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Within the health sciences, Endocrinology has an unique and pivotal role. This old,
but continuously new science is the study of the various hormones and their actions
and disorders in the body. The matter of Endocrinology are the glands, i.e. the organs
that produce hormones, active on the metabolism, reproduction, food absorption and
utilization, growth and development, behavior control and several other complex
functions of the organisms. Since hormones interact, affect, regulate and control
virtually all body functions, Endocrinology not only is a very complex science,
multidisciplinary in nature, but is one with the highest scientific turnover. Knowl-
edge in the Endocrinological sciences is continuously changing and growing. In fact,
the field of Endocrinology and Metabolism is one where the highest number of
scientific publications continuously flourishes. The number of scientific journals
dealing with hormones and the regulation of body chemistry is dramatically high.
Furthermore, Endocrinology is directly related to genetics, neurology, immunology,
rheumatology, gastroenterology, nephrology, orthopedics, cardiology, oncology,
gland surgery, sexology and sexual medicine, psychology, psychiatry, internal med-
icine, and basic sciences. All these fields are interested in updates in Endocrinology.
The Aim of the MRW in Endocrinology is to update the Endocrinological matter
using the knowledge of the best experts in each section of Endocrinology: basic
endocrinology, neuroendocrinology, endocrinological oncology, pancreas with dia-
betes and other metabolic disorders, thyroid, parathyroid and bone metabolism,
adrenals and endocrine hypertension, sexuality, reproduction and behavior.
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Is there an unmet need for a new MRW series in Endocrinology and Metabolism? It
might not seem so! The vast number of existing textbooks, monographs and
scientific journals suggest that the field of hormones (from genetic, molecular,
biochemical and translational to physiological, behavioral, and clinical aspects) is
one of the largest in biomedicine, producing a simply huge scientific output.
However, we are sure that this new series will be of interest for scientists, academics,
students, physicians and specialists alike.

The knowledge in Endocrinology and Metabolism limited to the two main (from
an epidemiological perspective) diseases, namely hypo/hyperthyroidism and diabe-
tes mellitus, now seems outdated and perhaps closer to the practical interests of the
general practitioner than to those of the specialist. This has led to endocrinology and
metabolism being increasingly considered as a subsection of internal medicine rather
than an autonomous specialization. But endocrinology is much more than this.

We are proposing this series as the manifesto for Endocrinology 2.0, embracing
the fields of medicine in which hormones play a major part but which, for various
historical and cultural reasons, have thus far been “ignored” by endocrinologists.
Hence, this MRW comprises “traditional” (but no less important or investigated)
topics: from the molecular actions of hormones to the pathophysiology and man-
agement of pituitary, thyroid, adrenal, pancreatic and gonadal diseases, as well as
less usual and common arguments. Endocrinology 2.0 is, in fact, the science of
hormones, but it is also the medicine of sexuality and reproduction, the medicine of
gender differences and the medicine of well-being. These aspects of Endocrinology
have to date been considered of little interest, as they are young and relatively
unexplored sciences. But this is no longer the case. The large scientific production
in these fields coupled with the impressive social interest of patients in these topics is
stimulating a new and fascinating challenge for Endocrinology.

The aim of the MRW in Endocrinology is thus to update the subject with the
knowledge of the best experts in each field: basic endocrinology, neuroendocrinol-
ogy, endocrinological oncology, pancreatic disorders, diabetes and other metabolic
disorders, thyroid, parathyroid and bone metabolism, adrenal and endocrine
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hypertension, sexuality, reproduction and behavior. We are sure that this ambitious
aim, covering for the first time the whole spectrum of Endocrinology 2.0, will be
fulfilled in this vast Springer MRW in Endocrinology Series.

Andrea Lenzi
Emmanuele A. Jannini



The endocrine system involves a complex signaling network that regulates essential
functions involved in growth, reproduction, and homeostasis. We are increasingly
recognizing that this regulatory system comprises not only hormones secreted by the
classical endocrine glands, but also hormones and regulatory factors produced by
many organs and tissues, such as the heart, gut, bone, and adipose tissue, and that it
involves extensive cross talk with the neural and immune system that are the other
two crucial regulatory networks. At the same time, our knowledge of hormone
synthesis, release, and transport as well as the molecular basis of hormone action
has been greatly and rapidly expanded. Endocrine disorders include hormone defi-
ciency or excess as well as peripheral resistance to selective hormones. Some of
these disorders, such as thyroid diseases and type 2 diabetes mellitus, represent real
social health problems for their high prevalence in the population and severe clinical
complications. Several other disorders are less frequent but equally critical for health
or otherwise important for their social implications, such as disorders involving
impairment of growth or fertility. Emerging aspects include the notion that common
endocrine disorders, such as insulin resistance and related conditions, may increase
cancer risk and that the endocrine system contributes to regulate the process of
aging.

Understanding the complexity of endocrine system physiology is crucial to
prevent endocrine disorders and their complications, to improve the sensitivity of
our diagnostic tools, and to provide the rationale for pharmacological, immunolog-
ical, or genetic interventions.

Thanks to recent advances in this field, endocrine disorders can be now correctly
assessed not only clinically but also by sensitive laboratory hormone measurements
and by genetic and/or immunological testing as needed. Besides, as the endocrine
system regulates the functions of all organs and apparatus, it is difficult to underes-
timate the relevance of endocrine physiology to all fields of Internal Medicine,
including the prevention and treatment of common diseases such as cardiovascular
diseases and cancer.

This volume has the ambitious aims to provide a comprehensive coverage of the
current view of the physiology of the endocrine system and hormone synthesis and
release, transport, and action at the molecular and cellular level. It is intended to

Vii
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provide essential as well as in depth information to the medical students, but also to
specialists in Endocrinology, Gynecology, Pediatrics, and Internal Medicine.

Each chapter has been written by a recognized expert in the specific field, and we
wish to warmly express our gratitude and appreciation to all the authors who
enthusiastically agreed to contribute to this endeavor and have made a remarkable
effort to provide a complete, updated, yet easy to read, and fresh overview of the
current knowledge in endocrine physiology.
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Angela M. Leung and Alan P. Farwell

Abstract

The endocrine system allows for the communication between the multiple cells
and organs and is comprised of complex network of hormones, hormone recep-
tors, carrier molecules, and signaling pathways. Characteristic of this system is
that hormones generally act on cells that are physically separated from the
secretory cell/gland, often traveling through the circulatory system to reach target
tissues. Hormonal regulation is achieved by the ability of hormones to have
specific biologic activity at their target tissues, important for energy production
and metabolism, somatic growth and development, reproduction, and ability for
the body to respond to internal and external stimuli. These complex interactions
utilize controlled mechanisms of hormone synthesis and secretion and commu-
nication with other signaling molecules. Hormone deficiency or excess can each
result from glandular or extraglandular processes and can be assessed clinically
by laboratory testing that may include provocative testing if indicated.
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Introduction

The endocrine system refers to the complex, interrelated mechanisms of communi-
cation between cells of an organism. The system is comprised of a diverse series of
signaling mechanisms required for the regulation, processes, and functions required
of multiple organs. Communication in the endocrine system is made possible by
hormones, biologically active chemical substances that are secreted from ductless
glands in the body and circulate through the bloodstream to act on target cells or
organs. The actions of hormones in the endocrine system allow for the exquisite
regulation of energy production and metabolism, somatic growth and development,
reproduction, and responses to internal and external stimuli.

Hormone action can be classified into endocrine, paracrine, and autocrine actions
(Fig. 1). The endocrine action of hormones refers to the transport of hormones in
circulation to exert their metabolic actions at target tissues. Hormones can bind to
carrier proteins in the circulatory system and thus exist in both their unbound (also
termed free) and bound forms. However, in most cases, only the unbound/free
hormone has biological activity. The differential affinity of binding proteins to
hormones enables the precise availability of hormones in circulation and at target
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Fig. 1 Classes of hormone action

site(s). Once at their target sites, hormones interact with hormone receptors, proteins
which recognize a unique binding site of the hormone. Hormone receptors facilitate
the transmission of information carried by the hormone to generate a cellular
response. Hormone receptors may be located on the target cell’s surface or intracel-
lularly, the latter which requires a mechanism of entry of the hormone into the cell to
exert its action.

However, some hormones also or exclusively have paracrine actions, in which
hormones are locally secreted to act upon surrounding cells. Examples of paracrine
actions include the release of testosterone by the testes to control spermatogenesis,
insulin-like growth factor in most tissues to control cell proliferation, somatostatin
by the delta cells of the pancreatic islets to inhibit secretion of insulin from the beta
cells and glucagon from the alpha cells, and growth factors in bone. Paracrine factors
are usually produced and secreted in much smaller quantities than hormones which
have endocrine action, given the specificity of the paracrine factor at local tissues and
absence of the need to circulate throughout the body. Finally, a hormone can also act
on its own cell of origin (autocrine action), such as the inhibitory action of insulin on
its own secretion by the pancreatic beta cells.

The ability to achieve high hormone concentrations within a tissue is also
facilitated by local diffusion of the hormone from its site of secretion. One example
is the delivery of testosterone from the Leydig cells of the testes to the adjacent
spermatogenetic tubules. Additionally, the local production of active hormone from
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a circulating hormone precursor can increase the intracellular concentration of a
hormone. This is demonstrated by the conversion of testosterone to dihydrotestos-
terone (DHT) in the prostate and the production of 3,5,3'-triiodothyronine (T3) from
the deiodination of thyroxine in the pituitary, within the brain, and in other tissues.

The above definitions are adequate to define the concepts of hormones and
receptors in most cases. However, increased understanding of the actions of other
molecules has led to some broadened definitions. Regulatory molecules that mainly
act as neurotransmitters, such as catecholamines and acetylcholine, may also act as
classic hormones. Conversely, small peptides, such as thyrotropin-releasing hor-
mone (TRH) that is produced in the hypothalamus and acts on the anterior pituitary
to release thyrotropin and prolactin, are also found in neurons throughout the body
and can function as neurotransmitters.

The classic endocrine glands, whose primary function is hormone production,
include the thyroid, pituitary, adrenal, and parathyroid glands and the pancreatic
islets. However, not all hormones are produced by pure endocrine glands. The ovary
and testes, which produce the sex hormones, also produce oocytes and sperm. The
brain is a major source for many peptide hormones, including proopiomelanocortin
(POMC), the precursor molecule for corticotropin (ACTH), endorphins, and
melanocyte-stimulating hormone (MSH). Lipotropin is synthesized not only in the
anterior pituitary but also in the placenta and the gastrointestinal tract. Other body
systems that produce hormones, yet while serving other primary functions, include
the heart (which secretes atrial natriuretic factor), the liver (which secretes insulin-
like growth factor-I and angiotensinogen and enables the conversion of thyroxine
(T4) into the metabolically active T3), the kidney (which secretes erythropoietin and
the active form of vitamin D), and the gastrointestinal tract (which secretes gastrin,
cholecystokinin, somatostatin, and other hormones).

Interrelationships with Other Systems

The functions and actions of the endocrine system overlap considerably with the
nervous system and the immune system, which also have key roles in extracellular
communication. Like the endocrine system, the nervous system has evolved to
release regulatory substances from nerve cells that act across synaptic junctions to
transmit a signal to adjacent cells. As noted above, these neurotransmitters may also
function as true circulating hormones, while some hormones also function as
neurogenic mediators in the central nervous system. Thus, if a regulatory molecule
is released into the circulation to act, it is considered a hormone; if it is released from
a nerve terminal to act locally, it is a neurotransmitter. The same regulatory molecule
may therefore be both a hormone and a neurotransmitter.

The hypothalamus serves as a direct connection between the nervous and endo-
crine systems, as the source of both hormones that are stored in the posterior pituitary
and releasing peptides that regulate hormone secretion from the anterior pituitary.
The autonomic nervous system often exerts control over the function of endocrine
tissues. The pituitary, pancreatic islets, renal juxtaglomerular cells, and the adrenal
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gland all respond to neural stimulation. Thus, the same cell can function as both an
endocrine and a neural cell.

The immune system, initially thought to function autonomously, is now
known to be subject to both neural and endocrine regulation. The cytokine
regulators of the immune system are not usually considered hormones, but they
clearly fit the definition as regulatory molecules that are secreted by one cell and
influence another cell. The actions of cytokines are not limited to immunomo-
dulation, as interleukins, interferons, and tumor necrosis factor produced by the
immune system during systemic illness exert a major influence on hormone
metabolism, especially that of thyroid hormone. Similarly, corticosteroids are
major immunomodulators, as are the metabolic derangements produced by endo-
crine dysfunction, such as hyperglycemia in uncontrolled diabetes mellitus.
Thus, while the central focus of endocrinology is on hormones, it is clear that
not all hormones belong to the endocrine system and that there is considerable
overlap between the endocrine, nervous, and immune systems.

Classes of Hormones

Hormones can be categorized into three classes according to their major compo-
nents: peptide hormones, amino acid analogues, and steroid hormones (Table 1).

Peptide hormones are the most prevalent and diverse. They include hormones
that are defined by a wide range of sizes, composition, number of chains, modifica-
tion of groups, and mechanisms of production. Some examples are large single-chain
peptides, such as the 192-amino acid growth hormone (GH), the cyclic peptide of
TRH that is comprised of just three amino acids, and prolactin. The anterior pituitary
hormones, thyrotropin (TSH), follicle-stimulating hormone (FSH), and luteinizing
hormone (LH) are glycosylated and consist of two chains each, one of which is
common to all three hormones (o chain), while the other is distinct and confers
specificity to the hormone (P chain). Insulin is comprised of two chains that are
derived from posttranslational cleavage of a single gene product (preproinsulin),
while adrenocorticotropic hormone (ACTH), melanocyte-stimulating hormone
(MSH), and B-endorphin are single-chain proteolytic products of a large precursor
molecule, proopiomelanocortin (POMC).

The amino acid analogue hormones are water-soluble and derived from amino
acids. Specifically, the amines are derived from tyrosine and secreted from the
thyroid (these are termed iodothyronines) and adrenal medulla. The precursor of
the iodothyronines is thyroglobulin, a 660,000-Da glycoprotein that is synthesized
by the thyroid follicular cell containing >100 tyrosine residues. The iodothyronines
are formed by iodination and coupling of two tyrosines and are the only iodinated
compounds with significant biologic activity. In the adrenal catecholamine-secreting
cells, tyrosine is converted sequentially to dopamine, norepinephrine, and epineph-
rine. Serotonin (5-hydroxytryptamine) is derived from tryptophan.

