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Steroid Receptors at the Nexus
of Transcriptional Regulation

Thomas J. Barrett and Thomas C. Spelsberg*
Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, Minnesota 55905

Abstract During the past few years, our understanding of nuclear receptor action has dramatically improved as a
result of the identification and functional analysis of co-regulators such as factors involved in chromatin remodeling,
transcription intermediary factors (co-repressors and co-activators), and direct interactions with the basal transcriptional
machinery. Furthermore, the elucidation of the crystal structures of the empty ligand-binding domains of the nuclear
receptor and of complexes formed by the nuclear receptor’s ligand-binding domain bound to agonists and antagonists
has contributed significantly to our understanding of the early events of nuclear receptor action. However, the picture of
hormone- and hormone receptor-mediated mechanisms of gene regulation remain incomplete and extremely compli-
cated when one also considers the “nontraditional” interactions of hormone-activated nuclear receptors, for example,
interactions between the activated steroid receptors and components of the chromatin/nuclear matrix; and finally the
nongenomic effects that steroid hormones can exhibit with other signaling pathways. In this prospectus on steroid
receptors, we discuss the implications of various steroid hormone and nuclear receptor interactions and potential future

directions of investigation. J. Cell. Biochem. Suppls. 30/31:185-193, 1998.
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In order to further understand steroid hor-
mone/receptor function, we must gain even
greater insight into the numerous aspects of
nuclear receptor structure, receptor—ligand
structure, receptor—protein interactions, and re-
ceptor chromatin/nuclear matrix interactions.
In this report, we briefly mention several as-
pects of receptor structure and receptor—pro-
tein interactions that are likely to be critical to
the function of transcription regulatory com-
plexes. An increasing body of evidence suggests
that steroid hormones can also act through
“nontraditional” signaling mechanisms; the
ramifications of these interactions are just be-
coming elucidated, so this topic will be briefly
touched upon. These topics are all worthy of
lengthy review. The brief descriptions pre-
sented are meant as an introduction and to
point out the complexity of the issues involved
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before commenting on potential future areas of
investigation.

NUCLEAR RECEPTOR STRUCTURE

Many physiological events, such as develop-
ment, control of homeostasis, reproduction, in-
hibition or induction of cellular proliferation,
differentiation, and death, are regulated by the
actions of small lipophilic hormones acting
through nuclear hormone receptors that bind to
cognate hormone and function as ligand-regu-
lated transcription factors.

The nuclear receptor superfamily is a group
of transcriptional regulatory proteins that share
conserved structure and function. The super-
family includes receptors for a variety of lipo-
philic hormones such as steroids, thyroid hor-
mones, retinoids, and vitamin Dj. In general,
all members of the nuclear receptor superfam-
ily display a similar structural organization
with an N-terminal region A/B, followed by a
DNA-binding domain (DBD) consisting of two
zinc fingers (region C), a hinge region D, and
the hormone-binding domain (HBD) region E/F.
The transcriptional activity of the nuclear recep-
tors is mediated by way of two autonomous
transactivation functions, a constitutively ac-
tive activation function (AF)-1 located within
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the A/B region and a ligand-dependent AF-2
arising in the LBD [Hurd and Moudgil, 1998]
(Fig. 1).

The nuclear receptors bind DNA as ho-
modimers, such as the progesterone receptor
(PR), and/or as heterodimers, for example, the
retinoic acid receptor (RAR), thyroid hormone
receptor (T3R), and the vitamin D; receptor
(VDR), along with the promiscuous het-
erodimerization partner, retinoid X receptor
(RXR), to cognate hormone response elements
(HREs) [Mangelsdorf and Evans 1995]. These
specific DNA-binding sites are located in hor-
mone-regulated genes and show twofold rota-
tional symmetry, reflecting the subunit struc-
ture of a symmetrical homodimer, or direct
repeats with variable spacing between re-
sponse element half-sites for heterodimers
[Gronemeyer and Moras, 1995]. Simply, a stable
receptor—-DNA interaction and the AF struc-
tures mediate interactions directly or through
transcriptional intermediary factors (T1Fs) with
basal transcription factors resulting in en-
hanced or inhibited initiation of transcription
of hormonally regulated genes [Beato and
Sanchez-Pacheco, 1996].

