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Abstract Glucocorticoid action in cells is mediated by a
specific receptor protein, the glucocorticoid receptor (GR).
GR is a member of a superfamily of ligand-inducible
transcription factors that control a variety of physiological
functions; such as, metabolism, development, and repro-
duction. Unliganded GR is predominantly localized within
the cytoplasm but rapidly and efficiently translocates to the
nucleus following hormone binding. This review will focus
on the intracellular signaling pathway utilized by the GR
including the mechanisms that control its intracellular
trafficking, hormone binding and transcriptional regulation.
Many receptor-interacting proteins are involved in distinct
steps in GR signal transduction, each with a unique
mechanism to regulate receptor action and providing
potential drug targets for the manipulation of cellular
responses to glucocorticoids.
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1 Introduction

In a clinical setting, glucocorticoids are widely used as anti-
inflammatory agents to control both acute and chronic
inflammation. Research on steroid hormones began in the
late 1800s and flourished during the twentieth century. The
prevailing dogma of the time insisted these hormones were
involved in enzymatic processes of metabolism and
rebuked the idea of hormones working through receptors.
In the early 1960s, utilizing a tritiated form of estrogen,
Elwood Jensen and colleagues demonstrated that a hor-
mone can be taken up and retained by specific tissues, thus
leading to the identification of the estrogen receptor [1].

In 1950, Edward Kendall, Tadeus Reichstein, and Philip
Hench were awarded the Nobel Prize in Physiology or
Medicine for their studies on the structure and physiolog-
ical effects of glucocorticoids. Working independently,
Kendall and Reichstein isolated and determined the
chemical structure of cortisol. Dr. Hench administered
cortisol to patients suffering from rheumatoid arthritis;
thereupon, exposing glucocorticoids as effective therapeutic
agents [2]. In 1966, Allan Munck first identified the
receptor for glucocorticoids from his experiments on rat
thymic lymphocyte cytosol [3]. Subsequently, Ron Evans
and his colleagues cloned the receptor in 1985, igniting an
explosion of molecular studies on the glucocorticoids
receptor (GR) and its related family members, steroid
receptors [4].

2 Steroid hormone receptors
Steroid receptors are a superfamily of ligand-inducible

transcription factors that control a variety of physiological
functions; such as, metabolism, development, and repro-
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duction via their control of specific target gene transcrip-
tion. Members of this superfamily include steroid activated
GR, mineralocorticoid receptor (MR), progesterone recep-
tor (PR), estrogen receptor (ER), and androgen receptor
(AR). These receptors share a common structural organiza-
tion consisting of several modulatory domains with a highly
conserved, centrally localized zinc-finger DNA binding
domain (DBD), a less-well conserved carboxyl-terminal
ligand binding domain (LBD), and a divergent amino
terminal domain (Fig. 1). The amino terminal domain
(NTD) is variable among receptors with the exception of a
region rich in negatively charged acidic amino acids. This
region is known as either AF-1 (activation function-1) or
tau-1, and its function in transcriptional regulation can be
ligand independent. The AF-1 region has been shown to
interact directly with basal transcriptional machinery and
with many other cofactors that participate in transcriptional
regulation; moreover, disruption of AF-1 decreases reporter
gene expression [5, 6].

Close to the AF-1 region is the DBD characterized by
eight cysteine residues tetrahedrally organized about two
zinc atoms. These zinc fingers create a three dimensional
configuration that allows the binding of the receptor to
DNA. More specifically, the amino terminal zinc finger
discriminates DNA response elements and the carboxyl
terminal zinc finger and is necessary for receptor dimeriza-
tion [7]. Adjacent to the DBD is a variable hinge region that
often contains a constitutive nuclear location sequence
(NL1). This hinge enables the receptor to bend or change
conformation [8].