Steroid hormones are derivatives of cholesterol containing a similar core known
as the cyclopentanoperhydrophenanthrene ring. Synthesis of the steroid hormones
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Table 1 Classes of hormones

Peptide hormones

Small peptides

Vasopressin (ADH)

Oxytocin

Melanocyte-stimulating hormone (MSH)

Thyrotropin-releasing hormone (TRH)

Gonadotropin-releasing hormone (GnRH)

Intermediate peptides

Insulin

Glucagon

Growth hormone (GH)

Prolactin (PRL)

Parathyroid hormone (PTH)

Calcitonin

Corticotropin (ACTH)

Corticotropin-releasing hormone (CRH)

B-Endorphin

Gastrointestinal peptides

Cytokines

Growth factors

Glycoproteins

Proopiomelanocortin (POMC)

Follicle-stimulating hormone (FSH)

Luteinizing hormone (LH)

Thyrotropin (TSH)

Chorionic gonadotropin (CG)

Amino acid analogues

lodothyronines

Thyroxine (T4)

3,5,3/-Triiodothyronine (T3)

3/,5',3-Triiodothyronine (rT3)

Amines

Dopamine

Epinephrine

Norepinephrine

Melatonin

Serotonin

Steroid hormones

Estrogens

Progesterone (P)

Testosterone (T)

Dihydrotestosterone (DHT)

Cortisol

Aldosterone

Vitamin D

Retinoic acid

Prostaglandins
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occurs as a result of enzymatically induced changes to the cholesterol core. Synthesis
of the adrenal and sex steroids occurs in the adrenal cortex and testes or ovaries,
respectively.

Hormone-Receptor Binding

Hormone action requires binding of the hormone to a receptor at the target cell. This
allows the hormone to be distinguished from all other substances and to activate a
cellular response upon hormone binding. Further regulation is achieved by a variable
number of hormone receptors per type of target cell. Hormones can be grouped into
two categories according to the location of its receptor at the target cell: on the cell
surface (cell surface receptors) or intracellularly at the level of the nucleus (nuclear
receptors). Most peptide hormones bind to cell surface receptors, while the amino
acid derivatives and steroid hormones are usually ligands for nuclear receptors. In
some instances, mutational changes in the structure of a hormone receptor result in
the constitutive inactivation or activation of the hormone binding, leading to clinical
scenarios of hormone deficiency and excess, respectively.

Hormones Binding to Cell Surface Receptors

Cell surface receptors are glycoproteins that are highly mobile within the plasma
membrane. Hydrophilic portions of the receptor are exposed at the cell surface, while
the hydrophobic portions of the molecule are buried within the lipid bilayer. Cell
surface receptors bind water-soluble hormones, such as peptide hormones, mono-
amines, and prostaglandins. Since these water-soluble hormones are not able to
transverse the lipid bilayer to enter the cell, the cell surface receptor serves to
transmit the hormonal “message” to the interior of the cell. The binding of the
hormone to the cell surface receptor is reversible, allowing the receptor to be
activated repeatedly, although the hormone-receptor complex may also be internal-
ized, thus producing a single response from a single ligand-receptor interaction.
Although there may be a variable number of cell surface receptors, the principal
target tissues for a particular hormone generally contain the largest complement of
receptor molecules and are exposed to the highest concentration of hormone.

The binding of a hormone to a cell surface receptor stimulates a cascade of
complex events through the generation of second messengers. The activation of
protein kinases results in phosphorylations and altered conformation of a diverse
number of molecules, which then produces a series of metabolic effects. Posttrans-
lational modifications of the receptor can affect downstream signaling pathways.
Pathologic factors, such as genetics, autoimmune processes, and exogenous toxin
exposures, may further contribute toward regulation of hormone sensitivity.
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Fig. 2 Cell surface receptor response pathways

Cell surface receptors which trigger intracellular signaling pathways can be
subcategorized by their different molecular mechanisms: ligand-gated ion channels,
receptor tyrosine kinases, receptor serine/threonine kinases, receptor guanylate
cyclase, G-protein-coupled receptors, and cytokine receptors (Fig. 2). The action
of G-protein-coupled receptors and cytokine receptors depends on the recruitment of
other molecules, while the remaining types of cell surface receptors can also function
as ion channels or enzymes to achieve effector function. Thus, hormones may utilize
a variety of intracellular mediators, and a given hormone may utilize one or more of
these intracellular pathways. The metabolic events regulated by the activation of cell
surface receptors may either be rapid alterations in ion or substrate flux across the
plasma membrane or slower alterations in protein levels by modulation of gene
transcription.

Hormones Binding to Nuclear Receptors

Lipid-soluble hormones are small ligands (molecular mass <1,000 Da) and thus able
to penetrate the plasma membrane to interact with intracellular nuclear receptors,
which are much larger proteins (molecular mass 50,000-100,000 Da) (Fig. 3). The
classic nuclear receptors are those for the thyroid and steroid hormones, the latter
which include aldosterone, cortisol, estradiol, progesterone, and testosterone. Vita-
mins A and D metabolites are other lipophilic signaling molecules that also utilize
nuclear receptors.

While most lipid-soluble hormones enter cells by passive diffusion, the thyroid
hormones utilize active transport proteins, such as monocarboxylate transporter
8 (MCTS8), MCT10, and organic anion transporting polypeptide 1 (OATP1C1), to
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interact with the thyroid nuclear receptors. Vitamin A is stored in the liver and
metabolized to retinoic acid, which acts as a ligand for the retinoic acid receptor
(RARs) in the nucleus, or if converted to its isomer, another nuclear receptor termed
the retinoid X receptor (RXR). Vitamin D3 is produced in the skin as a result of the
action of ultraviolet radiation on 7-dehydrocholesterol. Vitamin D3 is transported to
the liver, where it is converted to 25-hydroxy vitamin D, and then to the kidney
tubule to be converted to its active form, 1,25-dihydroxy vitamin D. This active form
of vitamin D binds to the vitamin D receptor (VDR) that is located in cells of almost
all organs.

Nuclear hormone receptors can also be encoded by more than one gene, such as
thyroid and estrogen; both of these receptors have an a and a § gene. Some receptors
can also mediate the signals of more than one hormone, such as the androgen
receptor that can interact with both DHT and testosterone.

Nuclear receptors bind to lipophilic ligands with high affinity. This binding is
mediated by the C-terminal ligand-binding domain and domains D and E of the
nuclear receptor. Meanwhile, specificity of ligand-receptor binding is accomplished
by binding of the C domain of nuclear receptors to the hormone response element
(HRE) gene sequences of the ligand. Most nuclear receptors bind to HREs as dimers.
As the metabolic effects of these proteins are then produced by the translation
products of the thyroid or steroid hormone-regulated mRNAs, the actions of these
hormones are relatively slow, compared to cell surface receptors.
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Roles of Hormones

Hormones have many roles that work together to achieve the exquisite regulation
required of many body processes. This regulation by the endocrine system is often the
result of different mechanisms at many targets, thereby allowing the body to respond to a
diverse variety of concurrent physiologic changes and pathologic insults. The major
body processes regulated by hormones include energy production, utilization and storage
(intermediary metabolism), growth, development, reproduction, and maintenance of the
internal environment (mineral and water metabolism and cardiovascular effects).

Energy Production

Hormones are the primary mediators of substrate flux and the conversion of food into
energy production. The utilization of glucose and other fuels is regulated by a
number of different hormones. Catecholamines, ghrelin, growth hormone, testoster-
one, and cortisol induce the breakdown of lipids and the hydrolysis of triglycerides
into glycerol and free fatty acids (lipolysis). Glucocorticoids, catecholamines,
growth hormone, cortisol, and glucagon promote hyperglycemia. Consistent with
the occasional need for rapid mobilization of fuels, many of these catabolic hor-
mones exert their actions by the activation of adenyl cyclase. In contrast, insulin and
the insulin growth factors (IGFs) are anabolic hormones and store fuel for later use.
Finally, the thyroid hormones directly affect energy production at the level of the
mitochondria, which have their own specific thyroid hormone receptors.

Intermediary Metabolism, Growth, and Development

Hormones are crucial for normal somatic growth and development. The major
hormones involved in development and growth are thyroid hormone, growth hor-
mone, the sex steroids, insulin, and other growth factors. Thyroid hormone affects
both growth and development and has a particularly critical role in early
neurodevelopment. Growth hormone primarily regulates growth, and the sex ste-
roids mainly regulate sexual development.

Androgens, estrogens, growth hormone, thyroid hormone, and prolactin can act
as growth factors. The action of some of these is reliant on the availability of other
hormones to act as growth factors. One example is growth hormone, which requires
thyroid hormone for its normal synthesis and secretion, in part through the stimula-
tion and action of IGF-1 by thyroid hormone. In contrast, glucocorticoids in excess
and somatostatin inhibit the secretion of growth hormone and TSH.

Reproduction

Hormonal regulation is essential for normal reproductive processes. Hormones are
required for both the production of ova and sperm from the gonads and the
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dimorphic anatomical, functional, and behavioral development of males and females
that is essential for sexual reproduction. Regulation is achieved by the negative
feedback within the hypothalamic-pituitary-gonadal axis. Gonadotropin-releasing
hormone (GnRH) is secreted in pulsatile fashion from the hypothalamus to stimulate
gonadotropin production in the pituitary. The gonadotropins are essential regulators
of ovarian and testicular function and the subsequent secretion of the sex steroids
from the gonads. The sex steroids control functions crucial for pregnancy and for
sexual differentiation and development.

Mineral and Water Metabolism

Aldosterone, parathyroid hormone (PTH), and vitamin D have primary functions in ion
regulation, while vasopressin (also termed antidiuretic hormone, ADH) regulates water
metabolism. These hormones bind to specific receptors at various target tissues. Aldo-
sterone binds to mineralocorticoid receptors (MRs) located in the kidney, distal colon,
heart, central nervous system (hippocampus), brown adipose tissue, and sweat glands
and is important for the regulation of extracellular volume and potassium homeostasis.
The mineralocorticoid receptor (MR) can be stimulated by both aldosterone and cortisol.
Parathyroid hormone binds to one of the two parathyroid hormone receptors: parathy-
roid hormone 1 receptor (PTHIR) is expressed in bone and kidney to increase serum
calcium concentrations, while parathyroid hormone 2 receptor (PTH2R) is expressed in
the central nervous system, pancreas, testes, and placenta. The nuclear vitamin D
receptor (VDR), which binds 1,25-dihydroxy vitamin D, is more diverse and located
in cells of almost all organs. In addition, several other hormones (insulin, glucagon,
catecholamines, thyroid hormone, and glucocorticoids) have secondary effects on water
and electrolyte metabolism.

Cardiovascular Functions

While not usually considered an endocrine organ, the heart, specifically the atria,
produces atrial natriuretic peptide (ANP), which has extensive effects on the cardio-
vascular system. Important to the regulation of water, sodium, and potassium, ANP
acts on the kidneys to decrease extracellular fluid volume, renal arterial pressure, and
urinary potassium excretion.

Many other hormones also affect cardiovascular function, including catechol-
amines, thyroid hormone, mineralocorticoids, and the sex steroids. Catecholamines
increase pulse, blood pressure, myocardial contractility, and cardiac conduction
velocity. Thyroid hormones have an important role in maintaining heart rate, stroke
volume, peripheral vascular resistance, and cardiac contraction. Mineralocorticoids
maintain fluid and sodium homeostasis that is important within the cardiovascular
system. Finally, the sex steroids have varied roles in cardiovascular health: testos-
terone stimulates the renin-angiotensin-aldosterone system, while estrogen inhibits
this; progesterone has both vasodilatory and vasoconstrictive effects.
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Tropic Actions

Some hormones have primary roles to regulate the production of other hormones
(tropic effects), and many of these are produced in and secreted from the anterior
pituitary. TSH regulates thyroid hormone production, LH regulates estrogen pro-
duction in the female and testosterone production in the male, and ACTH regulates
glucocorticoid production in the adrenal gland. These hormones share a similar
mechanism by the activation of adenyl cyclase to increase the rate of hormone
synthesis and secretion. They may also promote cell division to result in enlargement
(hyperplasia) of the target gland.

Hormone Synthesis, Storage, and Secretion

Some hormones are secreted in their active forms, while others later undergo
activation in order to be biologically active. The rates and mechanisms of hormone
synthesis, storage, and secretion are generally different between the peptide and
amine hormones, compared to the steroid hormones.

Peptide and Amine Hormones

Cells that synthesize peptide or amine hormones store the hormones in granules and,
thus, have a readily releasable pool of hormone. Specific subcellular pathways
consist of interactions between the endoplasmic reticulum (ER), Golgi apparatus,
and secretory granules. Upon the appropriate stimulus, the storage granules migrate
to the cell surface and fuse with the plasma membrane, and hormone is secreted into
the extracellular space (exocytosis). In some cells, this process is dependent upon
calcium influx into the cell. In the second pathway of intracellular hormone transport
and secretion, vesicles instead mediate this process and enable the movement of
hormone stored within them toward the cell surface.

In some pathways, the stimulus for hormone release also induces synthesis of new
hormone, resulting in a biphasic secretion pattern. There is an early release of
preformed hormone from secretory vesicles, followed by release of newly synthe-
sized hormone.

Steroid Hormones

The release of steroid hormones provides the stimulus for increased synthesis of
hormone. Secretion of steroid hormones follows simple bulk transfer pathways
involving concentration gradients into the circulation. While the tropic hormones
from the anterior pituitary are secreted in the microgram range, their
corresponding peripheral hormone levels are usually produced in milligram
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amounts and have much longer half-lives. The classic steroid hormones are the
thyroid hormones and corticosteroids (aldosterone, cortisol, estradiol, progester-
one, and testosterone).

Thyroid hormone synthesis requires the uptake on iodine from circulation into
the thyroid follicular cell. Iodine is transferred to the follicular lumen and
becomes oxidized by thyroid peroxidase for the iodination of thyroglobulin to
form the thyroid hormone precursors, MIT and DIT. Stimulation of the thyrocyte
by TSH results in proteolysis of thyroglobulin and release of the thyroid hor-
mones, T3 and T4, into circulation. However, despite a large amount of pre-
formed hormone stored in the thyroid gland, secretion of thyroid hormone does
not respond as quickly to the stimulus, in contrast to the peptide and amine
hormones.

The corticosteroids are synthesized from cholesterol within the zona glomerulosa
of adrenal cortical cells. Low-density lipoprotein (LDL) binds to LDL receptors on
the cell surface of adrenal tissue, then undergoes endocytosis, and fuses with
lysozymes to produce cholesterol. Cholesterol can also be synthesized within the
adrenal cortex or be derived from other lipid subfractions. Cholesterol then
undergoes various hydroxylations, methylations, and demethylation processes that
ultimately result in the production of glucocorticoids, androgens, estrogen, and their
derivatives. Most of the steroidogenic synthetic actions are mediated by cytochrome
P450 enzymes.

