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Glucocorticoids act on target cells via two isoforms of
intracellular glucocorticoid receptors (GRs) called
GRa (hormone-binding form) and GRp which does
not bind any glucocorticoids. A cycle of Hsp90 chap-
erone and co-chaperones maintains the functional status
of GRs and their recycling. The binding of a glucocor-
ticoid hormone to GRo leads to its activation and
translocation from the cytoplasm to nucleus. Gluco-
corticoids influence activities of genes of target cells
using two different types of mechanism. In type-1
mechanism, the hormone-bound GRa undergoes homo-
dimerization (GRa/GRa) or heterodimerization (GRa/
GRp). A homodimer binds directly to a glucocorticoid
response element (GRE) and activates gene transcrip-
tion. Binding of a heterodimer (GRa/GRpP) to GRE
induces only partial transactivation, because GRp
inhibits the hormone-induced, GRo-mediated stimu-
lation of gene expression by specifically inhibiting
GRE-mediated transcription. In some cases, a hormone—
GRa complex binds to a negative GRE (nGRE) and
suppresses transcription (transrepression). In type-2
mechanism, a hormoneGRa complex binds to other
transcription factors (TFs) and inhibits the transcrip-
tion of target genes stimulated by the TFs. GRo-
induced transactivation and transrepression of genes
may also involve several transcription co-activators and
dominant negative inhibitors respectively. The pre-
sent article provides critical information on structure
and types of GRs, GR gene, chaperone cycle, and
details of different types of mechanism of glucocorti-
coid actions.

The adrenal gland secretes corticosteroids and catechola-
mine hormones, which play a vital role in general adapta-
tion to ever-changing environment and emergency
situation, and help vertebrates in their successful sur-
vival'. The adrenal cortex produces a large number of
corticosteroids that are released into the circulation in
response to a wide range of stressful stimuli. Based on
their biological effects, these hormones are classified as
glucocorticoids (e.g. cortisol, corticosterone, cortisone,
etc.) and mineralocorticoids (e.g. aldosterone)’. Gluco-
corticoids are involved in the regulation of carbohydrate
metabolism, protein metabolism, lipid metabolism, oxi-
dative metabolism, electrolyte balance, anti-inflammatory
actions, immunosuppression, anti-tumour promoting acti-
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vity, apoptosis, general adaptation, reproduction, growth,
etc. (Figure 1)°. Since glucocorticoids are essential for
normal physiology and successful survival of vertebrates,
it is essential to understand the molecular mechanism of
their actions. During the last one decade, significant pro-
gress has been made in understanding the molecular basis
of glucocorticoid action. In this article, an attempt has
been made to summarize the recent findings related to the
structure of glucocorticoid receptor (GR), types of GR,
role of chaperones in GR cycle, activation and translocation
of GR and the details of mechanisms of glucocorticoid
action at the DNA level.

Glucocorticoid receptor

Glucocorticoid hormones produce their effects by activat-
ing specific cytoplasmic GRs. A GR is a ~ 94 kDa intra-
cellular phosphoprotein, which belongs to a phylogenetically
conserved super-family of steroid hormone receptors. In
the ligand-bound state, these receptors specifically bind
to and modulate the activity of target gene promoters. On
the basis of the amino acid similarities in different por-
tions of the protein, a typical glucocorticosteroid receptor
can be divided into six regions — A, B, C, D, E and F*.
All members of the super-family share three characteristic
functional and structural domains, which were first des-
cribed for GR (Figure 2). The most variable N-terminal
domain (A/B region) contains sequences responsible for
activation of target genes and interacts with the compo-
nents of the basal transcription machinery or with other
transcription factors™®. Two highly conserved a-helical
loops called ‘zinc fingers’ in the central portion of the
receptor molecule constitute the highly conserved 86-
amino acid DNA-binding domain (C region)™®. The
DNA-binding domain also participates in receptor dimeri-
zati0n9, nuclear translocationm, and transactivation''.
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Figure 1. Major actions of glucocorticoid in mammals.
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Each zinc finger at its base contains a zinc ion, which is
tetrahedrally coordinated to four precisely oriented cys-
teine residues'>"”. The two zinc fingers exhibit different
roles: one of the fingers, called the ‘recognition helix’,
projects into the major groove of the target DNA, where
it recognizes and binds to the glucocorticoid response
element (GRE) sequence, while the other finger mediates
binding to another GR to form a receptor homodimer'*.
The function of the moderately conserved C-terminal or
hormone-binding domain (D/E/F region) is even more
complicated. In addition to specifically binding the hor-
monal ligand'>'®, it contains sequences critical for the
binding of heat shock proteins'”'®, nuclear translocation',
dimerization’, transactivation'’*°, and sequences for silenc-
ing the receptor in the absence of hormone”'.

