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SYNOPSIS

Glucocorticoids are primary stress hormones that regulate a variety of physiologic processes and 

are essential for life. The actions of glucocorticoids are predominantly mediated through the 

classic glucocorticoid receptor (GR). Glucocorticoid receptors are expressed throughout the body, 

but there is considerable heterogeneity in glucocorticoid sensitivity and biological responses 

across tissues. Ligand-activated GR induces or represses the transcription of thousands of genes 

through direct binding to DNA response elements, physically associating with other transcription 

factors, or both. The conventional belief that glucocorticoids act through a single GR protein has 

changed dramatically with the discovery of a diverse collection of receptor isoforms. These GR 

variants are derived from a single gene by alternative splicing and alternative translation initiation 

mechanisms. Moreover, posttranslational modifications of these GR isoforms further expand the 

heterogeneity of glucocorticoid signaling. In this chapter, we provide an overview of the 

molecular mechanisms that regulate glucocorticoid actions, highlight the dynamic nature of 

hormone signaling and discuss the molecular properties of the GR isoforms.
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INTRODUCTION

Corticosteroids are a class of steroid hormones released by the adrenal cortex, which 

includes glucocorticoids and mineralocorticoids1. However, the term “corticosteroids” is 

generally used to refer to glucocorticoids. Named for their effect in carbohydrate 

metabolism, glucocorticoids regulate diverse cellular functions including development, 

homeostasis, metabolism, cognition and inflammation2. Due to their profound immune-
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modulatory actions, glucocorticoids are one of the most widely prescribed drugs in the 

world and the worldwide market for glucocorticoids is estimated to be worth more than 

USD 10 billion per year [3]. Glucocorticoids have become a clinical mainstay for the 

treatment of numerous inflammatory and autoimmune diseases, such as asthma, allergy, 

septic shock rheumatoid arthritis, inflammatory bowel disease, and multiple sclerosis. 

Unfortunately, the therapeutic benefits of glucocorticoids are limited by the adverse side 

effects that are associated with high dose (used in the treatment of systemic vasculitis and 

SLE) and long-term use. These side effects include osteoporosis, skin atrophy, diabetes, 

abdominal obesity, glaucoma, cataracts, avascular necrosis and infection, growth 

retardation, and hypertension3.

Furthermore, patients on long-term glucocorticoid therapy also develop tissue-specific 

glucocorticoid resistance4. Understanding the molecular mechanisms underlying the 

physiological and pharmacological actions of glucocorticoids is of great importance as it 

may aid in developing synthetic glucocorticoids with increased tissue selectivity, which can 

thereby minimize the side effects by dissociating the desired anti-inflammatory functions 

from undesirable adverse outcomes. Here, we summarize the recent advances and molecular 

processes involved in glucocorticoid action and function and discuss in detail the potential 

role of the glucocorticoid receptor (GR) in determining cellular responsiveness to 

glucocorticoids.

GLUCOCORTICOID SYNTHESIS, SECRETION AND BIOAVAILABILITY

Glucocorticoids (cortisol in man and corticosterone in rodents) are steroid hormones 

synthesized and released by the adrenal glands in a circadian manner, in response to 

physiological cues and stress5. The circadian profile of glucocorticoid release from the 

adrenal glands is regulated by the hypothalamic-pituitary-adrenal (HPA) axis. Inputs from 

the suprachiasmatic nucleus (SCN) stimulate the para-ventricular nucleus (PVN) of the 

hypothalamus to release corticotrophin-releasing hormone (CRH) and arginine vasopressin 

(AVP). These hormones act on the anterior pituitary where they activate corticotroph cells to 

secrete adrenocorticotrophin hormone (ACTH) into the general circulation. Subsequently, 

ACTH acts on the adrenal cortex to stimulate the synthesis and release of glucocorticoids 

(Fig 1A)6. Once released from the adrenal glands into the blood circulation, glucocorticoids 

access target tissues to regulate a myriad of physiologic processes, including metabolism, 

immune function, skeletal growth, cardiovascular function, reproduction, and cognition. Due 

to its lipophilic nature, glucocorticoids cannot be pre-synthesized and stored in adrenal 

glands, but have to be rapidly synthesized (using a number of enzymatic reactions) upon 

ACTH stimulation. This feed-forward mechanism within the HPA system is balanced by 

negative feedback of glucocorticoids acting at both the anterior pituitary and within the 

hypothalamus to inhibit further release of ACTH and CRH, respectively (Fig 1A)7.