Rates of Hormone Secretion

The secretion rates of hormones are dependent on usually multiple signals, including
nutrient intake, stress, and adrenergic pathways. Pathways are interconnected with
and adapt to the local environment. In general, only limited quantities of hormones
are stored within the body, and even stores of peptide hormones are depleted within
hours to days. Most peptide hormones are secreted in episodic bursts at irregular
intervals on daily, hourly, or minute-by-minute frequencies.

The pattern of secretion of some hormones is dependent on local stimuli. Sleep-
related release occurs with many hormones, including growth hormone (mostly
secreted during slow-wave sleep) and prolactin from the anterior pituitary. Other
hormones are subject to circadian variation (which is dependent on environmental
cues, primarily light exposure), such as ACTH, and subsequent cortisol, secretion.
Insulin is secreted upon nutrient intake and other signals. Prolactin secretion is
relatively tonic, but peaks in episodic bursts when prompted by suckling. Parathy-
roid hormone secretion is stimulated by decreasing serum calcium concentrations.
The frequency of pulses of secretion of some of the tropic hormones, such as the
gonadotropins, determines whether these hormones will be stimulatory or inhibitory.

Ultimately, the rate of release of hormone is determined by its rate of synthesis.
Two exceptions are thyroid hormone and vitamin D. Both hormones are stored in
large amounts, providing a safeguard against long periods of iodine deficiency or
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absence of sunlight exposure, respectively. The thyroid gland contains an approxi-
mate 2-month supply of stored thyroid hormone for this purpose.

Transport of Hormones

For the most part, hormones must be transported some distance to their target organs.
Thus, they must be synthesized in relatively higher concentrations, compared to their
requirement at target cells. The primary transport medium is the plasma, although the
lymphatic system and the cerebrospinal fluid are also important. Since delivery of
the hormone to its target tissue is required before a hormone can exert its effects, the
presence or absence of specific transport mechanisms plays a major role in mediating
hormonal action.

The water-soluble hormones (peptide hormones, catecholamines) are transported
in plasma in solution and require no specific transport mechanism. Because of this,
the water-soluble hormones are generally short-lived, circulating in the plasma in
concentrations in the femtomolar range. These properties allow for rapid shifts in
circulating hormone concentrations, which is necessary with the pulsatile tropic
hormones or the catecholamines. This is consistent with the rapid onset of action
of the water-soluble hormones.

The lipid-soluble hormones (thyroid hormone, steroids) circulate in the plasma
bound to specific carrier proteins. This ensures the appropriate distribution of the
water-insoluble ligands and prevents the loss of the hormones through urine or bile
excretion routes. Many of the proteins have a high affinity for a specific hormone,
such as thyronine-binding globulin (TBG), sex hormone-binding globulin (SHBG),
and cortisol-binding globulin (CBG). Nonspecific, low-affinity binding of these
hormones to albumin also occurs.

Carrier proteins act as reservoirs of hormone, resulting in picomolar to micromo-
lar circulating hormone concentrations. Since it is generally believed that only the
free hormone can enter cells and, thus, can exert its biological actions, a dynamic
equilibrium must exist between the bound and free hormone. The protein-bound
hormones are in rapid equilibrium with the unbound, or free, fractions, thus ensuring
the immediate availability of the free hormones to target cells. Thus, alterations in
the amount of binding protein available or in the affinity of the hormone for the
binding protein can markedly alter the total circulating pool of hormone without
affecting the free concentration of hormone.

Carrier proteins act as buffers to both blunt sudden increases in hormone concentra-
tion and diminish degradation of the hormone once it is secreted. The half-life of
hormones that utilize carrier proteins is thus longer than those that are not protein
bound. Indeed, carrier proteins have a profound effect on the clearance rate of hormones;
the greater the capacity for high-affinity binding of the hormone in the plasma, the
slower the clearance rate. In some instance, the carrier proteins allow slow, tonic delivery
of the hormone to its target tissue. This is consistent with the slower onset of action of
the lipid-soluble hormones.
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Hormone Metabolism

Clearance of hormones from the circulation plays a critical role in the modulation of
hormone levels in response to varied physiologic and pathologic processes. The time
required to reach a new steady-state concentration in response to changes in hor-
mone release is dependent upon the half-life of the hormone in circulation. Thus, an
increase in hormone release or administration will have a much more marked effect
if the hormone is cleared rapidly from the circulation as opposed to one that is
cleared more slowly.

Hormone metabolism is also linked to the processes that they regulate. For
example, insulin and catecholamines participate in rapid cellular responses, and
their short half-lives facilitate the wide swings in their levels that are essential for
their regulatory actions. Conversely, hormones that participate in transcriptional
regulation control more long-term cellular responses; their longer half-lives buffer
rapid fluctuations in free hormone levels. Most peptide hormones have a plasma
half-life measured in minutes, consistent with the rapid actions and pulsatile nature
of secretion of these hormones.

Rapid clearance of hormone is achieved by the lack of protein binding in the
plasma, degradation or internalization of the hormone at its site of action, and ready
clearance of the hormone by the kidney. Binding to serum proteins markedly
decreases hormone clearance, as is observed with the steroid hormones and the
iodothyronines. Metabolism of the steroid hormones occurs primarily in the liver by
reductions, conjugations, oxidations, and hydroxylations that serve to inactivate the
hormone and increase their water solubility, facilitating their excretion in the urine
and the bile. Metabolic transformation also may serve to activate an inactive
hormone precursor, such as the deiodination of thyroxine to form T3 and the
hydroxylation of vitamin D at the 1 and 25 positions.

Hormone metabolism is not as tightly regulated as hormone synthesis and release.
However, alterations in the metabolic pathways may be clinically important. Drugs
that increase activity of the liver P450 enzymes, such as phenytoin, rifampin,
carbamazepine, and large doses of barbiturates also increase the turnover of steroid
and thyroid hormones and may expose latent adrenal insufficiency or decreased
thyroid reserve. More commonly, the administration of these drugs may require
increases in the dose of steroids or thyroid hormone administered to achieve the
same effect. Thus, large doses of barbiturates may decrease the effectiveness of oral
contraceptives.

Alterations in the binding capacity of serum transport proteins also alter the
dynamic equilibrium between bound and free hormone, leading to changes in
hormone release or replacement requirements. For example, the estrogen-induced
increase in TBG may be one possible explanation for the frequently observed
increase in the administered dose of L-thyroxine required in the pregnant patient
with hypothyroidism. Finally, starvation and illness markedly inhibit the activity of
the 5'-deiodinase in the liver. This results in decreased serum T3 concentrations due
to the impaired production of T3 from T4 and increased concentrations of the
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metabolically inactive 3,3’,5'- triiodothyronine (reverse T3) due to decreased clear-
ance. This may be a physiologic response to conserve the body’s energy stores.

Regulation of Hormone Secretion

A distinguishing characteristic of endocrine systems is the feedback regulation of
hormone production. Two major influences that are essential to feedback control of
hormone secretion are input from higher neural centers and changing plasma levels
of hormone or other substances. These regulatory networks allow (1) hormone
levels, and subsequent hormone action, to be controlled within relatively narrow
parameters in the basal state, (2) the establishment of circadian rhythms for hormonal
secretion, and (3) the stimulation or inhibition of hormone secretion in response to a
variety of sensory inputs.

The classic paradigm for feedback regulation is the hypothalamic-pituitary-target
gland axis, where the target gland is either the thyroid, adrenal, or the gonads
(Fig. 4). Neural input from higher centers lead to the secretion of a releasing factor
from the hypothalamus that acts upon the pituitary to release a tropic hormone. The
tropic hormone then stimulates hormone production and release from the target
gland. The increase in circulating hormone levels then inhibits further production
of the hypothalamic releasing factor, the tropic hormone, or both. Other factors that
exert feedback regulation on hormone production include ions (i.e., the effect of
calcium on PTH secretion), metabolites (glucose on insulin and glucagon secre-
tions), and osmolarity and fluid volume (vasopressin, renin, and aldosterone).

While most examples of feedback regulation are inhibitory, positive feedback
systems also exist. Oxytocin release is stimulated by uterine contractions, which, in

Fig. 4 Feedback regulation
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turn, stimulates further uterine contractions. The result of this positive feedback loop
is eventual expulsion of the newborn from the uterus. During the menstrual cycle,
the gonadotropins are subject to both positive and negative control. In general,
estradiol exerts a negative influence on gonadotropin secretion. However, during
the late follicular phase, estradiol concentrations reach a critical level and trigger the
LH and FSH surges, leading to ovulation.

Disorders of the Endocrine System

The clinical consequences of dysfunction of the endocrine glands are primarily those
associated with hormone deficiency or excess. The disorders that produce these
clinical syndromes are diverse and occur by a variety of mechanisms. These include
abnormalities with the endocrine glands themselves, including genetic defects,
ectopic production of hormones, abnormal conversion of prohormones to their active
form, diminished or enhanced response of target tissues to hormones, and iatrogenic
factors. The few disorders of the endocrine glands that do not involve altered
hormone secretion include simple goiter in the thyroid and nonfunctioning adeno-
mas or carcinomas, which may occur at all endocrine glands.

The negative feedback regulation of many of the endocrine glands allows diag-
nosis of both overt dysfunction, which is often clinically apparent, and subclinical
dysfunction, the management of which is often controversial. In addition, measure-
ment of the levels of the components of the feedback loop will also provide
information about the location of the abnormality. In the classical example of
negative feedback involving the pituitary trophic hormones and the hormones
secreted by the peripheral glands (thyroid, adrenal, testis), decreased peripheral
hormone levels and increased pituitary hormone levels are consistent with primary
gland deficiency, which is the typical cause of hormone deficiency. Conversely, if
both the pituitary and peripheral hormones are low, a central (pituitary, hypothala-
mus) source is the likely cause of the deficiency. In the case of hormone excess,
suppressed pituitary hormone levels indicate primary gland hyperactivity, while
increased pituitary hormones suggest pituitary hypersecretion, a far less common
condition. A similar example is seen with the PTH-calcium axis. Thus, the labora-
tory plays a significant role in the evaluation of endocrine dysfunction.

Hormone Deficiency Syndromes

Gland Dysfunction
The most common cause of hormone deficiency is autoimmune destruction of
endocrine tissue. All endocrine glands are susceptible to autoimmune involvement,
and some syndromes include dysfunction of more than a single gland.

Endocrine glands also may be injured or destroyed by infectious agents (tuberculosis
of the adrenals), infection or hemorrhage (postpartum necrosis of the pituitary and
adrenal hemorrhage), chemical or radiation exposure (testicular damage with
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chemotherapy, hypothyroidism after mantle irradiation for lymphoma, and, less com-
monly, hypopituitarism after brain irradiation), space-occupying lesions (hypopituita-
rism due to craniopharyngioma), primary or secondary neoplasia, or surgical removal.

Defects in embryogenesis can lead to absence or malformation of the endocrine
glands, as seen with thyroid agenesis, sublingual thyroid, and chromosomal abnor-
malities leading to gonadal dysgenesis or agenesis (Turner’s syndrome) or
hyalinization of the seminiferous tubules and decreased testosterone production
(Klinefelter’s syndrome). Alternatively, gland development may be normal, but an
enzyme necessary for hormone production may be absent, as in congenital adrenal
hyperplasia and some forms of congenital goiter.

Finally, hormone production may be diminished or absent due to lack of a nutrient
or an environmental factor, such as iodine-deficient goiter or vitamin D deficiency
due to lack of exposure to sunlight or malabsorption.

Extraglandular Dysfunction

Extraglandular disorders can also result in hormone deficiency. These processes
include the defective conversion of a prohormone to its active form (e.g., impaired
conversions of 25-hydroxy vitamin D to 1,25-dihydroxy vitamin D in vitamin
D-dependent rickets and chronic renal failure and absent or dysfunctional
S-a-reductase, which converts testosterone to dihydrotestosterone, resulting in
androgen deficiency).

There may also be enhanced degradation of the hormone to result in hormone
deficiency. Enhanced degradation of hormone usually affects the response to exog-
enously administered hormone, as in the phenytoin-induced increase in metabolism
of steroid hormones in patients with adrenal insufficiency or L-thyroxine in patients
with hypothyroidism, the increased metabolism of T3 and T4 in individuals with
tumors expressing high levels of the iodothyronine deiodinase type
3 (D3) (consumptive hypothyroidism), and the unmasking of Addison’s disease by
the administration of thyroid hormone in individuals with Hashimoto’s thyroiditis
(Schmidt’s syndrome).

Finally, a target tissue may be unable to respond to a hormone (hormone
resistance). This may be due to either dysfunction or absence of hormone receptors
or the production of substances that block access of the hormone to its receptor.
Hormone resistance produces a clinical picture of hormone deficiency in the pres-
ence of normal or supernormal hormone secretion or administration.

Other examples of hormone resistance include those to a G-protein subunit «
receptor (pseudohypoparathyroidism type 1A), GH receptor (Laron syndrome),
insulin receptor (as in type 2 diabetes mellitus), TSH receptor (thyroid hormone
resistance), and androgen receptor (androgen insensitivity syndrome). Albright
and his colleagues first recognized hormone resistance in their characterization of
pseudohypoparathyroidism in 1942. This disorder is now known to be a result of
altered receptor signaling due to absent or subnormal amounts of a G-protein
subunit which couples hormone-receptor binding to the activation of the catalytic
subunit of adenyl cyclase. These individuals have hypocalcemia in the presence
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of high circulating levels of PTH. Presently, the most common disorder of
hormone resistance occurs in obese patients with type 2 diabetes mellitus. The
pathogenesis of this disorder is multifactorial and includes abnormal down-
regulation of the insulin receptor as well as post-receptor defects. The absence
of one or more of the thyroid hormone-receptor isoforms has been described in
patients with generalized thyroid hormone resistance. Familial resistance to TSH,
due to point mutations in the TSH receptor, the production of biologically less
active TSH, or as yet undetermined abnormalities, may result in elevated serum
TSH and normal or even low serum thyroid hormone concentrations. In androgen
insensitivity syndrome, the absence of testosterone receptors results in female
development, despite a 46XY karyotype and high circulating testosterone
concentrations.

Finally, receptor antibodies may also rarely produce clinical hormone deficiency
in the presence of elevated hormone concentrations and normal hormone receptors,
as in rare forms of diabetes mellitus due to antibodies to the insulin receptor and
hypothyroidism due to TSH receptor-blocking antibodies.

Hormone Excess Syndromes

Gland Dysfunction

Hyperfunctioning tumors of endocrine glands are usually well-differentiated adeno-
mas which usually manifest clinically as excess hormone production. Despite their
benign histopathology, endocrine adenomas can cause serious morbidity and mor-
tality due to their excessive hormone secretion. A pheochromocytoma may cause
death due to a catecholamine-induced hypertensive crisis. Acromegaly (due to
excess growth hormone) and Cushing’s disease (due to excess cortisol) may cause
physical deformity, organ damage, and potentially lethal cardiovascular and meta-
bolic perturbations. A pituitary macroadenoma, even though nonfunctional (not
producing hormones), may cause visual loss due to damage of the optic chiasm
caused by suprasellar extension and increased tumor growth.