STEROID RECEPTORS INTERACT WITH
“MOLECULAR MACHINES” THAT REGULATE
THE GENOME

The typical nucleus of a human somatic cell
contains approximately 50,000—-100,000 genes,
encoded by 6 X 10° base pairs (bp) of DNA at a
total length of about 2 m, all of which must fit
into the nucleus. The genes are packaged and
organized to allow the use of necessary genes
and the storage of less important genes. This
packaging and organization is achieved by pro-
teins that, together with DNA, form a complex
structure referred to as chromatin. The struc-
tural unit of chromatin is the nucleosome, which
consists of about 146 bp of DNAwrapped around
an octamer of four different histone proteins
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Fig. 1. Primary structure of a steroid receptor. lllustrated are
regions A-F with subdomains and their function represented as
black lines [Hurd and Moudgil, 1998].

(H2A, H2B, H3, and H4) [Van Holde, 1988].
Post-translational modification of histone pro-
teins has been shown to be an important modu-
lator of the repressive chromatin state through
acetylation. Therefore, chromatin organization
presents a sizable barrier to the process of RNA
transcription, inhibiting both the accessibility
of the general transcription machinery to pro-
moter sequences and the binding of upstream
regulatory proteins. So, how is the repressive
nature of chromatin structure overcome by tran-
scription factors, in particular, the nuclear re-
ceptors?

It appears that chromatin structure, whether
repressive or conducive to transcription, is
maintained by the complex interactions of large
multisubunit, energy requiring, protein com-
plexes referred to as molecular machines [Peter-
son and Tamkun, 1995]. Recent experimental
evidence in yeast suggests that a large, well
conserved multisubunit protein complex, the
switching mating type (SW1I) or sucrose nonfer-
menting (SNF) SWI/SNF complex, uses ATP-
hydrolysis to remodel chromatin to drive tran-
scription factors onto nucleosomal transcription
factor-binding sites, relaxing chromatin repres-
sion, and allowing transcription [Varga-Weisz
and Becker, 1998]. The yeast SWI/SNF complex
is not abundant and is not essential for viabil-
ity, whereas the RSC (remodels the structure of
chromatin) appears to be more abundant and
essential for viability [Gregory and Horz, 1998].
Thus, there appears to be an hierarchy of spe-
cialized chromatin modifying protein complexes.
The SWI/SNF complex disturbs chromatin
structure reversibly, allowing transcription fac-
tor access. If the transcription factor does not
bind the DNA, the complex reverts to inacces-
sible chromatin, as characterized by DNase 1
hypersensitivity [Cairns et al., 1996]. So there
appears to be a synergism between the remodel-
ing machinery and sequence-specific DNA-
binding factors. The direct protein—protein in-
teractions between SWI/SNF and non-nuclear
receptor transcription factors have yet to be
demonstrated.

However, targeted nucleosome remodeling by
SWI/SNF complex has been demonstrated. The
activated glucocorticoid receptor (GR) binds to
naked DNA with the same affinity as nucleo-
somal DNA. Moreover, GR does not disrupt
nucleosomal DNA. In the presence of mam-
malian SWI/SNF complex, in vitro GR bound
to DNA resulted in nucleosomal disruption
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[Oestlund et al., 1997]. Co-precipitation of GR
with SWI/SNF components implies direct pro-
tein—protein interactions [Yoshinaga et al.,
1992]. Thus, GR is able to recruit components
of the chromatin remodeling machinery.

Recent evidence also suggests that members
of the nuclear receptor superfamily switch, in a
ligand-dependent manner, between binding of
a multisubunit co-repressor complex contain-
ing factors with histone deacetyltransferase ac-
tivity, and binding of a co-activator complex
containing factors with histone acetyltransfer-
ase activity [Grunstein, 1997].

Steroid receptor co-activators (SRC)/nuclear
receptor co-activators (NCoA) were initially
identified biochemically as 160-kDa proteins
(p160) that interact directly with nuclear recep-
tors in an agonist and receptor AF-2 domain-
dependent manner. To date there are three
distinct but related p160 family members: SRC-
1/NCoA-1, TIF2/GRIP1/NCoA-2, and p/CIP/
ACTR/AIB1/RAC3/TRAM-1 [Torchia et al.,
1998]. All have been shown to potentiate the
transcriptional activity of several nuclear hor-
mone receptors. The nuclear receptor interac-
tion domain of cofactors p/CIP, SRC-1/NCoA-1,
and TIF2/GRIP1 contain three highly con-
served motifs that share a consensus amino
acid sequence, LXXLL (where X is any amino
acid) [Heery et al., 1997]. Similar motifs have
been identified in virtually all cloned factors
with the ability to interact with liganded recep-
tors, including CBP, TIF1 and receptor interme-
diary protein 140 (RI1P140) [Torchiaetal., 1997].
Since a comparable motif is present in the AF-2
domain of nuclear receptors and mutational
analysis has shown it to be functionally impor-
tant, it is conceivable that the LXXLL motif
provides the critical interactive surface to coor-
dinate the entire nuclear receptor/co-activator
complex.

