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Numerous biochemical events and cellu-
lar processes in virtually every tissue and
organ of the body are influenced by glu-
cocorticoids1. These hormones are major
effectors of basal and stress-related
homeostasis; they regulate cardiovascu-
lar function and carbohydrate, protein
and fat metabolism, suppress the
immune/inflammatory response, and
activate the central nervous system. In
addition, glucocorticoids participate in
the development and maturation of sev-
eral organs and systems; for example, the
adrenal medulla and the fetal lungs.
These widespread and varying effects are
mediated by specific intracellular recep-
tor proteins of the steroid receptor fam-
ily/nuclear receptor superfamily2, the
glucocorticoid receptors (GRs). Most of
the metabolic effects of glucocorticoids
are mediated primarily by interaction of
the GR with glucocorticoid-response 
element (GREs) in the promoters of
glucocorticoid-responsive genes. Their
anti-growth and anti-inflammatory/
immunosuppressive actions are mostly
exerted via protein–protein interactions
with positive regulators of growth and
inflammation, such as the transcription
factors activating protein 1 (AP-1) and
nuclear factor kB (NF-kB), respectively.

The existence of two highly homolo-
gous glucocorticoid receptor isoforms,
which differ only at their C-termini,
was predicted by the sequences of 
the human (h) GR cDNA and gene3,4.
These were the classic ligand-binding
hGRa, and a slightly smaller protein,
termed hGRb. Although the mecha-
nism of action of hGRa has been stud-
ied extensively, the role of hGRb in the
modulation of glucocorticoid receptor
actions remains uncertain. 

• Structure 
hGRa and hGRb are members of the
nuclear receptor superfamily, which
includes receptors for mineralocorti-
coids, androgens, progestins, estro-
gens, vitamin D, thyroid hormone,
retinoic acids and other ligands, and a
growing number of ‘orphan’ receptors,
for most of which specific ligands have
not been identified as yet5,6. hGRa and
hGRb are products of alternative splic-
ing in exon 9 of the gene encoding hGR,
which is located on chromosome 5
(Ref. 4). The first eight exons of the this
gene contain the 59 non-coding and
coding sequences common to both
receptor isoform mRNAs, and exon 9a

and 9b contain the coding and 39 non-
coding sequences specific to hGRa and
hGRb mRNAs, respectively (Fig. 1).
Thus, these receptor isoforms are iden-
tical up to amino acid 727, but diverge

beyond this position, with hGRa having
an additional 50 amino acids and hGRb

an additional 15 non-homologous
amino acids. The small difference in
size is reflected in different molecular
masses (~98 kDa for hGRa and 94 kDa
for hGRb). In contrast to hGRa, the b
isoform does not bind ligand and is
unable to trans-activate glucocorticoid-
responsive genes.

All the members of the nuclear recep-
tor superfamily have similar ‘modular’
structures containing three functional
domains: the N-terminal domain
(‘immunogenic’ domain), the central
‘DNA-binding domain’ and the C-ter-
minal ‘ligand-binding domain’. The
immunogenic domain contains a trans-
activation domain (AF-1 or t1), which
is important for regulation of target
gene expression7–9. The DNA-binding
domain7,10,11 includes a cysteine-rich
region with two highly conserved ‘zinc
fingers’ crucial for interaction with
GREs, and has sequences necessary 
for receptor dimerization12, nuclear
translocation (NLS1)13 and GRE-medi-
ated trans-activation8,14. The ligand-
binding domain, in addition to ligand
binding, contains the domains of sev-
eral other important functions7,15, such
as heat shock protein (hsp) binding16–18,
nuclear translocation (NLS2)13, recep-
tor dimerization19 and trans-activation
function (AF-2 or t2)20–23, as well as
domains for silencing of the receptor in
the absence of the hormone8,24. The two
trans-activation domains interact with
other nuclear proteins, the coactiva-
tors, important for stabilization and
activation of the transcription initi-
ation complex in the promoters of 
glucocorticoid-responsive genes.

