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    Chapter 1   
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    Abstract     The history of glucocorticoid hormone research is an excellent example of 
“bedside to bench” investigation. It started with two very insightful clinical observa-
tions. Thomas Addison described the syndrome of what came to be known as adrenal 
hormone insuffi ciency and Harvey Cushing the syndrome of glucocorticoid hormone 
excess. These dramatic and life-threatening conditions spawned 150 years of active 
research that has involved many disciplines; indeed some of the fundamental obser-
vations of molecular biology are the result of this work. We have a fundamental 
knowledge of how glucocorticoids regulate gene transcription, their major effect. 
The challenge facing current and future investigators is to discern how to use this 
information to make these powerful therapeutic agents safer and more effective.  

 Dedication   We dedicate this chapter to Gordon M. Tomkins. Gordon was a visionary who, after 
direct exposure to the Paris bacterial genetics group in the early 1960s, quite clearly foresaw the 
fi eld of mammalian gene regulation. He was one of the founders of the discipline now known as 
Molecular Endocrinology. Most importantly, as regards the topic of this book, his scientifi c passion 
was glucocorticoid action. A generation of young scientists was fortunate to spend time in his 
laboratory; many others were infl uenced by his writings, entertaining lectures and the informal 
talks he gave during his many visits to universities and research institutes. Gordon was a direct 
mentor to two of us, D.K.G. and K.R.Y., and a second generation mentor to J.-C.W. 
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  Keywords     Glucocorticoids   •   Gene expression   •   Nuclear receptors   •   Transcription 
factors   •   DNA elements  

    The survival of multicellular organisms requires rapid and effi cient adaptation to an 
ever-changing external environment. Many mechanisms have evolved to ensure the 
effective coupling of external cues to internally generated signals that affect 

    Table 1.1    The pleiotropic effects of glucocorticoid hormones   

  Effects on intermediary metabolism  
 1.  Increase glucose production by: (a) increasing the delivery of amino acids and glycerol 

(the gluconeogenic substrates) from peripheral tissues; (b) increasing the rate of 
gluconeogenesis by increasing the amount and activity of several key enzymes; and (c) 
“permitting” other metabolic reactions to operate at maximal rates 

 2. Inhibiting the uptake of glucose by tissues excepting the nervous system, heart and red 
blood cells 

 3. Increase hepatic glycogen deposition by promoting the activation of glycogen synthase 
 4. Promote lipolysis, but can cause lipogenesis in some sites (face and trunk) especially at 

higher than physiologic levels 
 5. Promote protein metabolism. This is an anabolic effect, particularly in liver, at physiologic 

levels. Can be catabolic in certain conditions as a means of supplying amino acids for 
gluconeogenesis 

  Effects on host mechanisms  
 1. Suppress the immune response. These hormones cause a species- and cell type- specifi c lysis 

of lymphocytes 
 2. Suppress the infl ammatory response by: (a) decreasing the number of circulating leukocytes 

and the migration of tissue leukocytes; (b) inhibiting fi broblast proliferation; (c) inducing 
lipocortins, which by inhibiting phospholipase A2, blunt the production of the potent 
anti-infl ammatory prostaglandins and leukotrienes; and (d) inhibit the action of NF-kB by 
increasing synthesis of the inhibitor IkB; GR tethering to p65 subunit of NF-kB, competing 
with Pol II CTD kinase P-TEFb association with p65 

  Effects on development/differentiation  
 1. Development of the lung, including the production of surfactants and an inducible sodium 

channel 
 2. Development of neural crest-derived chromaffi n cells (catecholamine production) in the adrenal 

medulla. The delivery of high concentrations of glucocorticoids to the medulla through the 
intra-adrenal portal system allows for the induction of phenylethanolamine-N - methyltransferase, 
which catalyzes the conversion of norepinephrine to epinephrine 

  Other effects  
 1. Necessary with catecholamines for maintenance of normal blood pressure and cardiac output 
 2. Required for maintenance of normal water and electrolyte balance, perhaps by restraining 

ADH release (H 2 O) and by increasing angiotensinogen (Na+). These effects contribute to the 
effect on blood pressure 

 3. Necessary, with the hormones of the adrenal medulla, allowing the organism to respond to 
stress 
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complex processes such as the response to food deprivation, exercise, stress, trauma, 
and infection. A constant supply of energy is of central importance in all of these 
functions. Glucocorticoid hormones are named for the central role they play in glu-
cose homeostasis, which is an important source of energy for all tissues; in particu-
lar, the brain depends almost entirely on glucose metabolism. 

 Glucocorticoids are also of interest because of the direct and indirect effects they 
have on a large number of apparently diverse physiologic and biochemical pro-
cesses (Table  1.1 ). And, they play an important therapeutic role as life-saving 
replacement treatment in adrenal insuffi ciency (Addison’s disease; Chap.   4    ), as a 
key component in the therapy of certain malignancies (Chap.   14    ), as an immuno-
suppressant in transplantation and autoimmune diseases and as an anti- infl ammatory 
agent (Chap.   9    ). It is amazing that this class of hormones, which are small (cortisol 
is 362 Da), relatively simple derivatives of cholesterol, can accomplish so much. 
The current understanding of how these hormones work started fi rst with a descrip-
tion of the adrenal glands, then with a remarkable clinical observation that led to 
more than 150 years of research that has employed, and also helped formulate, 
many of the basic principles of physiology, biochemistry and molecular biology. 
This introductory chapter will trace the discoveries that have led to our current 
understanding of glucocorticoid action, and will attempt to set the stage for the suc-
ceeding chapters that delve more deeply into the different processes affected by 
these interesting hormones.

      The Importance of the Adrenal Glands Is Established 

  The story begins in 1563 when Eustachius described two small organs ,  located near 
and just above  ( ad -)  the kidneys  ( renal )  in humans . Adrenal glands, as they were 
subsequently named, are found across vertebrates, but their role in biology remained 
unknown until the mid-1800s when Kolliker placed the adrenals among the group 
of ductless glands that communicate only with the blood system. Adrenals were 
shown to consist of two discrete areas: a fi rm outer layer, or cortex, and a soft, 
spongy inner layer, the medulla. The function of each of these areas was unknown, 
and the concept of hormones, molecules synthesized in one organ and transported 
through the vascular system to one or more distant target organs, was not formulated 
until the studies of the control of secretin secretion were reported by Bayliss and 
Starling in 1901–1902 [ 1 ,  2 ]. 

 Thomas Addison made a brilliant clinical-pathologic observation in 1855 that 
really launched this fi eld of research. He described a syndrome that included 
intense skin pigmentation, weakness, feeble pulse, and general debility with a fatal 
outcome in a group of 11 patients, all of whom had small, diseased or absent adre-
nal glands. The title of his monograph, published posthumously, was “On the 
Constitutional and Local Effects of Disease of the Suprarenal Capsule” [ 3 ]. 
Curiously, also in 1855, Claude Bernard fi rst described his studies on the glyco-
genic function of the liver whereby this organ “prepares sugar at the expense of the 
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elements of the blood passing through it” [ 4 ], a concept of central importance once 
the full manifestations of adrenal insuffi ciency were known. Bernard also fi rst 
wrote about the importance of maintaining a “stable internal environment”, which 
led to the concept of “homeostasis”, a term fi rst used by Cannon in 1926 [ 5 ]. 
Although presented in the same year, the observations by Addison and Bernard 
were not connected for about 75 years. 

