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Nuclear receptors are ligand-dependent transcription factors which can also be ac-
tivated in the absence of their lipophilic ligands by signaling substances acting on
cell membrane receptors. This ligand-independent activation indicates the impor-
tance of nuclear receptor phosphorylation for their function. Nuclear receptor-
mediated transcription of target genes is further increased by interactions with re-
cruited coactivators forming a novel family of nuclear proteins. CBP/p3M), a coacti-
vator of different classes of transcription factors, including the tumor suppressor
protein p53, plays a special role acting as a bridging protein between inducible tran-
scription factors and the basal transcription apparatus, and as an integrator of di-
verse signaling pathways. Coactivators of nuclear receptors and associated proteins
forming a multicomponent complex have an intrinsic histone acetylase activity in
contrast to nuclear receptor and heterodimer Mad-Max corepressors, which recruit
histone deacetylase. Similarly the Rb protein interacts with histone deacetylase to re-
press transcription of cell cycle regulatory genes. Targeted histone acetylation/dea-
cetylation results in remodeling of chromatin structure and correlates with activa-
tion/repression of transcription. Recent data point to the important role of coactiva-
tor proteins associated with indueible transcription factors in transcription regula-
tion, and in the integration of multiple signal transduction pathways within the nu-

cleus.
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According to the classic model of lipophilic
hormone action the transcriptional control of
hormonally responsive genes is mediated by
specific high affinity intracellular receptor
proteins acting as ligand-dependent transcrip-
tion factors®*. The biochemical methods, in
particular the availability of purified hor
mones and antibodies, and molecular cloning
techniques, enabled the discovery of numer-
ous intracellular receptors representing an
evolutionary conserved class of proteins. Pre-
sent in diverse animal species — from worms
to insects and mammals — they form a large
and quickly growing superfamily of nuclear
receptors characterized by homologies in
their amino-acid sequences and similarity of
the mechanisms of action (Table 1).

Table 1. The nuclear receptor superfamily

their ligands are small, lipophilic molecules
very low concentration in the cell

L I I I B

that not all of the orphan receptors are likely
to be hormone responsive, some of these pro-
teins transactivate target genes in a ligand-
independent manner). Another division is
based on the nuclear receptor dimerization
and DNA-binding properties [1].

Nuclear receptors show a highly conserved
modular structure. They share three major
structural/functional domains: a variable N-
terminal domain containing ligand-indepen-
dent activation function, AF-1, and two evolu-
tionary conserved parts — a central DNA-
binding domain (DBD) and a multifunctional
C-terminal domain. Two multicysteine zinc
fingers of DBED make contact with the major
grove of DNA, while the recognition a-helix is
responsible for binding with specific DNA se-

evolutionary old proteins with highly conserved structure
similarity of structure (functional domains) and mechanism of action
as ligand-activated transcription factors they act in the nucleus (in contrast to membrane receptors)

acting as transcription factors they activate or repress transcription of a target gene (or gene networks) in tem-

porally defined sequence, in cell- or tissue-specific fashion
* functionally diverse, they control and coordinate complex events involved in development, differentiation,

metamorphosis, homeostasis

This highly evolved old superfamily of
eukaryotic transcription factors is often di-
vided into three large families, depending on
the structure of their ligands (the steroid re-
ceptor family, nonsteroid — or the thyroid/re-
tinoid/vitamin D — receptor family, and the
orphan receptor family of unknown ligand
and/or function. This last family comprises
numerous subfamilies each having multiple
members. The search for the hormonal activa-
tors of orphan receptors has led to the identi-
fication of several lipophilic compounds as
their cognate ligands. It appears, however,

quences, hormone response elements (HRE)
in target genes. The ligand binding domain
(LBD) situated with several other subdomains
in the C-terminal region has the essential
property of hormone recognition and binding.
Upon ligand binding it shifts the receptor to a
new conformational transcriptionaly active
state,

The field of nuclear receptors, showing a re-
markable progress, has been the subject of
many excellent reviews; a selection of the re-
cent ones, since 1995, will be found as refer-
ence numbers [1-10].