Furthermore, evidence suggests that p/CAF
is a component of the co-activator complex.
Structurally, p/CAF contains a unique amino-
terminal domain and a carboxy-terminal region
that contains an histone acetyltransferase
(HAT) domain. The intrinsic HAT activity of
p/CAF can acetylate free histones H3 and H4
and nucleosomal H3 [Yang et al., 1996]. The
C-terminal can potentially interact with compo-
nents of the co-activator complex, including CBP
and SRC-1/NCoA-1, as well as the nuclear recep-
tors, progesterone receptor (PR) and retinoic
acid receptor (RAR) [Korzus et al., 1998]. To

date, HAT activity appears to be required for all
regulated transcription factors. These activi-
ties allow co-activator complexes to relieve his-
tone/chromatin-mediated transcriptional re-
pression.

In the absence of hormone, some nuclear
hormone receptors can bind DNA and act as
transcriptional repressors. This repressor activ-
ity resides in the region of the LBD of RAR and
thyroid receptor (T5R) and is functionally sepa-
rable from the AF-2 domain. These receptors
bind to two related proteins, known as nuclear
receptor co-repressor (NCoR) and silencing me-
diator for RXR and T;R (SMRT) that mediate
transcriptional repression by T;R and RAR
[Chen and Evans, 1995]. The core complex con-
tains other stably associated polypeptides, in-
cluding the histone deacetylases HDAC1 and
HDAC?2 [Hassig et al., 1997]. Other nuclear
receptors that have been shown to interact with
NCoR and SMRT are COUP-TF, REV-ErbA,
PPARy, and, importantly, antagonist-bound es-
trogen receptor (ER) and PR [Torchia et al.,
1997]. This suggests that nuclear receptors bind
DNA and mediate repression by recruiting the
NCoR/Sin3/RPD3 complex, resulting in histone
deacetylation and repression of transcription.
Ligand binding to hormone receptors results in
the replacement of the NCoR/Sin3/RPD3 repres-
sor complex, by a co-activator SRC-1/NCoA-1
complex with multiple potential HAT proteins
which catalyzes histone acetylation [Torchia et
al., 1997] (Fig. 2).

Furthermore, a direct interaction of the ER,
the PR, and the COUP-TF with the general
transcription factor TFIIB has been demon-
strated [Beato and Sanchez-Pacheco, 1996].
Interactions, between steroid receptors and
TFIIB could explain how receptors might re-
cruit and enhance the formation of the pre-
initiation complex and in turn initiation of poly-
merase Il transcription. Most likely direct
interactions with the co-activators is required
for the stabilization of the various complexes
needed for proper binding of proteins to the
promoter. This cooperative interaction (stabili-
zation) between the steroid receptor/co-activa-
tor complex and the transcription machinery is
probably not necessary in the repressive state
when antagonist-receptor/co-repressor com-
plexes are formed.

The nuclear receptors exhibit a high degree
of temporal, tissue, and gene specificity. How-
ever, most of the co-activators or co-repressors,
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Fig. 2. Nuclear receptor function: switch from co-repressor to
co-activation. In the absence of ligand, nuclear hormone recep-
tors, in particular ER, RAR, and PPARy, interact with a co-
repressor complex, shown containing N-CoR(SMRT), the his-
tone deacetylase HDAC and other proteins either not mentioned
in this review or as yet undiscovered (open ovals). Ligand
binding releases the co-repressor complex and allows the co-
activator complex with its associated HAT activity to interact.

described above, have very little specificity in
terms of where and when they are expressed
and the nuclear receptors with which they inter-
act. There may be still undiscovered co-activa-
tors whose expression is regulated spatially
and temporally or interacts in a nuclear recep-
tor specific manner. Interestingly, two such co-
activators have been recently described. The
co-activator, AIB1/SRC3 is overexpressed in
many human breast cancers and increases the
transcriptional activity of the estrogen receptor
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This interaction results in histone acetylation and transcriptional
activation. In addition, the inateractions between nuclear hor-
mone receptors and the co-repressor or co-activator complexes
may be regulated by a diverse array of nonsteroid-mediated
transduction pathways, represented as the potential actions of
protein kinase A (PKA) and MAP kinase pathways (MAPK)
[Reprinted with permission from Torchia et al., 1998].