Biologically active glucocorticoids are synthesized from cholesterol through a multienzyme 

process termed steroidogenesis5, 7. ACTH increases adrenal gland activity via Protein 

Kinase A (PKA) activation leading to non-genomic regulation of steroidogenic proteins. 

This includes phosphorylation of hormone sensitive lipase (HSL), a protein that increases 

the levels of intracellular cholesterol, and phosphorylation of steroidogenic acute regulatory 

Ramamoorthy and Cidlowski Page 2

Rheum Dis Clin North Am. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein (StAR), which promotes the transport of cholesterol into the mitochondria, where 

cholesterol is converted into pregnenolone by the enzyme side-chain cleavage cytochrome 

P450 (P450scc). This process is followed by a number of enzymatic reactions within the 

mitochondria and the endoplasmic reticulum that ultimately leads to glucocorticoid 

synthesis within the cells, which, in turn, is released into the general blood circulation7.

The HPA axis has been shown to exhibit a circadian oscillation, thus coupling 

glucocorticoid synthesis to diurnal patterns. Consequently in humans, serum cortisol 

concentrations peak in the mornings and are lowest at night. HPA axis is the central stress 

response system responsible for the adaptation component of the stress response, which 

attempts to restore homeostasis8. Inappropriate regulation of the stress response has been 

linked to a wide array of pathologies including autoimmune disease, hypertension, affective 

disorders and major depression. Systemic serum glucocorticoid level is maintained by 

adrenal glucocorticoid synthesis, but glucocorticoid availability is further regulated at a 

tissue or cellular level. In humans, 80-90% of circulating glucocorticoids are bound to 

corticosteroid binding globulin (CBG) and 5-15% are bound to albumin to maintain the 

majority of glucocorticoids in an inactive form. Only 5% of systemic glucocorticoids are 

free and bioactive9. Hence, the accessibility of cortisol is regulated by CBG concentration.

Glucocorticoid availability at the cellular level is sustained by tissue-specific metabolic 

enzymes 11β-hydroxysteroid dehydrogenases (11β-HSDs)10. 11β-HSDs catalyze the 

interconversion of active glucocorticoids. 11β-HSD2, functions as a potent dehydrogenase 

that rapidly inactivates glucocorticoids (converts cortisol to cortisone), thus allowing 

aldosterone selective access to otherwise non-selective mineralocorticoid receptor in the 

kidney and the pancreas10. In contrast to endogenous glucocorticoids, most synthetic 

glucocorticoids do not bind CBG and are not metabolized by 11β-HSD2. However, 11β-

HSD1 acts as a predominant 11β-reductase in all the glucocorticoid target tissues such as the 

liver, adipose tissue, brain and lung, and facilitates the conversion of inactive precursor 

cortisone to bioactive cortisol, thereby regenerating active glucocorticoids within tissues by 

exploiting the circulating high levels of inert cortisone11. Thus, the contrasting functions of 

the isoenzymes 11β-HSD1 and 11β-HSD2 maintain glucocorticoid availability and activity 

at the cellular level and inhibitors of 11β-HSD1 have been designed to limit the adverse 

metabolic side effects of increased endogenous glucocorticoids in conditions such as 

Cushing's syndrome. In fact, impaired hepatic 11b-HSD1 occurs in patients with polycystic 

ovary syndrome and primary obesity11.

GLUCOCORTICOID RECEPTOR

The physiological and pharmacological functions of glucocorticoids are mediated by the 

intracellular glucocorticoid receptor (GR), a member of the nuclear receptor family of 

ligand-activated transcription factors. The GR is a modular protein comprised of three 

functional domains: an N-terminal transactivation domain (NTD), a central DNA binding 

domain (DBD) and a C-terminal ligand-binding domain (LBD)12. Two nuclear localization 

signals are situated within the LBD and at the DBD-hinge region, respectively (Fig 1B). The 

NTD, covering amino acids 1–420 of the GR is least conserved and is thus the most variable 

domain among all the nuclear receptors. The NTD contains transcription activation function 
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(AF1) that activates target genes in a ligand-independent fashion and is the primary site for 

all the posttranslational modifications. The central DBD is the most conserved domain 

across all the nuclear receptor proteins and harbors two zinc finger motifs that bind target 

DNA sequences called glucocorticoid response elements (GREs). The LBD houses the 

hydrophobic ligand-binding pocket formed by 12 α-helices and 4 β-sheets. A second 

activation function domain (AF-2) is located within this carboxy-terminal region along with 

sequences essential for ligand-dependent coregulator interactions13.