*Steroids, in addition to regulating gene transcription, can also evoke non-transcriptional responses in-
teracting with cell surface receptors. Non-genomic action of steroids is not, however, the subject of this

review.
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CLASSIC VERSUS LIGAND-INDEPEN-
DENT MODEL OF NUCLEAR
RECEPTOR ACTIVATION

Ligands of nuclear receptors are small lipo-
philic molecules which, unlike hydrophilic sig-
naling substances namely peptide hormone,
growth factors or neurotransmitters, pass
freely through the lipid bilayer of cell mem-
branes. Once inside the cell the ligand binds
specifically with its cognate receptor inducing
a sequence of events:
® release of chaperone proteins (HSP 90, 70,

53, p60 and p23) which keep steroid recep-

tors (but not nonsteroid and orphan recep-

tors) in a ,ligand-friendly” conformation

®homo- or heterodimerization

* phosphorylation of specific serine, threo-
nine or tyrosine situated in the N-terminal
domain

* direct association of receptor dimer with
specific DNA consensus sequences, HRE in
the target gene (steroid receptors; nonster-
oid and orphan receptors appear to be
bound to DNA in the absence of ligand,
ligand binding may cause dissociation of
corepressor proteins as discussed later)

#induction of transactivation function

®binding of coactivator protein(s) (compare
the chapter on coactivators of nuclear re-
ceptors).

For years it was generally accepted that
binding of a lipophilic ligand to a nuclear re-
ceptor is the sole and absolute requirement
for its activation resulting in modulation of
transcription of a target gene (classic model).
However, a few years ago came the first sur-
prising discovery that chicken progesterone
receptor can be activated and can induce tran-
scription of its target gene by the neurotrans-
mitter dopamine in the absence of the cog-
nate ligand, progesterone [11]. Now it is well
documented that some nuclear receptors
(such as estrogen, progesteron, androgen, vi-
tamin D, retinoic acid receptors, but appar-
ently not glucocorticoid and mineralocorti-
coid receptors) can be alternatively activated

in the absence of their lipophilic ligands by a
variety of extracellular signals. Data based
mainly on transfection experiments but also
on experiments in whole animals showed that
activation of membranereceptor-mediated
signal transduction pathways by hydrophilic
substances including dopamine, epidermal
growth factor, gonadotropin releasing hor-
mone, transforming growth factor ¢, insulin
and insulinlike growth factor I induce ligand-
independent transcriptional activity of some
nuclear receptors [12-18]. Other modulators
of kinase/phosphatase pathways, namely
cAMP, forskolin and an inhibitor of phos-
phatases, okadaic acid [13, 16, 17, 19], exert
similar alternative activation indicating the
importance of phosphorylation of specific
amino-acid residues in the receptor molecule
for its function. Although the phosphoryla-
tion status of steroid receptors correlates
with their activity [17, 20], this covalent modi-
fication is not the sole event responsible for
their activation. Numerous recent reports
show that the recruitment of coactivator or
corepressor proteins by nuclear receptors is
essential for their transcriptional activity as
will be discussed later on.

NUCLEAR RECEPTORS AS
INTEGRATORS OF DISTINCT
SIGNALING PATHWAYS. IMPLICA-
TIONS FOR ANTITUMOR THERAPY

Nuclear receptors activated by lipophilic
ligands or, alternatively, by several cell sub-
stances acting on surface receptors can be
considered the integrators of distinct signal
transduction pathways. Thus, the pathways
activated by hydrophilic and lipophilic signal-
ing substances via the membrane and nuclear
receptors, respectively, do not act independ-
ently, but are subject to cross modulation.
The interaction between different signaling
pathways converging on nuclear receptors is
shown in Fig. 1.
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A good example of the interaction (cross-
talk) between two signaling pathways trig-
gered at the cell surface and intracellularly is
the regulation of ornithine decarboxylase
(ODC) expression studied in author’s lab [21].
In mouse kidney the expression of ODC, the
key enzyme in polyamine biosynthesis, is un-
der control of testosterone. This androgen in
the presence of endogenous catecholamines
induces spectacular increase of ODC activity
{(700-fold) and its transeript level (12-fold).
However, catecholamine depletion drastically
decreases this induction suggesting that both
signaling substances — testosterone and cate-
cholamines — interact synergistically to maxi-
mally stimulate ODC expression [21].