 Brown-Séquard showed that adrenalectomy resulted in the death of experimental 
animals [ 6 ], as was observed in humans affected with what had become known as 
Addison’s disease. Attempts to treat persons (or experimental animals subjected to 
adrenalectomy) commenced in the latter part of the nineteenth century, even though 
the active agent(s) in the adrenals was unknown. Aqueous extracts of the entire 
adrenal often had effects on heart rate and blood pressure, but did not resolve the 
life-threatening symptoms of Addison’s disease. With clarifi cation of the medullary 
source of adrenaline (epinephrine) and its subsequent purifi cation and synthesis, the 
separate role of this glandular structure, and its role in the sympathetic nervous 
system, became apparent. The search for the critical adrenal cortical factor “cortin” 
became the focal point of interest during this time and continued during the early 
part of the twentieth century. Cortin was suspected of being a hormone, a concept 
which Starling had by then defi ned [ 7 ], but the structure of cortin was a complete 
mystery.  

    The Active Adrenal Cortical Hormones Are Identifi ed 
and Synthesized 

  The identifi cation of the active hormone proved to be an arduous task . A major 
breakthrough came when organic solvents were used in place of water to make 
adrenal cortical extracts; the subsequent demonstration of the lipophilic nature of 
steroids explained this important discovery. These extracts led to the survival of 
adrenalectomized animals and in the improvement of patients with Addison’s dis-
ease [ 8 ,  9 ]. The race to discovery continued, and in the 1920s and 1930s many 
groups, most notably those of Kendall and Reichstein, developed techniques for the 
crystallization of adrenal corticosteroids and the subsequent synthesis of many of 
these molecules [ 10 ,  11 ]. The signifi cant diffi culties encountered in this work were 
understood much later when it was realized that there are dozens of steroids in the 
adrenal cortex, most of which are intermediates in the synthesis of the active hor-
mones from cholesterol. The problem was made even more diffi cult by the fact that 
many of these molecules co-purifi ed and co-crystallized. To complicate matters 
even further, very small molecular changes had large effects on activity, thus the 
chemical synthesis had to be very precise [ 10 ,  11 ]. These obstacles were eventually 
overcome. Cortisone, synthesized by Sarett in 1947 [ 12 ], was the fi rst glucocorticoid 
to be extensively used clinically.  

D.K. Granner et al.



7

    The Metabolic and Therapeutic Effects of Glucocorticoids 
Are First Explored 

  By the early part of the twentieth century ,  when various clinical parameters could 
be reliably quantitated ,  the syndrome of Addison ’ s disease was further expanded 
to include metabolic and renal components . The inability to maintain glucose 
homeostasis, coupled with extreme insulin sensitivity (hypoglycemia), was a seri-
ous problem in patients with Addison’s disease. In time this was attributed to a 
reduced ability of the liver to convert amino acids or glycerol into glucose (impaired 
gluconeogenesis) or to convert glycogen into glucose, a validation of the early ideas 
formulated by Claude Bernard. These observations also led to studies of the hor-
monal regulation of these processes, as is discussed in detail below. The renal 
manifestations include excessive retention of potassium and diuresis associated 
with excessive loss of sodium in the urine, which contributes to the severe hypoten-
sion noted in these patients. The eventual availability of molecules of known struc-
ture led to the categorization of adrenal corticosteroids into glucocorticoids and 
mineralocorticoids, according to their predominant, but not exclusive, action. 
Hydrocortisone (cortisol) and corticosterone are the major glucocorticoids in 
humans and rodents, respectively; aldosterone is the major mineralocorticoid. 
Persons with primary adrenal insuffi ciency are now usually treated with both a glu-
cocorticoid and a mineralocorticoid. 

 The production of adrenal androgens (mostly androstenedione) was defi ned 
later, based in part on the serendipitous synthesis of steroids with androgenic activ-
ity in the course of efforts to make glucocorticoids, and on subsequent clinical 
observations, which helped explain why some persons with adrenal hyperplasia 
develop masculinization. The structures of the primary adrenal hormones are shown 
in Fig.  1.1 .  

  A second clinical observation played a major role in advancing this research fi eld . 
Harvey Cushing, in 1912, described a syndrome in which an adenoma of the ante-
rior pituitary gland caused hypertrophy of the adrenal glands and a characteristic set 
of clinical signs and symptoms [ 13 ]. The manifestations of Cushing’s disease were, 
in many ways, the opposite of those seen in Addison’s disease: hypertension, fl uid 
retention, weight gain, obesity with ectopic fat deposition, hyperglycemia with 
insulin resistance, masculinization, and thin friable skin with bruising, among oth-
ers. Now known to be due to excessive, unsuppressed release of adrenocorticotropic 
hormone (ACTH) from a tumor of the basophilic cells in the anterior pituitary 
(or corticotrophin releasing hormone (CRH) from the hypothalamus), the condition 
is mimicked when excessive amounts of exogenous glucocorticoids are adminis-
tered therapeutically, or when primary adrenal tumors overproduce the hormones, so- 
called Cushing’s syndrome. Philip Hench, a colleague of Kendall at the Mayo 
Clinic, fi rst used a glucocorticoid (cortisone) to treat persons with rheumatoid 
arthritis [ 14 ]. This treatment had remarkable benefi cial effects and led to its subse-
quent use as an anti-infl ammatory/immunosuppressant agent. Unfortunately, clinical 

1 Regulatory Actions of Glucocorticoid Hormones: From Organisms to Mechanisms



8

remission requires long-term use at high doses, and this often leads to the serious 
complication of Cushing’s syndrome with its attendant, devastating complications. 

 These studies, in collection, are an excellent example of how early endocrine 
research evolved. The general sequence of discovery was: (1) ablate a gland of inter-
est; (2) observe and quantitate the physiologic and biochemical events that ensue; 
(3) isolate, purify and synthesize the putative hormone; and (4) prove the role of the 
latter by replacing the pure hormone and restoring normal homeostasis. The next 
challenge was to elucidate how glucocorticoids accomplish all these physiologic 
and pathophysiologic events. 

 Once the physiologic effects of glucocorticoid defi ciency or excess were defi ned, 
and pure molecules were readily available, the question became “what exactly do 
these hormones do and how do they do it?” Emphasis was placed early on the regu-
lation of glucose metabolism because of the notable effects glucocorticoids appeared 
to have on this process and because of a considerable body of relevant knowledge 
which had been developing contemporaneously. Important concepts such as: 
(a) enzymes have a unique structure, (b) precise metabolic pathways exist and they 
are coordinated, (c) proteins turnover independent of cell replication, and (d) 
enzyme adaptation (induction and repression) were all applied to the study of glu-
cocorticoid hormone action.  

  Fig. 1.1    Basic structures and trivial names of major hormones of the adrenal cortex       

 

D.K. Granner et al.
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    Enzymes Are Defi ned and the Metabolic Pathways Are 
Elucidated 

  The concept that the conversion of foodstuffs into cellular constituents ,  or into 
energy ,  involved an orderly progression of discrete biochemical reactions ,  each 
catalyzed by an enzyme ,  fi rst began attracting attention as early as 1752 when de 
Réaumur showed that gastric secretions could digest meat  [ 15 ]. Others demon-
strated that saliva could convert starch to sugar, and in 1833 diastase (amylases) 
was described [ 16 ]. This work is associated with the subsequent convention of 
adding “-ase” to the name of an enzyme, although the word “enzyme” was appar-
ently not used until 1877 [ 17 ]. The nature and function of enzymes was unknown. 
The prevailing theory, based on the fermentation of sugar into alcohol, was that 
the process required a living cell. When Buchner showed, in 1907, that yeast 
extracts accomplish the same purpose, the cell-free action of enzymes was estab-
lished [ 18 ]. 

