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Glucocorticoids regulate diverse biological processes throughout the body via the glu-
cocorticoid receptor (GR). Ligand-bound GR translocates into the nucleus and can elicit
changes in gene expression by direct contact with the DNA or by protein—protein inter-

actions with other transcription factors. The GR can also mediate rapid nongenomic

signaling events initiated in the cytoplasm. In this chapter, we review the biological and

physiological implications of glucocorticoids, the GR, and many of the signal transduc-

tion mechanisms that mediate their action.
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Introduction

Essential to human life, glucocorticoids are
steroid hormones that allow us to cope with
a variety of environmental and physiological
stresses. Glucocorticoids are produced and re-
leased by the adrenal cortex under the con-
trol of the hypothalamic-pituitary-adrenal axis
(HPA). When the body perceives stress, the
hypothalamus releases corticotropin-releasing
hormone (CRH) that stimulates the release
of adrenocorticotropic hormone (ACTH) from
the pituitary gland. The adrenal cortex, in
turn, synthesizes glucocorticoids in response to
ACTH. Thus, glucocorticoids are ultimately
part of an adaptive response that secks to
maintain homeostasis during stressful situa-
tions. Indeed, the most notable physiolog-
ical reactions to glucocorticoids, increased
glucose production and immunosuppression,
are responses to some of the most com-
mon insults the human body encounters,
namely low blood glucose and inflammation,
respectively. 2

Address for correspondence: John A. Cidlowski, NIEHS, MD
F3-07, PO. Box 12233, Tringle Park, NC  27709.
cidlows1@niehs.nih.gov

Research

Once produced by the adrenal cortex, glu-
cocorticoids are released into the bloodstream
and bind corticosteroid-binding globulins to
be distributed throughout the body. Due to
their hydrophobic nature, glucocorticoids read-
ily diffuse from the circulation into organs, tis-
sues, and cells. Intracellularly, glucocorticoids
interact with the ubiquitously expressed gluco-
corticoid receptor (GR) to orchestrate a vast
array of responses at the cellular level that
culminate in changes in metabolism (carbo-
hydrate, protein, and lipid), immune system
function, vascular tone, bone mineralization,
and central nervous system function, among
others.!

Dysregulation of glucocorticoid production,
as seen in Cushing’s or Addison’s disease,
can lead to severe complications and ulti-
mately death. Cushing’s disease is character-
ized by overproduction of glucocorticoids in the
adrenal cortex as a result of high ACTH levels
because of a pituitary gland tumor. The dis-
ease 1s characterized by weight gain, increased
fat mass, hyperglycemia, reduced muscle and
bone mass, immunosuppression, and water re-
tention. Untreated, these symptoms can lead
to diabetes, hypertension, heart failure, edema,
and infection. Surgical removal of the pituitary
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tumor is the only successful treatment for Cush-
ing’s disease.’

Addison’s disease, in contrast, is character-
ized by decreased production of glucocorti-
coids, leading to hypocortisolism. It is gen-
erally caused by developmental defects or
trauma to the adrenal cortex that results in
the deficient production and secretion of gluco-
corticoids and mineralocorticoids. Symptoms
include weight loss, hypoglycemia, and alter-
ation of sodium and potassium levels. Ad-
dison’s disease can be successfully treated
with glucocorticoid- and mineralocorticoid-
replacement therapy.*

Largely due to their powerful immunosup-
pressant activity, many synthetic glucocorti-
coids have been developed and are currently
in therapeutic use. These compounds are some
of the most commonly prescribed drugs in
the world today. They are used in the treat-
ment of many hematological cancers as well
as in asthma, allergic rhinitis, ulcerative colitis,
rheumatoid arthritis, eczema, and psychologi-
cal disorders of the brain. Unfortunately, due
to their broad range of physiological actions,
long-term use of glucocorticoids is invariably
accompanied by adverse side effects that bear
close resemblance to Cushing’s disease. Cur-
rently, a considerable amount of research seeks
to generate synthetic glucocorticoids with more
targeted actions and reduced side effects.