More rarely, endocrine cells that continually produce excessive amounts of
hormone can be also hyperplastic or neoplastic. While an autonomously functioning
tumor (adenoma) is made up of a subset of cells in an endocrine gland, hyperplasia
involves all of the cells in the gland. A potential mechanism for hyperplasia is the
abnormal set point for the negative feedback control of hormone secretion, resulting
in excess secretion of the tropic hormone and excess production of the target gland
hormones. Examples of hyperplasia are hyperparathyroidism secondary to the
chronically low serum calcium concentrations, as seen in end-stage renal disease
(tertiary hyperparathyroidism), bilateral adrenal hyperplasia secondary to excess
ACTH stimulation, and thyroid hyperplasia (goiter) in response to TSH stimulation
among iodine-deficient individuals. The clinical syndromes caused by excess hor-
mone production due to an autonomously functioning adenoma are often indistin-
guishable from that caused by gland hyperplasia.
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Finally, virtually all endocrine cells have the potential to lose their responsiveness
to normal regulatory mechanisms and undergo neoplastic change. Hormone-
secreting carcinomas, while rare, can be lethal despite the presence of a hormone
marker, as in adrenal and parathyroid carcinoma.

Extraglandular Dysfunction

Non-endocrine tumors, mainly carcinomas, can occasionally produce hormones in
excess and present as an endocrine disorder. In most cases, the hormones produced
ectopically are those that arise from a single gene, such as ACTH, PTH, erythropoi-
etin, growth hormone, and serotonin. While a large number of non-endocrine cells
can produce hormones, ectopic hormone production is primarily associated with
APUD (amine precursor uptake and decarboxylation) cells. These cells are found in
small cell lung carcinomas, carcinoid tumors, thymomas, and hormone-secreting
tumors of the gastrointestinal system, among others.

Gland hyperplasia can occur in the absence of intrinsic glandular dysfunction if
the hyperfunctioning gland is reacting appropriately to another stimulus. In Graves’
disease, hypersecretion of thyroid hormone is caused by an antibody that binds to
and activates the TSH receptor on the thyroid follicular cells. The chronic stimula-
tion of the thyroid leads to follicular cell hyperplasia and hyperthyroidism.

While hormone resistance usually produces a clinical picture of hormone defi-
ciency in the setting of hormone hypersecretion, thyrotoxicosis due to pituitary
thyroid hormone resistance has also been described. The only abnormal or deficient
T3 receptors are located in the pituitary in this disorder, making the pituitary resistant
to the inhibitory feedback inhibition of T3. Most cases of thyroid hormone resistance
are caused by mutations in the thyroid hormone-receptor f (THRB) gene, although
in the past decade, novel mutations in also the thyroid hormone receptor o (THRA)
gene have also been identified in a few individuals.

Not all causes of hormone excess syndromes are due to hyperfunctioning glands
or tumors. Leakage of preformed thyroid hormone into the circulation following
acute destruction of thyroid follicles may also produce thyrotoxicosis, whether due
to a virus (e.g., subacute thyroiditis), an autoimmune-mediated process (e.g., post-
partum thyroiditis), or manipulation of the neck, such as in rare cases following
parathyroid or other neck surgery. In contrast to autonomous adenomas and hyper-
plasia, these disorders are usually transient.

Hormone excess states can also occur by the administration of supraphysiologic
doses of hormones, both as overreplacement of a primary hormone-deficient disor-
der and as treatment of a non-endocrine disorder. Cushing’s syndrome due to
pituitary or adrenal dysfunction is relatively rare, while iatrogenic Cushing’s syn-
drome is more common due to the widespread use of corticosteroids as therapeutic
agents. Rarely, the administration of a nonhormonal substance can have hormonal
effects, as in the case of licorice ingestion producing a syndrome indistinguishable
from primary hyperaldosteronism and exposure to supraphysiologic doses of iodine
resulting in iodine-induced thyrotoxicosis.
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Evaluation of the Endocrine System
Clinical Evaluation

The evaluation of the endocrine patient, as with any medical patient, begins with the
history and physical exam. Consistent with the systemic nature of endocrine disor-
ders, all organ systems may be affected, some to a greater degree than others. Many
signs and symptoms of hormone excess or deficiency, especially in long-standing or
advanced cases, are readily apparent at the time of initial presentation. More often,
the clinical presentation is subtle, and the use of laboratory testing is necessary to
make a diagnosis.

However, with the advent of sensitive hormone assays, the concept of subclinical
disease, defined as abnormal hormone levels in the absence of clinical symptoms or
signs, relies exclusively upon the laboratory to establish a diagnosis. The presenting
signs and symptoms of many endocrine disorders are sufficiently vague as to include
endocrine dysfunction in the differential diagnosis of many common problems, such
as weakness, fatigue, weight loss or gain, hypertension, and diarrhea or constipation.
Furthermore, endocrine disorders may be secondary to other medical disorders that
dominate the clinical presentation.

Laboratory Evaluation

The biochemical assessment is an integral part of the evaluation of an endocrine
disorder. Assays are currently available to measure most, if not all, of the clinically
important hormones. However, measurements must be obtained with regard to an
understanding of their variability in relation to fasting status, environmental stress,
age, gender, diurnal pattern, and pulsatility.

Immunoassays are the most common measurement techniques utilized by com-
mercial laboratories. Using this technique, hormones are measured by assessing the
ability of the hormone in the sample to compete with a known amount of labeled
hormone for binding to a hormone-specific antibody. The initial assays utilized
radioactive labeling of hormones for quantification (radioimmunoassay, RIA), but
recently nonradioactive labels (such as enzymes in enzyme-linked immunosorbent
assays [ELISA]) are being used that increase the sensitivity of the assay. Other
techniques utilized for measurement of hormones include high-performance liquid
chromatography (HPLC) and mass spectrometry (MS). The sensitivity and specific-
ity of these various measurement techniques, particularly in relation to other
coexisting clinical factors, influence their applicability.

Concentrations of free hormones can be measured or estimated by several
methods. The most accurate method is by physically separating the free from the
bound hormone, as is done by equilibrium dialysis, and measuring the free hormone
directly. However, this is not routinely done due to the time-consuming, labor-
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intensive process required. Alternatively, measurement of the serum binding proteins
will allow an estimate of free hormone. This may be done by direct measurement of
the serum binding proteins or an indirect measurement achieved by assessing the
saturation of the binding proteins. The latter approach is used frequently in the
determination of free thyroid hormone concentrations.

In some instances, measurement of urinary hormones or metabolites may give an
assessment of overall hormone production, particularly with hormones in which the
plasma levels are subject to frequent variations, such as catecholamines and cortisol.

In hormone excess disorders where there is potentially more than one site of
excess hormone secretion, plasma measurements of the specific hormone(s) do not
define the site(s) of the excess production and are thus of limited utility. Measure-
ment of hormone levels in samples obtained by cannulation of the venous outflow of
a gland allows the termination of the site of hormone secretion. This is useful, for
example, in evaluating adenoma vs. hyperplasia as the cause of hyperaldosteronism
and in differentiating between Cushing’s disease (pituitary ACTH secretion) and
ectopic ACTH secretion. The use of imaging techniques such as magnetic resonance
imaging (MRI), computerized tomography (CT), and specific isotope localization
studies is often helpful in defining the tumor site.

Finally, common screening laboratory tests have identified some endocrine disorders
before clinical symptoms arise. One example is the routine measurement of serum
calcium in many patients, which has essentially eliminated the presentation of patients
with advanced hyperparathyroidism. This practice has also resulted in identifying a large
asymptomatic population of patients with primary hyperparathyroidism, some of whom
may never manifest clinical symptoms associated with the disease.

Provocative Testing

Provocative testing in endocrinology is a means to assess the ability of an endocrine
gland to dynamically respond to regulatory factors. It is especially useful when the
static plasma or urinary levels are borderline abnormal. In the case of suspected
hypofunction or decreased hormonal reserve, an agent is administered to stimulate
hormone production and release. The ACTH stimulation test measures the cortisol
response to an intravenous administration of a synthetic fragment of ACTH and is
helpful in the evaluation of adrenal insufficiency, especially due to ACTH defi-
ciency. Insulin-induced hypoglycemia, intravenous arginine infusion, and exercise
are provocative tests to assess for growth hormone reserve. GnRH and TRH
administration assess pituitary reserve for gonadotropin and thyrotropin secretion,
respectively.

In suspected cases of excess hormone production, agents that instead suppress
hormone secretion are used. The oral glucose tolerance test is useful in suppressing
growth hormone secretion in the evaluation of acromegaly. Variations of the dexa-
methasone suppression test are used to determine the etiology of Cushing’s syn-
drome, whether the defect is in the pituitary or hypothalamic or adrenal or rarely an
ectopic ACTH-secreting tumor.
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Summary

In this introduction, we have laid the foundation regarding the principles of endo-
crinology that will be detailed in the subsequent chapters of this book. These general
principles are essential toward the examination of normal physiology or an evalua-
tion of endocrine dysfunction. This solid understanding of endocrine pathophysiol-
ogy provides a rational approach to the patient with endocrine disease and allows for
a logical, cost-effective evaluation.



Part Il

Hormone Synthesis, Secretion, and Transport



Noemi Malandrino and Robert J. Smith

Abstract

Peptide hormones are composed of polypeptide chains with a size ranging from three
to hundreds of amino acids. Peptide hormone synthesis involves several steps
occurring in the nucleus and cytoplasm of secretory cells, including gene transcrip-
tion into the precursor nuclear ribonucleic acid, posttranscriptional modifications of
the precursor messenger ribonucleic acid transcript, translation of the mature mes-
senger ribonucleic acid, and cotranslational and posttranslational modifications of the
hormonal peptide. Synthesis of peptide hormones is regulated at one or more of the
above-mentioned biosynthetic steps in order to meet the secretory requirements of
endocrine glands. Once they are synthesized, peptide hormones are packaged into
secretory granules until appropriate stimuli result in their secretion into the extracel-
lular space. Secretion is not uniform, but rather follows pulsatile patterns and
rhythmic changes which, in association with feedback mechanisms, ensure that
hormone production is adequate and prevent the excessive release of hormones.
Most peptide hormones are water soluble and therefore do not require carrier proteins
to circulate in the blood stream. This property results in rapid hormone degradation
by plasma proteases and a shorter half-life and duration of action compared to other
types of hormones, such as steroid and thyroid hormones.
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General Characteristics of Peptide Hormones

Peptide hormones are molecules that have as their core structure one or more
polypeptide chains ranging from three to hundreds of amino acids in size. The
number of different peptide hormones exceeds that of the other major hormone
classes, i.e., steroid and amine hormones. Peptide hormones can be synthesized
and secreted by specialized cells of endocrine glands or by cells within tissues or
organs whose main function is not the synthesis of hormones, e.g., gut, heart,
kidneys, and adipose tissue (Table 1). After their synthesis, peptide hormones are
stored in membrane-bound secretory vesicles, thus enabling their rapid secretion
and onset of action when required. Once secreted, most peptide hormones are not
bound to carrier proteins in the circulation. Thus, they are subject to rapid
degradation by serum proteases, resulting in shorter half-life and duration of
action compared to steroid hormones (Pocock et al. 2013).

Peptide hormones are water-soluble and, unlike steroid hormones, do not
readily cross hydrophobic cell membranes. Most peptide hormones exert their
actions by binding to specific receptors located on the surface of target cells. The
binding of peptide hormones to the extracellular domain of plasma membrane
receptors induces the initiation of intracellular signal transduction processes,
leading to the opening of ion channels and/or activation of enzymes involved
in the production of second messengers and phosphorylated proteins causing
specific cellular responses (Pocock et al. 2013). A small number of peptide
hormones, including epidermal growth factor, the parathyroid hormone-related
protein, and possibly to some extent other hormones, are able to transmit signals
by interacting with intracellular cytoplasmic or nuclear receptors through an
intracrine mechanism (Re 1999).
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Table 1 Examples of human peptide hormones and their sites of synthesis

Site of synthesis

Hormone

Hypothalamus

Arginine vasopressin

Corticotropin-releasing hormone

Growth hormone-releasing hormone

Gonadotropin-releasing hormone

Oxytocin

Prolactin-releasing hormone

Somatostatin

Thyrotropin-releasing hormone

Anterior pituitary

Adrenocorticotropin hormone

Follicle-stimulating hormone

Luteinizing hormone

Growth hormone

Prolactin

Thyroid-stimulating hormone

Parathyroid glands

Calcitonin

Parathyroid hormone

Heart

Atrial natriuretic peptide

Gastrointestinal tract

Cholecystokinin

Gastrin

Ghrelin

Glucagon-like peptides

Glucose-dependent insulinotropic polypeptide

Obestatin

Oxyntomodulin

Secretin

Liver and multiple other tissues

Insulin-like growth factor-1

Pancreas

Glucagon

Insulin

Amylin

Pancreatic polypeptide

Somatostatin

Vasoactive intestinal peptide

Kidneys Erythropoietin
Renin

Adipose tissue Adiponectin
Leptin
Resistin

This chapter will review the processes involved in the synthesis, secretion, and
transport of peptide hormones, which, due to the specific characteristics of this category
of hormones, differ from the mechanisms occurring for steroid and amine hormones.
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Synthesis of Peptide Hormones

Peptide hormones typically are produced by secretory cells containing substantial
amounts of rough endoplasmic reticulum (RER) and Golgi sacs, which represent the
sites where peptide hormones are synthesized and packaged. These cells contain often
highly abundant secretory vesicles, which are formed from the Golgi apparatus and store
the synthesized hormones prior to their secretion in response to appropriate stimuli.

Most peptide hormones are composed of a single amino acid chain or the
association of two or more peptide subunits encoded by a single gene. Conversely,
some glycosylated (glycoprotein) peptide hormones, e.g., follicle-stimulating
hormone (FSH), luteinizing hormone (LH), chorionic gonadotropin (hCG), and
thyroid-stimulating hormone (TSH), consist of two noncovalently linked subunits
encoded by separate genes on separate chromosomes (Gharib et al. 1990). While
each individual peptide hormone has a distinct profile of molecular actions and
physiological functions, many peptide hormones are recognized to belong to families
that share genetic and peptide structural homologies in sites that are essential for
aspects of their conformation and biological activity. Examples include the growth
hormone family (growth hormone (GH), placental lactogen, and prolactin) (Cooke
et al. 1980), the glycoprotein hormone family (FSH, LH, hCG, and TSH) (Gharib et al.
1990), and the insulin-insulin-like growth factor family (insulin, IGF-1, and IGF-2)
(Blundell and Humbel 1980). The homologies in these peptide hormone families are
thought to reflect their evolutionary emergence from a common ancestral gene.