 Investigators had shown that enzymatic activity was associated with proteins, 
but had not proven that a protein, per se, was capable of this action. In 1926 Sumner 
purifi ed and crystallized the protein urease; he repeated this with catalase in 1937 
[ 19 ]. Northrup and Stanley, who studied pepsin, trypsin and chymotrypsin, among 
several other proteins, presented further proof that enzymes are proteins [ 20 ,  21 ]. 
And importantly, as Northrop stated, “the enzymatic activity is a property of the 
protein itself and not due to a non-protein impurity”. 

  Studies by hundreds of investigators ,  which started even before the exact nature of 
enzymes was established ,  led to the construction of the  “ metabolic chart ”. The chart 
presents a picture (although details are still being added) of the complex, interacting 
metabolic events that occur within a cell. This is truly one of the great scientifi c 
accomplishments of the twentieth century, especially when one considers that a great 
many of the enzymes on this chart were purifi ed using virtually none of the overex-
pression, chromatographic and affi nity techniques available today; very tedious, 
nonspecifi c techniques (e.g., salt fractionation, alcohol and acetone fractionation) 
were among those commonly employed. 

 Knowledge of the metabolic pathways made it possible to fi nally understand that 
the conversion of foodstuffs into cellular constituents or energy involves an orderly 
progression of discrete biochemical reactions, each catalyzed by an enzyme. This 
begged the question of whether these processes are regulated, particularly in view 
of observations such as those that suggested glucocorticoids might play a role in one 
or more of these processes and thereby account for some of the manifestations of 
Addison’s disease. Subsequent experiments in this area focused on the coordination 
and regulation of these complex pathways. A number of investigators formulated 
the hypothesis that hormones might provide the means of metabolic coordination 
[ 22 ]. But another important concept had to be developed before this hypothesis 
could be tested.  

1 Regulatory Actions of Glucocorticoid Hormones: From Organisms to Mechanisms
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    The Concept of Differential Turnover of Cellular Constituents 
Is Established 

  Until the late 1930s cells and cellular constituents were thought to turn over at the 
same rate . The stable components of a cell somehow replicated themselves and were 
equally distributed into the two daughter cells with cell division. This was a conserva-
tive mechanism, but it would not allow for adaptation based on changing the amount 
of a cellular constituent (protein) independent of cell replication. The pioneering 
work by Schoenheimer, Shemin, Rittenberg, and others, who were among the fi rst 
to use isotopes to address biologic questions, showed convincingly that various 
lipids and proteins have turnover rates different from that of the cell itself, and have 
different turnover rates within a given cell [ 23 – 25 ]. For example, hepatocytes were 
found to have a small component of proteins (~3 %) with a t 1⁄2  of ~140 days (about 
the t 1⁄2  of the cell) and a much larger component consisting of two subclasses with 
t 1⁄2  values of 4.5 and 12 days [ 24 ]. 

 The concept that turnover occurs, and is dynamic, was a major advance, as subtle 
adjustments of an active synthesis/degradation process could allow for fl exible, 
rapid and accurate adaptive responses to the challenges of an acutely changing 
external and internal environment. This observation offered the possibility that the 
enzymatic reactions that govern a certain metabolic pathway could be regulated by 
changes of the amount and/or activity of one or more enzymes. These changes could 
be facilitated by intercellular signals (e.g., glucocorticoid hormones) that would 
allow a cell to respond to various metabolic and environmental challenges.  

    Enzymes Show Adaptive Changes and Glucocorticoids 
Regulate Gene Expression 

  The observation that cellular components turnover led directly to the concept that 
organisms could show adaptive responses to their environment . Remarkable 
changes in the amount of enzymes in microorganisms had been demonstrated in the 
1940s, generally in response to alterations of substrate concentration [ 26 – 28 ]. This 
phenomenon was demonstrated in mammalian cells when tryptophan was shown to 
induce a six to eightfold increase in tryptophan oxygenase (TO) [ 29 ]. This effect, 
which appeared to be an example of substrate induction similar to that observed in 
bacteria, was rapid and self-limited. However, subsequent studies showed that other 
amino acids and compounds, which were not substrates of TO, also increase activity 
of the enzyme. All the substances tested appeared to stress the animals, and the 
response only occurred in those with an intact pituitary-adrenal axis [ 30 ]. Selye had 
proposed that this axis was involved in the stress response [ 31 ], which led to the 
hypothesis that the adrenal cortical hormones were responsible for the induction of 
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TO. This concept was validated shortly thereafter when a purifi ed glucocorticoid 
(see above) administered to adrenalectomized rats resulted in the induction of TO 
[ 32 ]. By 1956, many examples of changes of enzyme activity in response to adre-
nalectomy, thyroidectomy, hypophysectomy, and diabetes were known [ 33 ]. When 
glucocorticoids were also found to induce tyrosine aminotransferase (TAT) [ 34 ], the 
era of research on the hormonal regulation of enzyme induction by these hormones 
was well underway. The timetable of progress is shown in Table  1.2 .

    Knox and Mahler observed that the changes in TO activity could result from a 
change in the amount of enzyme rather than to a change in the catalytic activity of 
the protein —“the production of a potential increase in metabolism by increasing the 
amount of enzyme, but without affecting the catalytic activity of a given amount of 
enzyme may therefore be a general means of metabolic regulation” [ 29 ]. This state-
ment seems obvious today but it was presented when much of the effort to deter-
mine the mechanism of action of steroid hormones was confi ned to cell free systems, 
since a prevailing idea was that they acted to alter catalytic activity by serving as 
energy transducers, enzyme cofactors or allosteric regulators. 

 Proof that increased activity of an enzyme was due to an increased amount of the 
protein required a purifi ed protein, which was used to produce a specifi c antibody 
that could then be used to selectively immunoprecipitate the radioactively labeled 
protein. Such evidence was obtained for TAT [ 35 ], and for TO [ 36 ]. The concept of 
turnover implied that an increased amount of protein could result from an increased 
rate of synthesis, from a decreased rate of degradation, or from some combination 
of these processes. The theoretical basis for such experiments was defi ned by 
Schimke [ 37 ] who then showed that tryptophan slowed hepatic TO degradation 
while hydrocortisone enhanced TO synthesis [ 38 ]. By contrast, rat liver TAT syn-
thesis was enhanced by hydrocortisone without an effect on degradation [ 39 ]. 

 Tryptophan and tyrosine are not signifi cant gluconeogenic substrates, so the 
regulation of TO and TAT served mostly as model systems for studies of enzyme 
regulation. By contrast, phosphoenolpyruvate carboxykinase (PEPCK), which cata-
lyzes the conversion of oxaloacetate (from pyruvate) to phosphoenolpyruvate, is a 
major gluconeogenic enzyme. Thus, the demonstration of the induction of PEPCK 
by glucocorticoids was especially signifi cant [ 40 ].  

 Function 

 Enzyme 

 TAT  TO  PEPCK 

 Increased enzyme activity  1957  1954  1963 
 Increased enzyme amount  1962  1962  x 
 Increased enzyme synthesis  1962  1965  1975 
 Increased mRNA activity  1976  1973  1977 
 Increased mRNA amount  1983  1982  1983 
 Increased transcription  1987  1983  1983 

    Table 1.2    The timetable of 
glucocorticoid induction of 
hepatic enzymes   

1 Regulatory Actions of Glucocorticoid Hormones: From Organisms to Mechanisms
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    Glucocorticoids Regulate the Transcription of Specifi c Genes 

  An enormous conceptual advance occurred as a result of the studies of the regulation 
of the E. coli lac operon by Jacob and Monod  [ 41 ]. Two major concepts arose from 
these, and subsequent, experiments. The fi rst was that genes consist of structural 
and regulatory components. The second was the “information fl ow” hypothesis, 
which states that genes direct the synthesis of a messenger RNA (mRNA), which 
then directs the synthesis of the corresponding protein. The studies of the  lac  operon 
gave immediate direction to studies of regulation of gene expression in eukaryotic 
cells, even though it would take many years to develop the techniques necessary for 
performing these investigations. 