MECHANISMS OF GLUCOCORTICOID ACTION

GENOMIC ACTIONS OF GLUCOCORTICOIDS

Glucocorticoids signal through genomic and non-genomic pathways. The classic, genomic 

actions of glucocorticoids are mediated through GR. In the absence of hormone, GR 

predominantly resides in the cytoplasm of cells as part of a large multi-protein complex that 

includes chaperone proteins (hsp90, hsp70, and p23) and immunophilins (FKBP51 and 

FKBP52)14. The multi-protein complex maintains GR in a conformation that favors high 

affinity ligand binding15. On binding ligand GR undergoes a conformational change, 

resulting in the dissociation of the multi-protein complex. This leads to a structural 

reorganization of the GR protein exposing the 2 nuclear localization signals, and the ligand 

bound GR is rapidly translocated into the nucleus through nuclear pores (Fig.2). Once inside 

the nucleus, GR binds directly to GREs and stimulates target gene expression. The 

consensus GRE is a palindromic sequence comprised of 2 half sites 

(GGAACAnnnTGTTCT) separated by a 3-nucleotide spacer16. GR binds GRE as a dimer 

and each half site is occupied by one receptor and thus the 3-nucleotide spacer between the 2 

half sites is strictly required for GR:DNA interaction (Fig.2)17. Binding of GR to GRE 

induces conformational changes in GR leading to coordinated recruitment of coregulator and 

chromatin-remodeling complexes that influence the activity of RNA polymerase II and 

activates gene transcription and repression. A recent study has identified a negative 

glucocorticoid-responsive element (nGRE) that mediates glucocorticoid-dependent 

repression of target genes by recruiting corepressors (NCoR1 and SMRT) and histone 

deacetlyases (HDACs) (Fig.2)18. The consensus nGRE is palindromic 

(CTCC(n)0-2GGAGA), but differ from the classic GRE in having a variable spacer that 

ranges from 0-2 nucleotides and is occupied by 2 GR monomers19.

Genome-wide GR recruitment studies have shown that only a small proportion of GREs are 

occupied by GR and specific GR binding sites vary between tissues due to differences in 

chromatin landscape which influences GRE accessibility20, 21. Comprehensive GR binding 

analyses revealed that many GR-binding sites identified are located far from the promoter 

proximal region of target genes and showed an unexpected difference between the activation 

and repressive functions of the GR [22]. For example, glucocorticoid induction of b-arrestin 

1 and repression of b-arrestin 2 occurs through an intron 1 GRE and an intron 11 nGRE, 

respectively 23. Another example of a GR-binding site located a great distance from the 

transcription start site is the intragenic nGRE recently identified in exon 6 of the GR gene 

that mediates homologous down-regulation of GR expression24. A significant proportion of 

the GR-binding sites lack a consensus GRE element, which suggests that binding of GR to 
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the chromatin may in many cases occur by tethering to other transcription factors. What 

remains to be established, however, is the functionality of these distant GR-binding sites in 

relation to the transcription of genes or other undiscovered functions encoded in the GR 

protein.

Additionally, GR can physically interact with the members of the signal transducer and 

activator of transcription (STAT) family, either in conjunction with binding a GRE or apart, 

to enhance transcription of certain target genes (Fig.2)25. Most of the anti-inflammatory 

effects of glucocorticoids appear to result from an important negative regulatory mechanism 

called transrepression26, in which ligand-bound GR is recruited to chromatin by protein-

protein interactions with DNA-bound transcription factors, particularly NF-κB and activator 

protein-1 (AP-1). GR directly binds the Jun subunit of AP1 and the p65 subunit of NF-kB 

and interferes with the transcriptional activation of these 2 proteins (Fig.2). For certain 

genes, transrepression is accomplished by the GR tethering itself to these DNA-bound 

transcription factors without itself directly interacting with the DNA27,28. However, for 

some genes, GR functions in a composite manner, binding directly to a GRE and physically 

associating with AP1 or NF-kB bound to a neighboring site on the DNA (Fig.2).