[Anzick et al., 1997]. Moreover, PPAR~y co-
activator (PGC)-1 was cloned from a brown fat
cDNA library [Puigserver et al., 1998]. Expres-
sion of PGC-1 mRNA is dramatically increased
in both brown fat and skeletal muscle in mice
after being exposed to the cold. The addition of
PGC-1 to combinations of either PPARY/RXRa
or TRB/RXRa caused a dramatic ligand-depen-
dent increase in uncoupling protein (UCP-1)
promoter activity. Ectopic expression of PGC-1
in white adipose cells has been shown to acti-
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vate the expression of UCP-1 and mitochon-
drial respiratory chain enzymes [Puigserver et
al., 1998]. Differential interactions between the
steroid receptors and the co-repressors may
also prove important in understanding the mo-
lecular mechanism of some cancers. For ex-
ample, acute promyelocytic leukemia (PML) in-
volves the translocation and subsequent
expression of fusion proteins between acute
promyelocytic leukemia protein (PML) or PLM
zinc-finger protein (PLZF) with the RARa [Hong
et al., 1997]. Both fusion proteins interact with
co-repressor complexes and the addition of reti-
noic acid causes the PML-RARa to dissociate
from the co-repressor complex. By contrast,
PLZF-RAR«a interacts constitutively with the
co-repressor in the presence of retinoic acid
[Hong et al., 1997]. These results could provide
a potential mechanistic pathway and explain
why PML-RARa APL patients achieve com-
plete remission following retinoic acid treat-
ment, whereas PLZF-RARa APL patients re-
spond poorly to treatment. Clearly, further
investigation is needed to isolate and character-
ize other tissue- and/or receptor-specific trans-
activation factors.

Most, if not, all the contacts between the
components of the protein complexes (molecu-
lar machines) described above and the nuclear
receptors involves predominantly the LXXLL
motif of the transactivating factor binding to
the AF-2 domain of the receptor. This raises the
guestion of which factors are interacting with
the AF-1 domain and what potential mediating
effects on gene expression do these interactions
cause. In one such case, PGC-1 uses a domain
rich in proline residues to bind to the region
that overlaps the hinge and DNA binding re-
gion of PPAR~y [Puigserver et al., 1998]. This
suggests that PGC-1 may act in concert with
the other co-activators.

Moreover, the co-activators and the co-repres-
sors represent a previously unrecognized target
for nonligand-based signal transduction path-
ways. This may explain how certain nonligand-
mediated signal transduction pathways can in-
duce hormone-regulated target genes, even in
the absence of ligand, or can further enhance
the activation observed in the presence of hor-
mone. In some cases, the post-translational
modification occurs to the receptor itself [Hurd
and Moudgil, 1998], but there are instances
where no modification to the receptor can be
detected. Suk-Hyun Hong et al., [1998] showed

that activation of the tyrosine kinase signaling
pathway by epidermal growth factor (EGF) re-
ceptor leads to a block of T;R-mediated repres-
sion of gene transcription. These effects were
reported to occur via a kinase-initiated disrup-
tion of the ability of T3R to interact with SMRT
co-repressor. Tyrosine kinase signaling was also
able to disrupt the interactions with v-Erb A,
with retinoic acid receptors, and with PLZF, a
nonreceptor transcriptional repressor [Hong et
al., 1998]. Another intriguing finding is that
cAMP stimulation of cells converts the PR an-
tagonist, RU486, and the ER antagonist,
trans-OH tamoxifen, to agonists of their cog-
nate receptors in a cell- and promoter-specific
manner [Beck et al., 1993 and Fujimoto and
Katzenellenbogen, 1994]. The exact mecha-
nisms of these changing activities is not known.
This implies important regulatory effects on
transcriptional silencing may be mediated by a
variety of signaling pathways that operate
through the SMRT co-repressor complex.

