-dependent tran- 

scription IO-fold and GR-, PR-, and ER-dependent 
transcription 2-fold. 

6. hRPF1 is the human homolog of yeast RSP5, a 

protein related to a family of ubiquitin-protein lipases 

(50, 51). In mammalian cells, coexpression of hRPF1 
enhances the hormone-dependent transcriptional ef- 

ficiency of PR and GR, but not ER, without altering 

basal transcription (51). Additionally, yeast genetics 

data suggest that hRPFl/RSP5 operates in the same 

regulatory pathway as a homolog of the human TBP- 

associated factor TAF,,18, but it is not yet known 
whether hRPF1 can interact directly with either TAF,,18 

or the receptors. Of interest is the fact that, in vivo, 

only the B isoform, and not the A isoform, of PR is 

activated by coexpression of hRPF1. B Receptors 
contain an activation domain (AF3) that A receptors 

lack (52), while their AFl and AF2 domains are iden- 
tical. Perhaps hRPF1 mediates the unique properties 

of AF3? 

7. RAP46 is a 46-kDa protein that was isolated from 

a human cDNA library using an in vitro interaction 
screen (53). Like other factors for which this is known, 

RAP46 is expressed in all tissues. It binds promiscu- 

ously to GR, PR, ER, and TRP in vitro whether the 
receptors are unliganded, liganded with agonists or 

antagonists, or activated by salt/heat treatment. The 

binding to ER is lost if the N-terminal A/B domain of 
the receptors is deleted. No functional data have been 

reported for RAP46 to date, so that its coactivator 

status remains unsettled. 

COREPRESSORS 

The search for coactivators is a logical outgrowth of 
the fact that all of the known natural ligands of nuclear 

receptors are agonists that activate transcription. 

However, there are two conditions under which the 
presence or absence of ligand inhibits transcription. 

One occurs when synthetically produced steroid hor- 

mone antagonists compete successfully with the nat- 
ural steroidal agonists for binding to receptors and 

inhibit agonist-induced transcription. The other is a 

key property of some members of the nonsteroidal 

subfamily of nuclear receptors, which bind to DNA in 
the absence of ligand and actively repress basal tran- 

scription (54-56). Under similar conditions, unliganded 
steroid receptors cannot bind DNA, because they are 

sequestered by a complex coating of heat shock and 

other proteins (57). By what mechanisms do antago- 
nist-occupied steroid receptors or unliganded RAR/TR 

repress transcription? 

Transcriptional repression of eukaryotic promoters 
has been studied extensively in the last few years (see 

Refs. 58-60 for reviews). For the most part, this work 

has focused on DNA-binding proteins (including some 
nuclear receptors) under conditions in which they re- 

press transcription by three mechanisms: 1) the re- 
pressor binds to the same, or an overlapping, DNA 

binding site as the activator and competitively blocks 

access of the activator to DNA; 2) both proteins bind to 

DNA at nonoverlapping sites, but the repressor inter- 
feres with, or quenches the activity of the activator; 3) 

the repressor binds to DNA and silences the basal 

transcription machinery directly. Nuclear receptors 
have been implicated in all of these mechanisms. 

Thus, the inhibitory effects of steroid antagonists, or of 
GR at the negative glucocorticoid response elements 
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of the PRL promoter, are thought to involve mecha- 

nism 1 (61); the mutual inhibition by API and GR of the 

composite glucocorticoid response element on the 

proliferin promoter dre thought to involve mechanism 

2 (62); and the inhibitory effects of unliganded TR on 

TFIIB are thought to involve mechanism 3 (22). Other 

inhibitory mechanisms have also been described. For 

example, 4) transactivation by nuclear receptors is 

inhibited by factors such as the Ca2+-binding protein, 

calreticulin (63, 64), or a ribosomal and nuclear protein 

termed TRUP [also known as surf-3, L7a, or PLA-X, 

(65)] that interfere with the binding of receptors to 

DNA. Calreticulin interacts with the DBD of AR, RAR, 

and GR and inhibits their ligand-dependent transcrip- 

tion in vivo, while TRUP interacts with the hinge region 

and N-terminal HBD of TR and RAR and blocks their 

ability to bind DNA and thus their ligand-dependent 

transcription as well. The interaction of TRUP with TR 

and RAR is ligand-independent, but it appears to have 

some specificity since TRUP does not inhibit the DNA 

binding of ER, RXR, or the DBD of GAL-4 (65). 