Types of GR

There are two isoforms of GR generated from a single
paternal GR gene. The GR gene contains a total of ten
exons and spans = 110 kilobases, with a minimum size of
80 kilobases. Exon 1 consists solely of 5’-untranslated
sequence, and exon 2 encodes the amino-terminal portion
of the receptor. The putative zinc fingers are separately
encoded by two exons. A total of five exons combine to
form the cortisol-binding domain. A single promoter has
been described for the human GR gene. However, expres-
sion of the GR gene in mouse seems to be controlled by
at least three promoters, resulting in GR transcripts with
different 5’-nontranslated exons designated as exons 1A
(restricted to T cell line), 1B and 1C (active to different
degrees in all tissues analysed so far). GR gene expres-
sion is regulated in a complex tissue-specific manner,
particularly by early-life environmental events that pro-
gramme tissue GR levels. Several rat GR mRNAs report-
edly encode a common protein, but differ in their 5’-
leader sequences as a consequence of alternate splicing
of eleven different sequences of exon 1. Alternative spli-
cing of the 3’-end of the primary transcript of the human
GR gene gives rise to a hormone-binding splice variant
94 kDa GRa composed of 777 amino acid residues, and
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Figure 2. Schematic linear diagram of glucocorticoid receptor. A/B,
Transactivation domain; C, DNA-binding domain; D, E/F, Hormone-
binding domain; NLS1, Nuclear localization signal 1; NLS2, Nuclear
localization signal 2.
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the wild-type receptor 91 kDa GRp having 742 amino
acid residues”>*’. Compared to GRa, GRp is widely exp-
ressed in adult and foetal human tissues, but differs from
GRa in that it is localized in the cytoplasm as well as in
the cell nucleus, independent of the presence of ligand™* .
These two receptor isoforms have the first 727 amino
acids in common, and thus, both possess the transacti-
vation and the DNA-binding domains. GRP is identical to
GRa through the first 727 amino acids, but differs from
GRoa only in its C-terminus, with replacement of the last
50 amino acid residues having unique additional 15 non-
homologous amino acid sequence. This variation renders
GRp unable to bind glucocorticoids, to get translocated
to the nucleus in the absence of GRa, and to be transcrip-
tionally active on a glucocorticoid-responsive enhancer.
However, GRP is capable of binding to GRE and forms
homodimers as well as heterodimers with GRa. GRp
can also associate with the heat shock protein (Hsp90),
although with lower affinity than GRo’’. Further, gluco-
corticoid treatment enhances GRa, but not GRP binding
to DNA. Recent studies using various mammalian tissues
and cell lines have revealed an additional, slightly smal-
ler, second hGR protein (molecular mass = 91 kDa) that
is not recognized by antibodies specific for the transcrip-
tionally inactive and dominant negative, non-hormone-
binding hGRp isoform. When a single GR ¢cDNA is trans-
fected in COS-1 cells, or transcribed and translated in
vitro, two forms of the receptor are observed, similar to
those seen in cells that contain endogenous GRa. On the
basis of these findings, it has been suggested that two
forms of the hGRa are produced by alternative trans-
lation of the same gene and are termed as hGR-A and
hGR-B. Further, functional analyses of hGR-A and hGR-
B under various glucocorticoid-responsive promoters
have revealed that the shorter hGR-B is nearly twice as
effective as the longer hGR-A species in gene trans-
activation, but not in transrepression.