Steroid hormones and growth factors are
two major regulators of breast and prostate
normal and cancerous growth [22-24]. The
growth of many tumors is initially stimulated
by estrogens or androgens, and the use of
their antagonists is the most common type of
endocrine therapy in the treatment of drug-

cytosol

m

Figure 1. Membrane
and nuclear recep-
tors. Interaction be-
tween different sig-
naling pathways.

responsive tumors. The application of anties-
trogen and antiandrogen chemotherapy can
lead, however, to steroid independence and to
antagonist resistance often connected with
the expression of mutant forms of estro-
gen/androgen receptors by resistant tumors
[25]. Some of these receptor mutants that fail
to bind lipophilic ligand may acquire constitu-
tive transcriptional activity [25], or may still
be activated by growth factors [26] and con-
tribute to cancer progression. Thus, under-
standing the cross-talk between these signal-
ing substances is important for effective anti-
tumor therapy.

Antiandrogens and antiestrogens widely
used for the treatment of prostate and breast
cancer may act sometimes as agonists leading
to tissue-specific stimulation of cellular prolif-
eration. Recent data suggest that the molecu-
lar mechanism of agonist activity of antian-
drogens depends on the promotion of andro-
gen receptor and its coactivator interaction
[27]). Moreover, activation of specific signal
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transduction pathways can convert steroid
antagonists into agonists by displacing
receptor-bound nuclear corepressors [28, 29].

COACTIVATORS
RECEPTORS

OF NUCLEAR

Contrary to the well known nuclear receptor
structure studied by X-ray and NMR spectros-
copy their complex molecular mechanism of
action is far from being understood. To modu-
late transcription inducible transcription fac-
tors, such as nuclear receptors, have not only
to recognize specific DNA motifs, but also to
communicate with components of the basal
transcription apparatus. Thus, transcriptional
regulation may involve a concerted action of
associated proteins recruited to nuclear recep-
tors by protein-protein interaction.

Table 2. Nuclear receptor coactivators

crystal structure of nuclear receptor C-
terminal domain revealed that a highly con-
served subregion termed activation function
2 (AF-2) of ligand-binding domain (LBD) is re-
quired for the recruitment of coactivator pro-
teins [31-33]. Upon ligand binding LBD un-
dergoes a conformational change resulting in
an extensive shift in position of the AF-2 re-
gion located in its last 12-th helix providing a
surface with which coactivator proteins can
interact.

Nuclear receptor coactivators identified re-
cently with biochemical and molecular biol-
ogy methods are listed in Table 2. The first co-
activator identified in 1995 [34] was SRC-1
(steroid receptor coactivator 1) which together
with its homologue TIF2 forms the novel, still
growing family of coactivators of nuclear re-
ceptors. Members of the family interact usu-
ally with several nuclear receptors (ARAq7,

Coactivator Interaction with a receptor

Remarks

SRC-1/N-CoAl/

p160/ERAP160 FR. ER, GR, RAR, RXR, TR

increases (more than 10x) transactivation induced by
nuclear receptors, forms a family of coactivators (se-

ce mofif LXXLL), interacts with CBP/p300 and

uen
l?’fCﬁF, histone acetylase (HAT) activity (H3, H4)
[34-37]

PR, ER, TR, RAR, RXR;

MASTER COACTIVATOR, binds nuclear receptors (se-

N L 1 otif LXX1.L) and other classes of trans-

(CREB-binding also: CREB, v-Jun, c-Jun, c-Myh, E:_‘].““Pe m ; !

; ion factors, interacts with SRC-1 and P/CAF, HAT
PIOMED) e 20, Sapla, oFos, STAT, NECB Sty Gioa, Hob, H, B (00-44] o A

specifically increases AR-induced transactivation (pros-

.. T e e tate and ofher tsoues) [40] e (Prov
RACE RAR, PR ] o OO
e e et Eene amphﬂcaunnandmcmsedexpmmnnmbmst
AN i R ien e and ovarian cancer (48]
P/CIP various nuclear receptors and forms complex with GBPI&&DD, homology with SRC-1,
.......................... other transcription factors sequemce motif LXXLL[49] ~ ™ "
TRAM-1 TR, ER, RAR, RXR forms complex with CBP/p300 and P/CAF [50]

The intensive studies of the last few years
have led to the identification of a novel family
of proteins called nuclear receptor coactiva-
tors that interact with nuclear receptors in a
ligand-dependent manner and potentiate
their transcriptional activity (30, 31]. X-ray

which shows absolute specificity towards an-
drogen receptor, is an exception) enhancing
their transactivation. All coactivators contain
one or more leucinerich charged helical se-
quence motif LXXLL (where X denotes any
amino acid} which is the family’s signature
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[51]. As shown recently these short character-
istic motifs responsible for the interaction
with the AF-2 region of nuclear receptors are
vital in mediating cooperative assembly of co-
activator complexes on nuclear receptors
[31]. Characteristic for nuclear receptor coac-
tivators and important for their function (as
will be discussed later) is their intrinsic activ-
ity of histone acetyltransferase (HAT) and re-
cruitment of another HAT protein, p/CAF
(which was very recently shown to form a his-
tone acetylase multiprotein complex [52, 53].