The Glucocorticoid Receptor Gene

The GR i1s a steroid hormone receptor that
belongs to the nuclear receptor superfamily
of transcription factors. It is related to other
steroid receptors, such as the mineralocorti-
coid, androgen, estrogens, progesterone, vita-
min D, and retinoic acid receptors.” These
steroid receptors are evolutionarily conserved
in mammals and believed to have originated by
multiple gene duplications from a common an-
cestor in a process that began 400 million years

ago.’
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The GR is essential for life, as illustrated
by multiple GR knockout mouse models.”?
Whole body deletion of exon 2 of the mouse
GR gene results in severe developmental ab-
normalities in the lung thatlead to death within
hours of birth.” More recently, the GR has also
been disrupted in a tissue-specific manner by
deletion of either exon 2 or exon 3. In the liver,
GR has been shown to be responsible for glu-
coneogenic metabolism, as well as insulin-like
growth factor (IGF)-1 production required for
postnatal growth.!%!! Central nervous system—
deficient GR mice exhibit dysregulation of the
HPA axis and develop a number of physiolog-
ical and behavioral abnormalities that mimic
depressive disorders.!*!3 Furthermore, dele-
tion of GR in T cells seems to be dispens-
able for T cell development but results in in-
creased mortality upon immune activation due
to dysregulation of several cytokines.? Similarly,
macrophage GR-deficient mice also exhibit se-
vere mortality caused by increased cytokine
production in response to activation of inflam-
matory signaling.” Finally, osteoclast GR-null
mice develop normally and are protected from
glucocorticoid-suppressed bone formation.'*

The human GR (hGR) gene is located on
chromosome 5 (region 5q3lp) and is com-
posed of 9 exons (Fig. 1A).1>1° In the mature
mRNA, exon 1 represents the 5'-untranslated
region, while exons 2-9 code for the pro-
tein and the 3'-untranslated regions (Fig. 1B).
Exon 1 is composed of several independent
variants termed 1A-1], each of them contain-
ing its own transcriptional start sites and unique
promoters.!”-18 Interestingly, none of these
promoters contain classical TATA- or CCAAT-
boxes.!> 1719 The varieties of promoters, tran-
scription factor-binding sites, and transcrip-
tional start sites are thought to account for the
differences in gene expression of hGR through-
out the body. Similar to exon 1, exon 9 can
be alternatively spliced to produce the two
most widely known isoforms: hGRa and hGRP
(Fig. 1B).1

Isoforms hGRa and hGR@ are identical up
to amino acid residue 727, but differ on their
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Figure 1. The hGR gene codes for multiple isoforms. (A) The hGR gene is located in chromosome 5
(region 5931p) and is composed of nine exons. Exons 1 and 9 contain multiple variants. (B) Alternative
splicing of exon 9 gives rise to the mRNA messages of the two most characterized hGR isoforms —hGRa
and hGR. (€) Alternative initiation sites can give rise fo seven more isoforms from each mRNA message.
(D) The domain structure of full-length hGRa, or hGRa-A. It is composed of an N-erminal region, a DNA-
binding domain, a hinge region, and a C+erminal region. The N-terminal region contains an AF-1 domain
able to interact with the basal transcriptional machinery. The DNA-binding domain contains two zinc fingers
involved in dimerization and interacts with the DNA. The hinge region contains NLS. The C-terminal domain
contains the ligand-binding motif, an NLS, and an AF-2 involved in interactions with various transcriptional
regulatory factors. (E) Phosphorylation of serines 203, 211, 226, and ubiquitination of lysine 426 are known

posttranslational modifications of hGRa.
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carboxy termini. The predominant isoform is
hGRa and is composed of 777 amino acid
residues. It is capable of binding endogenous
glucocorticoids and mediating a variety of sig-
naling mechanisms. In contrast, hGRp is only
742 amino acids long and generally expressed
at much lower levels than hGRa.2” While the
physiological relevance of hGRf is unclear, it
is believed to act as a dominant negative reg-
ulator of hGRa.?! Higher expression of hGRB
has been associated with cardiovascular dis-
ease, as well as glucocorticoid-resistant asthma,
ulcerative colitis, and rheumatoid arthritis.??
hGRB is unable to bind any known glucocor-
ticoids and reported to be transcriptionally in-
active. Recent studies have shown that hGRf
can bind RU-486, a synthetic glucocorticoid
antagonist. Moreover, the mere expression of
hGRB is sufficient to elicit changes in gene ex-
pression, and many of these changes largely
disappear in the presence of RU-486.% Other
splice variants have been identified and code
for isoforms hGRy, hGR-A, and hGR-P?*2°
However, their expression level is low in com-
parison to hGRa, and their physiological role
is unclear.