Glucocorticoid-induced gene expression is frequently cell type-specific and only a small 

proportion of genes are commonly activated between different tissues29. Tissue-specific 

target gene activation by glucocorticoids has been shown to be dependent on accessibility of 

the GR-binding site which in turn is determined by DNA methylation and higher order 

chromatin structures like long-range chromatin loops. Thus, tissue-specific target gene 

activation may be determined by the tissue-specific chromatin landscape, which influences 

binding of GR to the cognate DNA elements20, 30. Transcriptional regulation by GR is also 

modulated by recruitment of co-activators, which mediate posttranslational modifications of 

histones (acetylation and methylation)31, 32. This property aids in altering the chromatin 

structure and recruiting other cofactors, thus making the chromatin more accessible for the 

assembly of general transcription factors and the RNA polymerase complex at the target 

gene promoter33, 34. The identity of co-regulators that contribute to GR transactivation has 

grown in the recent years to numbers in the hundreds. Some of the well-studied GR co-

regulators are the SRC family proteins, mediator complex and SWI/SNF complexes, NCoR1 

and SMRT35.

NON-GENOMIC ACTIONS OF GLUCOCORTICOIDS

Rapid, non-genomic glucocorticoid actions are mediated through physiochemical 

interactions with cytosolic GR or membrane-bound GR. Unlike genomic effects, non-

genomic effects of glucocorticoids do not require protein synthesis, and occur within 

seconds to minutes of GR activation36. A growing body of evidence suggests that the rapid 

non-genomic functions of GR utilize the activity of various kinases, like phosphoinositide 3-

kinase, AKT, and mitogen-activated protein kinases (MAPKs)37. Binding of glucocorticoids 

to GR not only activates the receptor, but also liberates accessory proteins that participate in 

secondary signaling cascades. For example, when released from the inactive GR protein 

complex, c-Src activates signaling cascades that inhibit phospholipase A2 activity, 

phosphorylate annexin 1, and impair the release of arachidonic acid38, 39. In thymocytes, 
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activated GR translocates to mitochondria and regulates apoptosis40. GR has also been 

reported to localize in caveolae and glucocorticoid mediated activation of this membrane-

associated GR regulates gap junction intercellular communication and neural progenitor cell 

proliferation41, 42. Thus, rapid non-genomic GR signaling adds greater complexity and 

diversity to glucocorticoid dependent biological actions.

GLUCOCORTICOID RECEPTOR HETEROGENEITY

GR SPLICE VARIANTS

The GR protein is encoded by the Nr3c1 gene and consists of 9 exons; exon 1 forms the 5’-

untranslated region, while exon 2–9 code for the GR protein. Exon 2 forms the N-terminal 

domain of GR, exon 3–4 constitute the central DBD, while exons 5–9 code for the hinge and 

ligand-binding domain. Alternative splicing at exon 9 of primary GR transcript generates 

two highly homologous mRNA transcripts that results in the production of two GR isoforms 

termed GRα and GRβ (Fig.3A)43, 44. The two isoforms are identical up to amino acid 727, 

but vary beyond this position. GRα, the predominant form of GR is composed of an 

additional 50 amino acids, while GRβ contains an additional 15 nonhomologous amino acids 

(Fig.3A)44. The distinct carboxy-terminal residues in GRβ confer unique properties to this 

GR isoform. GRβ does not bind ligand (due to the lack of helix 12), resides predominantly 

in the nucleus and is inactive on glucocorticoid-responsive reporter genes45, 46. Conversely, 

in the presence of GRα, GRβ functions as a dominant negative inhibitor and antagonizes 

GRα activity on many glucocorticoid-responsive target genes. Recent studies from multiple 

laboratories suggest that GRβ can function as a bona fide transcription factor by directly 

inducing and repressing a large number of genes independent of its dominant negative 

activity on GRα. Indeed, GRβ has been shown to recruit histone deacetylases and repress 

certain genes such as interleukin (IL)-5 and IL-1347, 48. Although GRβ does not bind 

glucocorticoids, it actively binds GR antagonist mifepristone (RU486),49 and the 

endogenous ligand for GRβ is currently unknown.