• Intracellular Localization 
Because of its ligand-binding proper-
ties and strong transcriptional activ-
ities, hGRa has been a primary focus 
of research for many years; hGRb in
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contrast, was initially discarded as an
artifact, and studied only recently,
when specific antibodies against the
protein were generated25,26. The intra-
cellular localization of hGRb is uncer-
tain; de Castro et al.25 reported that, in
the absence of dexamethasone, most
hGRa and hGRb immunoreactivity of
HeLa cells was in the cytosolic fraction,
whereas incubation with dexametha-
sone resulted in a visible increase of the
immunoreactivity of both isoforms in
the nuclear fraction. In this study, the
authors provided further evidence 
that, like hGRa, hGRb was part of a

cytosolic hetero-oligomer that contained
hsp90, and that hGRb probably het-
erodimerizes with hGRa. By contrast,
Oakley et al.26 demonstrated that hGRb

resided primarily in the nucleus of
transfected cells, independently of hor-
mone treatment, which cannot readily
be explained, because hGRb has the
amino acid sequences that are necess-
ary to bind to hsp90 (Ref. 16). How-
ever, others showed that the affinity of
hGRb for hsp90 was less than that of
hGRa, which could explain its nuclear
localization under certain conditions
(J.A. Cidlowski, pers. commun.).

Recently, we also found transfected
green-fluorescent protein–GRb fusion
hybrid in the nucleus of transfected
HeLa cells (T. Kino, unpublished).
Although the import of this protein into
the nucleus was extremely rapid and
ligand independent, its export from 
the nucleus was greatly delayed when
compared with the export of the green-
fluorescent protein–GRa hybrid. This
suggests that hGRb can accumulate in
the nucleus at high concentrations,
even if its translation rate is signifi-
cantly lower than that of hGRa.

• Expression and Synthesis
mRNA
mRNA encoding hGRb is expressed
widely in the body. In an earlier study
by Bamberger et al., mRNA encoding
hGRb was found in several tissues,
including total brain, brain cortex,
amygdala, hippocampus, hypothala-
mus, pituitary, bone marrow, thymus,
spleen, peripheral blood leukocytes,
liver, kidney, lung, abdominal fat,
skeletal muscle, placenta (term) and
fetal lung27. These findings were con-
firmed by Oakley et al., who found
mRNA transcripts in various human
adult and fetal tissues and in several
transformed human cell lines26. Within
tissues, hGRb was found at high levels
in a cell type-specific manner. In par-
ticular, immunohistochemical analysis
revealed that epithelial cells lining the
terminal bronchiole of the lung, form-
ing the outer layer of Hassall’s corpus-
cle in the thymus and lining the bile
duct in the liver, had high levels of
hGRb. By contrast, thymic lymphocytes
and other epithelial cells in these tis-
sues showed very little immunoreactiv-
ity; moderate immunoreactivity was
seen in hepatocytes28. 

In three independent studies of
mRNA levels for GR isoforms, meas-
ured by quantitative RT–PCR, the a

isoform was dominant. In the pituitary,
both in adrenocorticotropin (ACTH)-
secreting adenoma tissues and in non-
adenomatous samples, a 30–40-fold
excess of mRNA encoding hGRa was
found compared with that encoding the
hGRb isoform. Furthermore, although
both pituitary and ectopic ACTH-
secreting tumors are at least partially
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Figure 1. Structure of the gene encoding the human glucocorticoid receptor (hGR) and gene
products. Alternative splicing events (1; default splicing pathway) and (2; alternative splicing
pathway) generate two different hGR messages, which differ in size owing to the use of alterna-
tive polyadenylation signals. Translation of the messages produces two isoforms of the glucocor-
ticoid receptor, hGRa and hGRb, respectively, which have an identical structure up to amino acid
727 but then diverge. hGRa, 777 amino acids long, has a molecular mass of ~98 kDa, whereas
hGRb, 742 amino acids long, has a molecular mass of ~94 kDa. Functional domains and the puta-
tive sites are indicated below the linearized GR protein. Boxes and lines represent exons and
introns, respectively. 
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glucocorticoid resistant, no significant
abnormalities in the relative expression
of the mRNAs of the two isoforms 
were seen in a series of such tumors29,30.
Oakley et al. found 200–500 times more
mRNA encoding hGRa than hGRb in a
variety of tissues and cells, including
human lung and liver, and HeLa-S3 and
CEM-C7 cells26. Finally, analysis by
RT–PCR showed no evidence of the
existence of mRNA encoding GRb in
mice31. 