Additional GR isoforms are also generated
by alternative translation initiation of the ma-
ture mRNA (Fig. 1C). These isoforms are
created when the ribosome skips an upstream
initiation codon, either by leaky scanning or ri-
bosomal shunting, and starts translation from
an alternative initiation site located further
downstream in the mRNA message. The re-
sulting protein isoforms exhibit progressively
shorter N-terminal regions, but have identical
amino acid sequences downstream of the alter-
native initiation sites. The hGRa and hGRp
mRNA transcripts can each give rise to eight
translational isoforms, many of which exhibit
different tissue-expression patterns and medi-
ate unique transcriptional responses.?’+%8

Protein Structure

GRa is a modular protein and is comprised
of three domains: the N-terminal transacti-
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vation domain, the central DNA-binding do-
main, and the C-terminal ligand-binding do-
main (Fig. 1D). The N-terminal domain con-
tains the AI-1 (activation function) motif that
can physically interact with the basal tran-
scriptional machinery to mediate gene activa-
tion.?? The DNA-binding domain harbors two
zinc finger motifs and is required for recep-
tor dimerization as well as interactions with
the DNA.** The C-terminal domain contains
the ligand-binding motif; a nuclear localization
signal (NLS), and a second activation function
motif (AF-2) involved in interactions with vari-
ous transcriptional regulatory factors.*” Crystal
structures have revealed that the ligand-binding
motif is a hydrophobic pocket created by nu-
merous a-helices and B-sheets.?! In addition
to these three large domains, there is a small
flexible portion of the protein called the hinge
region. It is located between DNA-binding and
the C-terminal domains and contains an addi-
tional NLS.%

The GRoa protein can also be modified post-
translationally by phosphorylation, sumoyla-
tion, and ubiquitination (Fig. 1E).*?> Phospho-
rylation of hGRa at serines 203, 211, and
226 leads to changes in its subcellular localiza-
tion and ability to interact with other proteins,
whereas ubiquitination of lysine 426 alters
its cellular half-life.>* 3> The exact physio-
logical relevance of these and other post-
translational modifications of GRa remain
to be established; however, it is widely be-
lieved that they can modify glucocorticoid
signaling.

Based on the presence or absence of hor-
mone ligand, intracellular GRa appears to ex-
ist in two conformations (Fig. 2). In the first, the
receptor is ligand unbound and sequestered in
the cytoplasm in a multimeric complex com-
posed of hsp90, hsp56, hsp40, p23, Src, and
others.?®37 This complex keeps the receptor
in a conformation poised to bind its ligand
and conceals the NLSs. Ligand binding (glu-
cocorticoids) induces a conformational change
in GRa that leads to its dissociation from
the multimeric complex and exposes its NLSs,
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Figure 2. Glucocorticoid signaling results in changes in gene expression and rapid nongenomic events
in the cytoplasm. Ligand binding to the GR leads to the dissociation of a cytoplasmic complex interacting
with GR. Ligand-bound GR rapidly translocates into the nucleus, where it can activate gene expression by
directly binding to GREs in the DNA, or associate with transcription factors, such as STAT5. GR can also
promote gene silencing by directly interacting with nGREs in the DNA, or by protein—protein interactions with
transcription factors, such as NFkB. In the cytosol, the dissociation of the protein complex interacting with GR
leads to the release of src kinase, which phosphorylates lipocortin-1. Phosphorylated lipocortin-1 displaces
Grb2 from the activated EGF receptor to inhibit the activation of cPLA; and the creation of arachidonic acid.



172

resulting in its rapid translocation into the

nucleus.*®

Gene Activation by Direct DNA
Binding

In the nucleus, ligand-bound GRo dimer-
izes and binds to the DNA in a sequence-
specific manner. The DNA sequences where
GRa binds are called glucocorticoid response
elements, or GREs, and are characterized by
similarity to the 15-bp consensus sequence 5’
AGAACAnnnTGTTCT-3" (Fig. 2). However,
in numerous genes, GRE half-sites are suffi-
cient to elicit GRo-mediated transcriptional
changes.®® Multiple GREs are usually dis-
tributed in the proximal promoters of target
genes, but their numbers and location can vary
substantially.**** DNA binding by GRa in-
duces a conformational change in the recep-
tor that results in the physical association with
a variety of coregulatory factors and their re-
cruitment to the chromatin.?