CBP/p300 IS A MASTER
COACTIVATOR

CBP, a huge protein consisting of 2.4 thous-
and amino acids was identified in 1993 as
CREB-binding protein [39, 54, 55], but very
goon it appeared that the role it plays is much
more important. Numerous studies revealed
that CBP and its close homologue p300, hav-
ing all properties of a nuclear receptor coacti-
vator (Table 2), interact also with other
classes of transcription factors, thus acting as
master coactivator and as an integrator of
multiple signal transduction pathways
[40-44, 56, 57]. Microinjection of anti-CBP
antibodies into cell blocks transcriptional ac-
tivity of several transcription factors causing
a functional knock-out [58]. Due to the limited
amount of CBP in the cell there is a competi-
tion for this coactivator between transerip-
tion factors activated by diverse signaling
pathways resulting in their antagonism or
synergism [56, 58, 59].

Moreover, CBP/p300 interacts with some
nuclear receptor coactivators (Table 2) and
binds components of the basal transcriptional
machinery such as TBP (TATA box binding
protein) and general transcription factor
TFIIB [56). Thus, CBP/p300 serves as a
bridging molecule linking promoter and in-
ducible transeription factors.

Of great interest was the recent finding that
CBP/p300 can also interact with the tumor

suppressor protein p53 thus becoming its co-
activator and potentiating transciptional ac-
tivity of p53 [60-63]. The formation of an in-
tranuclear complex between p300 and pb3
was observed when both proteins were coex-
pressed in the cell [61]. This colocalization is
prevented by virus oncoprotein E1A which in-
teracts with the same CBP binding site as
p53. The resulting competition of p53 and
E1A for CBP/p300 has dramatic conse-
quences — pH3 loses control over cell eycle,
and in spite of DNA damage cell proliferation
instead of cell eycle arrest is observed [64].

REVERSIBLE HISTONE ACETYLATION
MODULATES CHROMATIN
STRUCTURE

Active role of chromatin structure in the
regulation of transcription has been recently
widely recognized. One of the main chromatin
remodeling systems is histone acetylation
likely to play a key role in gene regulation in
eukaryotes [65-68].

Nucleosome, the main unit of chromatin, is
a protein-DNA complex that consists of a his-
tone octamer (two copies each of histones
H2A, H2B, H3 and H4) wrapped by a superhe-
lix of DNA [69-71]. Each histone, apart from
the structured three helix domain, has long
unstructured tails projecting out of the nu-
cleosome. N-terminal tails, rich in lysine are
positively charged which causes a tight asso-
ciation between DNA and histones, and be-
tween nucleosomes. These highly charged
core histone tails are target for reversible ace-
tylation mediated by histone acetylases/dea-
cetylases. Acetylation, by reducing net
charge, leads to a weakening of histone-DNA
contact, and to a loosening of internucleoso-
mal interactions. Thus, acetylation promotes
chromatin disruption and facilitates the ac-
cess for sequence-specific transcription fae-
tors and the basal transeription machinery to
a target gene. There is a general correlation
between the level of histone acetylation and
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transcriptional activity — hyperacetylated his-
tones are associated with transcriptionally ac-
tive chromosomal domains while hypoacety-
lated histones are detected at silenced re-
gions [66, 67].

It is to be noted, however, that modification
of chromatin through acetylation/deacetyla-
tion is not the sole determinant of its struc-
ture. Among multiple chromatin remodeling
systems evolutionary conserved SWI2/SNF2
family that alter nucleosome structure in an
ATP-dependent manner is of special impor-
tance [68, 72, 73].