Finally, the highly conserved ligand-binding domain
(LBD) is located at the carboxyl-terminal. Not only is this
region essential for hormone binding, it performs other
functions. The LBD aids in receptor dimerization and
contains sequences for protein—protein interaction with heat
shock protein 90 (HSP90). The GR-HSP90 interaction
facilitates proper folding of the receptor and prevents the
receptor from binding to DNA in the absence of hormone.
HSP90 binding may mask a second nuclear localization
sequence (NL2). With the addition of hormone, HSP90 is
released allowing NL2 to assist in receptor translocation
through the nuclear pore [9]. A second activation function
(AF-2) domain is positioned at the LBD. AF-2 is hormone
dependent and undergoes a conformational change that
allows for the interaction of accessory factors that partic-
ipate in transcriptional activation (i.e. co-activators) or
repression (i.e. co-repressors) [10]. Furthermore, AF-2 can
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Fig. 1 General schematic of steroid receptor functional domains
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act synergistically with AF-1 to mediate transcriptional
activity [11].

3 Overview of GR signaling

Ligand binding initiates a process culminating in translo-
cation of the ligand—receptor complex to the nucleus via the
microtubule network (Fig. 2) [12]. Once in the nucleus, the
activated GR associates with unique DNA target sties that
are linked to hormone-regulated genes. GR can be recruited
to target genes either through direct DNA binding (i.e. at
elements termed glucocorticoid response elements or
GREs) or through its interaction with other DNA bound
transcription factors. The DNA sequences that GR recog-
nizes at genes whose transcription will be activated by
ligand-bound GR (i.e. receptor-dependent “transactivation”)
are related to a consensus palindromic sequence of two six
base pair “half—sites” separated by a three base pair spacer.
Natural gene sequences recognized by GR at such positive
GREs can deviate from this consensus sequence but
maintain important contacts with the receptor through
specific functional groups on critical nucleotides within
each half site. Once bound to such positive GREs as a
homodimer, GR serves as a scaffold for the assembly of
distinct macromolecular complexes that include coactivator
proteins, chromatin remodeling factors and other factors
that directly or indirectly engage the transcriptional ma-
chinery [13]. The genes mainly controlled by GR trans-
activation are involved in metabolic regulation; for
example, increasing blood glucose levels, gluconeogenesis,
and mobilization of amino and fatty acids [14]. Tyrosine
aminotransferase (TAT) and phosphoenolpyruvate carbox-
ykinase (PEPCK) are two key gluconeogenic enzymes that
are typically used during in vitro and in vivo studies to
measure GR transactivation efficiency [15].

The reduction of transcription (i.e. “transrepression”) by
GR occurs by different mechanisms. One mechanism
resembles transactivation, but the receptors bind to DNA
sequences distinct from positive GREs (i.e. negative GRE
sites or nGREs) [16]. One aspect of negative feedback
regulation of the HPA axis via repression of corticotropin
releasing hormone (CRH) and adrenocorticotropic hormone
(ACTH) involves GR repression of the proopiomelanocor-
tin gene transcription through its interaction with nGREs
linked to its promoter [17]. GR also triggers transcriptional
repression through a mechanism that does not involve its
direct DNA binding but rather a tethering to other DNA-
bound transcription factors such as AP-1 and NF-kB [18,
19]. The anti-inflammatory actions attributed to glucocorti-
coids are mainly brought about through its interaction with
AP-1 and NF-kB at the promoters of transcriptionally
activated proinflammatory genes. Finally, while many
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Fig. 2 Classical model of
glucocorticoid receptor
signaling
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consequences of GR action occur over hours, some effects
appear within minutes. These non-genomic actions have
been shown to involve kinases, phosphatases, and
G-protein coupled receptors [20] although the physiological
relevance of such nongenomic action of GR remains to be
definitively established.