 Gordon Tomkins was one of the fi rst persons to propose that the approach Jacob 
and Monod used to study gene regulation in prokaryotes might be applied to the 
analysis of the hormonal regulation of enzyme synthesis in cultured mammalian cells. 
This idea was not enthusiastically accepted at fi rst, to say the least, but the demonstra-
tion that glucocorticoids induce TAT in cultured H4IIE and HTC hepatoma cells was 
a game-changer [ 42 ,  43 ]. A subsequent study showed that the basic observations of 
the induction of TAT in liver were replicated in HTC cells [ 44 ], and it soon became 
clear that the ability to precisely control the hormonal environment, select for 
mutants, synchronize cells, adapt them to growth as single cells in suspension, etc. 
offered a system amenable to the molecular biology studies that were to follow. 

  The conceptual framework used to analyze how glucocorticoids affect enzyme syn-
thesis was applied to the analysis of the role of mRNA in this process . Changes of 
the rate of synthesis of a specifi c enzyme could result from changes of the transla-
tional activity of a fi xed amount of mRNA, or a changed amount of mRNA from 
either an alteration of mRNA stability or of its rate of synthesis (transcription). 
Unfortunately, many of the glucocorticoid-regulated enzymes exist in very small 
amount; TO, TAT and PEPCK are each present at ≤1 % of cytosolic protein. Later 
studies showed, as expected, that the corresponding basal levels of the mRNAs for 
these enzymes comprise less than 0.1 % of total poly A+ RNA in hepatocytes [ 45 ]. 
The basal rate of PEPCK gene transcription is 0.01 % of the total [ 46 ]. Because 
procedures had to be developed to account for this lack of abundance (there were no 
commercially available reagents or kits, DNA had to be sequenced by manual pro-
cedures, none of the genes had been isolated or characterized, etc.), it took many 
years before specifi c assays of mRNA activity, amount, or transcription, measured 
by various cell-free translation systems or by hybridization to specifi c cDNA probes, 
were established. In the meantime, results obtained from experiments using various 
inhibitors of RNA synthesis were used to make inferences about the mediating role 
of mRNA. Since many of these compounds, most notably actinomycin D, inhibited 
glucocorticoid induction of TAT [ 43 ,  47 ], TO [ 47 ], and PEPCK [ 40 ], it was assumed 
that ongoing mRNA synthesis was necessary for the response [ 45 ]. 

  The assumption that hormones regulate mRNA synthesis was directly tested in more 
than a decade of research starting in the early 1970s . mRNA activity was assessed by 
translating total nuclear poly A+ RNA in a wheat germ or reticulocyte lysate translation 
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system. The amount of radiolabel incorporated into specifi c protein (again detected by 
immunoprecipitation) was compared to that in the total protein synthesized. The amount 
of mRNA was assessed by hybridization to specifi c cDNA probes once those were avail-
able. Transcription assays, much easier to perform in cultured cells, used longer cDNA 
probes to detect the amount of radioisotope incorporated into a specifi c mRNA. The 
progression illustrated in Table  1.2  shows that the glucocorticoid-induced increase of 
enzyme activity is accomplished through an enhanced rate of transcription of the TO 
[ 48 ], TAT [ 49 ] and PEPCK [ 46 ] genes, measured using an elongation assay. It is note-
worthy that 20 years elapsed between fi rst concept and the fi nal accomplishment, which 
underscores the diffi culties encountered in performing these experiments. 

  Glucocorticoids often do not act in isolation on important metabolic processes . An 
example is hepatic gluconeogenesis. This process is increased by glucocorticoids 
and glucagon (cAMP) and decreased by insulin. It thus is of interest to note that 
each of these hormones affect PEPCK activity in parallel with their effect on gluco-
neogenesis. The changes in PEPCK activity caused by the hormones are due to 
changes of specifi c mRNA amount, which are, in turn, directly proportional to the 
rate of transcription of the PEPCK gene [ 46 ,  50 ]. The basal rate of transcription of 
the PEPCK gene is ~100 ppm of total RNA synthesized; glucocorticoids and cAMP 
each increase this rate several fold and their effects are additive. Insulin inhibits 
basal and induced transcription, and the insulin effect is dominant [ 46 ]. All of these 
actions could be studied in the H4IIE rat hepatoma cell line, thus, as is discussed 
below, a system existed for analyzing how several hormones interact at the level of 
a single gene to regulate an important metabolic function.  

    A Specifi c Receptor Mediates the Action of Glucocorticoids 

 While studies of the effect of glucocorticoids on gene expression were progressing, 
several investigators were establishing the physiologic and biochemical parameters 
of what became known as the glucocorticoid hormone signal transduction pathway. 
The following is a brief summary of these important observations. Cortisol, synthe-
sized in the fasciculata and reticularis zones of the adrenal cortex, is secreted directly 
into plasma. Cortisol exists in two forms in plasma: (1) bound to transcortin 
(corticosteroid- binding globulin; CBG) and (2) as free, unbound, cortisol. The latter, 
which is a small percentage of the total circulating hormone (<10 %), is the biologically 
active form. Free cortisol readily crosses the plasma membrane, where it initiates 
action by binding, with high affi nity, to a specifi c glucocorticoid receptor (GR). 

  The concept of specifi c receptors for steroid hormones began with the work of 
Talwar et al .,  who showed that estradiol binds with high affi nity to a uterine 
cytosolic substance  [ 51 ],  later shown to be a protein . Defi nitive evidence for a GR 
was presented a few years later, as summarized in comprehensive reviews [ 52 ,  53 ]. 
Early biochemical studies, performed before the purifi ed GR was available, revealed 
several key points: (1) GR is located in the cytosol in the absence of ligand. (2) The 
ligand · GR interaction is of high affi nity and is rapidly reversible. (3) The binding 
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of ligands to GR correlates well with the biologic activity of the ligand, and the 
biologic effect disappears quickly following removal of the ligand. Cortisol, corti-
costerone and aldosterone all bind to the GR with high affi nity, but in humans the 
dominant glucocorticoid is cortisol because of its much greater plasma concentra-
tion. (4) The absence of GR in a cell results in a loss of biologic activity of the 
ligand. For example, lymphocytes that lack GR are resistant to the cell-killing 
effects of glucocorticoids. (5) An activation process results in the transfer of GR into 
the nucleus of target cells. GR is associated with one or more chaperones (i.e., 
hsp90) in the absence of ligand. This large, multimeric complex dissociates upon 
ligand binding, and the ligand·GR complex can then translocate into the nucleus. 
(6) The DNA component of chromatin binds GR. This observation is based on 
direct binding studies using DNA, and on the observation that DNase treatment of 
chromatin reduces GR binding. Actually, GR binding to DNA exceeds that to chro-
matin, which was early evidence that chromatin can occlude transcription factor 
binding to DNA. (7) All tissues known to respond to glucocorticoids exhibit this 
pattern of GR behavior. Extension of these studies depended on the availability of 
purifi ed GR, and the subsequent isolation of a cDNA specifi c for the GR.  