NONTRADITIONAL ACTIONS OF NUCLEAR
RECEPTORS AND THEIR STEROID LIGANDS

Cell Plasma Membrane Sites

It is generally held that steroids hormones
such as progesterone (P,) act at a genomic level
by binding to its cognate receptor and modulat-
ing the expression of specific target genes. How-
ever, evidence demonstrates that P, or P, me-
tabolites bind directly to the uterine oxytocin
receptor (OTR), a member of the G-protein-
coupled cell membrane receptor family. Proges-
terone inhibits oxytocin binding to OTR-contain-
ing membranes in vitro and suppresses
oxytocin-induced inositol phosphate production
[Grazzini et al., 1998]. The direct interaction
between a steroid hormone and a G-protein-
coupled receptor could define a new level of
cross-talk between the steroid and peptide sig-
naling pathways. Progesterone or its metabo-
lites have also been shown to interact with the
GABA, receptor, the NMDA receptor, the nico-
tinic acetylcholine receptor and the sperm cell
membrane P, receptor [Puigserver et al., 1998
refs. within].

Working in another system, Sun et al. [1998]
and Duan et al. [1998] demonstrated that there
exists a functional synergy between the Sp-1
transcription factor and the ER. It was shown
that a transcriptionally active ER/Sp-1 complex
with GC-rich motifs is required for hormone
inducibility of target genes such as RARal,
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c-fos, and cathepsin D genes all in MCF-7 hu-
man breast cancer cells. Importantly, c-fos pro-
tooncogene expression is induced by both E,
and 4'-hydroxytamoxifen in MCF-7 cells,
whereas ICI 164,384 exhibits ER antagonists
activity. The differential expression is mediated
via the GC-rich motif. Thus, genomic Sp-1 bind-
ing sites may play an important role in the E,
responsiveness of some genes and also influ-
ence cell- and promoter/gene-specific differ-
ences in hormone-induced transactivation.

Nuclear Matrix

Earlier observations by many groups have
shown an association between various transcrip-
tion factors and the nuclear matrix. These inter-
actions appeared dynamic and to be cell type-
specific, cell cycle dependent, developmentally,
or hormonally controlled. In the case of the
glucocorticoid receptor (GR), Tang et al. [1998]
has identified a nuclear matrix targeting signal
(NMTS) in the 72 transactivation domain of rat
GR. The transactivation and nuclear matrix-
targeting activities of 12 were separable, as
transactivation mutants were identified that
either inhibited or had no apparent effect on
matrix targeting of t2. Co-transfection experi-
ments revealed a functional interaction be-
tween the NMTS of rat GR and the RNA-
binding nuclear matrix protein hnRNP U. One
can speculate that through its interaction with
hnRNP U, the GR NMTS, may serve to target
the receptor to the appropriate subnuclear com-
partment, where target genes are poised to
respond to activated receptors and associated
co-activators [Tang et al., 1998].

This laboratory has previously demonstrated
that the steroid receptor binding factor (RBF) is
a 10-kDa nuclear matrix-associated protein.
When bound to avian genomic DNA, RBF gener-
ates saturable high-affinity binding sites for
the avian PR [Schuchard et al., 1991a,b]. Re-
cent studies have shown that RBF binds to a
single-stranded 54-bp element in the 5’'-flank-
ing region of the progesterone-regulated avian
c-myc gene. The RBF binding element contains
a 5’-GC-rich domain and a 3’-AT-rich domain,
flanked by nuclear matrix DNA attachment
sites [Lauber et al., 1997]. The purified, recon-
stituted RBF appears to form direct protein—
protein interactions with PRB in solution, inhib-
iting the ability of the PRB homodimer to bind
a HRE and HRE/HMG2 complexes [Barrett et
al., 1998]. These data support an overall struc-

ture of the nuclear matrix acceptor site for PR
on the c-myc gene composed of RBF dimers
bound to single-stranded DNA, which is flanked
by nuclear matrix-like binding sites (Fig. 3).
Other groups have reported rapid progestin
stimulation of c-myc expression. However, the
overexpression of transiently transfected RBF
showed a decrease in reporter gene expression
in progesterone-treated cells when driven by
DNA sequences that contain the RBF element.
The RBF/c-myc gene interaction and/or RBF/PR
interaction might explain the paradoxical regu-
lation of c-myc transcription by progesterone in
different cellular systems, in particular, chick
oviduct [Fink et al., 1988] versus human breast
cancer cells [Moore et al., 1997].