Can any of the four inhibitory activities described 

above be attributed to the actions of corepressors? By 

analogy with coactivators, we define corepressors as 

limiting factors that inhibit transcription after being 

tethered to a promoter by DNA-bound receptors; fac- 
tors whose binding to receptors is ligand-regulated; 

and factors whose inhibitory effects can be relieved by 

squelching. Using this definition, none of the four ex- 

amples above represent actions of corepressors, de- 

spite the occasional use of this term in such cases (see 

Ref. 66, for example). 

An early example of a steroid receptor corepressor 

is the yeast repressor Ssn 6. This protein effects glu- 

cose-dependent gene repression when it is tethered to 
a promoter by its interaction with a specific DNA- 

binding protein. Of interest is the fact that Ssn 6 re- 

quires a partner, Tup 1, for full repressor function (67, 

68). McDonnell et al. (69) have identified Ssn 6 as a 

transcriptional repressor of ER and PR in yeast. Dele- 

tion of Ssn 6 strongly enhances the transcriptional 

effects of an ER AFI fragment; enhances the agonist 

effects of estradiol and progesterone; allows the an- 

tiestrogens lCl164,384 and nafoxidine to behave as 

more potent ER agonists; and allows the antiprogestin 

RU486 to become a more potent PR agonist. 
The interesting properties of SsnGTTupl in yeast 

suggest a more global mechanism for the actions of 

some corepressors than an ability to, somehow, di- 

rectly inhibit the basal transcription machinery. Ed- 

mondson et al. (68) have shown that the repression 

domain of Tupl interacts specifically with histones H3 

and H4. Mutations that interfere with Tupl/histone 

interactions compromise Tupl -mediated repression. 

The authors argue that Tupl serves as a bridge be- 

tween the DNA-bound transcription factor and neigh- 
boring nucleosomes, repositioning the nucleosome 

array downstream and physically blocking access of 

basal factors at the TATA box. Of course, coactivators 

(44) could act through related mechanisms, since they 

too can interact with histones (43). 

More recently, the hunt for corepressors has fo- 
cused on the transcriptional inhibitory activities of the 

unliganded TR/RAWRXR subfamily (70, 71). In mam- 

malian cells, the inhibitory activity of unliganded TRP 

can be reversed (or squelched) by cotransfection of 

the C terminus of v-erbA or full-length unliganded 

RAR, suggesting the existence of a cellular corepres- 
sor present in limiting amounts. Basal promoter activ- 

ity was not significantly altered in these studies. Bind- 

ing of the putative corepressor maps to the hinge and 
N-terminal HBD region of TRP. In the presence of 

thyroid hormone, the HBD of TR6 fails to compete for 
the corepressor, however, indicating that liganded TR 

do not bind this factor. Instead, the receptors appear 

to bind a coactivator at an activation domain (~4) lo- 

cated in the far C terminus of the HBD, since deletion 
of 74 produces a TR8 that is inhibitory even in the 

presence of ligand (71). 

Two candidate corepressors for the TR/RAR/RXR 

subfamily have recently been isolated: a 270-kDa 
mouse protein termed N-CoR (nuclear receptor core- 

pressor) (72, 73) and a 168-kDa human protein termed 

SMRT (silencing mediator for retinoid and thyroid hor- 

mone receptors) (74) both of which have similar prop- 

erties. They interact with unliganded members of the 

TR and RAR family and their RXR partners on DNA, but 
the binding is destabilized by ligand. 