4 Glucocorticoid receptor knockout studies

Transgenic animals have become increasingly essential in
identifying the function of specific genes and proteins. In
efforts to more clearly define the control GR imparts on
physiology, two critical transgenic mouse models have been
developed [21]. Knockout of the GR gene in all tissues
exerts minimal effects on embryonic development, but
results in perinatal lethality as a result of atelectasis of the
lungs. Furthermore, alterations of gluconeogenic enzymes
in the liver and of the HPA axis can be observed perinatally
[15]. A second GR mutation, GRY™, uncovers an essential
duality of GR function. These transgenic mice carry a
single point mutation, A458T, in one zinc finger of the
receptor. This mutation abolishes the ability of receptor to
homodimerize and bind to DNA. Therefore, transactivation
and transrepression that require direct DNA binding of
dimeric GR are inactive, while transrepression involving
the tethering of monomeric GR to DNA-bound transcrip-
tion factors remains intact. Surprisingly, these GR*™ mice
are viable with no atelectatic lung phenotypes while many
anti-inflammatory actions of the receptor are unaffected
[22]. Thus, homodimer GR-DNA binding is not essential
for survival [23].
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5 Molecular aspects of GR function

5.1 Mechanisms and regulation of GR nuclear import
and export

The unliganded GR is a multimeric complex consisting of
the receptor polypeptide, dimer of HSP90, a molecule of
p23, and one tetratricopeptide repeat (TPR) protein (Fig. 3).
The HSP90 dimer binds directly to the receptor ligand
binding domain [24]. This association is necessary for

Fig. 3 Four distinct steroid receptor complexes
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hormone binding as well as translocation of the receptor
[25, 26]. The p23 molecule is involved in stabilizing the
hormone binding conformation and binds exclusively to
ATP-bound HSP90 [27, 28]. The four main receptor
associated TPR proteins are as follows: FKBP52, FKBP51,
Cyp40, and PP5 and link with the receptor through the
HSP90 dimer. Depending on the state of the receptor (i.e.
hormone free vs. hormone bound) the associated TPR
protein can differ [29]. In addition, the associated TPR
protein is known to vary by receptor type. What remains
largely unknown is the role these TPR proteins play in the
regulation of steroid receptor activity. Although attachment
of TPR proteins to the heteromeric complex is not necessary
for receptor function, they modulate receptor activity [30].
The organization of the unliganded receptor and these
chaperone proteins constitutes a mature receptor complex
that is receptive to hormones [31]. In general, ligand
binding activates the receptor, stimulating the initial
complex to dissociate.

Distinct signal sequences within the GR are responsible
for its transit either into or out of the nucleus. Specifically,
two nuclear import signal sequences (NLSs) have been
mapped within the GR (i.e. NL1 within the DBD and NL2
within the LBD; [32]) while one nuclear export signal
sequence (NES) has been identified within the receptor
DBD [33]. NL1 of GR resembles a prototypical NLS in its
basic amino acid character and functions when isolated as a
hormone-independent NLS [32]. Furthermore, NL1 serves
as a recognition site for a number of nuclear import
receptors such as importin «2, importin 7 and importin
89, 34]. The precise amino acid determinants of NL2 have
not been defined but this NLS has been found to interact
with importin 7 and importin 8 [34]. Nuclear export of GR
is driven by its interaction with calcium-binding protein
calreticulin [33].

While many mechanisms have been found to account for
glucocorticoid resistance in vitro and in vivo [35], in some
instances disruptions in GR nuclear import was associated
with cellular resistance to glucocorticoids. For example, GR
nuclear import is disrupted in a subset of patients with
steroid-resistant or steroid-dependent asthma [36]. In
addition, impaired nuclear import of GR is one of the
mechanisms that accounts for the resistance of some
leukemic cells to glucocorticoid-induced apoptosis [37].
Since reductions in GR nuclear import and subsequent
glucocorticoid resistance may be influenced by activation
of specific signaling pathways and not genetic alterations in
the receptor [36], potential targets could exist for therapeu-
tic intervention to reduce GR resistance. For example,
phosphorylation of GR following IL-2 and IL-4 activation
of the p38 mitogen-activated protein kinase (MAPK)
reduces GR nuclear import and can account for glucocor-
ticoid resistance [36].
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The regulation of GR nuclear export also appears to be
integrated with numerous signaling pathways in vitro. For
example, phosphorylation of human GR in cultured cells by
the MAPK family member c-Jun N-terminal kinase (JNK)
at a specific serine residue (i.e. Ser-226) enhances its
nuclear export and limits the transactivation properties of
the receptor [38]. Other MAPK family members have been
implicated in the regulation of steroid receptor nuclear
export in vitro [39], but the relevance of these results to the
regulation of GR function in physiological or pathophysi-
ological contexts has not been established. It is also not
known whether the regulation of GR nuclear export by
calcium observed in vitro is reflective of calcium’s effects
on nuclear GR in vivo [40].