    The Glucocorticoid Receptor Is a Transcriptional 
Regulatory Factor 

  The GR is not an abundant protein ,  is relatively unstable ,  and forms complexes with 
several other proteins ,  so its purifi cation is diffi cult . In the late 1970s Gustafsson 
and colleagues reported substantial success in purifying the GR [ 54 ,  55 ]. A single 
polypeptide of ~90 kDa, with hormone binding properties virtually identical to 
those of crude cytosol preparations, was obtained. The sequence of GR, deduced 
from the open reading frames of cDNAs from human [ 56 ], rat [ 57 ] and mouse [ 58 ], 
show that this molecule has been highly conserved across evolution. 

 Evidence accumulated in the 1970s showed that glucocorticoid receptors bind to 
DNA [ 52 ,  59 ,  60 ], but selective binding, in a region likely to affect gene transcrip-
tion, was not possible until the early 1980s when purifi ed GR became available. 
Several studies suggested that the possible association of binding and function 
might be established by analyzing the glucocorticoid-enhanced production of mam-
mary tumor virus (MTV) [ 61 ], an effect due to enhanced transcription of 
chromosomally- integrated MTV proviral DNA [ 62 ,  63 ]. The virus contains all the 
information required for glucocorticoid action in the MTV long-terminal repeat 
(LTR) segment [ 64 – 66 ], but the regions of the LTR involved, and the specifi cs of 
how the hormone accomplishes this induction, had not been established. 

  The specifi c binding of purifi ed glucocorticoid receptor to DNA was demonstrated 
by Payvar and colleagues in 1981  [ 67 ]. A number of GR binding sequences (GBSs) 
in MTV DNA were identifi ed in this and subsequent investigations [ 67 – 71 ]. The 
identifi cation of specifi c receptor-DNA interactions  in vitro  allowed investigators to 
next test whether they were suffi cient to regulate transcription and whether they 
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were independent from the DNA region in the LTR known to be required for tran-
scription initiation. 

 The strategy employed to demonstrate that ligand-receptor binding to specifi c 
DNA segments could affect the transcription of a specifi c gene involved the con-
struction of a reporter gene, based in this case on the thymidine kinase ( tk ) gene, 
which has a promoter that is not responsive to glucocorticoids. A 340 bp sequence 
of MTV LTR DNA previously shown to contain several sites that bind the ligand-
 GR complex [ 67 – 71 ], and known to be lacking in transcription initiation sequences, 
was inserted into the reporter gene in various positions and orientations upstream 
from the  tk  promoter. The addition of dexamethasone (a potent, synthetic glucocor-
ticoid) to these fusion genes led to robust induction of  tk  transcription from the 
endogenous  tk  promoter [ 72 ]. This study led to several important conclusions: 
(1) the MTV LTR contains a “glucocorticoid response element”, or GRE, the fi rst 
response element ( i.e ., a genomic segment that confers a particular transcriptional 
regulatory effect  in vivo ) and the prototype for all hormone response elements 
(HREs); (2) the GR is a transcriptional regulatory factor, the fi rst such factor identi-
fi ed that is encoded in a eukaryotic genome; (3) the GR combines the two functions 
of a receptor, ligand binding and signal transduction, in a single molecule; (4) the 
location and orientation of the GRE relative to the transcription initiation site is 
quite fl exible, revealing a general functional explanation for the phenomenon of 
transcriptional “enhancement”, which had been described in the SV40 tumor virus; 
and (5) the transcription enhancing function afforded by the GR-GRE interaction is 
separable from the process of transcription initiation [ 72 ,  73 ].  

    The Glucocorticoid Receptor Is Modular, Containing Discrete 
Functional Domains 

  The successful isolation of a cDNA molecule for GR was a landmark achievement  
[ 74 ]. Biochemical, immunologic and genetic studies had suggested that the GR has 
at least three functional domains: DNA-binding (DBD), ligand binding (LBD) and 
an N-terminal modulator (NTD) (Fig.  1.2  and [ 55 ,  59 ,  75 ,  76 ]). The availability of 
a GR cDNA allowed investigators to express and test different portions of the mol-
ecule for functional activity, to perform domain swap experiments within the same 
molecule, and to ligate various regions of GR to completely unrelated molecules to 
test for transference of function. Selected studies, summarized below, led to the 
conclusion that GR, the founding member of the nuclear receptor superfamily, is 
indeed composed of several functional domains, or modules (Fig.  1.2 ) and these 
modules are independent from one another.  

  The N - terminal region of the GR varies in length and amino acid sequence from 
other members of the nuclear receptor superfamily  [ 77 ]. It contains antigenic sites 
and a transcription activation domain (AF1), deletion of which results in a partial 
reduction of activation by GR. AF1 is highly acidic, and it contains many phos-
phorylation sites which can affect the basic functions of the receptor i.e., ligand, 
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DNA and co-regulator binding [ 78 – 80 ]. This domain is particularly important for 
assembly of the co-regulators involved in the assembly of an active transcription 
apparatus. Additional domains functional in transcription activation are located in 
the LBD (AF2 and tau 2) and in the dimerization region of the DNA binding domain. 
Like AF1, AF2 and tau 2 are highly acidic, but they appear to be structurally unrelated 
to AF1. The three domains function from different positions relative to promoters, 
and when fused to heterologous DBDs [ 79 ,  81 ]. 

  The DNA - binding domain  ( DBD )  is a highly conserved ,  cysteine - rich , ~ 75 amino 
acid segment located in the middle of the molecule  (Fig.  1.2 ). Analysis of the 
cDNA- deduced structure of the DBD revealed an arrangement of eight cysteine resi-
dues (perfectly conserved in all members of the receptor superfamily) that form two 
zinc fi nger structures, each of which coordinates the association of a zinc atom to four 
cysteine residues [ 82 ]. The fi rst zinc fi nger is primarily involved in DNA binding, 
whereas the second fi nger stabilizes this binding. GBS recognition is a function of 
the fi rst, or N-terminal, zinc fi nger domain. A three amino acid segment subdomain, 
the P-box, is critical to binding specifi city for all nuclear receptors. In GR this sequence 
is Gly-Ser-Val, whereas in the estrogen receptor it is Glu-Gly-Ala [ 83 ]. 

 Modularity of receptor function was demonstrated in domain swap experiments. 
When the DBD of the GR was placed into the corresponding region of the estrogen 
receptor, this chimeric receptor converted a gene that was normally glucocorticoid- 
responsive into an estrogen responsive one [ 84 ]. In another experiment, the GR 
DBD was replaced by the DBD of the bacterial transcription repressor Lex A, a 
helix-turn-helix transcription factor. This chimeric molecule activated transcription 
from a Lex promoter-operator construct in response to dexamethasone [ 85 ]. 

  The GR binds to GREs as a dimer . The DBD of each receptor monomer contains a 
fi ve amino acid segment, the D box, which is located between the two most 
N-terminal cysteine residues at the base of the second fi nger. The D box is involved 

  Fig. 1.2    Schematic diagram of the structure of the human glucocorticoid receptor. The amino- and 
carboxy-termini are illustrated as positions 1 and 777, respectively. The major domain structures: 
amino-terminal (NTD), DNA-binding (DBD) and ligand binding (LBD) are demarcated by  brack-
ets  at the top. AF1,  T 2 and AF2 represent the transactivation domains. Regions corresponding to 
specialized functions are shown as  horizontal lines  at the bottom       
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in mediating the dimerization and cooperative binding of two receptor molecules to 
a GRE. Mutations of the D-box compromise the cooperativity of occupying the two 
half-sites of the GBS  in vitro , and reduce GR activity  in vivo . NMR and X-ray 
crystallographic studies show that receptors interact with the GRE as a dimer in a 
head-to- head arrangement where each arm of the palindromic DNA element contacts 
a single receptor molecule [ 82 ,  86 ]. 