N-CoR was isolated with a yeast two-hybrid screen 

using unliganded TR8 as bait. It is a nuclear protein 
(72), which appears to be widely expressed in tissues 

and cell lines (72, 73). N-CoR contains one (72) or 

more (74a) interaction domains (ID) at its C terminus 

that contact the hinge region and proximal HBD of the 

receptors, the same region postulated to bind a core- 
pressor by Baniahmad et a/. (71). Two transferable 

repressor domains map to the N terminus of N-CoR. 

Unliganded TRPlIRXR heterodimers bind N-CoR in 

vitro, and the thyroid hormone analog, TRIAC, disso- 
ciates this binding. The N-CoR ID also interacts with 

unliganded TRCY and RARa (72, 73) and, through an 

adjacent but distinct ID, with RevErb (74a). It does not 

interact with unliganded RXRa, RXRy, VDR, ER, or GR 
(72). Of interest is the fact that when full-length N-CoR 

is used, its binding to TR and RAR is not ligand- 

regulated unless the receptors are bound to DNA. 

Similarly, activation of transcription by RAR/RXR het- 
erodimers on a DR+5 element (74, 75) in response to 

ligand involves both the dissociation of N-CoR and the 

concomitant recruitment of coactivators that have the 

same molecular weight as ERAP 160 and RIP 140 (73). 

However, if the receptors occupy a DR+ 1 element (74, 
75) N-CoR cannot be dissociated by ligand, and the 

coactivators do not bind. These data indicate that in 

addition to the presence or absence of ligand, alloste- 

ric structural changes imposed on the receptors by 
DNA binding, and even by the DNA sequence, influ- 

ence the nature and the affinity of corepressor binding 

to the receptors. 
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SMRT was isolated by yeast two-hybrid screening 

using an unliganded hRXl+ HBD fusion protein as bait 

(74). It too is a widely expressed nuclear protein with 

an N-terminal repressor domain and a C-terminal ID. 

SMRT interacts strongly with unliganded full-length 

RAR, and the HBD of RAR and TR, and this binding is 
released by ligand. It interacts with unliganded RAW 

RXR or TR/RXR heterodimers on DR+5 or TR-re- 

sponse elements, and ligand also disrupts this ternary 
complex. Full-length SMRT suppresses the basal ac- 

tivity of promoters containing either RAR or TR re- 

sponse elements through an N-terminal repression 

domain. That cells contain limiting amounts of endog- 

enous corepressors related to SMRT is shown by the 

ability of overexpressed v-erbA (74) or the TR6 HBD 

(76) to reverse (or squelch) the transcriptional inhibition 
produced by unliganded RAR or TR and by the ability 

of SMRT overexpression to restore this inhibition (74). 

Since the ID of SMRT shares approximately 48% 

identity (74) with the ID of N-CoR [also known as 
RIP13; (45, 77)], the two corepressors appear to be 

related and to be members of a larger family of dom- 

inant-negative proteins (78-79a) whose binding to re- 

ceptors is inhibited by ligand (45). Indeed the TRACs 

(78) also belong to this family, one of which, TRAC-2, 

is identical to SMRT. In addition to having multiple IDS 
(74a), recently discovered N-CoR isoforms lack the 

currently defined repressor domains (D. Moore, un- 

published). They also reportedly (78) bind to receptors, 
such as the peroxisome proliferator-activated receptor 

(PPAR), that have no known repressor function, raising 

the possibility that these corepressors have a more 

complex biological role. 