The nucleocytoplasmic shuttling of GR provides a
mechanism for the receptor to “sense” cellular hormone
status and be exposed to dynamic fluctuations in other
signaling pathways both in the cytoplasm and the nucleus.
As mentioned above, individual MAPKs may exert a direct
effect on the trafficking of GR, and therefore, receptor
availability to nuclear or cytoplasmic targets could be
influenced by signaling events that are superimposed upon
glucocorticoid stimulation. However, nucleocytoplasmic
shuttling may also impact the efficacy of GR signaling in
the nucleus by altering receptor turnover. When GR nuclear
export was enhanced in cultured cells through the linking of
a heterologous NES onto the receptor, hormone-dependent
downregulation of GR was enhanced [41].

5.2 TPR proteins

The accessory proteins in complex with the steroid
receptor-HSP90-p23 share a specific structure: TPR motifs.
These motifs, a degenerative sequence of 34 amino acids,
facilitate protein—protein interactions and were first discov-
ered as an interactive element of cell division in yeast [42].
A vast number of TPR proteins have since been identified and
are found to be involved in a variety of biological processes,
i.e., cell cycle control, transcriptional events, splicing, protein
transport, phosphate turnover, and protein folding [43].

The first TPR protein discovered to associate with
steroid receptors was the immunophilin FKBP52 by Faber
et al. in 1984 [44]. Since then two additional immunophi-
lins and one phosphatase have been determined to associate
with the mature steroid receptor complex: FKBP51, Cyp40,
and PP5, respectively. Of the four TPR proteins that interact
with steroid receptors, three are immunophilins (FKBP52,
FKBP51, Cyp40). By definition immunophilins are pro-
teins that bind immunosuppressive drugs. FKBP52,
FKBP51 and Cyp40 arise from two distinct classes of
immunophilins; cyclophilins and FKBPs. Cyclophilins bind
cyclosporins whereas FKBPs bind the immunosuppressant
macrolide FK506.
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Cyclosporin A was first isolated from the fungi Tolypo-
cladium inflatum in 1976 and was developed for treatment
in transplant surgeries, more specifically kidney and liver
allograft rejections [45]. Ten years later FK506 was
discovered and is also used with liver and kidney trans-
plants [46]. While FK506 and CsA are structurally
different, their modes of action and target proteins are
similar. Both inhibit Ca®'-dependent signal transduction
pathways with an end result of decreasing T-cell regulated
immunity [47]. The immunophilin-ligand complex connects
with a phosphatase known as calcineurin (CN) [48]. This
action disables CN from dephosphorylating the transcrip-
tion factor NFAT (nuclear factor of activated T-cells);
thereby, prohibiting the nuclear translocation of NFAT and
subsequent decrease of cytokines [49].

The TPR domains create an electrostatic interaction with
the C-terminal EEVD sequence of Hsp90 allowing for only
one TPR protein to interact with the steroid receptor
complex [50]. Following identification of these proteins,
research has focused on elucidating the role each plays in
steroid receptor activity. To date, it has been reported these
TPR proteins can enhance or attenuate steroid receptor
activity by affecting hormone binding affinity and translo-
cation [51, 52]. Several actions of these TPR proteins
appear to be redundant in terms of receptor function. For
example, FKBP52 or PP5, when complexed with GR
increases its ability to bind hormone [53]. It still remains
a mystery as to whether there is a singular specific role for
each TPR protein and whether TPR proteins affect each
receptor in the same manner.