The synthesis of peptide hormones often involves several steps occurring in the
nucleus and cytoplasm of secretory cells. These steps include:

1. Gene transcription to form the precursor heterogeneous nuclear ribonucleic acid
(hnRNA)

2. Posttranscriptional modifications of the hnRNA transcript

3. Translation of the mature messenger RNA (mRNA) into the encoded peptide
chain

4. Cotranslational and posttranslational modifications of the peptide chains

Gene Transcription

The first stage in the synthesis of peptide hormones is the transcription of the genetic
information contained in double-stranded deoxyribonucleic acid (DNA) to generate
a single-stranded precursor RNA molecule, designated hnRNA. This process is
mediated by the enzyme RNA polymerase II.

The regulation of gene transcription is an important determinant of the level of
gene expression. As is the case for other structural genes, the genes encoding peptide
hormones have both coding and regulatory regions. The coding regions consist of
exons containing nucleotide sequences that are conserved in the mature mRNA, and
intron sequences that are excised during posttranscriptional modifications of
the hnRNA in the nucleus. The most important regulatory regions are located in
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a 5'-flanking region positioned immediately upstream of the first transcribed nucle-
otide, and include a promoter region, which is necessary for the accurate initiation
and efficiency of transcription. Two functional domains are found in the promoter.
The first consists of an initiator element, which includes the transcription start site
and a TATA box, located 25-35 nucleotides upstream of the transcription start site.
This domain is required for the correct initiation of transcription. The second
domain, located immediately upstream of the transcription start site, contains regu-
latory sequences that play a pivotal role in determining the rate of transcription.
These sequences, denoted cis-acting regulatory elements, interact with transcription
factors, which are generally encoded by different genes and defined as trans-acting
factors. Another group of regulatory elements, called enhancers, are usually located
further upstream or downstream of the promoter region. The response elements are
additional cis-acting elements found in the promoter regulatory regions, which serve
as binding sites for multiple factors including hormones, resulting in the promotion
or suppression of transcription of the genes they regulate.

The interaction of the TATA box with specific transcription factors (i.e., TFIID,
TFIA, TFIIB, TFIIF, TFIIE, TFIIH, TFILJ) leads to the formation of a preinitiation
complex, which regulates the correct initiation of transcription. After the pre-
initiation complex is formed, the trans-acting factors bind to the regulatory elements
and contact the preinitiation complex with resulting increased or decreased
transcription.

Once transcription of an RNA strand is initiated, the enzyme RNA polymerase II
continues the elongation process of the transcript until a sequence is reached and
transcribed that signals cleavage and polyadenylation of the RNA at the 3’ end of the
encoded mRNA, leading to transcription termination (Lodish et al. 2008).

Posttranscriptional Modifications

The primary transcript hnRNA is a precursor of mature mRNA containing both
exons and introns complementary to the DNA template. After the initiation of
transcription, the hnRNA undergoes three major modifications in the nucleus that
result in the formation of the mature mRNA. The first modification is cotranscriptional
and consists of the addition of a 7-methylguanosine cap to the 5’ end of the nascent
RNA strand. The 5’ cap protects the mRNA from degradation by ribonucleases and
also mediates the nuclear transport of the mRNA and the binding and assembly of
ribosomes at the 5’ end of the mRNA. A second modification involves the cleavage of
the RNA strand at the 3’ end, downstream of the polyadenylation signal sequence
AAUAAA, and the addition of a poly-A tail (200-250 adenylate residues) by the
poly-A polymerase enzyme. This poly-A tail further protects the mRNA from degra-
dation and regulates the transport of the mature mRNA to the cytoplasm. A third
modification is the removal of the noncoding introns by splicing. This process is
accomplished by spliceosomes, which are complexes composed of small ribonucleo-
proteins and associated nuclear proteins. Spliceosomes recognize and cut introns at
specific 5" and 3’ end sequences, which are denoted splice donor and acceptor sites,
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Fig. 1 Calcitonin and calcitonin gene-related peptide are encoded by a single gene which
undergoes tissue-specific alternative splicing and polyadenylation of the RNA transcript to generate
different hormone variants. £ Exon

respectively. The two ends of the introns are brought together to form a loop structure
which is rapidly degraded, and the two contiguous exons are joined together to
assemble the coding region of the mature mRNA (Lodish et al. 2008).

Alternative splicing refers to optional splicing patterns for hnRNA transcripts and
represents one of the several processes involved in the generation of biologic
diversification of the genetic information. Alternative splicing is a process whereby
the primary transcript can be spliced differently in the same or in different tissues,
resulting in the synthesis of two or more variants of mRNA and the resulting protein
from a single gene. An example of alternative splicing occurs in the processing of
calcitonin/calcitonin gene-related peptide pre-mRNA. Both calcitonin and calcitonin
gene-related peptide are encoded by the same gene. Splicing and polyadenylation of
the pre-mRNA at the end of exon 4 results in the synthesis of calcitonin mRNA,
which is mainly found in the thyroid gland. Excision of exon 4, binding of exon
3 and 5, and polyadenylation at the end of exon 6 result in the formation of calcitonin
gene-related peptide mRNA, which is mainly found in the nervous system (Amara
et al. 1982) (Fig. 1).

Translation of Mature mRNA

The transport of mature mRNA from the nucleus to the cytoplasm is mediated by a
nuclear pore complex, which is a large structure located in the nuclear envelope
composed of several copies of approximately 30 different proteins called
nucleoporins.

In the cytoplasm, the mRNA is translated into the amino acid sequence of the
respective peptide hormone. Each amino acid of the hormone peptide chain is
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specified in the mRNA by nucleotide triplets called codons. The first translated
codon, or start codon, is usually AUG, which encodes methionine. At the 3’ end, the
mRNA contains a stop codon (UAA, UAG, UGA) that serves to signal translation
termination. The translation process includes three steps, initiation, elongation, and
termination, and requires the interaction of the mRNA with two other types of RNA,
namely ribosomal RNA (rRNA) and transfer RNA (tRNA). The rRNA is transcribed
in the nucleolus where it combines with ribosomal proteins to form the ribosomes.
These structures consist of two major subunits, designated 60S and 40S, and mediate
the recognition between a codon of mRNA and the appropriate anticodon of tRNA.
The tRNA is a cloverleaf-shaped molecule acting as an adapter delivering specific
amino acids to the ribosomes. Each tRNA contains a trinucleotide anticodon
sequence that is complementary to a specific mRNA codon sequence, thus resulting
in a specific attachment site for the amino acid encoded by that mRNA codon.
Binding of the appropriate amino acid to the cognate tRNA is mediated by a specific
aminoacyl-tRNA synthetase. This reaction results in amino acid activation, charac-
terized by the formation of a high-energy bond between the amino acid and the
tRNA molecule. This bond will subsequently provide the energy necessary to form a
peptide bond between adjacent amino acids as the peptide chain forms.

The first step in the initiation phase of mRNA translation is the formation of a
preinitiation complex. This complex results from the association of the ribosome
40S subunit with an initiator tRNA carrying the amino acid methionine, in a process
mediated by a group of proteins known as initiation factors. The preinitiation
complex subsequently binds to the 5’ cap of mMRNA, forming the initiation complex,
and slides down the mRNA in the 3’ direction until the initiator tRNA carrying the
amino acid methionine recognizes the start codon AUG. The ribosome 60S subunit
then binds to the 40S subunit to initiate the translation. Once the complete ribosome
is assembled, it contains two binding sites for tRNA, designated P and A sites. The
initiator tRNA is initially bound at the P site. After the first peptide bond is formed,
the P site binds the tRNA at the end of the growing peptide chain (peptidyl tRNA).
The A site binds the tRNA carrying the subsequent amino acid to be added
(aminoacyl tRNA).

In the elongation phase, the 60S subunit enzyme peptidyl transferase catalyzes
peptide bond formation between the first amino acid methionine and the subsequent
encoded amino acid. This reaction is followed by the transfer of the nascent
polypeptide chain from the peptidyl tRNA to the amino acid bound to the aminoacyl
tRNA. The transfer of the polypeptide chain results in the P site binding the now
unacylated tRNA, while a new peptidyl tRNA occupies the A site. Due to a
conformational change, the ribosome then translocates three nucleotides along the
mRNA, displacing the unacylated tRNA into the cytosol. The new peptidyl tRNA is
transferred from the A to the P site, and the next codon to be translated now occupies
the A site to start a new elongation step. Similar to the initiation events, the
elongation process is also mediated by a series of proteins designated elongation
factors.

In the termination phase, after a stop codon is reached and recognized in the A site
by specific proteins called release factors, the completed polypeptide chain is
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cleaved and released from the last tRNA in the P site. The binding between the two
ribosomal subunits, terminal tRNA and mRNA is then released, and these molecules
become available for reassembly and synthesis of another protein chain.

Translation of peptide hormones begins on ribosomes located within the cyto-
plasm. In order to be secreted outside of the producing cell, the nascent peptide
hormone chains, while still being assembled, enter a secretory pathway that targets
these proteins to the endoplasmic reticulum (ER) membrane. This process is medi-
ated by an N-terminal signal sequence within the first segment of the nascent
polypeptide chain. The signal sequence and the ribosome 60S subunit bind a
signal-recognition particle (SRP), which is a cytosolic ribonucleoprotein complex.
The interaction of the SRP with an SRP receptor complex located on the ER
membrane results in the translocation of the ribosome and nascent polypeptide to
the ER, where translation continues (Lodish et al. 2008).

Cotranslational and Posttranslational Modifications of Peptide
Hormones

Most peptide hormones are initially synthesized as larger precursors, which then
undergo several modifications. These modifications may occur during or after
translation and lead to the formation of the mature hormones.

After the transfer of ribosomes from the cytoplasm to the ER membrane, as
translation continues, the growing polypeptide chain enters the ER lumen and the signal
sequence required for the transfer is rapidly cleaved by a signal peptidase. The peptide
hormone precursors expressing the signal sequence are defined as pre-hormones or
pre-prohormones. The release of the signal sequence results in the conversion of these
precursors to hormones or prohormones, the latter requiring additional processing in the
ER and Golgi complex to form mature active proteins. Examples of this process are
shown for pregrowth hormone and preproinsulin in Fig. 2.

Pre-Growth Hormone Growth Hormone

l A-chain
Signal sequence 3
S

5

I Pre-proinsulin Proinsulin B-chain
EERNNNN N Ed NN NN Insulin
B-chain  C-chain A-chain B-chain  C-chain A-chain
[
C-peptide

Fig. 2 After the translocation of the nascent polypeptide to the ER lumen, the N-terminal signal
sequence is enzymatically cleaved from the peptide precursor, generating the final hormone product
(e.g., growth hormone) or a prohormone (e.g., proinsulin), which requires further processing to be
converted to the mature hormone
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During translation in the ER lumen, nascent peptide hormones may be subjected
to additional modifications, which contribute to the stability and folding of the final
peptide hormone product. These modifications include: covalent addition of oligo-
saccharide side chains (glycosylation) to serine and threonine residues (O-linked
oligosaccharides) or asparagine residues (N-linked oligosaccharides), disulfide bond
formation, and appropriate folding and assembly of proteins.

Once translation is terminated and proper folding and assembly have occurred,
the newly synthesized hormones are transferred to the Golgi apparatus, which
consists of several membranous regions, including the cis-, medial-, and trans-
Golgi regions and the trans-Golgi network. The transport of peptide hormones
from the ER to the Golgi apparatus occurs via transport vesicles, which arise from
the ER and fuse together to form the cis-Golgi cisternae. In the cis-Golgi, peptide
hormones may undergo further proteolytic and N-linked carbohydrate modifications
through processes that are completed in the medial- and trans-Golgi regions. Other
posttranslation modifications occurring in the Golgi apparatus may include phos-
phorylation, acetylation, and acylation. Fully processed peptide hormones then enter
the trans-Golgi network where they are incorporated into membranous vesicles,
called secretory granules. Many peptide hormones in the secretory pathway are
stored as inactive prohormones in the secretory granules, where they require a
post-Golgi proteolytic cleavage mediated by a prohormone convertase to become
active hormones. The peptide hormones are stored in the secretory granules until

Proopiomelanocortin

N-POC ,f . ACTH K ~\\ B-LPH

Joining :
g : peptide ; i i i P
y-MSH o-MSH CLIP v-LPH"; : B-endorphin
B-MSH

Fig. 3 Posttranslational processing of proopiomelanocortin peptide results in the production of
several tissue- and species-specific hormones. N-POC N-proopiomelanocortin, ACTH adrenocor-
ticotropin hormone, S-LPH -lipotropin, MSH melanocyte stimulating hormone, CLIP
corticotropin-like intermediate lobe peptide, y-LPH y-lipotropin
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appropriate extracellular stimuli, including neural or hormonal signals, induce their
release by fusion of the vesicles with the plasma membrane (Lodish et al. 2008).

The complexity of posttranslational processing is illustrated by the processing of
the precursor peptide proopiomelanocortin (POMC), resulting in the generation of
multiple tissue-specific and functionally distinct peptide hormones (Fig. 3). POMC
cleavage in the human anterior pituitary gland generates adrenocorticotropin hormone
(ACTH), N-proopiomelanocortin (N-POC), joining peptide (JP) and p-lipotropin
(B-LPH). B-LPH may be then processed to B-endorphin (Gibson et al. 1993). In some
nonhuman species, POMC is also expressed in the intermediate lobe of the pituitary
gland, where ACTH, N-POC, and B-LPH are further cleaved into the smaller peptides a,
B, and y-melanocyte stimulating hormones (a-, B-, and y-MSH), corticotropin-like
intermediate lobe peptide (CLIP) and p-endorphin (Eipper and Mains 1980). a-MSH
and B-endorphin are also generated in the hypothalamus (Pritchard et al. 2002), while
a-MSH and ACTH are formed and secreted in the skin (Wintzen et al. 1996). This
tissue-specific alternative posttranslational processing represents an additional mecha-
nism by which polypeptide diversity is achieved.

Regulation of Peptide Hormone Synthesis

Synthesis of peptide hormones is finely regulated at one or more of the four
biosynthetic steps involved in gene expression, thus assuring that production of
specific peptide hormones matches the secretory requirements of endocrine glands
under different physiological conditions (Darnell 1982). At the transcriptional level,
for example, the interaction between DNA-binding proteins and regulatory elements
influences the rate of production of the initial RNA transcript. Posttranscriptional
alternative splicing in the nucleus and posttranslational modifications in the ER and
Golgi apparatus regulate the synthesis of tissue-specific hormone variants. Additional
examples of control points include the transport of RNA from the nucleus to the
cytoplasm (Palazzo and Akef 2012), the regulation of mRNA stability and the resulting
steady-state amount of the active mRNA in the cytoplasm, the formation of the initiation
complex during translation, and the control of secretory granule release (Becker 2001).