HISTONE ACETYLASES/DEACETY-
LASES ARE INVOLVED IN
ACTIVATION/REPRESSION OF
TRANSCRIPTION

Highly conserved lysine residues in the N-
terminal tails of all four core histones are en-
zymatically acetylated in vivo; their acetyla-
tion is regulated by two families of enzymes,
the histone acetylases (HAT) and histone dea-
cetylases (HDAC). Recently several transcrip-
tional coactivators, including nuclear recep-
tor coactivators and CBP/p300, have been
shown to possess intrinsic HAT activity (Ta-
ble 2) [37, 47, 74]. Moreover, coactivator pro-
teins interact with the HAT protein, p/CAF,
forming a multicomponent coactivator com-
plex [75].

The presence of multiple HATSs in the same
coactivator complex (which may vary in com-
position depending on the class of transerip-
tion factors [76]) appears to be connected
with different substrate specificity of HAT
components [31, 76]. Acetylation of individ-
ual histones and even of a particular lysine
residue on the same histone may exert spe-
cific functional effects. Moreover, nonhistone
proteins (e.g., p53) may also be substrates for
coactivators with HAT activity; acetylation of
P53 by p300 dramatically stimulates its DNA-
binding activity [77].

In contrast to coactivators known to be his-
tone acetylases, recently characterized multi-
subunit corepressor complexes have been
shown to contain histone deacetylase, which
is required for transcriptional repression me-
diated by nuclear receptors, such as thyroid
hormone and retinoid receptors, and by Mad-
Max heterodimer [78-80]. Such targeted re-
cruitment of histone deacetylate activity re-
sults in localized perturbation of chromatin
structure and is a novel mechanism of tran-
scription repression [81].

Recruitment of histone deacetylase/acety-
lase by nuclear receptors appears to be the ba-
sis of the recently proposed three-step model
for transcriptional regulation by thyroid hor-
mone receptor [82]. Unliganded receptor
binds to its HRE sequence in a target gene
and recruits a deacetylase complex thereby
repressing transcription. In the presence of
thyroid hormone an exchange of corepressor
complex for coactivators with multiple HAT
activity occurs with concomitant activation of
transcription [82].

Several extremely interesting recent reports
document that also the retinoblastoma tumor
suppressor protein Rb represses transcrip-
tion by recruiting HDAC [83-86). pRb regu-
lates progression through the G1 phase of cell
cycle by inhibiting transcription of cell cycle
regulatory genes controlled by E2F family of
transcription factors. Once bound to EZ2F,
pRb recruits HDAC leading to transeription
repression reversed by its hyperphosphoryla-
tion by G1 cyclin-dependent kinases, CDK4
and CDKB.

Moreover, it appears that also DNA methyl-
ation-dependent transcriptional silencing
may relay on histone deacetylation. Namely,
MeCP2, a protein that selectively binds to
methylated DNA, exists as a complex with his-
tone deacetylase and some other proteins [87,
88].

Collectively, these recent data indicate that
targeted histone acetylation by recruited HAT
coactivators and deacylation by HDAC
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corepressors is important for remodeling REFERENCES

chromatin structure, and is a mechanism of
transcription modulation.

CONCLUDING REMARKS

The role of inducible transcription factors in
transcriptional regulation is well established
and unguestionable. Transcription factors
function by recognizing and binding to spe-
cific DNA consensus sequences in target
genes. However, from the recent findings it
appears that the regulation of transcription
requires also the participation of another
class of proteins that are recruited to se-
quence specific transcription factors by pro-
tein-protein interactions and potentiate
transactivation. These non-DNA binding pro-
teins — coactivators of transcription factors —
serve several important roles. Firstly, they
can act as bridging proteins between DNA-
bound transcription factors and the basal
transcription complex, and secondly through
histone acetylase intrinsic or recruited activ-
ity they alter the architecture of chromatin.
Finally, some transcription coactivators, such
as CBP/p300, play a critical regulatory role as
integrators of diverse signaling pathways
with the selective induction of gene expres-
sion.

Recently, the class of protein integrators ex-
panded with the surprising discovery that
SRC-1, originally identified as coactivator of
nuclear receptors, and its homologue p/CIP,
may also enhance transactivation mediated
by other classes of transcription factors act-
ing as coactivators of NFxB and AP-1 (SRC-1,
[89, 90]), and of CREB and STAT-1 (p/CIP
[76D).

The cooperation between different coactiva-
tor proteins, and competition for limiting
amounts of these molecules may explain nu-
merous examples of crosstalk between dis-
tinct signal transduction pathways.
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