Protein
Because mRNA transcripts encoding
hGRb have been detected in many
human tissues, the importance of know-
ing whether the protein is synthesized
and at what relative concentrations led
several laboratories to develop hGRb-
specific antibodies25,28,32. Although it was
found that hGRb was synthesized in all
tissues examined, the quantitative data
have been controversial and need to be
confirmed. Oakley et al. reported that the
hGRb protein was found in HeLa-S3 and
CEM-C7 cells, but at considerably
lower concentrations than the hGRa

(Ref. 28). On the other hand, de Castro
et al. reported levels of hGRb in HeLa
cells fivefold higher than those of hGRa

(Ref. 25). In the only quantitative survey
of human tissues, de Castro et al.
described ratios of hGRa to hGRb rang-
ing from 1:1 to 1: 5 (Ref. 25). The latter
survey used immunogenic peptides
conjugated to bovine serum albumin as
standards for both isoforms. When
hGRa peptide immunoreactivity was
compared with the immunoreactivity
of known quantities of purified mouse
GRa, the results were similar, with an
accuracy error of up to 20%. Interest-
ingly, the calculated quantities of hGRa

immunoreactivity were significantly
higher than the quantities extrapolated
from 3H-dexamethasone-binding stud-
ies, suggesting that only a proportion of
hGRa in a cell may be available for
binding to glucocorticoids. 

• Mechanisms of Action 
After binding the hormone, in its new
conformation, hGRa translocates into
the nucleus, where it directly influences
the transcription of glucocorticoid-
responsive genes by binding as a

homodimer to specific GREs, which
are present in the promoters of these
genes (Fig. 2). Once bound to GREs,
GRa interacts with other components
of the transcription apparatus, includ-
ing coactivators and corepressors,
either to enhance or repress the ex-
pression of glucocorticoid-responsive
genes33–35. 

There is a consensus that hGRb does
not bind glucocorticoids or antigluco-
corticoids in vitro and is transcrip-
tionally inactive on a GRE-containing
enhancer3,7,26,36–38. In addition, hGRb

was shown to bind to GRE-containing
DNA oligonucleotides in a specific fash-
ion27. However, it is still not clear
whether or not hGRb can exert a spe-
cific dominant negative effect on tran-
scriptional activation induced by
hGRa. Bamberger et al.27 showed that
increased production (at least fivefold)
of hGRb compared with hGRa could

disrupt the enhancing effects of hGRa

on a mouse mammary tumor virus
(MMTV)–luciferase construct in COS-7
cells. In accordance with these findings,
Oakley et al.26 also demonstrated hGRb

dominant negative activity in HeLa-S3
cells that have endogenous hGRa

receptors, also in a GRE-mediated
manner. Similar activity was reported
in COS-7 and HeLa cells (I.J. Brogan,
unpublished); furthermore, excess of
hGRb was reported to repress trans-
activation induced by the mineralo-
corticoid receptor (MR)39. Recently,
C.A. Longui et al. (pers. commun.)
demonstrated increased apoptosis of
glucocorticoid-sensitive human leu-
kemic cells by the addition of neutraliz-
ing complementary oligonucleotides
that interfered with the synthesis of the
b isoform. 

Potential mechanisms responsible
for this dominant negative effect

Figure 2. Putative mechanisms of action of the human glucocorticoid (GC) receptor (hGR) a and
b isoforms. In the unliganded state, the classic hGRa resides predominantly in the cytoplasm 
as part of a heteromeric complex including at least five molecules of heat shock proteins (hsp).
Hormone binding leads to a conformational change in the hGRa molecule, which allows it to 
dissociate from the hsp complex, homodimerize with another hormone-activated receptor 
molecule and translocate to the cell nucleus, where it can regulate the transcriptional activity of
target genes. This can occur as a result of binding to GC-responsive elements (GREs) or through
protein–protein interaction with other transcription factors. hGRb is unable to bind GCs and is
transcriptionally inactive, but might have a cell-specific dominant negative effect on hGRa for
GRE-mediated actions only. The GRE concensus sequence (15bp) is shown.
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exerted by hGRb have not been eluci-
dated yet. They might involve competi-
tion between hGRa and hGRb for GRE
binding, formation of transcriptionally
inactive or partially active hGRa–hGRb