Transactivation and transrepression activities of gluco-
corticoids are mediated by GRa™. Formation of trans-
criptionally impaired GRo/GRP heterodimer is an
important component of the mechanism responsible for
the inhibitory effects of glucocorticoids®*’ (Figure 3).
Transfection experiments with MMTV-CAT reporter
plasmid (pGMCS) and either pCMVS, pCMVhGRa or
pCMVhGRp in COS-1 cells and CV-1 cells have re-
vealed that in the absence of GRa, GRp is transcription-
ally inactive on the glucocorticoid-responsive MMTV
enhancer’®. CAT expression remained unchanged in the
hGRB-containing COS-1 cells treated with dexamethasone.
Similarly, in GRo receptor negative CV-1 cells trans-
fected with hGRP, CAT expression was not changed
following treatment with dexamethasone. However, in
HeLa S’ cells (which contain approximately 20,000 hGRo
receptors per cell) transfected with pGMCS alone, dexa-
methasone treatment resulted in 50-fold induction of CAT
activity. When these cells were cotransfected with
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increasing amounts of pPCMVhGRJ, the glucocorticoid-
induced, hGRa-mediated activation of the MMTV
enhancer was repressed in a dose-dependent manner. But
transfection of a 2-fold molar excess of the CMV-vector
backbone (pCMVS5) had no effect on hGRa-mediated
induction of CAT expression, indicating that hGRP was
responsible for the repression of MMTYV enhancer. Further,
the findings of experiments on HeLa S’ cotransfected
with pGRE2CAT and various amounts of pCMVhGRf
strongly suggest that GR represses the function of GRa
by specifically inhibiting GRE-mediated transcription%.
The negative activity of GR probably resides within its
unique carboxyl-terminal 15 amino acid residues®. A
recent report suggests that over-expression of the gluco-
corticoid receptor splice variant GRP in inflammatory
cells might contribute to steroid insensitivity in diseases
such as asthma®'.

GR and the chaperone cycle

GR is kept in a functional state by a cycle of chaperones
and co-chaperones. A schematic representation of chap-
erone cycle in relation to GR is depicted in Figure 4. In
the absence of a glucocorticoid hormone, GR exists in the
cytosol as a part of a multi-chaperone heterocomplex,
which exhibits a cycle of association and dissociation of
chaperones and co-chaperones. Recent reports suggest
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Figure 3. Schematic representation of type-1 mechanism of action of
glucocorticoid hormones. After binding a glucocorticoid, hormone-
bound GRo becomes activated and translocated to nucleus where it
undergoes dimerization, leading to formation of a homodimer (GRo—
GRo) or a heterodimer (GRo—~GRp). Binding of a homodimer (GRa—
GRa) to GRE activates transcription of a gene. However, binding of a
heterodimer {GRo—GRp) to a GRE leads to suppression of GRa-
stimulated gene transcription. GRP represses the stimulatory function
of GRa by specifically inhibiting GRE-mediated transcription. In con-
trast, binding of a hormone—GR complex {without undergoing dimeri-
zation) to a nGRE inhibits gene transcription. GRo, o isoform of
glucocorticoid receptor; GRp, B isoform of glucocorticoid receptor;
GRE, Glucocorticoid response element; H, Hormone; nGRE, Negative
glucocorticoid response element.
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that Hsp90 and Hsp70 are sufficient to interact with and
activate the GR. However, Hop, Hsp40, p23 and immuno-
philin act as nonessential but contributive co-chaperones
that optimize the assembly of Hsp90, Hsp70 and GR as a
heterocomplex™>™”.