Several mechanisms exist by which GRa
and DNA interactions promote gene induc-
tion. First, if the GRE 1is in close proximity
to the TATA-box, hGRa can recruit key com-
ponents of the basal transcriptional machin-
ery to the TATA-box, such as Transcription
Factor IID, and thus directly promote gene
activation.” If the GRE is located at a dis-
tance of the TATA element, hGRa can asso-
ciate with coactivators that function as bridges
to promote the recruitment of the basal tran-
scriptional machinery.**** Furthermore, GRa
can also recruit chromatin-remodeling coacti-
vators that alter the nucleosomal structure of
the DNA and create a more favorable environ-
ment for gene expression. Some of these coac-
tivators, such as CBP, p300, p/CAL, and SRC-
1, are histone acetyl transferases (HATS), while
others, such as SWI/SNIL, are ATP-dependent
chromatin remodeling factors.***> Examples of
genes positively regulated by GREs include ty-
rosine aminotransferase, alanine aminotrans-
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ferase, and phosphoenolpyruvate carboxyki-
nase, all involved in liver gluconeogenesis.

Gene Activation by Protein-Protein
Interactions

GRa can also regulate gene activity inde-
pendent of DNA binding via protein—protein
interactions with other transcription factors
(Fig. 2). GRa-dependent gene activation by this
mechanism is best illustrated by Signal Trans-
duction and Transcription proteins (STATS).
STATS are transcription factors involved in the
Janus kinase (JAK) signaling pathway. Activa-
tion of JAK signaling results in the phospho-
rylation and dimerization of STATS, leading to
their translocation into the nucleus and sub-
sequent interaction with their response ele-
ments in the DNA.* It has been shown that
STAT-5 physically interacts with GRa. In this
case, STAT-5 1s directly associated with the
DNA, while GRa is recruited to the chromatin
without it directly interacting with the DNA.
The GRa—STAT-5 association leads to acti-
vation of several genes, most notably IGF-1
in the liver that is required for postnatal
growth.'! GRa is also capable of interact-
ing with STAT-3 and -6 to promote gene
activation. 18

Gene Repression by Direct DNA
Binding

Direct DNA binding by GRa can also lead
to repression of genes by interactions with neg-
ative GREs (nGREs) (Fig. 2). nGREs are sim-
ilar to GREs and almost always are located in
close proximity to DNA-binding sites for other
transcription factors necessary for gene expres-
sion. As a result, hGRo—nGRE interactions
lead to gene silencing by competing with, and
displacing, other transcription factors from the
DNA. The osteocalcin gene promoter, for in-
stance, contains an nGRE that overlaps with its
TATA box, and GRa association with this site
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prevents access from the basal transcriptional
machinery.** Similarly, the human FasL. gene
contains an nGRE adjacent to a nuclear factor-
k B (NFkB) site.’ GRa-nGRE association
in this site prevents NFkB binding and in-
duces gene silencing. Despite the fact that
nearly half of the genes regulated by gluco-
corticoid signaling are repressed, only a hand-
ful of them are known to be regulated by
nGREs. These include pro-opiomelanocortin,
CRH, prolactin,
receptor.

and neuronal serotonin

Gene Repression by
Protein—-Protein Interactions

Most of the genes repressed by GRa occur
via protein—protein interactions independent of
DNA binding by the receptor (Fig. 2). This
mechanism of signaling has been best char-
acterized for the transcription factors NFkB,
activator protein-1 (AP-1), and Smad3. NFkB
is a ubiquitous homo/heterodimer transcrip-
tion factor most widely known for its role
in inflammation that is composed of sub-
units from the Rel family of proteins (p50,
pd2, p65, RelB, and c-Rel). The p50/p65
heterodimer is the most common combina-
tion involved in transcriptional processes.’! In
cells, NFkB is kept in an inactive state in the
cytoplasm by interactions with its inhibitor,
IkB.%! Several stimuli (usually inflammatory)
result in the activation of IkB kinase that
phosphorylates IkB to promote the dissocia-
tion of the IkB-NFkB complex.’! Free NF«B
translocates into the nucleus, where it binds to
DNA regulatory elements and activates gene
transcription.’!