Secretion of Peptide Hormones

As a result of changes in cytoplasmic calcium concentrations, peptide hormones are
released from secretory granules by exocytosis, a process characterized by cytoskel-
etal protein-mediated migration of the granules toward the cell surface, followed by
their fusion with the plasma membrane and delivery of the hormones into the
extracellular space.

The secretion of peptide hormones from endocrine cells follows the so-called
regulated secretory pathway, where hormones are not continuously secreted, but
rather they are secreted acutely in response to a stimulus. In the absence of secretory
stimuli, endocrine cells are able to store mature granules containing high
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concentrations of peptide hormones. When the appropriate signal occurs, endocrine
cells then can rapidly release higher amounts of hormones than would be possible if
this depended on de novo synthesis in response to the secretory signal (Griffin and
Ojeda 2004; Lodish et al. 2008).

Peptide hormone secretion may be controlled by several stimulatory factors,
including metabolites, hormones, and neuropeptides, which are released in response
to modifications in the homeostatic balance. For example, hormones such as insulin
and parathyroid hormone are secreted in response to increases in circulating levels of
glucose and calcium, respectively. When these metabolites return to the normal range,
insulin and parathyroid hormone secretion decreases. As an example of other secretory
control mechanisms, the release of hypothalamic hormones results from the interaction
between central nervous system stimuli that include stress, afferent stimuli, and
neuropeptides. Once hypothalamic hormones are secreted, they cause the release of
pituitary hormones, which in turn control the secretion of peripheral hormones in their
respective target glands. Secretion of peptide hormones, such as insulin and glucagon,
may be also directly regulated by the autonomic nervous system through postgangli-
onic sympathetic nerves (Normal and Litwack 1997).

Circulating hormone concentrations are determined by the balance of hormone
secretion and clearance rates, patterns of hormone secretion, and feedback mecha-
nisms, thus ultimately achieving and maintaining hormone levels that are appropri-
ate to stimulate a specific response from target tissues and re-establish or preserve
homeostasis. Hormone secretion is not uniform, but rather it is characterized but a
periodic pulsatile release, with rapid increase and subsequent decrease, which is
hormone specific and induced by environmental or hormonal cues. Pulses may have
variable frequency and amplitude. The frequency of bursts of release of most peptide
hormones ranges from 4 to 30 min (e.g., for insulin, glucagon, and parathyroid
hormone) to 45-180 min (e.g., for anterior pituitary hormones). The amplitude of
pituitary hormone pulses may vary up to 1000-fold in the same individual on the
same day, while insulin release shows lower pulse amplitude (Veldhuis et al. 2008).

In addition to pulsatile patterns, hormones may show rhythmic changes. Some of
the rhythmic patterns are principally determined by environmental stimuli, such as
the light-dark cycle or the sleep-wake cycle, while other patterns are regulated by an
internal biological clock. Hormone secretion bursts occurring with a frequency of
about 1 h are defined as circhoral. A frequency of secretion longer than 1 h, but
shorter than 24 h is termed ultradian. The interaction between the retina and
hypothalamic suprachiasmatic nuclei in response to light plays a major role in
determining the circadian pattern of secretion, which shows a periodicity of about
24 h. ACTH is an example of peptide hormone with marked circadian rhythm,
characterized by a sharp increase of its plasma levels during the early morning hours.
A longer periodicity may be seen for other hormones, such as the gonadotropins,
with preovulatory peaks occurring every 30 days during the menstrual cycle (Griffin
and Ojeda 2004).

Hormone concentrations are also regulated by closed-loop feedback mechanisms,
which are the responses of target cells to control levels of the hormones that
originally stimulated them. Negative feedback, which inhibits the initial hormone
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signal, is the most common mechanism modulating hormone secretion. Conversely,
positive feedback increases the initial stimulus. Three patterns of feedback may
occur: long loop, short loop, and ultra-short loop. An example of negative feedback
is the inhibition of the adeno-hypophyseal hormone ACTH and hypothalamic
hormone corticotropin-releasing hormone (CRH) by cortisol. The secretion of
cortisol is stimulated by ACTH and CRH in the adrenal gland. The control of
ACTH and CRH by cortisol is a designated long feedback loop, because of the
need for cortisol to travel from its site of secretion in the adrenals to the central
nervous system located hypothalamus and pituitary gland. A short feedback loop is
exemplified by the inhibition of CRH by ACTH (requiring the movement of ACTH
between the spatially close pituitary and hypothalamus), whereas an ultra-short loop
is exemplified by the feedback inhibition by CRH of its own secretion in the
hypothalamus (Molina 2013). An example of positive feedback is the preovulatory
surge of luteinizing hormone (LH) during the menstrual cycle. LH induces the
secretion of estradiol by the ovary and, when estradiol reaches a threshold level, it
induces a rapid increase in LH production, the so-called preovulatory surge of LH,
which is a key driver of ovulation. This and other positive feedback mechanisms are
self-limiting. After reaching a peak, LH levels progressively decline, even if estra-
diol levels are still elevated. This results from the limited capacity of secretory cells
to produce LH, and the action of additional negative feedback loops (Griffin and
Ojeda 2004). Feedback mechanisms are essential in preventing the excessive
release of hormones, which could lead to pathologic conditions, and also in tempo-
rally balancing hormone secretion and levels to metabolic and environmental
changes (Molina 2013).

Transport of Peptide Hormones

Most peptide hormones are soluble in aqueous solvents and do not require carrier
proteins for transport in the blood stream. This makes them vulnerable to rapid
protease degradation, resulting in a short plasma half-life and duration of action. By
contrast, the nonpeptide steroid and thyroid hormones circulate in association with
specific binding proteins and have relatively long plasma half-lives (Pocock et al.
2013). A small number of peptide hormones do circulate in association with binding
proteins, including growth hormone (GH), insulin-like growth factors (IGF-1 and
IGF-2), and CRH.

The GH-binding protein (GHBP) is a soluble form of the membrane-bound GH
receptor (GHR), composed of a part of the extracellular domain of the GHR. It is
generated by a metalloproteinase proteolytic cleavage and binds approximately 50 per-
cent of circulating GH (Nussey and Whitehead 2001). The function of GHBP is not
completely understood, however it may serve to increase GH half-life in the circula-
tion or reduce GH availability to membrane-bound GHR (Fisker 2006).

IGFs are also bound to high-affinity carrier proteins in the circulation and in the
extracellular space. IGF-binding proteins (IGFBPs) are a family of six proteins
sharing homologies in gene and protein structure. All IGFBPs, with the exception
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of IGFBP-6, bind IGF-1 and IGF-2 with similar affinity. IGFBP-6 binds IGF-2 with
a 40-fold higher affinity than IGF-1. By binding IGFs, IGFBPs regulate their
transport in the blood and access to the extravascular space, their half-lives and
metabolic clearance, their tissue and cell-type distributions, and their interactions
with IGF receptors, and thereby modulate tissue-specific biological actions of the
IGFs (Jones and Clemmons 1995). IGFBP-3 is the most abundant form of IGFBP in
plasma. Binding of IGF-1 to IGFBP-3 provides a stable reservoir of the hormone in
the circulation, which can be released in a more active form at cell surface sites of
IGF-1 action. The high affinity binding of IGFs to IGFBPs and the low percentage of
IGF circulating in free unbound form results in relatively stable concentrations and a
longer half-life of IGF-1 in comparison, for example, with GH, which is much less
extensively protein bound (Nussey and Whitehead 2001).

CRH-binding protein (CRHBP) is thought to have important functions in the
regulation of CRH action. CRHBP may decrease CRH action by decreasing the
availability of CRH for binding with its cellular receptors. The complex also
influences CRH signaling activity that may include a role in terminating CRH
signaling by accelerating its clearance, enhancing activity by protecting CRH from
degradation under other conditions, and increasing signaling by contributing to the
transport of CRH to target tissues (Seasholtz et al. 2002).

Summary

Peptide hormones are composed of polypeptide chains that are generated through
a complex of synthesis and processing in the nucleus and cytoplasm of secretory
cells. After synthesis is completed, peptide hormones are packaged into secretory
granules and then secreted into the extracellular space in response to specific
stimuli. Secretion follows pulsatile patterns and rhythmic changes, which, in
association with feedback mechanisms, ensure appropriate hormone production.
Unlike steroid and thyroid hormones, most peptide hormones do not require
carrier proteins to circulate in the blood, therefore resulting in short half-life
and duration of action.

Endocrine disease states typically result when these processes are disrupted.
For example, endocrine disorders result when inherited traits or acquired events
result in dysregulation of peptide hormone synthesis and secretion (increased or
decreased synthesis and secretion by cells normally producing a hormone, or ectopic
production by other cell types), insufficiency or overabundance of secretory cells,
genetic modifications in hormone structure that cause increased or decreased stability
or activity at target cells, changes in hormone binding proteins resulting in increased or
decreased hormone stability or action, abnormalities in other pathways controlling the
duration of hormone action, or abnormalities in cellular receptors for hormones or in
cellular pathways activated or inhibited as a part of normal hormone action. An
understanding of these underlying disease mechanisms can be valuable in establishing
effective approaches to the prevention, treatment, or cure of endocrine diseases.
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Abstract

In mammalian systems, there are six families of steroid hormones that can be
classified on both a chemical and a biological basis. They are the estrogens,
progesterone, androgens, mineralocorticoids, glucocorticoids, and vitamin
D. These steroid hormones play a critical role in numerous physiological and
pathophysiological processes and consequently garnered substantial research
interest over the last century. The vast majority of circulating steroids in mammals
come from the endocrine activity of the gonads and adrenal glands, which
metabolize the lipid cholesterol to generate the steroid repertoire. Numerous
investigations spanning decades have painstakingly elucidated the molecular
enzymes and reactions of steroidogenesis distributed throughout the mitochon-
drial and microsomal compartments of steroidogenic cells. This chapter deals
with the biosynthetic pathways, release, and transport of the major classes of
steroid hormones in mammals. In particular, steroidogenesis is discussed as a
single process that is repeated in each gland with cell type-specific variations on a
single theme. Moreover, the homeostatic mechanisms that regulate the secretion
or release of the steroid hormones and precursor hormone by feedback loops or by
biological rhythms have been also discussed. Finally, the role of steroid-specific
plasma transport proteins and the local inactivation of the excess of active steroids
inside the cells are reported in order to obtain a clear picture on how the
concentrations of active steroid hormones are regulated.
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Introduction

Steroids play a critical role in numerous physiological and pathophysiological pro-
cesses and consequently garnered substantial research interest over the last century.
The first steroid hormone, estrone, was isolated in 1929 at a time before the charac-
teristic ring structure of the steroid nucleus had been elucidated (Miller 1988). Today
well over 230 naturally occurring steroids have been isolated and chemically charac-
terized. In addition, an uncountable number of steroids and steroid analogs have been
chemically synthesized and evaluated for their pharmacological properties. The basis
of these recent developments is to be found in the papers authored by Professor Adolf
O.R. Windaus (1876-1959) a German chemist who defined the structural determina-
tion of cholesterol. Professor Windaus was awarded with Nobel Prize in Chemistry in
1928 “for the services rendered through his research into the constitution of the sterols
and their connection with the vitamins” (Miller 1988).

Steroids have a complicated structure of fused rings, which can be subjected to a
wide array of modifications by the introduction of hydroxyl or carbonyl substituents
and unsaturation (double or triple bonds). In addition, heteroatoms such as nitrogen or
sulfur can replace the ring carbons, and halogens and sulthydryl or amino groups may
replace steroid hydroxyl moieties. Furthermore, the ring size can be expanded or
contracted by the addition or removal of carbon atoms. An important structural feature
of any steroid is recognition of the presence of asymmetric carbon atoms and desig-
nation in the formal nomenclature of the structural isomer that is present. Steroids are
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Fig. 1 Ring structure of the
completely hydrogenated,
cyclopentanoperhydrophe-
nanthrene, also known as
sterane. The structure illus-
trates the 17 carbons and the
convention for the 4-D labels

for the four rings

Table 1 Class of steroid hormones

Steroid class
Estrogens

Androgens

Progestins
Glucocorticoids

Mineralocorticoids

Vitamin D

Bile acid

N° of
C atoms
18

19

21
21

21

27

24

Principal active
steroid in humans

17B-Estradiol

Testosterone

Dihydrotestosterone

Progesterone
Cortisol

Aldosterone

1,25-Dihydroxy
vitamin D3
(cholecalciferol)

Cholic acid

C
&CH T
2 CH
HZC| \CI/ \ZCH
H D
CH2| c Ve
HC/ \C/l\c/ CH,
| A | H | H

Cyclopentenoperhydrophenanthrene

(Sterane)

Systematic name IUPAC
(8R,98,138,148,17S)-13-methyl-
6,7,8,9,11,12,14,15,16,17-
Decahydrocyclopenta[a]
phenanthrene-3,17-diol
(8R,9S,10R,138S,148,17S)-17-
Hydroxy-10,13-dimethyl-
1,2,6,7,8,9,11,12,14,15,16,17-
dodecahydrocyclopentafa]
phenanthren-3-one
(5S,8R,98,108,138,148,17S)-17-
Hydroxy-10,13-dimethyl-1,2,4,5,
6,7,8,9,11,12,14,15,16,17-
tetradecahydrocyclopenta [a]
phenanthren-3-one
Pregn-4-ene-3,20-dione
11p4-11,17,21-Trihydroxypregn-4-
ene-3,20-dione
11p-11,21-Dihydroxy-3,20-
dioxopregn-4-en-18-al
9,10-Seco-5,7,10 (19)-
Cholestatriene-3-ol

3a,7a,12a-Trihydroxy-5p-cholan
24-oic acid

derived from a phenanthrene ring structure to which a pentane ring has been attached;
this yields in the completely hydrogenated form, cyclopentanoperhydrophenanthrene,
or the sterane ring structure (Fig. 1). The three six-carbon cyclohexane rings are
designated A, B, and C rings, and the five-carbon cyclopentane ring is denoted as
the D ring. The six-carbon atoms of a cyclohexane ring are not fixed rigidly in space,
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but are capable of interchanging through turning and twisting between several struc-
tural arrangements in space (chair and boat conformations). The approach of steroid
conformational analysis has been of great value to the organic chemistry as a tool to
predict or understand the course of synthetic organic chemical reactions. It is also
known that conformational considerations play an increasingly useful role in the
understanding of steroid hormone—receptor interactions (Fieser and Fieser 1959).