Hsp70 is a molecular chaperone containing ATPase
activity. Hsp70 interacts with Hsp40 (Dnal, which regu-
lates many functions of Hsp70)'* and a co-chaperone
called Hsp70 interacting protein (Hip or p48). Hip plays
a critical role in the regulation of ATPase activity of
Hsp70 (ref. 35), and prevents inhibition of heterocomplex
assembly by BAG-1 as well as opposes BAG-1-induced
reduction of steroid binding activity’®. Hsp40- and Hip-
bound Hsp70 binds to a 60 kDa co-chaperone called Hsp
organizer protein (Hop). Hop acts as an adapter protein,
which binds both Hsp70 and a dimer of Hsp90 (ref. 37).
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Figure 4. Schematic representation of the cycle of Hsp90 chaperone,
co-chaperones and GR. This cycle is responsible for maintaining the
structure of GR and making it capable of hormone-binding. First,
Hsp70 in association with Hsp40 and Hip binds to GR. Then a dimer of
Hsp90 binds to Hsp70-bound GR. Simultaneously, Hop acts as a dock-
ing protein and binds to both Hsp90 and Hsp70, and completes the
formation of an intermediate complex. BAG-1 promotes dissociation of
Hop-bound Hsp70 complex from the intermediate complex, and simul-
taneous association of p23 and IP to GR-Hsp90 complex, leading to
formation of the mature complex. Then p23 facilitates dissociation of
IP and GR capable of hormone-binding from the mature complex.
Finally, CHIP stimulates dissociation of p23 from the Hsp90 dimer.
The functional GR either binds a glucocorticoid, otherwise it re-enters
the chaperone cycle in order to maintain its 3-dimensional functional
structure. BAG-1, Bcl-2-associated gene product-1; CHIP, Carboxy
terminal of Hsp70-interacting protein; GR, Glucocorticoid receptor;
GRE, Glucocorticoid response element; H, Hormone; Hip, Hsp70 in-
teracting protein; Hop, Hsp organizer protein; Hsp40, Heat shock pro-
tein 40; Hsp70, Heat shock protein 70; Hsp90, Heat shock protein 90;
1P, Immunophilin; p23, Phosphoprotein 23.
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The binding of Hsp70 to Hop facilitates binding of
Hsp90. The N-terminal domain of Hop interacts with the
C-terminus of Hsp70, while its C-terminal domain inter-
acts with C-terminal of Hsp90 (ref. 38). Hop also enhances
the rate of complex assembly’®. It is noteworthy that
Hsp70 and its co-chaperones are the first to approach the
receptor molecule’>*. In the first step, ATP- and Hsp40-
dependent binding of Hsp70 to GR primes the receptor
for its subsequent ATP-dependent binding and activation
by Hsp90 (refs 40 and 41). During the priming step,
ATP-bound Hsp70 is converted to GR-bound Hsp70 that
is approximately one-third in the ADP- and approxi-
mately two-third in the ATP-dependent conformation®.
This conversion initiates the opening of the hydrophobic
steroid binding pocket so that it can now accept the hy-
drophobic binding form of Hsp90, which in turn must be
converted to its ATP-dependent conformation for the
pocket to be accessible by glucocorticoids*. In the second
step, Hsp90, which is provided in the non-nucleotide-
bound state, is converted to GR-bound Hsp90 in the
ATP-dependent conformation. GR-2Hsp90-Hsp70-Hop
heterocomplex constitutes an intermediate complex.

After formation of the intermediate complex, another
co-chaperone called Bcl-2-associated gene product 1
(BAG-1) competes with Hop for binding to ATPase do-
main of Hsp70 (ref. 43). BAG-1 binds to the ATPase
domain of Hsp70 and modulates its chaperone activity by
acting as an ATP-triggered substrate discharging factor
for Hsp70 (ref. 44). The interaction of BAG-1 with Hop
leads to dissociation of Hsp70 machinery and Hop from
the intermediate complex. Simultaneously, the Hsp90—
GR complex gets associated with a large immunophilin
(IP) and a co-chaperone called p23 (ref. 45), and becomes a
mature complex. Thus, the mature complex contains GR,
a dimer of Hsp90, IP and p23. The co-chaperone p23
binds directly to Hsp90 homodimer, and this interaction
requires an ATP- and temperature-dependent conforma-
tional change in Hsp90 (ref. 46). In the receptor hetero-
complexes, the large TPR-containing immunophilin (e.g.
cyclophilin (Cyp-40), FKBP51, and FKBP52/Hsp56) tar-
gets a single TPR acceptor site on Hsp90, and acts coordi-
nately with Hsp90 to modulate receptor activity®**. p23
couples the ATPase activity of Hsp90 to polypeptide dis-
sociation and, thus, functions as a substrate release factor
for Hsp90 from its substrate and co-chaperones™. Due to
the activity of p23, GR capable of corticoid binding and
IP are released from the mature complex with simultane-
ous release of Hsp90—p23 complex. Then, an interaction
partner of Hsp70 called carboxyl terminus of Hsp70-
interacting protein (CHIP) interacts directly with a tetra-
tricopeptide repeat acceptor (TPR) site of Hsp90, and
negatively regulates chaperone function by eliciting release
of the regulatory cofactor p23 (ref. 50).

The Hsp90 heterocomplex undergoes constant cycle of
dissociation and ATP- and Hsp-dependent association in
the absence of corticosteroids’'. This cycle takes several
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minutes, and is completely independent of the hormone®’.
Interestingly, Hsp90-partner proteins exist independent
of the presence of the hormone. Apparently, the main
function of the GR-Hsp complex is to keep the receptor
in a transcriptionally inactive, yet in the high affinity
glucocorticoid binding state™”.

The GR released from the mature complex binds to a
glucocorticoid molecule and forms a hormone—-GR com-
plex, which binds to GRE or negative GRE (nGRE) lead-
ing to activation or inactivation of gene(s) respectively.
However, in the absence of a glucocorticoid, the GR
re-enters the chaperone cycle in order to maintain its 3-
dimensional functional structure (Figure 4). Further, the
steroid-binding activity and transactivation potential of
the receptor are abolished by CHIP. CHIP also induces
ubiquitylation of GR and its degradation by proteasomal

53
enzymes™.