Pratt and others have investigated the roles that FKBP52
and FKBP51 have in signaling protein movement. The
cytoplasmic portion of FKBP52 colocalizes with micro-
tubules. Pratt et al. demonstrated that a specific sequence on
FKBP52 was responsible for nuclear translocation. Subse-
quently, it was determined the PPlase domain of FKBP52
was responsible for its interface with dynein [54]. To
elaborate on the essential role of the PPlase domain, a
fragment of the PPlase domain competed for the interaction
of FKBP52 with dynein and inhibited translocation of the
receptor [55]. Following addition of hormone, there is an
immunophilin swap of FKBP51 for FKBP52 with the
concomitant recruitment of dynein.

New World squirrel monkeys have 50—100 times greater
free cortisol levels than humans, yet have a normal
hypothalamic—pituitary—adrenal axis, do not display signs
of cortisol excess, and have no significant functional
variations in their GR gene [56]. The GR in squirrel
monkeys exhibits lower hormone binding affinity, impaired
translocation, decreased transactivation activity at sub-
maximal hormone concentrations when compared to its
human cognate [57, 58]. This glucocorticoid resistance has
also been attributed to increased circulating levels of

FKBP51; squirrel monkey lymphocytes have a 13-fold
higher level of FKBP51 than human lymphocytes [59].
Altering the levels of available FKBP51 via FK506 relieved
the inhibitory effect of FKBP51. Thus, an inhibitory role on
GR action has been assigned to FKBP51 from studies
involving glucocorticoid resistant New World squirrel
monkeys [58].

5.3 Steroid receptor coactivators

Steroid receptor coactivators enhance steroid receptor-
dependent gene expression through a variety of mecha-
nisms [60]. Coactivator complexes are assembled onto
receptor-bound promoters and stimulate steroid receptor-
mediated transcription either through direct interactions
with the basal transcription machinery or by inducing local
chromatin remodeling, including histone acetylation or
methylation [60—65]. Some coactivators possess enzymatic
activity such as histone acetyltransferase and methyltrans-
ferase activities that post-translationally modify histone
proteins to affect chromatin structure, while others that lack
such activities function to recruit chromatin modifying
enzymes to active promoters.

Most coactivators interact with the ligand binding
domain of a variety of steroid receptors including GR and
AR via nuclear receptor boxes such as LXXLL motifs [66,
67]. However, differences in binding affinities between
steroid receptors and their coactivators may play a role in
determining the specificity of hormonal responses. Al-
though both AR and GR interact with similar coactivators,
it is postulated that unique coactivator complexes may be
responsible for specific cellular and gene responses to each
hormone.

While many coactivators are likely to be redundant in
their effects on steroid receptor function in cultured cell
lines, recent in vivo studies suggest that different physio-
logical outcomes may result from variations in coactivator
expression [64, 65, 67]. For example, TIF-2 and RAC3 null
mice display reduced reproductive capability [68, 69].
TIF-2 null male mice have defective spermiogenesis and
display testicular degeneration, whereas females display
poor placental development, resulting in embryonic growth
retardation [69]. RAC3 —/— mice have decreased mammary
gland growth, ovulatory capacity, and litter size [68].
Alternatively, whereas SRC-1 null mice are fertile, they
exhibit partial hormone resistance [70]. Specifically, SRC-1
—/— mice have decreased growth and development of the
uterus, mammary gland, prostate, and testes in response to
steroid hormones [70].

Recently, many coactivators have been identified and
classified into sub-families consisting of similar members.
For example, the p160 family of coactivators, designated
steroid receptor coactivators (SRCs) consists of SRC-1 (or
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NcoAl), SRC-2 (or TIF-2, GRIP1), and SRC-3 (or p/CIP,
RAC3, ACTR, or AIBI1). These coactivators share con-
served sequence regions termed nuclear receptor interaction
domains that permit interactions with a broad range of
steroid receptors. Other coactivators that are distinct from
the p160 family are components of large complexes, such
as the vitamin D interacting proteins (DRIPs) and thyroid
receptor associated proteins (TRAPs) [60, 61]. Finally,
many other proteins have been identified as androgen
receptor activators that may utilize unique mechanisms to
impact receptor transactivation that remain largely unde-
fined [62, 63]. For example, ARA70, an AR-specific
coactivator, may play a role in uncovering the agonist
activity of certain anti-androgens to activate AR activity
[71]. Furthermore, a LIM domain containing protein that
associates with focal adhesions, hydrogen peroxide-
inducible clone-5 (Hic-5/ARAS55) was identified as a
nuclear receptor coactivator [72, 73].