  The C - terminal ligand - binding domain  ( LBD ) (Fig.  1.2 ) is a ~260 amino acid segment 
that displays greater sequence divergence that the DBD among nuclear receptors. 
Several widely separated and discontinuous amino acids form the hormone- binding 
surfaces of this domain [ 81 ,  87 ]. The LBD has other functions, including hormone-
dependent nuclear localization (the NL1 and NL2 subdomains), hsp90 binding and 
transcription activation (AF2 and tau2). Starting with the binding of hormone to the 
LBD, a sequence of events links these functions. First, hsp90 appears to dissociate 
from the LBD, resulting in a conformational change of the receptor. This has two con-
sequences. The nuclear localization signals are functional, so GR translocates stably to 
the nucleus where it can now function as a transcriptional regulatory factor [ 88 ]. 

 Interestingly, inactivation of functional domains by the hsp90-associated unli-
ganded LBD is maintained when the LBD is repositioned to the N-terminus of GR, 
and even when the LBD is fused to unrelated proteins, such as the viral E1a protein 
[ 88 ]. The mechanism of this global inactivation is unknown. As expected, however, 
GR lacking the LBD, and the inhibitory action of the bound hsp90, activates tran-
scription constitutively [ 79 ,  85 ]. 

 These representative experiments provide direct evidence of the modular nature 
of the GR, and show that each of the domains can function independently. Importantly, 
however, they do not imply that the domains do not interact functionally in the intact 
GR. Indeed, as described below, there is abundant evidence of extensive allosteric 
signaling between domains.  

    The GBS Is Suffi cient for GR-Regulated Transcription 
Activation in a Reporter Context 

 The availability of purifi ed receptors and the promoter regions of several hormone 
responsive genes led to tests of the relationship between in vitro glucocorticoid 
binding sequence (GBS) activity and in vivo GR-mediated transcriptional regula-
tory activity. In these experiments, purifi ed GR was bound to cloned target gene 
promoter regions, and the bound sequences determined by DNase I footprinting 
[ 68 ,  89 ]. To discover segments of DNA suffi cient to confer hormonal regulation, 
various promoter-proximal fragments were ligated into expression vectors bearing 
basal promoter elements ( e.g ., from the thymidine kinase ( tk ) gene) driving a 
reporter gene (e.g. chloramphenicol acetyltransferase (CAT) or luciferase). The 
chimeric construct was transfected into a recipient cell, hormone was added and 
expression of the reporter gene quantitated. Such experiments demonstrated that the 
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canonical idealized GBS represents a large family of 15 base pair elements related 
to the sequence GGTACAnnnTGTTCT [ 77 ], and inferred that the GBS is suffi cient 
for regulatory activity [ 83 ,  89 ,  90 ]. Importantly, however, as described below, 
GBSs are not essential for GR regulation, and  bona fi de  GREs associated with 
chromosomal GR responsive genes are substantially more complex than GBSs.  

    Context-Specifi c Glucocorticoid Regulation Is Specifi ed 
by Complex Arrays of DNA Elements and Binding Proteins 

 The notion that natural genes, be they chromosomal or viral, would be regulated by 
glucocorticoids solely by GR binding to GBSs (termed “simple GREs” in early 
work) was soon challenged by experimental observations: two new classes of GREs 
were described [ 91 ].  Composite GREs  are ~0.5–2 kb compound elements [ 92 ] com-
posed of one or more GBSs together with binding sites for one, or more typically, 
multiple nonreceptor transcriptional regulatory factors, producing functional cross-
talk between the different classes of factors that affects the regulatory outcome. 
 Tethering GREs  are also compound elements encompassing binding sequences for 
nonreceptor regulators, but lack GBSs; GR associates at tethering GREs through 
protein · protein interactions with one or more of the bound nonreceptor factor 
instead of directly with DNA. 

 The fi rst composite element was described at the proliferin gene, wherein a GBS 
and an AP-1 binding site are contiguous (Fig.  1.3 ). The proteins  c - fos  and  c - jun , two 
prominent members of the phorbol ester-activated AP-1 transcription factor family, 
activate proliferin expression  via  either  c - jun  homodimers or  c - fos·c - jun  heterodi-
mers. GR regulates proliferin expression through its GBS, but only in the presence 
of AP-1, further activating the homodimeric species and repressing the heterodimer 
[ 93 ]. The ratio of  c - jun  to  c - fos  in the cell is therefore the determinant of whether 
GR mediates a positive or negative transcription response.  

 GR represses transcription at tethering GREs proximal to the collagenase gene, 
where GR associates through protein · protein interactions with a specifi cally bound 
c-Jun subunit of AP-1 [ 94 ,  95 ], and to the IL-8 gene, where GR binds to the p65 
subunit of a NFκB factor bound at a κB binding sequence [ 96 ]. Hence, tethering 
elements can be viewed as a subset of composite elements in which both GR and 
nonreceptor regulators occupy a specifi c genomic site, but that GRE activity in 
these tethering contexts proceeds in the absence of GBS elements. 

 Involvement of nonreceptor factors in GR-mediated regulation was also suggested 
for MTV, where binding sites for nuclear factor-1 (NF-1) and octamer transcription 
factor-1 (Oct-1), appear to increase glucocorticoid-induced transcription [ 97 ]. 
The binding sites for these factors lie between the proximal GRE region and the 
TATA-box (Fig.  1.3 ). Binding of NF-1  in vivo  occurs only in the presence of 
hormone, but there is no evidence of a direct GR·NF-1 interaction. In this case, a 
GR-induced alteration in chromatin structure, resulting in loss of a nucleosome near 
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the transcription initiation site may “open” the chromatin structure, facilitating 
binding of general transcription factors, which are required for transcription initia-
tion [ 98 ,  99 ]. Mutation of the NF-1 binding site reduced modestly the glucocorti-
coid response, whereas mutation of the two Oct-1 binding sites located between the 
NF-1 site and the TATA box (Fig.  1.3 ) resulted in a markedly reduced response of 
the reporter gene to glucocorticoids [ 100 ]; studies suggesting cooperative DNA 
binding between GR and Oct-1 on the MTV promoter imply a direct protein · pro-
tein interaction between these factors. 

 As more candidate GREs close to target genes have been analyzed, it became 
apparent that all contain binding sequences for various non-receptor regulatory 
factors, either together with or in the absence of GBSs. As illustrated in Figs.  1.3  
and  1.4 , this includes candidate GREs at the TAT, TO and PEPCK genes, the fi rst 
proteins known to be induced by glucocorticoids, as well as other GC-regulated 
genes such as proliferin and angiotensinogen. Deletion or mutation of these accessory 
DNA elements, with the associated loss of binding of the cognate transcription factor, 
blunts or abolishes the response of these promoters to glucocorticoids in reporter 
assays (for review see [ 101 ]). Also important were the precise sequences of the 
GBSs, as were their spacing, multiplicity and location. It may be signifi cant in this 

  Fig. 1.3    Presumptive glucocorticoid binding sequences (GBSs) proximal to several glucocorticoid- 
regulated genes. The mammary tumor virus (MTV), tyrosine aminotransferase (TAT), tryptophan 
oxygenase (TO), proliferin, and angiotensinogen (angioten) promoter-proximal regions are illus-
trated. Glucocorticoid receptor binding sequences (GBSs) each of which binds a GR dimer  in vitro , 
are shown as  shaded ovals  or  circles . Binding sequences for various nonreceptor transcriptional 
regulatory factors are shown as  open forms . The  numbers  indicate the approximate positions of the 
elements in relation to the transcription initiation site ( arrow )       
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regard that the receptors for glucocorticoids, mineralocorticoids, progestins and 
androgens have very similar DBDs, and all can regulate transcription through an 
idealized GBS, despite their very different physiologic actions  in vivo  (for review 
see [ 101 ]; and see below).  