RECEPTORS AS TARGET SITES FOR OTHER
RECEPTORS

Heterodimer formation among the members
of the steroid receptor superfamily adds to the
complexity and plasticity of this signaling path-
way, particularly when multiple genes and iso-
forms exist for ER, GR, PR, RXR, TR, COUP-
TF, and PPAR. As the expression of each isoform
depends on cell type and the stage of growth
and development, heterodimerization among all
these receptors results in the formation of an
extremely diverse group of receptors. Lee et al.
[1998] have demonstrated that the ERa can
form stable protein-protein interactions with
hepatocyte nuclear factor 4, TR, RAR, ERpB, and
RXR. Moreover, cotransfection of various combi-
nations of these receptors with ERa results in
differential patterns of transactivation regula-
tion by ERa. This implies ER is a common
interaction partner with these receptors, and
these interactions should mediate novel signal-
ing pathways in vivo.

The physiological implications of these non-
traditional interactions among the steroid recep-
tors has been accumulating. At activator pro-
teinl (AP1) sites, 17pB-estradiol activated
transcription in the presence of ERa, whereas
ERpB and 17B-estradiol inhibited transcription.
Moreover, the antiestrogens tamoxifen, Raloxi-
fene, and Imperial Chemical Industries (ICI)
164384 were potent transcriptional activators
with ERB at an AP1 site [Paech et al., 1997].
Thus the two ERs signal in different ways de-
pending on ligand and response element. This
suggest that ERa and ERB may play different
roles in gene regulation.
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Loops of chromatin fibers attached to the
nuclear matrix (scaffold). Nucleosomes and
30 nm fibers are not shown for simplicity.
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Fig. 3. Proposed model of RBF/DNA/steroid receptor interac-
tions. Left: The solenoid is organized into loop domains, with
the base of the loop attached to the nuclear matrix. The DNA
regions attached to the nuclear matrix contain AT-rich domains
and are referred to as matrix (scaffold)-associated regions (MARS
or SARS or S/IMARS). Razin and Gromova [1995] envisioned the
nuclear matrix as a system of channels connecting the nuclear
interior with the nuclear pores. Active DNA sequences, in terms
of transcription and replication, are attached to these channels
in such a way that the transport of important macromolecules

CONCLUSION AND PERSPECTIVES

In conclusion, our understanding of steroid
receptor action has increased greatly over the
last couple of years. However, the system has
become more complex leading to still more im-
portant questions that need to be addressed.
One question concerns the importance of the
stoichiometries of the various co-activators and
co-repressors and how modulating the relative
amounts of the transactivators alters the trans-
activation ability of the nuclear receptors [Mo-
ras and Gronemeyer, 1998]. A second question
concerns the potential role played by the AF-1

from the cytoplasm to the nucleus is rapid and efficient. Right:
Nuclear matrix DNA appears to attach to regions of DNA that
flank the RBF element. This novel dual nuclear matrix attach-
ment structure could play a role either in regulating the availabil-
ity of the RBF/DNA complex for steroid receptor binding by
forming twists, looping, or regions of ssSDNA. Alternatively, the
nuclear matrix could regulate steroid-induced gene transcrip-
tion after steroid receptor binding by forming open or closed
sites [Lauber et al., 1997 and Barrett et al., 1998].

region of the receptors in modulating receptor
actions and whether this region of the receptor
molecule can be targeted for therapeutic drug
design. A third question concerns the effects of
posttranslational modification, for example,
phosphorylation, of the co-activators and co-
repressors on receptor transactivation ability
and, again, whether this information can be
used for therapeutic drug design. A fourth ques-
tion concerns the allosteric effects of DNA on
the nuclear receptors [Lefstin and Yamamoto,
1998]. The theory states DNA acts as an alloste-
ric ligand whose binding alters the regulator’s
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affinity for other ligands, such as co-activators
and co-repressors. In essence, specific DNA se-
quences would control which interactive sur-
faces are available to contact other target fac-
tors. Afifth question concerns the possible other
nontraditional interactions of steroid hormone
with other transduction pathways and steroid
receptor interactions, for example, at the
nuclear matrix and how these interactions al-
ter cell function and gene expression. We look
forward to the answers to these questions and
to the new questions this research will gener-
ate.

ACKNOWLEDGMENTS

We thank Jackie House for the preparation of
the manuscript. We were unable to cite many
interesting studies by many of our colleagues
because of space constraints.

REFERENCES

Anzick SL, Kononen J, Walker RL, Azorsa DO, Tanner MM,
Guan XY, Sauter G, Pallioniemi OP, Trent JM, Meltzer
PS (1997): A1B1, a steroid receptor coactivator amplified
in breast and ovarian cancer. Science 277:965-968.