SMRT, N-CoR, and their homologs represent a new 

class of transcriptional mediators for nuclear receptors 
that actively silence basal transcription (79). Such 

corepressors would be expected to interact with re- 

ceptors-such as TR and RAR-that bind to DNA 
when they are unliganded and constitutively repress 

transcription. These corepressors would not be ex- 

pected to bind the class of receptors that activate 

transcription after ligand-dependent DNA binding, and 
indeed, the corepressors fail to bind unliganded or 

agonist-occupied VDR, ER, or GR. However, steroid 

receptors are inhibitory when they are occupied by 

synthetic antagonists. Is it possible that corepressors 

are involved in this inhibition? We have data suggest- 
ing that RU486-occupied PR or tamoxifen-occupied 

ER can attract corepressors to the steroid receptor/ 

antagonist complex. If  this is the case, then steroid 
receptor/antagonist complexes may not simply block 

activation passively, by out-competing receptorlago- 

nist complexes for binding to HREs (analogous to 

mechanism 1, above), but they actively repress tran- 

scription by recruiting corepressors to the transcrip- 
tion complex (T. A. Jackson and K. B. Horwitz, unpub- 

lished). Such a mechanism would also explain 

puzzling studies (Le. Ref. 80) showing that steroid 

antagonists can be inhibitory in the absence of 
agonists. 

As with coactivators, the receptor/corepressor dyad 

may be a subunit of an even larger inhibitory complex, 

since there is evidence that the repressive effects of 
unliganded TR result not only from binding a corepres- 

sor, but also from the ability of TR to interact with and 

sequester or inactivate TFIIB directly (22). This is 

brought about through a ternary complex in which an 
upstream domain of the TR HBD (amino acids 168- 

259) binds the corepressor, and a downstream C- 
terminal domain of the TR HBD (amino acids 260-C- 

terminus) contacts and silences TFIIB (71). Whether 

corepressors can contact components of the basal 

transcription machinery directly is not yet known. 

COINTEGRATORS? 

Recent data hint at even greater complexities than the 
ternary model indicates. The involvement of Rb in the 

GR/hbrm complex (32) is one example, and the in- 

volvement of downstream factors in the receptor/TlFl 

complex (48) is another. Several groups (40, 80a, 80b) 
have described a multiprotein complex involving the 

HBDs of nuclear receptors: the ~160 variant (ERAP 

160) of the coactivator SRC-1; and the CBP/pSOO 
coactivator of the CAMP-response element binding 

protein. Fibroblasts microinjected with neutralizing an- 

ti-CBP antibodies cannot support RAR or GR-depen- 
dent transcription, demonstrating the involvement of 

CBP in nuclear receptor signaling in viva (80b). Con- 
sistent with its role as a coactivator, CBP/p300 also 

interacts with TFIIB (41). The authors propose (40, 80a, 

80b) that CBP/p300 coordinates the transcriptional 

effects of simultaneous signals emanating from cell 
surface receptors and from nuclear receptors and that 

it acts as a cointegrator for multiple competing and 
perhaps conflicting signals that can impact one 

promoter. 

CONCLUDING COMMENTS 

When the dust settles, this initial flurry of publications 

will undoubtedly be followed by detailed studies con- 
firming that some (but perhaps not all?) of these fac- 

tors are bona-fide coactivators and corepressors. 

What caveats should be of concern? 
First, factor-binding sites that are accessible on re- 

ceptor fragments may be inaccessible in the context of 
full-length, native receptors. Moreover, recombinant 

receptors may lack the companion accessory proteins 

(heat shock proteins for example), or covalent modifi- 

cations found on receptors intracellularly, that could 

block or modify receptor access to coregulatory fac- 
tors. Of course, the same caveats apply to the coregu- 

latory proteins. If, for example, they are shown to be 
phosphoproteins, or to be subunits of multiprotein 

complexes, or to be sequestered within cellular or- 
ganelles, then their in viva accessibility to the recep- 
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tors may be more limited than current assays assume. 

To address issues like these, Le Douarin et a/. (48) 

used double-labeling immunofluorescence to show 

that TIFI can move a nuclear localization-deficient ER 

from the cytoplasm into the nucleus in intact cells, 
confirming that there is a direct TIFl/ER interaction in 

viva-at least when both partners are overexpressed. 