 It is now apparent that GREs (and by extension, all genomic transcriptional 
response elements) are nucleation centers for the dynamic assembly and disassem-
bly of multifactor regulatory complexes containing context-specifi c combinations 
of >100 different genome-associated regulatory and coregulatory proteins associ-
ated through protein·DNA and protein · protein interactions [ 102 ]. It is the combina-
torial assembly of these complexes, displaying both precision in a given context and 
plasticity to shift readily to different assembly instructions in a different context, 
that enables GCs and GR to regulate arrays of distinct gene transcription networks 
with exquisite gene, cell and physiologic specifi city. These three crucial contexts 
are conveyed to GR by a combination of cellular signals (GR interactions with 
hormone or ligand, DNA sequence, and other regulatory proteins), which are 
received, interpreted and integrated as allosteric alterations in GR conformation 
[ 86 ,  90 ]. In turn, these conformations defi ne functional GR surfaces that serve as 

  Fig. 1.4    Promoter-proximal region of the PEPCK gene. Binding sequences for various regulatory 
and general transcription factors are shown across the  top line . The  numbers  above these represent 
the approximate center of each element with respect to the transcription initiation site (demarcated 
by the  arrow ). The fi ve  boxes  below represent hormone-specifi c response units, and the regulatory 
factors thought to be bound, for glucocorticoids (GRU), cyclic AMP (CRU), retinoic acid (RARU), 
thyroid hormone (TRU) and insulin (IRU) that mediate each hormone’s regulation of PEPCK 
transcription. Insofar as the CRU, RARU, TRU and IRU impact the actions of the GRU under 
physiological conditions, all of these response units interact functionally, cooperating or compet-
ing, to comprise the PEPCK gene hormone response domain. Details are described in the text       
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“assembly instructions” for multi-component transcriptional regulatory complexes 
comprised of unique combinations of regulatory factors and co-regulators [ 103 ].  

    The PEPCK GRE Provides Finely Tuned, Versatile Regulation 
of Transcription 

 A key element of regulatory crosstalk is the integration of information from multiple 
signaling pathways, which occurs at response elements and provides precise control 
of remarkably complex biological processes involving gene networks in multiple 
organs and tissues. For example, metabolic processes such as gluconeogenesis 
involve interacting regulatory mechanisms that provide additive, synergistic, positive, 
negative and dominant control. To illustrate this, we focus here on the integration of 
multiple hormone signals in particular cultured cell contexts, at the level of gene 
transcription, that govern expression of hepatic phosphoenolpyruvate carboxyki-
nase (PEPCK), which catalyzes a critical, fi rst step in gluconeogenesis. The amount 
and activity of the cytosolic form this enzyme (PEPCK-C) is determined by several 
hormones through their effects on transcription of the PEPCK gene ( Pck - 1 ) [ 46 ]. 
Glucagon (acting through cyclic AMP), retinoic acid, 1  thyroid hormone and gluco-
corticoids stimulate transcription, whereas insulin and glucose exert dominant, 
inhibitory effects [ 46 ,  50 ]. 

 In the contexts examined, several DNA elements with associated regulatory 
factors have been implicated in the glucocorticoid response of the PEPCK gene. 
A promoter-proximal segment, denoted here as a glucocorticoid response unit 
(GRU), contains two adjacent GBSs (GBS1 and GBS2) located between positions 
−349 to −395 relative to the transcription initiation site (Fig.  1.4 ). GBS1 and GBS2 
can each bind GR dimers  in vitro , albeit with 30-fold lower affi nity than that of the 
idealized GBS, probably because they resemble the latter at only 7/12 and 6/12 
positions, respectively [ 105 ]. Unlike the TAT GRE, neither of the PEPCK GBSs, by 
themselves, confers a glucocorticoid response in transient reporter assays [ 105 ]. 
Rather, glucocorticoid regulation in this context requires fl anking DNA bearing 
binding sequences for non-receptor regulators collectively termed glucocorticoid 
accessory factor elements (gAF) 2 : gAF1 binds HNF-4 α and COUP-TF [ 106 ], both 
members of the nuclear receptor family; gAF2 binds FoxA2 (HNF-3 β) [ 107 , 
 108 ]; and gAF3 binds COUP-TF (Fig.  1.4 ) [ 109 ]. Deletion of either GBS1 or GBS2 
compromises the glucocorticoid response; the effect of GBS1 is greater than that of 
GBS2, but both are required for maximal activity in the contexts tested [ 105 ]. 

1   This effect helps explain an observation made more than 50 years ago. Wolf et al. showed that, 
in vitamin A defi cient rats, hepatic cholesterol and fatty acid synthesis, the citric acid cycle, 
glycogen metabolism and glycolysis were all normal. Gluconeogenesis, however, was markedly 
impaired [ 104 ]. 
2   The GC accessory factor elements in the PEPCK gene promoter were originally referred to as 
AF1-3. As the designation of the transactivation domains in nuclear receptors became known as 
AF1 and AF2, the DNA elements in the PEPCK gene were designated gAF1-3. 
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Deletion of either gAF1/gAF3 (gAF1 > gAF3) or the gAF2 element reduces the 
glucocorticoid response by ~50 %; deletion of both abolishes the response. 
Chromatin immunoprecipitation (ChIP) assays revealed that HNF-4 α, COUP-TF 
and FoxA2 occupy the GRU in the absence of dexamethasone; as expected GR does 
not [ 110 ]. Those gAF proteins increase the affi nity of GR for GBS1 and GBS2, as 
demonstrated by fl uorescence anisotropy [ 111 ], thereby nucleating assembly of a 
transcriptional regulatory complex that includes co-regulators SRC-1, CBP/p300, 
PGC-1, FoxO1, FoxO3, which appear to assemble through protein · protein inter-
actions [ 112 – 114 ]. ChIP assays confi rmed recruitment of those factors, as well as 
polymerase II, to the PEPCK GRU following addition of dexamethasone [ 110 ]. 

 Interestingly, gAF1 and gAF3 also contain binding sequences for heterodimers 
of retinoic acid receptor (RAR) and retinoid X receptor (RXR), and in the absence 
of dexamethasone but in the presence of retinoic acid, activate PEPCK gene 
 transcription (Fig.  1.4 ) [ 115 ]. Thus, gAF1 and gAF3, in one context GRU compo-
nents, serve in another as a retinoic acid response unit (RARU). 

 Similarly, the GRU/RARU, in the absence of their cognate signals, serves as a 
cyclic AMP response unit (CRU) to enhance PEPCK transcription upon glucagon 
stimulation (Fig.  1.4 ); in that context, the CRU includes some DNA elements and 
corresponding regulatory factors that overlap with those in the GRU and RARU, as 
well as others that are distinct [ 116 ,  117 ]. 

 Finally, the dominant effect of insulin is mediated, in part, through the multifunc-
tional gAF2 element [ 118 ]; an epigenetic effect involving insulin-induced demeth-
ylation of arginine-17 on histone H3 may also be operative [ 110 ]. FoxO1 is clearly 
involved in this insulin effect, as it rapidly leaves the IRU (see below) and exits the 
nucleus in response to insulin [ 119 ]. The ChIP assay was used to demonstrate how 
quickly this dominant inhibition happens. H4IIE cells 3  were treated with dexameth-
asone and the maximally active transcription complex was allowed to assemble. 
Within 3 min following the addition of insulin, p300, FoxO1and FoxO3 are removed 
from the IRU and by 10 min most components of the assembly are at, or below, the 
basal level, including polymerase II [ 110 ]. 