The diversity of steroid structures ranges from insect steroid hormones (ecdy-
sone) to the world of plant growth regulators (brassinolides). In mammalian systems,
there are six families of steroid hormones that can be classified on both a chemical
(structure) and a biological (hormonal) basis (see Table 1). They are the estrogens,
progestins, androgens, mineralocorticoids, glucocorticoids, and vitamin D. In addi-
tion, the bile acids are structurally related to cholesterol and thus could constitute a
seventh member of the steroid family.

This chapter deals with the biosynthetic pathways, release, and transport of the
major classes of steroid hormones in mammals.

Steroid Biosynthesis

Steroidogenesis entails processes by which cholesterol is converted to biologically
active steroid hormones. Historically, steroid hormone synthesis only occurred in the
steroidogenic glands (i.e., adrenal glands, gonads, and placenta). A significant
number of studies have now challenged this view by demonstrating that several
organs, including the brain, adipose tissue, and intestine, are capable of producing
steroid hormones. These are called non-steroidogenic or intracrine tissues. Intracrine
tissues do not have the ability to transform cholesterol into active steroid hormones,
but depending on enzymes that are expressed in the tissues, active steroids are
produced from various steroid precursors (Luu-The 2013). Whereas most endocrine
texts discuss adrenal, ovarian, testicular, placental, and other steroidogenic processes
in a gland-specific fashion, according to Walter L. Miller’s view, steroidogenesis is
better understood as a single process that is repeated in each gland with cell type-
specific variations on a single theme (Miller and Auchus 2011). Thus, in this
paragraph, an overview of cholesterol uptake and steroidogenic enzymes will pre-
cede the description of the synthesis of specific hormones in both steroidogenic and
non-steroidogenic tissues.

Cholesterol

All of mammalian steroids are biologically derived from cholesterol. The cholesterol
is the most prevalent steroid in all animals and has multiple physiological roles that
include its structural presence in all membranes. Cholesterol also is the starting point
in the biosynthesis of all steroid hormones, vitamin D and its steroid hormone
daughter metabolite, 1a,25-dihydroxy vitamin D (1a,25(OH),D), and the bile
acids. The level of the total body cholesterol is determined by a complex interplay



3 Steroid Hormones: Synthesis, Secretion, and Transport 47

of dietary available cholesterol, de novo synthesis of cholesterol, and excretion of
cholesterol and bile salts. The liver and intestine together account for more than 60%
of the body’s daily biosynthesis of this sterol from acetate via a complex pathway
primarily found in the endoplasmic reticulum, but most steroidogenic cholesterol is
derived from circulating lipoproteins (Chang et al. 2006). High-density lipoproteins
(HDLs) may be taken up via scavenger receptor Bl (SR-B1), and low-density
lipoproteins (LDLs) are taken up by receptor-mediated endocytosis via LDL recep-
tors. LDL can suppress the rate-limiting enzyme in cholesterol synthesis, 3-hydroxy-
3-methylglutaryl coenzyme A reductase. Although rodents preferentially use the
HDL/SR-B1 pathway, the principal human source to obtain steroidogenic choles-
terol is receptor-mediated endocytosis of LDL. After circulating LDL is internalized
by receptor-mediated endocytosis, the resulting endocytic vesicles fuse with lyso-
somes, where the LDL proteins are degraded by proteolysis, liberating the
cholesteryl esters, which are then hydrolyzed to “free” cholesterol by lysosomal
acid lipase (Horton et al. 2002; Brown et al. 1979; Kraemer 2007). However,
cholesterol is never truly free, as its solubility is only about 20 pmol/L, so that the
term “free cholesterol” refers to cholesterol that is bound to proteins or membranes,
but lacks a covalently linked group. Free cholesterol may be used by the cell or
stored in lipid droplets following reesterification by acyl coenzyme A-cholesterol-
acyltransferase. Similarly, HDL cholesteryl esters that enter the cell via SR-B1 are
elaborated by hormone-sensitive neutral lipase, following which the free cholesterol
may also be used or reesterified for storage. Intracellular cholesterol transport may be
vesicular (mediated by membrane fusion) or non-vesicular (bound to proteins)
(Chang et al. 2006). Both vesicular and non-vesicular cholesterol transport occur
in steroidogenic cells, but non-vesicular transport involving high-affinity choles-
terol-binding steroidogenic acute regulatory protein (StAR)-related lipid transfer
(START) domain proteins appears to be the principal means of cholesterol transport
from lipid droplets to the outer mitochondrial membrane (OMM). Movement of
cholesterol from the OMM to the inner mitochondrial membrane (IMM) requires a
multi-protein complex on the OMM (Chang et al. 2006).

Steroidogenic Enzymes

Numerous investigations have elucidated the molecular enzymes and reactions of
steroidogenesis distributed throughout the mitochondrial and microsomal com-
partments of steroidogenic cells (Miller and Auchus 2011). Six P450 enzymes
participate in steroidogenesis, and at least three more participate in the processing
of vitamin D; five of these are found in mitochondria. The first step of steroido-
genesis occurs in the mitochondria, where the cytochrome P450 side-chain
cleavage enzyme (P450scc, CYP11A41 gene) cleaves the aliphatic tail of choles-
terol. The final product of this first reaction common to all steroidogenic path-
ways is the pregnenolone (Miller and Auchus 2011). The expression of the
CYPI1IAI gene and, thus, the pregnenolone synthesis render a cell “steroido-
genic.” P450scc and its cofactors are localized on the matrix face of the inner
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mitochondrial membrane. Although P450scc is known to be the rate-limiting
enzyme for adrenal and gonadal steroid hormones, it is not the catalytic process
of the cholesterol side-chain cleavage enzyme that is rate limiting. Rather, the
presence and properties of the StAR transporter at the OMM facilitate the
movement of cholesterol across the OMM to the IMM site of the P450scc.
Indeed, StAR facilitates the actions of cholesterol side-chain cleavage that result
in the production of mineralocorticoids and glucocorticoids, in the adrenals, and
of estrogens or androgens in the gonads (Stocco et al. 2005). The most convinc-
ing evidence for the essential nature of StAR is that mutations of the StAR gene
can result in a defect associated with the disease known as lipoid congenital
adrenal hyperplasia characterized by a deficiency of both adrenal and gonadal
steroid hormones (Stocco et al. 2005; Riegelhaupt et al. 2010).

Once pregnenolone is produced from cholesterol, it may undergo 17-
a-hydroxylation to 170H-pregnenolone that ultimately leads in the adrenal cortex
to the synthesis of aldosterone and cortisol, in the ovarian theca and granulosa cells
to progesterone, and in the testes into testosterone. 3f3-hydroxysteroid dehydroge-
nase (3BHSD) converts pregnenolone to progesterone. The hydroxysteroid dehydro-
genase, 290—380 amino acids (3545 kDa), may be found both in the mitochondria
and in the endoplasmic reticulum; it utilizes the nicotinamide adenine dinucleotide
(NADH/NAD" or NADPH/NADP") as electron acceptors or electron donors.
Although rodents contain multiple 3HSD isoforms, the human genome has only
two active genes and several pseudogenes. The type 1 enzyme catalyzes 3HSD
activity in the placenta, breast, liver, brain, and some other tissues. This isoform is
required for placental progesterone production during pregnancy. In contrast, the
type 2 enzyme (3PHSD?2) is the principal isoform in the adrenals and gonads.
Alternatively, pregnenolone may exit the mitochondrion and become the substrate
for P450c17 in the endoplasmic reticulum. Pregnenolone appears to exit the mito-
chondrion unaided; no transport protein has been found, and physiologic evidence
does not suggest the presence of such a transporter (Miller and Auchus 2011).

The subsequent steps in steroid biosynthesis (see next paragraphs) are synthe-
sized by a family of homologous oxidative enzymes (~57 human enzymes) collec-
tively known as the cytochrome P450 hydroxylases. Each individual P450 enzyme is
composed of about 500 amino acids and has a single heme (protoporphyrin ring with
a single chelated Fe** group). The cytochrome moiety is structurally analogous to
the hemoprotein cytochromes of the electron transport chain present in mitochondria
that are dedicated to the production of ATP. All contain some kind of covalently
bound protoporphyrin ring coordinately bound to one atom of iron, which can be
reversibly oxidized and reduced. As a class, most of these P450 enzymes are subject
to inhibition by the presence of carbon monoxide. Cytochrome P450 steroid
enzymes are known to be present in the liver, adrenal cortex, ovary, testis, kidney,
placenta, lungs, intestinal mucosa, and selected regions of the brain. Each P450
hydroxylase has a substrate-binding domain that is comparable in its ability to define
substrate specificity to that of the ligand-binding domains of steroid receptors and
plasma transport proteins for steroid hormones. Thus, the three-dimensional struc-
ture of the substrate-binding domain of a P450 hydroxylase determines which of the
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some 22—27 carbons of the substrate will acquire a new hydroxyl group (Miller and
Auchus 2011).

Catalysis by P450scc and other mitochondrial P450 enzymes requires two
electron-transfer intermediates, ferredoxin reductase and ferredoxin. Ferredoxin,
which has ~116 amino acids (14 kDa), is a sulfur/iron electron shuttle protein in
the mitochondrial electron transport process associated with steroid hydroxylation.
The ferredoxin protein acts as a shuttle, accepting electrons from ferredoxin oxido-
reductase, which then diffuses in the mitochondrial matrix to a P450 hydroxylase
where it donates a pair of electrons. Ferredoxin oxidoreductase is an inner mito-
chondrial membrane-bound flavoprotein with a molecular weight of 51,100. It is
responsible for the transfer of electrons from NADPH to ferredoxin and is widely
expressed in many human tissues (Miller and Auchus 2011).

Glucocorticoid and Mineralocorticoid Hormone Synthesis

The naturally occurring cortisol is the most prevalent member of the family of
glucocorticoids and binds tightly to the glucocorticoid receptor, but in vitro it has
a high affinity for mineralocorticoid receptor (MR) (Cooper and Stewart 2009).
Whenever the blood concentration of cortisol falls below the normal circulating
concentration of 620 pg/100 mL, additional cortisol will be produced. The daily
secretory rate of cortisol is 10-20 mg/day. In addition, when an individual experi-
ences significant levels of stress, there will be an increased production of cortisol
reaching 200 pg/100 mL. Cortisol’s most important action is to increase and
maintain blood glucose levels via the biochemical process of gluconeogenesis in
the combined actions of muscle cells, fat cells, and liver cells. Mineralocorticoids are
a class of steroid hormones that regulate salt and water balances. Aldosterone is the
primary mineralocorticoid. Mineralocorticoids promote sodium and potassium
transport, usually followed by changes in water balance. Cells of the adrenal zona
fasciculata and zona reticularis synthesize and secrete the glucocorticoid cortisol
(Fig. 2). The adrenal zona glomerulosa cells preferentially synthesize and secrete
aldosterone (Fig. 3) (Ehrhart-Bornstein et al. 1998).

In these adrenal zones, progesterone is converted to 11-deoxycorticosterone by
21-hydroxylase (P450c21), which catalyzes the 21-hydroxylation of both glucocor-
ticoids and mineralocorticoids. The final steps in the synthesis of both glucocorti-
coids and mineralocorticoids again take place in the mitochondria, where two
proteins that share 93% sequence identity, 11-hydroxylase (P450c11p, CYP1IBI)
and aldosterone synthase (P450c11AS, CYP11B2), reside (Figs. 2 and 3). P450c11p
catalyzes the 11p-hydroxylation of 11-deoxycortisol to cortisol, and P450c11AS
catalyzes the 11p-hydroxylation, 18-hydroxylation, and 18-methyl oxidation to
convert deoxycorticosterone to aldosterone.

The interconversion of active cortisol and hormonally inactive glucocorticoids
such as cortisone and dehydrocorticosterone is mediated by the two isozymes of
11p-hydroxysteroid dehydrogenase (11pHSD) (Fig. 2). Both enzymes are hydro-
phobic, membrane-bound proteins that bind cortisol/cortisone and corticosterone/
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Fig. 2 Major steroidogenic pathways in the adrenal zona fasciculata. This zona express P450c17,
so pregnenolone is hydroxylated to 17f-hydroxypregnenolone (or progesterone to
17-hydroxyprogesterone). 3HSD2 and P450c17 generate 17-hydroxyprogesterone, the preferred
substrate for P450c21, yielding 11-deoxycortisol. P450c11f, which is unique to the zona
fasciculata, completes the synthesis of cortisol. Corticosterone is normally a minor product (dashed
arrows) derived from a parallel pathway without the action of P450c17. The kidney, as well as other
non-steroidogenic tissues, expresses 11pHSD1, which interconverts hormonally active glucocorti-
coids such as cortisol and corticosterone in their inactive counterpart cortisone and
dehydrocorticosterone

11-dehydrocorticosterone, but otherwise their properties and physiological roles
differ substantially. The type 1 enzyme (11BHSD1) is a dimer of 34 kDa subunits
expressed mainly in glucocorticoid-responsive tissues such as the liver, testis, lung, fat,
and kidney proximal tubule. The type 1 enzyme catalyzes both the oxidation of cortisol
to cortisone using NADP" as cofactor and the reduction of cortisone to cortisol using
NADPH cofactor. Thus, the net flux of steroid driven by 11HSD1 depends on the
relative concentrations of available NADPH and NADP", which usually favors reduc-
tion in cells. The 41 kDa type 2 enzyme (11pHSD2) has only 21% sequence identity
with 11BHSDI and catalyzes only the oxidation of cortisol to cortisone using NAD+;
whether or not 11PHSD2 catalyzes reductive reactions remains undemonstrated.
11PHSD2 is expressed in mineralocorticoid-responsive tissues and thus serves to
prevent cortisol from overwhelming renal or placenta mineralocorticoid receptors. The
placenta also has abundant NADP" favoring the oxidative action of 11pHSD], so that in
placenta both enzymes protect the fetus from high maternal concentrations of cortisol
(Cooper and Stewart 2009; Miller and Auchus 2011). In vitro, cortisol has a high affinity
for mineralocorticoid receptor (MR), but its inactivation to cortisone (which is unable to
bind the MR) enables aldosterone to bind to the MR. The expression of 11BHSDI is
constitutive in a range of tissues including the liver, white adipose tissue, bone, and the
central nervous system. However, it also has inducible expression in many other tissues
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Fig. 3 Major steroidogenic pathways in the adrenal zona glomerulosa. The conversion of choles-
terol to pregnenolone by P450scc is common to all three zones. 3BHSD2 converts pregnenolone to
progesterone. P450c17 is absent, but P450c21 produces deoxycorticosterone, which is a substrate
for P45011AS. P45011AS catalyzes 11-hydroxylations, which completes aldosterone synthesis

including fibroblasts, skeletal and smooth muscle, and immune cells (Cooper and
Stewart 2009).