GRβ is expressed in different tissues but generally at lower levels than GRα. However, GRβ 

is abundant in certain cell types, such as neutrophils and epithelial cells50. The molecular 

factors that control GRβ expression are poorly understood, but several studies have 

implicated the involvement of the splicing factor, SRp30c51, 52. Besides, the expression of 

GRβ can be increased by pro-inflammatory cytokines and other immune activators and lead 

to reduced GRα:GRβ ratio and glucocorticoid resistance. Reduced GRα:GRβ ratio has been 

associated with mood disorders such as schizophrenia, bipolar and major depressive 

disorders. Elevated GRβ levels have been associated with glucocorticoid resistance in 

several inflammatory diseases, including asthma, rheumatoid arthritis, ulcerative colitis, 

nasal polyposis, systemic lupus erythematosus, sepsis, acute lymphoblastic leukemia, and 

chronic lymphocytic leukemia46. Thus, manipulating GRα:GRβ expression ratios, may 

provide a means to modulate glucocorticoid sensitivity. Another significant finding has been 

the discovery of GRβ in mice, rat and zebra fish. These isoforms arise from a distinct 

splicing mechanism that employs alternative splice donor sites in the intron separating exons 

8 and 9, resulting in a GRβ isoform similar in structure and function to human GRβ 53, 54, 55.
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The additional splice variants of GR, GRγ, GR-A, and GR-P, were discovered in 

glucocorticoid-resistant cancer cells, and later in healthy tissues. Initially identified in cancer 

cells and blood mononuclear cells, GRγ is a splice variant in which exon 4 is alternatively 

spliced to exon 3, thereby including 3 bp of the intron region resulting in an additional 

arginine residue between the zinc fingers of the DBD (Fig.3A)56. GRγ exhibits ~50% of the 

activity of GRα for canonical glucocorticoid target genes, and GRγ expression in childhood 

acute lymphoblastic leukemia has been shown to correlate with resistance to glucocorticoid 

treatment57. Glucocorticoid resistance in small cell lung carcinoma and corticotroph 

adenomas is also associated with GRγ expression in these cancers58. The GR-A variant is 

generated by splicing of exon 4 to exon 8, resulting in a transcript lacking exon 5-7, which 

encoded the amino-terminal half of the LBD (Fig.3A). Failure to splice at exon 7/8 

boundary yields GR-P isoform, which lacks the carboxy-terminal half of the LBD (Fig.3A). 

Due to defective LBD, both GR-A and GR-P do not bind glucocorticoids. Little is known 

about the GR-A's biological functions, however, GR-P has been shown to modulate the 

transcriptional activity of GRα in a cell type–specific manner59, 60. The GR-P variant is 

expressed in normal tissue and has been reported to be up-regulated in many glucocorticoid 

resistant hematological malignancies (Acute lymphoblastic leukemia, non-Hodgkin's 

lymphoma and multiple myeloma)61.

GR TRANSLATIONAL ISOFORMS

Apart from GR splice variants, alternative translation initiation from the single GRα mRNA 

produces an additional cohort of diverse GR proteins, adding to glucocorticoid receptor 

heterogeneity62, 63. Eight highly conserved AUG start codons in exon 2 of the GR transcript 

give rise to eight GRα variant with progressively shorter N-terminus. These receptor 

isoforms are designated GRα-A, -B, -C1, -C2, -C3, -D1, -D2 and -D3 (Fig.3A). The GRα-A 

isoform is the classical full-length receptor containing amino acids1–777. Ribosomal leaky 

scanning and ribosomal shunting mechanisms are involved in the generation of the GRα 

subtypes. Each of the GR splice variants (GRβ, GRγ, GR-A, and GR-P) would also be 

predicted to give rise to a similar complement of N-terminal isoforms. The GRα 

translational isoforms, distinguished only by the length of the NTD, have similar affinity for 

glucocorticoids and similar GRE binding capability following ligand-dependent activation. 

However, the subcellular localization of the isoforms differs, with GRα-D isoforms residing 

constitutively in the nucleus. In contrast, GRα-A, GRα-B, and GRα-C isoforms are 

localized in the cytoplasm of cells in the absence of hormone and translocate to the nucleus 

on glucocorticoid binding62. An interesting difference among the GRα isoforms, is that each 

GR variant possesses a distinct transcription profile. When individual isoforms are 

expressed in U2OS osteosarcoma or Jurkat T lymphoblastic leukemia cells, they each 

regulate a unique set of genes, with less than 10% being commonly regulated by all the 

isoforms64, 65. The isoform specific gene-regulatory profile produced functional differences 

in glucocorticoid-induced apoptosis in these cells. Cells expressing GRα-C3 exhibited 

highest sensitivity to glucocorticoid-induced apoptosis, while the GRα-D3 expressing cells 

were the most resistant66. The GRα-C3 is the most active and the heightened activity has 

been linked to an N-terminal motif (residues 98-115) that is sterically hindered in the larger 

GR isoforms. The unobstructed AF1 domain of GRα-C3 effectively recruits various co-

regulators and enhances the transcriptional activity of GRα-C3 67. However, the lack of AF1 
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domain might be responsible for diminished transcriptional activity in GRα-D3. Unlike the 

other receptor isoforms, GRα-D3 does not repress the transcription of anti-apoptotic genes 

Bcl-xL, cellular inhibitor of apoptosis protein 1 and survivin. The inability of GRα-D to 

down-regulate the expression of these genes is associated with a weak interaction between 

GRα-D and NF-κB66.