Activation and translocation of GR

As lipophilic steroids, glucocorticoids are able to readily
enter the cell by free diffusion across the lipid bilayer of
the cell membrane into the cytoplasm to interact with the
intracellular GR. Once inside the cell, the glucocorticoid
molecule binds the GR and induces a poorly understood
process known as receptor activation. Ligand binding
induces conformational changes in the GR molecule, that
has a number of functional consequences”’“. Furthermore,
the partially phosphorylated receptor becomes hyper-
phosphorylated, mostly at serine residues. Subse-
quently, nuclear localization signal 1 (NLSI) adjacent to
DNA-binding domain and nuclear localization signal 2
(NLS2) that overlaps with the ligand-binding domain of
the receptor are unmasked, resulting in the movement of
the GR to the nucleus™. The rapid nuclear import of GR
seems to be mediated by NLS1 and correlates with bind-
ing of GR to pendulin/importin o.. NLS2 mediates slow
nuclear import of GR and forms an alternative nuclear
import pathway”’. The relevance of GR phosphorylation,
whether it has any impact on the GR-mediated regulation
of transcription, is not well established, and remains arbi-
trary’®’. There is a possibility that the phosphorylation
status of the GR co-determines its subcellular localization
rather than its transcriptional activity®”. For unidirec-
tional movement to occur, the receptor is attached to a
retrograde movement system like the cytoplasmic dynein
(a motor protein involved in retrograde transport of vesi-
cles towards the nucleus) in a manner that involves the
nuclear localization signal®'.

The 643-proline of GR ligand-biding domain has been
implicated in both stabilizing the receptor-Hsp90 com-
plex and in permitting an efficient nuclear translocation.
It, thus, supports the concept that the chaperone is an
integral component of the steroid-receptor signalling
pathway®. Further, under physiological conditions in
which the cytoskeleton is intact, the GR utilizes a move-
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ment machinery (which is dependent on Hsp90 chaper-
one) for its rapid movement from the cytoplasm to the
nucleus along cytoskeletal tracts®. In the chaperone sys-
tem, FKBPS52 specifically facilitates trafficking of gluco-
corticoid-bound GR®* and targets retrograde movement
of the GR along microtubules by linking the receptor to
the dynein motor®"®. The Hsp90 chaperone machinery is
also involved in chromatin recycling of GR.

The nuclear export of GR seems to limit receptor
down-regulation and desensitization, resulting in increased
efficiency of biological response to secondary hormone
challenges®'. The mechanism of nuclear export of GR is
not well established. It has been demonstrated that recep-
tors that accumulate within nuclei upon ligand binding
are not statically confined to that compartment, but rather
have the capacity to reversibly traverse the nuclear
envelope. Further, the ability of various GR mutants to
shuttle between nuclei of heterokaryons excludes tran-
scriptional activation and DNA binding as prerequisites
for nucleocytoplasmic shuttling of GR. In situ biochemi-
cal extractions have revealed a distinct subnuclear com-
partment, which collects GRs that have been released
from chromatin and serves as a nuclear export staging
area. GRs that release from chromatin do not require
transit through the cytoplasm to regain functionality.
Since geldanamycin (a hsp90-binding drug) inhibits hor-
mone-binding to recycled nuclear GRs, hsp90 may be
required to reassemble the receptor into a form capable of
productive interactions with the hormone. Further,
geldanamycin also inhibits GR release from chromatin
during hormone withdrawal. These findings suggest that
hsp90 chaperone function may play multiple roles to faci-
litate chromatin recycling of GR. In addition to Hsp
complex, protein phosphatase 5 (PP5) is also involved in
the regulation of GR nucleo-cytoplasmic shuttling, and
its inhibition leads to accumulation of GR in the nucleus®’.
Hormone withdrawal leads to dissociation of GR from
chromatin. It seems that the 69-amino acid DNA-binding
domain (DBD) of GR, which is unrelated to any known
nuclear export sequence (NES), is necessary and suffi-
cient for nuclear export of GR. It is important to mention
that the DBD is highly related (41-88% identity) in ster-
oid, nonsteroid, and orphan nuclear receptors and DBDs
from ten different nuclear receptors reportedly function
as export signals. DBD-dependent nuclear export is satu-
rable, and prolonged nuclear localization of the GR in-
creases its transcriptional activity. There are indications
that NLS can influence nuclear processing pathways that
culminate in efficient nuclear export. It, thus, seems that
NLS-mediated import and DBD-mediated export jointly
define a shuttling cycle that integrates the compartmen-
talization and activity of nuclear receptors.