Second, in vitro interaction studies generally use 

fusion proteins of GST coupled to full-length recep- 

tors, or to receptor fragments, in pull-down assays. It 
is unknown whether in this state, the receptors are 

presented to the putative coregulatory proteins as 

dimers-their usual condition when bound to DNA. 

This may be important as shown for the Drosophila 

transcription factor, Kruppel, which as a monomer 

specifically interacts with TFIIB, but as a dimer does 
not. Instead, the dimer binds the P-subunit of TFIIE, 

with which the monomer cannot interact. This switch 

converts Kruppel from an activator (as monomer) to a 

repressor (as dimer) (81). Additionally, these pull-down 
assays rarely include receptor constructs containing a 

DBD plus the cognate HREs, which ignores the fact 

that DNA-induced structural changes can influence 

receptor dimerization and folding (82-84). 

Third, no studies have yet addressed the physiolog- 
ical relevance of these factors, particularly their multi- 

plicity and promiscuity. Even the preliminary data in- 

dicate that each receptor can interact with many 

factors and that multiple factors are present in each 
cell and tissue. For example, this review lists at least 

10 coactivators or basal factors that can interact with 

ER. How do multiple factors present in one cell com- 

pete with one another for binding, not only to recep- 

tors, but to other transcription factors? How far from 
physiological reality are current assays, which are 

based on in vitro interactions, or on cellular overex- 

pression of one receptor and one factor? Does over- 
expression force proteins together artifactually? How 

does the structure of the promoter influence these 

interactions? Does the affinity of interacting partners 

for each other allow physiologically relevant interac- 

tions, given their intracellular concentrations? [Refer to 
Estojak et a/. (85) for discussion of these issues.] It is 

likely that in the future, knockout and other genetic 

studies will address the overlapping or unique prop- 

erties of each factor and will reveal functional redun- 

dancies, if any. 
It also seems possible that both coactivators and 

corepressors can bind simultaneously to nuclear re- 
ceptors under appropriate conditions. In that case, the 

continuum of activity that ranges from complete tran- 

scriptional inhibition, on the one hand, to maximal 

transcriptional activation, on the other, may be con- 

trolled by the ratio of coactivators to corepressors that 

are bound to receptors under specific conditions. That 
ratio could be controlled by, among other things, the 

type of ligand (agonist, antagonist, or none), the struc- 

ture of the promoter, and tissue-specific differences in 

the levels and types of endogenous coactivators and 
corepressors. Observations that the antiestrogen ta- 

moxifen is an antagonist in the breast, but an agonist 

in the uterus, could be explained by a model in which 

the stoichiometry of the receptor-bound factors 
shifts from an excess of corepressors to an excess 

of coactivators. Similarly, in breast cancers, muta- 

tions responsible for anomalous over- or underpro- 

duction of corepressors or coactivators during tu- 
mor progression could explain the tendency of 

tamoxifen-sensitive tumors to convert to tamoxifen- 
resistant states (86). 

Finally, is it too late to gain control over the bur- 

geoning alphabet soup of factor names and the ten- 

dency to rename existing factors, or are we already 
trapped by K. Yamamoto’s dictum that “scientists 

would rather share toothbrushes than nomenclature”? 
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Note Added in Proof 

After submission of this paper (Fondell et al., Proc Nat/ 
Acad Sci USA 93:8329-8333,1996) reported that TRa, in the 

presence of T,, associates in viva with a group of at least nine 

nuclear proteins termed TRAPS (thyroid hormone receptor- 

associated proteins). In an in vitro system reconstituted with 

general transcription factors, the liganded TRol/TRAP multi- 

protein complex enhances transcription from a promoter 

containing TR response elements above the intrinsic levels of 

ligand-occupied TRn alone. 
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