Barrett TJ, Tomlinson AJ, Benson LM, Lauber AH, Subra-
maniam M, Naylor S, Spelsberg TC Structure/function
analyses of a nuclear matrix-associated steroid receptor
binding factor. (Submitted).

Beato M, Sanchez-Pacheco A (1996): Interaction of steroid
hormone receptors with the transcription initiation com-
plex. Endocr Rev 17:587-609.

Beck CA, Weigel NL, Moyer ML, Nordeen SK, Edwards DP
(1993): The progesterone receptor antagonist RU486 ac-
quires agonist activity upon stimulation of cCAMP signal-
ing pathways. Proc Natl Acad Sci USA 90:4441-4445.

Cairns BR, Lorch Y, Li Y, Zhang M, Lacomis L, Erdjument-
Bromage H, Tempst P, Du J, Laurent B, Kornberg RD
(1996): RSC, and essential, abundant chromatin-remod-
eling complex. Cell 87:1249-1260.

Chen JD, Evans RM (1995): A transcription co-repressor
that interacts with nuclear hormone receptors. Nature
377:454-457.

Duan R, Porter W, Safe S (1998): Estrogen-induced c-fos
protooncogene expression in MCF-7 human breast can-
cer cells: role of estrogen receptor Sp1 complex formation.
Endocrinology 139:1981-1998.

Fink KL, Wieben ED, Woloschak GE, Spelsberg TC (1988):
Rapid regulation of c-myc proto-oncogene expression by
progesterone in the avian oviduct. Proc Natl Acad Sci
USA 85:1796-1800.

Fujimoto N, Katzenellenbogen BS (1994): Alteration in the
agonist/antagonist balance of antiestrogens by activation
of protein kinase A signaling pathways in breast cancer
cells: antiestrogen selectivity and promoter dependence.
Mol Endocrinol 8:296-304.

Grazzini E, Guillon G, Mouillac B, Zingg HH (1998): Inhibi-
tion of oxytocin receptor function by direct binding of
progesterone. Nature 392:509-512.

Gregory PD, Horz W (1998): Life with nucleosomes: chroma-
tin remodeling in gene regulation. Curr Opin Cell Biol
10:339-345.

Gronemeyer H, Moras D (1995): Nuclear receptors. How to
finger DNA. Nature 375:190-191.

Grunstein M (1997): Histone acetylation in chromatin struc-
ture and transcription. Nature 389:349-352.

Hassig CA, Fleischer TC, Billin AN, Schreiber SL, Ayer DE
(1997): Histone deacetylase activity is required for full
transcriptional repression by mSin3A. Cell 89:341-347.

Heery DM, Kalkoven E, Hoare S, Parker MG (1997): A
signature motif in co-activators mediates binding to
nuclear receptors. Nature 387:733-736.

Hong SH, David G, Wong CW, Dejean A, Privalsky ML
(1997): SMRT co-repressor interacts with PLZF and with
the PML-retinoic acid receptor alpha (RARalpha) and
PLZF-RARalpha oncoproteins associated with acute pro-
myelocytic leukemia. Proc Natl Acad Sci USA 94:9028—
9033.

Hong SH, Wong CW, Privalsky ML (1998): Signaling by
tyrosine kinases negatively regulates the interaction be-
tween transcription factors and SMRT (Silencing media-
tor of Retinoic acid and thyroid hormone receptor) core-
pressor. Mol Endocrinol 12:1161-1171.

Hurd C, Moudgil VK (1998): Steroid hormone receptor
families. In Conn M (ed): “Handbook of Physiology, Vol 1:
Cellular Endocrinology. Oxford University Press, p 383—
411.

Korzus E, Torchia J, Rose DW, Xu L, Kurokawa R, Mclner-
ney EM, Mullen TM, Glass CK, Rosenfeld MG (1998):
Transcription factor specific requirements for coactiva-
tors and their acetyltransferase functions. Science
279(5351):703-707.

Lauber AH, Barrett TJ, Subramaniam M, Schuchard M,
Spelsberg TC (1997): ADNA binding element for a steroid
receptor binding factor is flanked by dual nuclear matrix
attachment sites in the c-myc gene promoter. J Biol
Chem 272:24657-24665.

Lee SK, Choi HS, Song MR, Lee MO, Lee JW (1998):
Estrogen receptor, a common interaction partner for a
subset of nuclear receptors. Mol Endocrinol 12:1184—
1192.