GRa can physically bind to p65 and re-
press the NFkB-mediated transcription in sev-
eral ways. For example, the interaction of GRa
with p65 can result in the sequestering of
the NFkB complex, thereby preventing NFkB
from reaching its DNA-binding site.”> GRa can
also interact with DNA-bound NFkB to inhibit

the recruitment of the transcriptional machin-
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ery.”? Furthermore, since GRa and NFkB re-
quire many of the same transcription activa-
tors, such as CBP or p300, it is believed that
GRa can diminish the available pool of these
factors, thereby negating their use by NFkB.%
Finally, GRa can also suppress NFkB trans-
activation by interfering with the cellular ma-
chinery necessary for gene activation. In this
regard, GRa has been reported to interfere
with the NFkB-mediated phosphorylation of
the RNA Polymerase II C-terminal tail, nec-
essary for robust transcriptional activation.’*
GRa has also been shown to obstruct p63-
mediated HAT activity while promoting the
recruitment of histone deacetylase-2 to NFkB
target genes.”% Together, these effects in-
crease chromatin tightening and result in de-
creased gene expression. Classical gene targets
of NI'kB that are repressed by GRoa in-
clude many pro-inflammatory cytokines and
their receptors, such as tumor necrosis fac-
tor o (I'NFa), interleukin-18, and granulocyte
monocyte colony stimulating factor.

Similar to NFkB, GRa can bind and repress
the transcriptional activity of AP-1. AP-1 is a
homo/heterodimer transcription factor com-
posed of Fos family (c-Fos, FosB, Fral, and
Ira?) or Jun family members (c-Jun, JunB, and
JunD).” Tt binds to its DNA response element
via a basic leucine zipper motif. A variety of
stimuli can lead to phosphorylation of AP-1
complexes and greatly increase their transcrip-
tional activity. GRa can physically interact with
AP-1 and inhibit AP-1-mediated gene activa-
tion by employing similar mechanisms to the
ones discussed for NFkB.?® Genes repressed by
GRa in an AP-1-dependent manner include
collagenase, stromelysin, and other matrix met-
alloproteinases.

Inhibition of Smad signaling is yet another
case where GRa can bind and repress the ac-
tivity of a transcription factor. In this pathway;,
the activated tumor growth factor g (TGIB) re-
ceptor phosphorylates Smad3 and promotes its
association with Smad4. The Smad3—4 com-
plex translocates into the nucleus and acts
as a transcription factor by binding to DNA
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regulatory elements. Physical interactions with
GRa, however, greatly reduce the transcrip-
tional activity of Smad3-4 complexes.”” It is
unclear how GRa inhibits Smad3-mediated
gene activation, but mechanisms similar to
ones already discussed are probably at play.>*
TGFp—Smad signaling is important for cell
differentiation, extracellular matrix produc-
tion, as well as immune and inflammatory
responses. Other examples of GRa-mediated
gene repression by protein—protein interac-
tions include transcription factors NF-AT and
IRFs, both well known for their role in
inflammation, 6-23-61

Signaling by Translational
Isoforms

As previously mentioned, alternative initia-
tion sites in the mRINA transcript of GRa give
rise to eight translational isoforms.?” The classic
GRa, with 777 amino acids, is actually isoform
GRa-A. The other seven isoforms, in descend-
ing order of molecular size, are GRa-B, -C1,
-C2,-C3,-D1,-D2, and -D3. All have identical
DNA-binding and C-terminal ligand-binding
domains but exhibit truncated N-termini com-
pared to GRa-A. In the extreme case of GRa-
D3, for instance, the N-terminal domain is al-
most completely missing,

Despite having similar ligand affinity, these
translational isoforms elicit different gene ex-
pression changes. In particular, it was recently
found that isoform GRa-C3 is more efficient
at inducing proapoptotic genes in human os-
teosarcoma cell lines than the classical GRa-
A. Conversely, isoform GRoa-D3 exhibited a
decreased capacity to generate the same tran-
scriptional responses. The molecular mecha-
nism of action seems to involve an enhance-
ment in the recruitment of coactivators by
GRa-C3, and the opposite occurs with isoform
GRa-D3.%2 While the expression levels of these
translational isoforms vary among tissues, it is
still unknown what their physiological impact
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might be, or what factors determine their ex-
pression patterns.