Mechanisms of action of glucocorticosteroids

The glucocorticoid-bound GR can modulate gene trans-
cription in the nucleus in two ways. It can either activate
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or repress the transcription of target genes by interacting
with short, palindromic DNA sequences — called gluco-
corticoid response elements (GREs). Activation of tran-
scription is usually the result of a direct interaction
between the GR and the GRE. However, repression of
transcription is either the result of an indirect action of
GR mediated by a response element as a result of pro-
tein—protein interaction, or by an occlusion mechanism in
which GR displaces a general or regulatory transcription
factor (TF)®®. In order to simplify the presentation, direct
activation or repression of target genes by glucocorticoid-
bound GR has been termed as type-1 mechanism, while
indirect inhibition of target genes by hormone-activated
GR has been termed as type-2 mechanism.

Type-1 mechanism of action

The type-1 mechanism of glucocorticoid action repre-
sents the classic model of GR action, and it is character-
ized by the GR interacting with specific DNA sequences
(Figure 3). After activation by glucocorticoids, the acti-
vated GRs proceed rapidly to the cell nucleus, and bind
to GRE in the promoter region of the glucocorticoid-
responsive genes”, as a homodimer’’. The GRE has been
reported to have two defined stretches of nucleotides
separated by undefined nucleotide creating two half-sites.
The consensus sequence of GRE is 5-AGAACAnnn-
TGTTCT-3’, where n can be any nucleotide'>’". Mem-
bers of the nuclear receptor superfamily often recognize
response elements with similar or even identical half-site
sequences, but with different orientations or spacing’>”.
For instance, the estrogen response element (ERE) differs
from the GRE only by changes in the central two base
pairs in their identical 6 bp half-site’*. Exchange of only
two bases at the homologous portion within the 15 bp
palindrome, altering the heptanucleotide TGACCT to
TGTTCT leads to loss of estrogen response and to induc-
tion of glucocorticoid response’”. The DNA-binding domain
of GR binds cooperatively to specifically spaced target
half-sites in the DNA, and this specific DNA association
induces receptor dimerization’®. The subunits of GR
homodimer then interact with adjacent major grooves of
the DNA via their amphiphatic-helices’’. As a result of
dimerization, two recognition helices, one from each
subunit of the dimer, are symmetrically extended into the
two adjacent major grooves of the GRE sequence”'”’.
When bound to the GRE, the GR homodimer interacts
with components of the basic transcription machinery,
either directly (i.e. by physical contact between the GR
transactivation domains and basic transcription factors
TFIIB) or indirectly (i.e. via ‘bridging’ factors such as
steroid receptor co-activator, SRC)79’80. Moreover, bind-
ing of the GR homodimer has been reported to induce
chromatin remodelling in the respective promoter region,
thereby allowing other transcription factors to bind to
previously inaccessible DNA®!.
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In addition to its function as a ligand-dependent activa-
tor of transcription, in some promoters, binding of the
activated GR to so-called negative glucocorticoid response
elements (nGREs) causes inhibition of transcription. The
nGREs are less well-defined than positive GREs, and
their gene-repressive function appears to be context-
dependent®. GR is presumed to bind to the nGRE and
interferes with transcriptional activation by transactivat-
ing factors®. The mechanism of action for GR on nGRE
seems to involve displacement of a positive regulatory
protein from the promoter®. The prototype of nGRE is
located in the pro-opiomelanocortin (POMC) promoter
and only slightly resembles the classic GRE. Instead of
binding GR homodimer, the nGRE reportedly accommo-
dates three molecules of GR™. For reasons that are not
well understood, the GR—nGRE complex represses trans-
cription of the POMC gene®'.