In recent years, numerous steroid receptor-interacting
proteins have been identified that modify chromatin,
thereby influencing steroid receptor-mediated gene expres-
sion. Because assays using reporter gene analysis to
determine steroid receptor activity revealed that overex-
pression of most coactivators enhanced the activity of many
steroid receptors, coactivator specificity was questioned.
Hence, it was postulated that coactivators function in a cell
type or promoter-specific manner. Using the MMTV
promoter, Li et al. isolated a specific coactivator complex
that associated with PR that differed to the coactivator
complex that bound to GR [74]. These results indicate that
combinations of coactivators rather than individual coac-
tivators may be responsible for promoter or hormone-
specific gene expression. Furthermore, coactivator knock
out analysis provided evidence that at least in part,
coactivator function is not totally redundant. For example,
TIF-2 and RAC3 null mice display reduced reproductive
capability while SRC-1 null mice exhibit partial hormone
resistance [69, 70].

5.4 Nuclear receptor corepressors

Along with coactivators, another set of steroid receptor
interacting proteins has recently been identified termed
corepressors, including both nuclear receptor corepressor
(NCoR) and silencing mediator or retinoid and thyroid
receptors (SMRT) [75, 76]. Corepressors repress steroid
receptor-mediated gene expression in the absence of ligand
or presence of antagonist by interacting with histone
deacetylases (HDACS) that in turn modify chromatin by
removing acetyl groups on histone tails thereby promoting
a closed chromatin structure, repressing transcription [32].

Individually, coactivators induce and corepressors re-
press steroid receptor-mediated gene expression. However,
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most cells express a combination of both corepressors and
coactivators that also interact with each other. For example,
RAC3 interacts with NCoR, modifying thyroid hormone
receptor (TR) regulated transcription [77]. An equilibrium
model hypothesizes that it is not the absolute amount of
coregulator expression but the ratio of corepressors versus
coactivators that determines the extent of steroid receptor-
mediated gene expression [78]. For example, overexpres-
sion of SMRT antagonizes TIF-2 coactivation of
GR-mediated gene expression [79]. Because coactivators
and corepressors, collectively referred to as coregulators,
alter steroid receptor-mediated gene expression in endo-
crine target tissues, their activity and expression along with
various steroid receptors, including AR and ER, in prostate
as well as breast cancer has been an area of intense
investigation.

5.5 Hic-5, a novel GR coactivator

Along with coactivators that modify chromatin, other
coactivators such as Hic-5/ARAS5 have been discovered
whose mechanism of action is largely unknown. Because
Hic-5/ARAS5 does not possess a catalytic domain that is
responsible for its coactivation properties, its mechanism of
coregulator function has remained undefined. However, it
may serve as an adaptor molecule, either recruiting or
stabilizing promoter-specific protein complexes. LIM pro-
teins are well recognized for their roles as molecular
adaptors, functioning in stabilizing higher order protein
complexes at either focal adhesion complexes or promoter
sequences. siRNA ablation experiments establish that Hic-
5/ARASS is required for the stable association of p300 and
TIF-2 with the MMTYV promoter. Thus, Hic-5/ARAS5 may
stabilize select protein complex formation at GR-responsive
promoters by serving as an adaptor molecule.

Not only does Hic-5/ARASS interact with various
coactivator complexes, but it also associates with NCoR
corepressor complexes in the absence of hormone at steroid
receptor-responsive promoters. This suggests that Hic-5/
ARASS is capable of interacting with other coregulators
directly not necessarily via steroid receptors. Furthermore,
because Hic-5/ARASS is present on GR-responsive pro-
moters in the absence and presence of glucocorticoids, it
may function in coordinating corepressor release and
coactivator recruitment upon glucocorticoid stimulation.