The translational isoforms exhibit extensive tissue distribution, although their relative levels 

vary both between and within cells. In rodents, the GRα-A and GRα-B isoforms are the 

most abundant GR proteins in many tissues62. The highest GRα-C expression is found in 

pancreas, lung, and colon. The GRα-D variants are prevalent in the spleen and bladder but 

are expressed at low levels, while GRα-B is more abundant in thymus and colon. Recent 

studies have also demonstrated changes in the cellular complement of GRα translational 

isoforms in response to various cellular stimuli [68]. Moreover, the relative levels of the 

GRα subtypes expressed in the human brain were found to change during development and 

the aging process69, 70. The molecular mechanisms governing the expressed complement of 

translational isoforms are poorly understood. Therefore, genetic manipulation of the GR 

translational isoforms in animal models may shed new light on the biological importance of 

these intriguing GR variants, and it will be important to determine the contributions of a 

single GR isoform in a whole animal. Furthermore, it is critical to verify if glucocorticoid-

resistant cells exhibit an altered pattern of GR isoform expression.

POST-TRANSLATIONAL MODIFICATIONS OF GR

Posttranslational modifications of GR further modulate the transcriptional landscape of the 

receptor. The most extensively studied covalent modification of GR is phosphorylation and 

at least seven serine residues (Ser-113, Ser-134, Ser-141, Ser-203, Ser-211, Ser-226 and 

Ser-404) that are phosphorylated in hGR, and all these sites are also conserved in mouse and 

rat (Fig.3B). Other phosphorylation sites include Ser-45 and 267. The receptor displays a 

basal level of phosphorylation and becomes hyperphosphorylated upon binding 

glucocorticoids, however, the structure of the ligand determines both the pattern and extent 

of GR phosphorylation. Different kinases are involved in the phosphorylation of GR, which 

includes MAPKs, cyclin-dependent kinases, casein kinase II, and glycogen synthase kinase 

3β. Phosphorylation of GRα changes its transcriptional activity, often in a gene-specific 

manner71, 72. Ligand-dependent phosphorylation of GR at Ser-211 correlates with elevated 

transcriptional activity, while phosphorylation at Ser-226 decreases GR transcriptional 

activity. Impaired Ser-211 phosphorylation might lead to glucocorticoid resistance in 

malignant lymphoid cells, in contrast, hyperphosphorylation at Ser-226 might account for 

decreased GR signaling in the pathology of depression72, 73. Ligand-induced 

phosphorylation at Ser-404 has been shown to impact transcriptional activity of GR by 

impairing both activation and repression of target genes74. Ser-134 is exclusive in that it is 

phosphorylated in a glucocorticoid-independent manner by stress stimuli including glucose 

starvation, oxidative stress, UV irradiation and osmotic shock75.

Phosphorylation of GR also modifies other properties of GR that affect GR signaling76. The 

cellular compartmentalization of GR is altered by phosphorylation, GR phosphorylation at 

Ser-203, Ser-226 or Ser-404 enhances cytoplasmic retention thus reducing transcriptional 
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activity. Degradation of the GR protein is enhanced by glucocorticoid-dependent 

phosphorylation at Ser-404 because phosphorylation-deficient mutants are stabilized in the 

presence of glucocorticoids77.

GR protein is also subject to a variety of other posttranslational modifications that regulate 

the function of the receptor. Ubiquitin is a 76-amino-acid protein that, when attached to 

specific lysine residues, marks proteins for proteasomal degradation. GR is ubiquitinated at 

a conserved lysine residue located at position 419 (Lys-419), and this modification targets 

the receptor for degradation by the 26S proteasome (Fig.3B)78,79. Mutation of this 

conserved Lys residue enhances the glucocorticoid-induced transcriptional activity of GR 

and blocks ligand-dependent down-regulation of GR80. Another important posttranslational 

modification of GR is the covalent addition of a small ubiquitin-related modifier-1 

(SUMO-1) termed sumoylation. GR is sumoylated at residues Lys-277, Lys-293 and 

Lys-703 (Fig.3B). Sumoylation of GRα has been shown to promote its degradation and 

inhibits the transcriptional activity of GR in a promoter-specific manner by recruiting 

corepressors81. It has been suggested that GR can be acetylated at lysine residues -494 and 

-495 and acetylation of GR alters the inhibitory actions of glucocorticoids on NF-κB (Fig.