or MR–hGRb heterodimers, and/or
competition for stoichiometrically lim-
ited concentrations of coactivators
needed by hGRa for full transcriptional
activity. The latter mechanism or
‘squelching’ has been shown to be 
physiologically important in several
systems, including the very important
interaction between hGRa and NF-kB
(Ref. 40). Interestingly, the GRb iso-
form has no detectable effect on AP-1-
or NF-kB-mediated actions in COS-7,
HEK-293, HeLa or Jurkat cells41,42 and,
hence, its presence in a cell would 
preferentially influence GRE-mediated
actions.

Carlstedt-Duke’s group32 found no
evidence for a specific dominant nega-
tive effect of GRb on trans-activation
induced by hGRa. Similarly, Brogan 
et al. found that hGRb did not repress
hGRa-dependent trans-activation in
HEK-293 embryonic kidney cells (I.J.
Brogan, unpublished). Furthermore,
cotransfection of hGRb in primary
human lymphocytes or Jurkat T lym-
phoma cells had no effect on trans-acti-
vation by the hGRa isoform, even when
the hGRb protein was found at more
than five times higher levels than hGRa

(Ref. 42). 
These discrepant results could be

explained by the use of different vec-
tors, cell/tissue-specificity or problems
connected to the transient transfection
systems used. However, it is notewor-
thy that we and others have used the
same transfection system in the evalu-
ation of our patients with genetic forms
of generalized glucocorticoid resist-
ance and have found that it has
reflected appropriately the functional
defect and the clinical picture of the
patients36–38,43.

• Glucocorticoid Sensitivity 
Many studies have demonstrated in a
variety of systems that there is a direct
correlation between the concentration
of the GR in a cell and the cell’s sensi-
tivity to glucocorticoids44–47. Genetic
abnormalities of the GR – primarily

inactivating mutations of the ligand-
binding domain or mutations leading
to functional knockout of one of the two
GR gene alleles – have been described37.
These mutations lead to generalized
glucocorticoid resistance compensated
for by hyperactivity of the hypothala-
mic–pituitary–adrenal axis. The exces-
sive ACTH, cortisol, cortisol precursors
with mineralocorticoid activity (pri-
marily DOC and corticosterone) and
adrenal androgens (primarily andro-
stenedione) produce pathology in many
of these subjects, mainly hypertension
with or without hypokalemic alkalosis
and the entire range of hyperandro-
genism in women and children.

A pathological dominant negative
hGR mutant with substitution of
isoleucine for asparagine at position
559 of the protein was described
recently. This receptor had a three- to
fourfold higher dominant negative
activity than hGRb in the same
MMTV–luciferase assay, and was found
at a 1:1 ratio with normal hGRa in the
patient’s cells. This patient had marked
glucocorticoid resistance leading to an
approximately five- to tenfold elevation
of his urinary free cortisol levels43.

A genetically determined imbalance
of the glucocorticoid receptor isoforms
was found recently in cultured lympho-
cytes from a patient with congenital
generalized glucocorticoid resistance
and chronic leukemia; this patient pre-
sented with greatly reduced hGRa and
normal hGRb levels, resulting in a low
hGRa to hGRb ratio48. There was no
abnormality in the sequence of the
entire cDNA and individual exons of the
gene encoding hGR in this patient;
however, the low hGRa concentration
could explain the glucocorticoid resist-
ance of this patient.

Glucocorticoids are used widely for
the suppression of inflammation in
chronic autoimmune/inflammatory
and allergic diseases, such as rheuma-
toid arthritis, inflammatory bowel 
disease and asthma, as well as for 
suppression of lymphoid tissue in lym-
phoproliferative neoplasms, such as
lymphoma or leukemia, and other con-
ditions. Indeed, glucocorticoids are
often the most effective therapy avail-
able; however, their use in some

patients is hampered by systemic side
effects.