Recently, transducin 3-like 1 (TBL1), an adaptor-like
protein, has been reported to mediate the exchange of
corepressors for coactivators on steroid receptor-responsive
promoters in response to ligand [80]. TBL1 was initially
isolated as part of the corepressor complex [81]. ChIP
analysis of steroid receptor target promoters revealed
prolonged TBL1 promoter association in the presence of
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ligand [80]. Furthermore, TBL1 recruited proteosome
machinery to steroid receptor target promoters, leading to
degradation of the corepressor complex followed by
association of the coactivator complex [80]. Although the
possible interaction of Hic-5/ARASS5 with components of
the proteosome machinery has not been analyzed, it may
provide a mechanism by which Hic-5/ARASS interacts
with both corepressors and coactivators, culminating in
enhanced steroid receptor-mediated gene expression.

6 Regulation of GR protein turnover

Hormone-dependent downregulation of GR is a feature
associated with chronic hormone treatment in most cells in
culture and tissues in vivo [82]. Human leukemic cells are
the most well studied exception to this property as
prolonged hormone treatment leads to increased GR levels
[83]. Interestingly, this auto-induction of GR in leukemic
cells appears to be required for glucocorticoid-induced
apoptosis [83]. While transcriptional and posttranscriptional
mechanisms also contribute to reduced GR protein expres-
sion in cells chronically exposed to glucocorticoids [84],
we will focus on enhanced protein degradation for our
discussions of hormone-dependent GR downregulation.

Like all steroid receptors, GR is primarily degraded via
the ubiquitin/proteasome-dependent protein degradation
pathway (UPP) [85]. This pathway has been reviewed
extensively and will only be briefly described herein [86].
Proteins that are targeted to the proteasome for degradation
must be covalently tagged with multiple ubiquitin moieties
[87]. The addition of ubiquitin, a 76 amino acid peptide, to
target proteins is exquisitely regulated by the sequential
action of an ubiquitin activating enzyme (E1), ubiquitin
conjugating enzyme (E2) and ubiquitin ligase (E3) [87].
The specificity for protein ubiquitylation lies mainly with
the E3 ligases, which are the most diverse components of
the ubiquitin modification pathway [87]. The E3 ligase
Hdm2 may be particularly relevant to hormone-induced
downregulation of GR in cultured human umbilical vein
endothelial cells exposed to DNA damaging agents or
hypoxia [88]. Furthermore, in human breast cancer cell
lines, the ability of estrogen to trigger GR degradation is
due to the estrogen-dependent induction of Hdm2 [89].
Carboxyl-terminal hsp70 interacting protein (CHIP) has
also been identified as an E3 ligase for GR that promotes
both hormone-independent and hormone-dependent degra-
dation of the receptor [90, 91].

While it seems likely that different E3 ligases will be
responsible for promoting UPP-driven degradation of GR,
it is unclear whether physiological regulation of specific E3
ligases contributes to the steady state GR levels either under
basal or hormone stimulated conditions. In a cultured

mouse hippocampal cell line, the inability of hormone
treatment to trigger GR downregulation can be restored
upon overexpression of the CHIP E3 ligase [91]. These in
vitro experiments suggest that the apparent lack of GR
downregulation observed in rat fetal neurons in vivo and in
primary culture could be due to reduced expression or
activity of specific E3 ligases (e.g. CHIP) that act on the
receptor in neurons [92, 93].

7 Conclusion

The principal mediator of the physiological actions of
glucocorticoids, the GR, is now a well recognized drug
target whose modulation is important for the management
of many diseases associated with an inflammatory re-
sponse. Clearly as molecular details are uncovered regard-
ing the mechanisms of gene-specific GR transcriptional
regulation, there is hope for the development of specific
pharmaceutical manipulation of the GR gene regulatory
pathway that would have a high therapeutic index and limit
the serious side effects often associated with systemic
glucocorticoid treatment.
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