Some proteins function as transcription co-activators
for the GR, and enhance and/or enable the transcriptional
activity of ligand-activated GR*’. Prominent among these
co-activators is the 160 kDa protein, named as the steroid
receptor co-activator (SRC) family, which consists of
SRC-1 (p160), GRIP1 (TIF2/SRC-2), and SRC-3 (RAC3/
ACTR/TRAM-1/AIB1/pCIP)*"®*. These cofactors inter-
act with nuclear receptors in a ligand-dependent manner
and enhance transcriptional activation by the receptor via
histone acetylation/methylation and recruitment of addi-
tional cofactors®. Other examples of proteins recently
identified as GR co-activators are CREB binding protein
(CBP/p300)°, HMG-1 proteins’’, 14-3-3 proteins®’,
STAT 5 (ref. 93), COUP-TFI**, GRIP®, hRPF1 (ref. 96),
hPGC-1 (ref. 97), SWI-SNF”®, RAP-46 (ref. 99), and
RIP140 (ref. 100). Detailed scrutiny of SRC family
members has led to identification of a conserved motif,
LXXLL (where L is leucine, X is any amino acid), termed
as the nuclear receptor (NR) box'"', which is necessary
and sufficient to mediate binding of the coactivators to
liganded nuclear receptors™®'%*.

Nuclear receptors activate gene transcription by bind-
ing to specific enhancer elements and recruiting co-acti-
vators to promoters of target genes. The co-activators in
turn enhance transcription by recruiting secondary co-
activators, including histone acetyltransferases (e.g. CBP
and p300/CBP-associated factor, p/CAF) as well as pro-
tein methyltransferases'®. Binding of the activated receptor
to the enhancer region directs modification of the local
chromatin structure into a transcriptionally permissive
state (derepression), followed by recruitment of TFs to
form a preinitiation complex at the promoter'®. The cell
cycle regulator, retinoblastoma protein, is known to
potentiate glucocorticoid receptor-activated transcription
through the interaction of its pocket domain with the
transcription co-activator, hBRM. Recently, it has
been reported that GR-induced apoptosis also depends
on retinoblastoma protein, and hBRM.p107 and pl130
(ref. 105).
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Type-2 mechanism of action

Several effects of glucocorticoids are achieved by inhi-
bition of target genes, especially in anti-inflammatory,
immunosuppressive and antitumour activities that involve
negative transcription regulation of immune genes, such
as collagenase gene, interleukin-2 gene and strolemysin
genemé. The nGRE has no involvement in inhibition of
these genes, and the transcription repression of these genes
is regulated through a different mechanism'®’ — now being
termed as the type-2 mechanism of GR action (Figure 5).
It is important to mention that these genes are positively
regulated by a pro-inflammatory transcription factor (TF)
composed of dimers of Jun and Fos proteins belonging to
activation protein (AP)-1 family (e.g. c-Jun, Jun-B, Jun-
D, c-Fos, Fos-B, Fos-B2), or activating transcription fac-
tor (ATF) family proteins (e.g. Fra-1, Fra-2), which bind
to a common DNA site called the AP-1-binding site'®®.
The activity of AP-1 TFs is modulated by growth factors
and cytokines via mitogen-activated protein kinase
(MAPK)'*”. AP-1-mediated activation of transcription is
reportedly inhibited by hormone-activated GRa on the
promoters containing AP-1 binding sites, but not on GRE
or nGRE"®'"'!'_ If a GRE and an AP-1 binding site over-
lap to form a single element with new properties, the
hormone-bound GR« is inactive in the absence of c-Jun,
stimulatory in the presence of c-Jun, and inhibitory in the
presence of both c-Jun and c-Fos''"%. Similarly, GRa also
interacts with c-Fos and c-Jun heterodimers to alter trans-
criptional properties of the heterodimers negativelym.
Besides AP-1, other transcription factors are also regu-
lated by GRo in a similar manner. For example, GR-
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Figure 5. Schematic representation of type-2 mechanism of action of

glucocorticoid hormones. In this type of action, a hormone-bound GRo
binds to a transcription factor (TF) and suppresses the TF-induced
transcription. For example, hormone-bound GRa binds to a c-Jun—c-
Fos dimer and suppresses the gene transcription stimulated by the
dimer. In general, a dimer of GRa binds to a GRE and stimulates the
transcription of a target gene. AP-1 binding sites, Activation protein-1
binding sites; GR, Glucocorticoid receptor; GRE, Glucocorticoid
response element; H, Hormone.
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mediated transrepression is reported for nuclear factor
NF-kB''*!" | the octamer transcription factors Oct-1 and
Oct-2 (ref. 116), the Spi-1/Pu.l (OTF-1) oncoprotein''’,
hepatocyte nuclear factors (HNFs)''®, GATA-1 (ref. 119),
eukaryotic co-chaperone BAG-1M'?, CAACC and
CCAAT box binding factor'?', and other activated recep-
tors of steroid superfamily (e.g. estrogen receptor and the
thyroid hormone receptor)'”. In addition, hormone-
activated GRa has also been reported to interact with the
glucocorticoid modulatory element (GME)'*.