3B). Recent studies have shown that acetylation of GR by clock transcription factor reduces 

GR transcriptional activity82, 83. In summary, posttranslational modification of GR regulates 

multiple aspects of GR function and adds to receptor heterogeneity.

GLUCOCORTICOID RECEPTOR POLYMORPHISMS

A polymorphism is defined as an inheritable genetic germ line variant of a single locus 

(most frequently a single nucleotide variation) that is present in at least 1% of the 

population. Polymorphisms in the GR gene that alter the amino acid sequence are linked to 

impaired GR function as a transcriptional activator or repressor. The N363S polymorphism, 

located within exon 2 (Fig.3C), occurs in ~4% of the population, results in modest increases 

in GR transcriptional activity, and is associated with generalized increases in glucocorticoid 

sensitivity. N363S carriers have been reported to have an increased body mass index, 

coronary artery disease and decreased bone mineral density84. The ER22/23EK 

polymorphism that occurs in ~3% of the individuals results in an arginine (R) to lysine (K) 

change at position 23 (R23K) within the N terminus (Fig.3C). ER22/23EK is associated with 

decreased GR transcriptional activity. The ER22/23EK polymorphism has been shown to 

increase the ratio of GRα-A to GRα-B and the carriers of ER22/23EK polymorphism have a 

lower tendency to develop impaired glucose tolerance, type-2 diabetes and cardiovascular 

disease85.

The A3669G polymorphism in GRβ 3’ untranslated region results in an increase of both 

GRβ mRNA and protein (Fig.3C). Moreover, carriers of A3669G polymorphism have a 

higher incidence of rheumatoid arthritis and cardiovascular disease. Individuals homozygous 

for A3669G polymorphism were associated with a proinflammatory phenotype with an 

increased risk for myocardial infarction and coronary heart disease86.
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SUMMARY AND FUTURE CONSIDERATIONS

Glucocorticoids are primary stress hormones that regulate a vast array of physiological 

processes, and synthetic derivatives of these molecules are widely used in the clinic for 

treating inflammatory disorders, autoimmune diseases and hematological cancers. Despite 

the efficacy of glucocorticoids in the treatment of inflammatory and immune disorders, their 

utility is limited by harmful side effects of chronic and/or high dose treatment. These side 

effects include diabetes, impaired wound healing, skin atrophy, muscle atrophy, HPA 

dysfunction, cataracts, peptic ulcers, hypertension, metabolic syndrome, osteoporosis, and 

water/electrolyte imbalance. Considerable effort has been dedicated over the last several 

decades to enhance glucocorticoid potency while minimizing adverse side effects by 

modifying the chemical structure of the natural glucocorticoids87. The discovery that 

multiple GR isoforms with unique expression, gene-regulatory, and functional profiles are 

generated by alternative splicing, alternative translation initiation of the mature mRNA, and 

posttranslational modifications have advanced our understanding of molecular basis for the 

diversity in glucocorticoid sensitivity (hyposensitivity or hypersensitivity). Genome wide 

GR recruitment studies have shown that tissue specific chromatin landscape also exhibits 

profound differences in glucocorticoid sensitivity.

An important challenge in the clinical application of glucocorticoids is the heterogeneity in 

glucocorticoid responsiveness among individuals, with a significant portion of the 

population (up to 30%) exhibiting some degree of glucocorticoid resistance. Progress in our 

understanding of glucocorticoid expression patterns have uncovered a variety of 

mechanisms that contribute to reduced glucocorticoid responsiveness, including increased 

expression of the GRβ and GRα-D isoforms, changes in GR phosphorylation and 

homologous down-regulation of GR. Dissecting the molecular mechanisms of resistance 

permits not only the prediction of patient responsiveness to glucocorticoids but also the 

design of novel therapeutic strategies for combating glucocorticoid insensitivity. In 

summary, understanding the heterogeneity of GR signaling in both health and disease will 

aid in the development of safer and more effective glucocorticoid therapies with improved 

benefit/risk ratios for patients.
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KEY POINTS

1. An important challenge in the clinical application of glucocorticoids is the 

heterogeneity in glucocorticoid responsiveness among individuals with a significant 

portion of the population exhibiting some degree of glucocorticoid resistance. 2. 