Secondary Signaling Mechanisms

Primary GRa-mediated changes in gene
expression initiate countless other signaling
events. For instance, glucocorticoid signaling
has been shown to alter the mRNA turnover
of TNFa, an inflammatory cytokine. Here,
GRa activation leads to the increased expres-
sion of tristetraprolin (1'TP), a protein equipped
with zinc finger domains capable of bind-
ing to mRINA molecules containing adenylate-
uridylate-rich elements (AREs) located in the
3" untranslated regions.®® Association of TTP
with AREs leads to the rapid decay of the tar-
get mRNA by recruitment of RNA degrading
enzymes.®! GRa-mediated gene induction of
TTP increases the mRNA turnover of TNFa
transcripts through AREs, and leads to a reduc-
tion in TNFa protein synthesis.®® Since many
other mRNA transcripts contain AREs, it is
possible that glucocorticoid signaling regulates
the expression of other genes in this manner.

Glucocorticoids can also elicit secondary re-
sponses by altering the components of other
signaling pathways. I'or instance, primary GRa
signaling induces the expression of the mitogen-
activated protein kinase (MAPK) phosphatase
1 (MKP1) gene. Increased expression of MKP1
leads to a decrease in MAPK signaling by de-
phosphorylating and inactivating the MAPK
components JNK, ERK, and p38.% The
MAPK pathway is involved in diverse cellu-
lar processes, such as apoptosis, mitosis, and
differentiation.

A change in the expression level of a tran-
scription factor is yet another mechanism by
which primary GRa signaling can lead to sec-
ondary cellular events. Glucocorticoids, for in-
stance, silence the expression of ATF4, a ba-
sic leucine zipper transcription factor required
for the expression of genes involved in amino
acid biosynthetic enzymes, amino acid trans-
porters, and aminoacyl-tRNA synthetases.®
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Therefore, primary GRa signaling facilitates
the switch from amino acid and protein an-
abolism to catabolism through the downreg-
ulation of ATF4.% It is possible that many
of the physiological actions ascribed to gluco-
corticoids are the result of secondary changes
in gene expression mediated by transcription
factors.

Nongenomic Signaling

In addition to the variety of genomic sig-
naling mechanisms discussed, there is increas-
ing evidence that glucocorticoids are capable
of rapid signaling events independent of tran-
scriptional changes. One of the most notable
examples involves a reduction in the produc-
tion of the pro-inflammatory molecule arachi-
donic acid (AA) by inhibition of the epider-
mal growth factor (EGF) signaling pathway
(Fig. 2).” Here, Src kinase, part of the multi-
meric complex sequestering GRa, is released
upon hormone binding and phosphorylates
lipocortin-1.%7 Phosphorylated lipocortin-1, in
turn, displaces the adaptor protein Grb2 from
active EGF receptors. Reduced EGY signaling
through Grb?2 results in diminished activity of
cytoplasmic phospholipase Ay (cPLAy), whose
enzymatic byproduct is AA.%7 Another rapid,
nontranscriptional event associated with glu-
cocorticoids involves the phosphoinositide 3-
kinases (PI3Ks) signaling pathway, leading to
protective effects on the cardiovascular system
and the brain. Physical interaction of GRa with
p85a, the main regulatory subunit of PI3Ks,
can lead to increased PI3Ks activity and down-
stream signaling.%®-% Further research is neces-
sary to determine the physiological relevance of
these and other non-genomic signaling events

mediated by GRo.

Summary

In this chapter, we have reviewed several
mechanisms by which glucocorticoids operate
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and elicit signaling events via the GR. Glu-
cocorticoids are steroid hormones released by
the adrenal cortex under situations of envi-
ronmental or physiological stress. In the cell,
glucocorticoids bind to the GR and elicit the
disassembly of a multimeric protein complex
sequestering the GR in the cytoplasm. Ligand-
bound GR translocates into the nucleus and
alters gene expression via GREs or nGREs,
both of which involve direct DNA binding.
Alternatively, the GR also mediates transcrip-
tional changes without direct DNA binding by
physical interactions with transcriptional fac-
tors, such as STATs, NFkB, AP-1, and Smad3.
Translational isoforms of the GR selectively
regulate gene expression, and thus greatly in-
crease GR signaling mechanisms. In addition,
secondary signaling events of glucocorticoid ac-
tion can affect mRNA turnover or alter the
composition of other signaling cascades. Gene
induction or repression of transcription factors
by GR can further elicit secondary changes in
gene expression. I'inally, rapid nongenomic sig-
naling events of glucocorticoid signaling involve
the disassembly of the cytoplasmic complex se-
questering GR, or cross-talk by protein—protein
interactions with components of other signal-
ing pathways. Clearly, the innumerable biolog-
ical processes that glucocorticoid signaling in-
fluence are matched by an astonishing diversity
of signaling mechanisms.
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