A proportion of patients with autoim-
mune/inflammatory or allergic diseases
treated with glucocorticoids requires or
fails to respond to high doses of those
hormones. This is immune system-
specific glucocorticoid resistance and
appears to be the result of tissue-
specific defects of the GR transduction
system. This condition might be gen-
etically/constitutionally determined
and/or acquired and has been studied
extensively in asthma49–51 and less
extensively in other inflammatory dis-
eases, including rheumatoid arthritis52

and inflammatory bowel disease53,54.
There might be several mechanisms
responsible for this phenomenon,
including changes in intracellular hor-
mone availability, levels of cellular
hGRa, hormone-binding affinity, hor-
mone-induced conformational change
and dissociation from the hsp complex.
Other mechanisms could involve phos-
phorylation, nuclear translocation,
GRE binding and/or interaction with
other nuclear factors, as well as abnor-
mally high levels of hGRb.

Indeed, in glucocorticoid-resistant
asthma type 1 patients, significantly
higher numbers of hGRb immuno-
reactive cells were found in the periph-
eral blood of glucocorticoid-sensitive
asthmatics than in normal controls55.
Similar data were found when bronchial
lavage cells from patients with steroid-
resistant and -sensitive asthma were
investigated, with higher numbers of
hGRb immunoreactive cells in resistant
than in sensitive cells. The synthesis of
hGRb was cytokine-inducible [inter-
leukin 2 (IL-2) and IL-4] in peripheral
blood leukocytes from normal subjects,
but reverted to normal levels when 
glucocorticoid-resistant cells were incu-
bated in the absence of cytokines55. This
finding suggested that cytokine-induced
synthesis of hGRb might be involved
directly in the development of glucocor-
ticoid insensitivity in certain patients
with chronic asthma. In patients with the
rarer glucocorticoid-resistant asthma
type 2, a genetically determined non-
reversible decrease of the hGRa to hGRb

ratio could be responsible for glucocorti-
coid resistance of the immune cells. 
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Animal models of systemic glucocorti-
coid resistance, such as New World pri-
mates, including squirrel, marmoset and
owl monkeys, might also have increased
relative synthesis of the b isoform of the
GR. These animals have total plasma
cortisol levels that are 7–20 times higher
than in humans or other Old World pri-
mates56, whereas the concentration,
affinity and predicted amino acid
sequence of their GRs are similar to
those of the human receptor57. Further-
more, these animals exhibit resistance to
a variety of other hormones, including
estrogens, progesterone, androgens,
aldosterone and vitamin D (Refs 58–60).
Immunoreactivity of both isoforms of
the GR has been found in Epstein–Barr
virus-transformed B lymphocytes from
marmosets, with the b isoform being
approximately ten times overproduced
compared with the corresponding
human cells (M. de Castro, unpub-
lished). An altered splicing pattern of GR
pre-mRNA or differential mRNA trans-
lation or degradation and/or GR protein
degradation rates might contribute to
the steroid resistance of these animals.
Alternatively, these animals might have
decreased activity of coactivators and/or
increased activity of corepressors, lead-
ing to ‘pansteroid’ resistance.

• Conclusions
Glucocorticoids are essential for life
and their actions are important for
maintaining basal and stress-related
homeostasis. Glucocorticoid effects are
exerted via the ligand-binding hGRa;
the non-ligand-binding isoform hGRb

might have mild, fine-tuning negative
effects, pertaining primarily to GRE-
mediated actions of GRa; that is, pri-
marily activational and metabolic
effects, and possibly apoptosis in a
select type of cell or tissue. These effects
might be specific, by direct interactions
with hGRa and GREs, or nonspecific,
as a result of squelching of transcrip-
tion cofactors that are important for
glucocorticoid-modulated transcrip-
tion, but are present in limited quanti-
ties. hGRb has been shown to bind to
hsp90, to translocate into and accumu-
late in the nucleus (and, hence, to have
at least one active nuclear localization
signal) and to be exported from the

nucleus at an extremely slow rate.
hGRb also has intact AF-1 and AF-2
sequences, which might interact with
nuclear receptor coregulators in com-
petition with hGRa. More work is
needed to determine the involvement of
hGRb in human physiology and patho-
physiology.
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