Lefstin JA, Yamamoto KR (1988): Allosteric effects of DNA
on transcriptional regulators. Nature 392:885-888.

Mangelsdorf DJ, Evans RM (1995): The RXR heterodimers
and orphan receptors. Cell 83:841-850.

Moore MR, Zhou J-L, Blankenship KA, Strobl JS, Edwards
DP, Gentry RN (1997): A sequence in the 5 flanking
region confers progestin responsiveness on the human
c-myc gene. J Steroid Biochem Mol Biol 62:243-252.

Moras D, Gronemeyer H (1998): The nuclear receptor ligand-
binding domain: structure and function. Curr Opin Cell
Biol 10:384-391.

Oestlund Farrants A-K, Blomquist P, Kwon H, Wrange O
(1997): Glucocorticoid receptor-glucocorticoid response el-
ement binding stimulates nucleosome disruption by the
SW1/SNF complex. Mol Cell Biol 17:895-905.

Paech K, Webb P, Kuiper GGJM, Nilsson S, Gustafsson JA,
Kushner PJ, Scanlan TS (1997): Differential ligand acti-
vation of estrogen receptors ER-a and ER- at AP1 sites.
Science 277:1508-1510.

Peterson CL, Tamkun JW (1995): The SWI-SNF complex: a
chromatin remodeling machine? TIBS 20:143-146.



Steroid Receptors at Nexus of Transcriptional Regulation 193

Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiergel-
man BM (1998): A cold-inducible coactivator of nuclear
receptors linked to adaptive thermogenesis. Cell 92:829—
839.

Razin SV, Gromova Il (1995): The channels model of nuclear
matrix structure. BioEssays 17:443-450.

Schuchard M, Rejman J, McCormick DJ, Gosse B, Ruesink
T, Spelsberg TC (1991a): Characterization of purified
chromatin acceptor protein (receptor binding factor-1) for
the avian oviduct progesterone receptor. Biochemistry
30:4535-4542.

Schuchard M, Subramaniam M, Ruesink T, Spelsberg TC
(1991b): Nuclear matrix localization and specific matrix
DNA binding by receptor binding factor-1 of the avian
oviduct progesterone receptor. Biochemistry 30:9516—
9522.

Sun G, Porter W, Safe S (1998): Estrogen-induced retinoic
acid receptor a1 gene expression: role of estrogen receptor-
Sp1 complex. Mol Endocrinol 12:882—-890.

Tang Y, Getzenberg RH, Vietmeier BN, Stallcup MR, Egg-
ert M, Renkawitz R, DeFranco DB (1998): The DNA-
binding and 72 transactivation domains of the rat gluco-

corticoid receptor constitute a nuclear matrix-targeting
signal. Mol Endocrinol 12:1420-1431.

Torchia J, Rose DW, Inostroza J, Kamei Y, Westin S, Glass
CK, Rosenfeld MG (1997): Thre transcriptional co-
activator p/CIP binds CBP and mediates nuclear-recep-
tor function. Nature 387:677-684.

Torchia J, Glass C, Rosenfeld MG (1998): Co-activators and
co-repressors in the integration of transcriptional re-
sponses. Curr Opin Cell Biol 10:373-383.

Van Holde KE (1988): Chromatin.” New York: Springer-
Verlag.

Varga-Weisz PD, Becker PB. (1998): Chromatin-remodel-
ing factors: machines that regulate? Curr Opin Cell Biol
10:346-353.

Yang XJ, Ogryzko W, Nishikawa J, Howard BH, Nakatani
Y (1996): A p300/CBP-associated factor that competes
with the adenoviral oncoprotein E1A. Nature 382:319—
324.

Yoshinaga SK, Peterson CL, Herskowitz I, Yamamoto KR
(1992): Roles of SW11, SW12, and SW13 proteins for
transcriptional enhancement by steroid receptors. Sci-
ence 258:1598-1603.



	NUCLEAR RECEPTOR STRUCTURE
	Fig. 1.

	STEROID RECEPTORS INTERACT WITH ‘‘MOLECULAR MACHINES’’ THAT REGULATE THE GENOME
	Fig. 2.

	NONTRADITIONAL ACTIONS OF NUCLEAR RECEPTORS AND THEIR STEROID LIGANDS
	Fig. 3.

	RECEPTORSASTARGETSITESFOROTHERRECEPTORS
	CONCLUSION AND PERSPECTIVES
	ACKNOWLEDGMENTS
	REFERENCES