Glucocorticoid sensitivity and specificity is influenced by GR isoform expression profile. 

Inflammatory and pathological processes modulate cellular GR isoform profiles. 3. 

Assessing glucocorticoid sensitivity in individual patients is important for an optimal 

glucocorticoid treatment plan in the clinic. 4. Understanding the heterogeneity of GR 

signaling in both health and disease will aid in the development of safer and more 

effective glucocorticoid therapies with improved benefit/risk ratios for patients.
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FIG 1. 
A. Regulation of glucocorticoid secretion by the hypothalamic-pituitary-adrenal (HPA) axis. 

Stress induces the release of CRF from the hypothalamus, which is transported to the 

anterior pituitary, where it triggers the release of ACTH into the blood stream. ACTH 

stimulates the adrenal cortex to synthesize and release the glucocorticoids (cortisol in 

humans or corticosterone in rodents). Subsequently, the glucocorticoids act on the 

hypothalamus and pituitary to dampen excess activation of the HPA axis (“negative 

feedback system”). CRH, Corticotrophin-releasing hormone, ACTH, Adrenocorticotropic 

hormone. B. Domain structure of hGR-α. GR contains three major functional regions, the N-

terminal transactivation domain (NTD), the central DBD and the C-terminal LBD. The 

region located between the DBD and LBD is known as the hinge region (H). Regions 

involved in transcriptional activation (AF1 and AF2), dimerization, nuclear localization and 

chaperone hsp90 binding are indicated.

Adapted from Ramamoorthy S, Cidlowski JA (2013) Exploring the molecular mechanisms 

of glucocorticoid receptor action from sensitivity to resistance. Endocr Dev 24:41–56. doi: 

10.1159/000342502; with permission.
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FIG 2. Genomic action of GR
Upon binding glucocorticoids, cytoplasmic GR undergoes a conformation change 

(activation), becomes hyper-phosphorylated (P), dissociates from multi-protein complex, 

and translocates into the nucleus, where it regulates gene expression. GR activates or 

represses transcription of target genes by direct GRE binding, by tethering itself to other 

transcription factors apart from DNA binding, or in a composite manner by both direct GRE 

binding and interactions with transcription factors bound to neighboring sites. NPC = 

Nuclear pore complex; BTM = basal transcription machinery; TBP = TATA-binding 

protein; nGRE = negative GRE; RE = response element. Adated modified from88
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FIG 3. 
A. Alternative splicing and translation initiation of hGR primary transcript. The hGR 

primary transcript is composed of 9 exons, with exon 2 encoding most of the N- terminal 

domain (NTD), exons 3 and 4 encoding the DBD, and exons 5–9 encoding the hinge region 

(H) and LBD. GR splice variant isoform: The classic GRα protein results from splicing of 

exon 8 to the beginning of exon 9. GRβ is produced from an alternative splice acceptor site 

that links the end of exon 8 to downstream sequences in exon 9, encoding a variant with a 

unique 15 amino acid at C terminus (positions 728–742). GRγ is generated from an 

alternative splice donor site in the intronic sequence separating exons 3 and 4, resulting in a 

protein with an arginine insertion (Arg-452) between the two zinc fingers of the DBD. GR-

A is produced from alternative splicing that joins exon 4 to exon 8, deleting the proximal 

185 amino acids of the LBD (Ala-490-Ser-674) encoded by exons 5–7. GR-P is formed by a 

failure to splice exon 7 to exon 8. The retained intronic sequence introduces a stop codon, 

resulting in a truncated receptor mutant missing the distal half of the LBD. GRα 

translational isoforms: Domain organization of the GRα translational isoforms. Initiation of 

translation from eight different AUG start codons in a single GR-mRNA generates receptor 

isoforms with progressively shorter N-terminal domains. This generates the GRα 

translational isoforms GRα-A, B, C1, C2, C3, D1, D2 and D3. B. Domain structure and 

posttranslational modifications of hGR-α. Sites of posttranslational modifications like 

phosphorylation (P), sumoylation (S), ubiquitination (U) and acetylation (A) are indicated. 

C. hGR polymorphisms. Arrows indicate polymorphisms that result in amino acid changes 

and A3669G which leads to GR stability. Adopted and modified from88
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