Proteins that interact with steroid and other nuclear
receptors, and serve as transcriptional co-repressors, in-
cluding nuclear receptor co-repressor (N-CoR), and silenc-
ing mediators for retinoid and thyroid hormone receptors
(SMRT) have also been identified'**. These nuclear factors,
which interfere negatively with GR-mediated transactiva-
tion, are referred to as dominant negative inhibitors.
These factors seem to represent the most significant
endogenous regulators of glucocorticoid responses, and
can act through the following mechanism: (i) creation of
steric hindrance of the GR by binding to DNA sequences
overlapping a GRE, (ii) competition with GR for GRE
binding, and (iii) squelching of necessary factors for the
interaction of GR with the basic transcription com-
plex®122,

Like AP-1, NF-xB has also been shown to activate
transcription of genes involved in inflammatory diseases
such as rheumatoid arthritis and asthma'”’. NF-xB has
been reported to act synergistically in the induction of
some proinflammatory genes in lung epithelium'*. In
addition, many inflammatory genes that are repressed by
glucocorticoids, but do not have nGREs in their promot-
ers, carry sites for AP-1 as well as for NF-xB '*’. NF-kB
functions as a dimeric DNA-binding protein that com-
prises subunits from a family of related proteins called
the Rel family, which includes p65 (Rel A), Rel B, c-Rel,
p50/p105 (NF-xB 1), p100/p52 (NF-xB 2), and the Dro-
sophila melanogaster proteins Dorsal and Dif'**. The
various members of the Rel family can homodimerize or
heterodimerize with other Rel proteins to form DNA-
binding competent NF-xB factors with different sequence
specificity129’130. Reports indicate that GR and NF-xB
physically interact'”! and function as mutual transcrip-
tional antagonists’***'"*>. Since both these transcription
factors are known to be potent regulators of the immune
system, elucidation of the mechanisms by which GR and
NF-xB negatively interact, not only provides the basis
for understanding their role in the precise control of nor-
mal immune response, but also opens up the possibility of
novel therapeutic intervention in immune pathology.

Summary

Glucocorticoids act on target cells through their specific
intracellular GRs, and produce stimulatory or inhibitory

CURRENT SCIENCE, VOL. 83, NO. 9, 10 NOVEMBER 2002

actions by stimulating or inhibiting gene activity and
transcription. GR, which belongs to the superfamily of
steroid receptors, is synthesized in two isoforms, GRa
(which binds glucocorticoids) and GRP (which cannot
bind hormones). GRa shuttles between the cytoplasm
and the nucleus, and its nuclear import and export are
controlled by a complex mechanism. GRP is present pre-
dominantly in the cell nucleus. A cycle of Hsp90 and
co-chaperones is essential for maintaining the folding of
GR protein, and also for making it capable of binding to
glucocorticoids. After binding of a glucocorticoid, GRa
becomes activated, hyperphosphorylated and finally
translocated to the nucleus. After translocation, the hormone-
bound GR alters gene activity and transcription via two
types of mechanism, now termed as type-1 mechanism
and type-2 mechanism. In type-1 mechanism, hormone-
bound GRa undergoes homodimerization (GRo—GRa) or
heterodimerization (GRo—GRp) in the nucleus. The
homodimer binds to a GRE and stimulates transcription
of gene(s). However, binding of a heterodimer to a GRE
induces only partial activation of transcription of a gene
(transactivation). nGRE can bind a maximum of three
hormone-receptor complexes (without undergoing dimeri-
zation), resulting in inhibition of transcription of a gene
(transrepression). In type-2 mechanism, the hormone-
bound GRa binds to other transcription factors (TFs)
belonging to AP-1 family (e.g. c-Jun, Jun-B, Jun-D, c-Fos,
Fos-B, Fos-B2) or activating transcription factor (ATF)
family proteins (e.g. Fra-1, Fra-2) and inhibits the tran-
scription of target genes stimulated by the respective TFs.
Further, GRa-induced transactivation may also involve
several transcription co-activators (e.g. steroid receptor
co-activator (SRC) family composed of SRC-1, GRIPI,
and SRC-3, CBP, HMG-1 proteins, STAT 5, COUP-TFI,
GRIP, RIP140, RAP-46). There are also dominant nega-
tive inhibitors (e.g. nuclear receptor co-repressor, N-CoR
and silencing mediator for retinoid and thyroid hormone
receptors, SMRT), which interfere negatively with GR-
mediated transactivation.
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