 This complex system, comprised of overlapping but distinct composite response 
units and associated regulatory factors, underscores the importance of fi nely tuned 
homeostatic regulation of gluconeogenesis. A mutation of one DNA element or 
accessory factor blunts, but does not abolish, the effect of a given stimulatory hor-
mone. Indeed, the complete loss of the response to one of these hormones (or the 
absence of the hormone itself) blunts, but does not abolish, the positive regulation 
of gluconeogenesis. By contrast, insulin stands alone as the hormonal inhibitor 
of gluconeogenesis. Under physiological conditions, the actions of the five 
hormones (and other cellular signals) are integrated in a highly context-dependent 
manner, so with respect to glucocorticoid-mediated regulation, all of the response 
units and their regulatory factors operate in aggregate, cooperating or competing, as 
the PEPCK GRE.  

3   All the experiments described in this section were performed using this cell line, which was 
derived from a rat hepatoma [ 42 ]. 
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    Multiple Context Effects Determine GRE Activities 
and Mechanisms 

 Molecular analyses showing that glucocorticoid-responsive genes are governed by 
composite GREs, bolstered by the dissection of multi-hormonal regulation of 
PEPCK expression, demonstrate that the remarkable specifi city of GR-mediated 
transcriptional regulation emerges from the integration of multiple context effects 
that converge on GR in a given setting. 

 The consequences of this context dependence are striking: some specifi c GR 
binding regions (GBRs; genomic segments occupied by GR in certain contexts  in 
vivo ) are functional GREs in some cell types but not in others; a given GRE-bound 
regulatory complex may activate transcription in one setting and repress in another; 
a GC ligand may be a strong agonist in one cell or gene context, a weak agonist in 
another, and an antagonist in a third. It is this extreme context dependence that 
enables GR to orchestrate different transcription networks in every cell and tissue 
type, transducing a simple molecular signal into an array of distinct physiological 
outcomes (Table  1.1 ). 

 The remarkable effects of context, imposed as noted above by the integrated 
actions of multiple classes of signaling inputs and mediated by allosteric transitions in 
GR structure, result in the assembly of regulatory complexes with different composi-
tions, structures and mechanistic actions on transcription. The production and accu-
mulation of mRNA is itself an exceedingly complicated process, comprised of coupled 
ordered reactions—initiation, elongation, splicing, cleavage, polyadenylation, termi-
nation, nuclear export, degradation—that are themselves complex and each a potential 
point of positive or negative regulation. Quantitative methods for distinguishing these 
processes have been devised [ 120 ,  121 ] but typically only mRNA accumulation, 
the endpoint of all of these steps, is monitored by methods such as qPCR or RNA-seq. 
To date, GR has been implicated in regulating initiation [ 122 ], elongation [ 96 ] and 
stabilization [ 123 ], but other steps have not been ruled out. 

 Application of novel survey methods together with a better understanding of the 
mechanistic effects of coregulatory factors resident in GR-containing regulatory 
complexes [ 124 ,  125 ] will provide the full picture of the varied strategies by which 
GR modulates gene transcription. In framework, it is apparent that the coregulators 
can catalyze chromatin remodeling, chemically modify histones and other factors, 
and recruit or occlude general transcription factors; each of these activities could 
potentially alter one or more steps in mRNA production or accumulation. 

 The powerful and varied actions of GR on specifi c gene transcription, together 
with the knowledge that eukaryotic transcriptional regulatory complexes, especially 
in higher metazoans such as  Drosophila  or mammals, can operate from very long 
range, raise the challenging question of the determinants of which GRE(s) will con-
fer regulation on which target gene. Chromatin immunoprecipitation (ChIP) meth-
ods for determination of the genomic sites of occupancy by GR  in vivo , assessed 
initially on selected genomic regions (ChIP-qPCR) and subsequently across the 
entire genome (ChIP-seq) have large numbers of GR binding regions (GBRs), many 
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of which are specifi c to particular contexts, such as cell type or developmental stage. 
As the sensitivity, range and discrimination of the methods have increased, the 
number of reported GBRs has increased, from hundreds to thousands to tens of 
thousands [ 126 – 132 ]. 

 Which of these GBRs are functional GREs, and which GC-responsive target 
gene is controlled by which GRE? It is thought that not every GBR is a functional 
GRE, at least in the restricted contexts examined, as some can be deleted without 
apparent effect, and many are located many megabases from GC-responsive genes. 
Lacking unequivocal methods for assessing activity in native chromosomal environ-
ments (rather than reporters or transgenes), researchers have resorted to proximity, 
“assigning” GRE activity to one or more GBRs that neighbor GC-responsive genes. 
Even with this proviso, most assigned GREs are >10 kb from their presumptive 
target promoters [ 127 ]. Whether GBRs that appear to lack function in one context 
may function in another context is an intriguing untested possibility. 

 To date, only a single GBR, which resides some 25 kb downstream of the tran-
scription start site for the Per2 circadian rhythm regulatory gene, has been unequiv-
ocally assigned to its target gene [ 133 ]. This was discovered only because a deletion 
constructed for another purpose fortuitously removed the GBS and the mouse that 
ensued had lost GR regulation of Per2 expression [ 133 ]. Fortunately, powerful and 
facile gene editing methods such as CRISPR [ 134 ,  135 ] now make possible targeted 
changes in genome sequence that will enable GRE activities on specifi c target genes 
to be determined with certainty. 

 The ability to analyze GC regulated genes across the entire genome, in all organs 
and tissues, enables rather direct access to many interesting and important questions. 
For example, can relationships be discerned between regulatory complex structure 
and mechanism and the physiologic processes that they control, e.g., complexes 
involved in GC-mediated anti-infl ammation or immunosuppression. If this were the 
case, it might then be possible to design small molecules that target those genes with-
out affecting the different assemblies involved in metabolism, growth and develop-
ment, and thus avoid or minimize the devastating side effects that complicate, and 
limit, current glucocorticoid therapy. This might not have to be an “all or none” 
phenomenon. As informed by the regulation of the PEPCK gene, where a complex 
array of hormone signals, accessory proteins and co-regulators appears to allow for 
a linear degree of gene expression from 0 to 100 %, subtle modifi cations of the 
expression of one class of genes, with full expression of another, may be suffi cient 
to control unwanted side effects.  

    Epilogue 

 Here we have provided an historical perspective on the progression of research on 
the actions of glucocorticoids, and how early attempts to treat the consequences of 
adrenal insuffi ciency eventually evolved to become key drivers of the conceptual 
and experimental understanding of metazoan transcriptional regulation. The 
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outstanding contributors to this volume build on our overview to describe in detail 
many of the physiologic and pathophysiologic effects of these hormones, and the 
molecular mechanisms involved in these processes. 

 Future work promises to reveal still more regulatory processes, perhaps demon-
strating roles for intranuclear position, chromosome topology, disassembly of regu-
latory complexes, or hormone transport across plasma membranes. Other studies 
will illuminate the relationships between such regulatory mechanisms and the phys-
iologic outcomes they specify, relationships currently shrouded in the complexity of 
combinatorial processes yet to be deeply understood. And with those advances 
could come the capacity for the prediction and design of mechanisms, and of 
hormone- like ligands that trigger or inhibit them, This, in turn, will lead to a more 
selective, effective and safer class of therapeutics.     
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