Comparison of the subcellular localization of the various hydroxylase enzymes with
the sequence of steroid movement through a metabolic pathway indicates the important
role of cellular compartmentalization. Thus, in the conversion of cholesterol into cortisol
in the adrenal cortex, the steroid must move sequentially from the mitochondria (side-
chain cleavage) to the endoplasmic reticulum (17a- and 21-hydroxylation) and then
back to the mitochondria (11p-hydroxylation). Histologic and electron microscopic
examination of steroidogenic cells suggests that domains of the endoplasmic reticulum
containing the steroidogenic P450 enzymes come close to the OMM during hormonally
induced steroidogenesis, forming a steroidogenic complex, so that the movement of
steroidal intermediates from the mitochondrion to the endoplasmic reticulum involves
very small distances (Miller and Auchus 2011; Miller 2013).

Androgen Hormone Synthesis

Testosterone is the principal male androgen (300—1100 ng/dl plasma). An important
biologically active metabolite of testosterone, produced in certain target tissues, is
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Sa-dihydrotestosterone. The biological actions of androgens can be divided into
those directed toward the development and maintenance of the male reproductive
system and those that have anabolic effects on several other organs including skeletal
muscle and brain.

In the adrenal gland, both 17a-dihydroxypregnenolone and
17a-dihydroxyprogesterone can be converted to the 19-carbon androgen pre-
cursors dehydroepiandrosterone (DHEA) and androstenedione by the 17,20-
lyase activity of P450c17 (Fig. 4). The rate of the lyase reaction can be increased
more than tenfold by cytochrome b5 (b5) which promotes the electron transfer for
the lyase reaction. Cytochrome b5 is a small (12—17 kDa) hemoprotein found as a
membrane-bound protein in the liver and as a soluble protein lacking the C-
terminal membrane anchor in erythrocytes. The adrenal zona reticularis
expresses large amounts of P450c17 and cytochrome b5, maximizing 17,20-
lyase activity, so that DHEA is produced, much of which is sulfated to DHEAS
by cytosolic sulfotransferase (SULT2A1) enzyme. The adrenal zona reticularis
produces abundant DHEA. As DHEA accumulates, small amounts are converted
to androstenedione, and very small amounts of this androstenedione are
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Fig. 4 Major steroidogenic pathways of DHEA and testosterone synthesis. (a) The adrenal zona
reticularis has large amounts of P450c17 and cytochrome b5 (bS) but little 3HSD2, so that
pregnenolone is sequentially oxidized to 17-hydroxypregnenolone and then DHEA. The adrenal
zona fasciculata contains little b5, minimizing the 17,20-lyase activity of P450c17, and little DHEA
is produced from 17f-hydroxypregnenolone. SULT2A1 sulfates DHEA, and resulting DHEAS is
released to circulation for non-steroidogenic tissues. Testosterone and estradiol synthesis are minor
pathways (dashed arrows). (b) In testicular Leydig cells, cholesterol is converted to DHEA by the
same enzymes using the same cofactors as in the adrenal zona reticularis. Leydig cells contain
abundant 17BHSD3, so that Leydig cells efficiently produce testosterone, via androstenedione
and/or androstenediol. Estradiol synthesis is a minor pathway (dashed arrows) in Leydig cells
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converted to testosterone (Auchus and Rainey 2004). Up to 30 mg of DHEA is
secreted daily by the adrenal cortex, and the blood levels of this prohormone and
its sulfate derivative (DHEAS) are high. DHEA is considered a weak androgen
that can be converted to testosterone and androstenediol or to estrogens in other
steroidogenic (ovary, testis) and non-steroidogenic tissues (adipose tissue, brain)
(Auchus and Rainey 2004; Miller and Auchus 2011). A group of dehydrogenases
catalyzes the conversions DHEA to androstenedione and testosterone, estrone
and estradiol, and others. These enzymes are collectively known as the 17-
B-hydroxysteroid dehydrogenases (17pHSDs), sometimes also termed
17-oxidoreductases or 17-ketosteroid reductases. There are at least 14 human
17pHSD isoforms, which vary widely in size, structure, substrate specificity,
cofactor utilization, and physiological functions. The most important in normal
steroidogenesis are 17pHSD1, 17pHSD3, and 17pHSDS5. The reactions in which
these enzymes are involved are reported in Figs. 4 and 5.

In the testis, the cleavage of cholesterol side chain is confined to the mitochondria of
the Leydig cells in which the role of the StAR protein is the same as in other
steroidogenic cells. DHEA produced in the testis is not sulfated but is readily converted
to androstenedione and then testosterone. Testicular testosterone synthesis, as reflected
in plasma hormone levels, changes throughout the life of a normal human male.
Testosterone production has two peaks during the second trimester in utero and another
during the 6 months after birth. The relative quiescence of the androgen synthetic
pathway persists throughout childhood until the beginning of the pubertal period.
Plasma testosterone rises to adult levels by the end of puberty and begins to decline in
middle age (andropause) (Auchus and Rainey 2004; Miller and Auchus 2011). In many
target tissues, unmodified testosterone interacts with the androgen receptor (AR) to
bring about the appropriate biological responses. In others, not limited to the prostate
and hair follicles, testosterone is reduced at the Sa position to form Sa-dihydrotesterone
(DHT), which has a greater affinity for the AR than testosterone; this is sometimes
referred to as the amplification pathway. In some tissues, exemplified by the bone and
brain, the active derivative of testosterone is estradiol, produced locally by aromatase,
which then interacts with the estrogen receptors (ERs). This has been referred to as the
diversification pathway (Miller and Auchus 2011).

The enzyme responsible for the conversion of testosterone to DHT is a A4-3-
ketosteroid-5a-oxidoreductase (Sa-reductase) that requires NADPH as a cofactor
(Fig. 4). In rodents and humans, there are two forms of Sa-reductase. The two
reductases are encoded by separate genes and share about 50% amino acid homol-
ogy. The two Sa-reductase subtypes are important beyond the context of male genital
differentiation and androgen action because both enzymes reduce a variety of
steroids in degradative pathways. Progesterone, 17-dihydroxyprogesterone, and
related C21 steroids are excellent substrates for both Sa-reductases, particularly
the type 1; cortisol, cortisone, corticosterone, and related compounds are also good
substrates. Such Sa-reduced steroids may be metabolized further and conjugated for
excretion in the urine (Russell and Wilson 1994).

Aromatization of testosterone to estradiol by P450 aromatase (see below) occurs
in several tissues of the adult male, including the adipose, testis (Sertoli cells and
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Fig. 5 Major steroidogenic pathways of ovarian steroid hormones. The ovarian theca cells express
StAR, P450scc, and P450c17 and hence produce C19 androgens. Theca cells do not express aromatase
(P450aro); hence, androstenedione and testosterone must return to the granulosa cells, which contain
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Leydig cells), brain, bone, breast, liver, and blood vessels. In these tissues andro-
stenedione can also be aromatized, yielding the weak estrogen estrone, which can
then be metabolized to estradiol through reduction of the 17-keto group by
178-hydroxysteroid dehydrogenase (Fig. 4) (Normington and Russell 1992).

Studies of fetal androgen biosynthesis and mechanisms of virilization in the
tammar wallaby have revealed the presence of a novel, alternative, so-called back-
door pathway that leads from 17-hydroxyprogesterone to DHT without going
through androstenedione or testosterone as intermediate steroids. This pathway is
initiated when either progesterone or 17-hydroxyprogesterone is reduced by
Sa-reductase. This pathway is an alternative, backdoor pathway to DHT, by which
DHT is produced without utilizing DHEA, androstenedione, and testosterone as
intermediates. Consequently, the presence of Sa-reductases in steroidogenic and
non-steroidogenic cells does not preclude the production of C19 steroids, but rather
paradoxically enhances the production of DHT. Originally described in marsupials,
the backdoor pathway is relevant to human steroidogenesis (Miller and Auchus
2011). Human enzymes catalyze all of the reactions required to complete this
alternative route to DHT, and good evidence documents production of Sa-reduced
androgens by the fetal adrenal, at least in some pathological states.

Estrogen and Progesterone Hormone Synthesis

The two most important steroid hormones of the adult female are 17p-estradiol (estra-
diol) and progesterone. In addition, two metabolites of estradiol, estrone (E1) and estriol
(E3), circulate at high levels at certain phases of menstrual cycle and during pregnancy.
E1l and E3 have been thought to be the inactive metabolites of estradiol, but E3 has
significant effects on the immune system, and a closer examination of the physiological
functions of these two steroids is warranted. As for androgens, the biological actions of
E2 can be divided into those directed toward the development and maintenance of the
female reproductive system and those that have effects on several other organs including
the cardiovascular system, metabolism, and brain.

The naturally occurring estrogens are typically 18-carbon steroids that have an
aromatic A ring with a phenolic hydroxyl; the naturally occurring progestin, progester-
one, has 21 carbons, with another one additional oxygenation (0xo0) on both C-3 and
C-20. Ovarian estrogen synthesis, as reflected in plasma hormone levels, pulsates every
month, during different phases of the menstrual cycle, and changes throughout the life of
a normal human female. The peak of estrogen synthetic pathway during the 6 months
after birth is followed by the relative quiescence throughout childhood until the begin-
ning of the pubertal period. Plasma estrogen pulsates at adult levels by the end of

<
<«

Fig. 5 (continued) abundant aromatase and 17pHSDI1, completing the synthesis of estradiol (the
two cell model of ovarian steroidogenesis). In the luteal phase, 3fHSD2 in the corpus luteum
metabolizes nascent pregnenolone to progesterone, the final product. Minor pathways are shown
with dashed arrows
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Table 2 Production
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rates of ovarian steroid

Y durine th Hormones day day day
ormones during the 17p-Estradiol | 70 400-800 300
ovary cycle
Estrone 80 300-600 200
Progesterone | 1000 4000 24,000

puberty and begins to decline in middle age (menopause). The amounts of estradiol,
estrone, and progesterone produced by the ovary and circulating during different phases
of the menstrual cycle are shown in Table 2.

The enzymatic steps of estradiol synthesis are partitioned between the granulosa
and theca cells of the ovary, which surround the oocyte and form a follicle (Fig. 5).
The cells of the theca interna express cholesterol side-chain cleavage activity
(P450scc) and StAR (Tian et al. 2015). Pregnenolone is converted to androstenedi-
one by the removal of carbons 20 and 21. Androstenedione diffuses across the
basement membrane of the follicle into the follicular fluid from which it is taken
up by granulosa cells. The endoplasmic reticulum of granulosa cells expresses P450
aromatase that converts androstenedione to estrone (Tian et al. 2015). All circulating
estrone and estradiol are produced by the aromatization of androgens, including
those derived from adrenal and placental steroidogenesis. In addition, P450 aroma-
tase is expressed in non-steroidogenic tissues, especially fat and bone. A single gene
on chromosome 15qg21.1 encodes P450 aromatase. This gene contains five different
transcriptional start sites with individual promoters that permit the tissue-specific
regulation of its expression in diverse tissues. Estradiol is further synthesized by the
action of 17pHSD1 (see previous paragraph) that converts estrone to estradiol
(Fig. 5). This enzyme is also expressed in the liver and placenta where it reduces
16a-hydroxyestrone to estriol (E3), the characteristic estrogen of pregnancy. As a
whole, in order for sufficient amounts of estrogen to be synthesized for maturation
and ovulation of the follicle, both granulosa cells and theca cells must be functional.

Following ovulation, the major steroid produced by the luteinized cells of the
corpus luteum is progesterone, although estrogen continues to be synthesized and
secreted as well (Fig. 5).

Vitamin D Synthesis

Vitamin D and its metabolites are not technically steroids in the strict chemical sense,
as the B ring of cholesterol is opened (secosteroid). Nevertheless, these sterols are
derived from cholesterol, assume shapes that are very similar to steroids, and bind to
a nuclear receptor (Norman 1998; Miller and Auchus 2011).

In the human skin, ultraviolet radiation at 270-290 nm directly cleaves the 9-10
carbon—carbon bonds of the cholesterol B ring, converting 7-dehydro-cholesterol to
cholecalciferol (vitamin D3) (Norman 1998). Plants and yeast produce ergocalciferol
(vitamin D2), which has essentially the same properties as cholecalciferol. Both
calciferols are biologically inactive prohormones that are then activated, and



3 Steroid Hormones: Synthesis, Secretion, and Transport 57

subsequently inactivated, by mitochondrial P450 enzymes. The initial step in the
activation of vitamin D is its hepatic 25-hydroxylation to 25(OH)D, which may be
catalyzed by 25-hydroxylase (CYP2RI). The active, hormonal form of vitamin D,
1,25(0OH),D (calcitriol), is produced in the kidney proximal tubule by the hydrox-
ylation of 25(OH)D by the mitochondrial 1a-hydroxylase, P450cla, encoded by the
CYP27B1 gene. la-hydroxylation is the rate-limiting step in the activation of
vitamin D. These chemical transformations can occur in the absence of further
ultraviolet exposure. The resulting vitamin D3 is then transported in the general
circulatory system by the 50 kDa vitamin D-binding protein (DBP). 1,25(OH),D in
the circulation derives primarily from the kidney, but 1a-hydroxylase activity is also
found in keratinocytes, macrophages, osteoblasts, and placenta (Norman 1998;
Miller and Auchus 2011).

Control of Steroid Hormone Synthesis and Release

The production and/or secretion of most hormones are regulated by highly specific
homeostatic mechanisms. The secretion or release of the hormone is normally
related to the requirement for the biological response(s) generated by the specific
hormone. Because of their hydrophobic nature, steroid hormones and precursors can
leave the steroidogenic cell easily and are not stored. Thus, steroidogenesis (exclud-
ing vitamin D metabolites) is regulated primarily at the first step in their synthesis
(the cleavage of the side chain of cholesterol) and at the level of steroidogenic
enzyme gene expression and activity (Miller and Auchus 2011).

Once the biological response has been generated, the secretion of the hormone is
restrained to prevent an overresponse. Thus, a characteristic feature of most endo-
crine systems is the existence of a feedback loop that limits or regulates the secretion
of the hormone. Two general categories of endocrine feedback systems have been
described (Fig. 6): those in which the function achieved by the hormone directly
feeds back upon the endocrine gland that secretes the hormone (positive or negative
loops) and those involving the inputs from internal and external environments to the
central nervous system (CNS) and hypothalamus (generally negative long loops).
This latter category of endocrine feedback is organized into endocrine axes, which
contain three levels of hormonal output. The highest level of hormonal output is
neurohormonal and relies on the release of neurohormones, called releasing hor-
mones, from hypothalamic nuclei into the portal vessels between the hypothalamus
and the pituitary gland. The cells of the adenohypophysis make up the intermediate
level of an endocrine axis releasing the tropic or stimulating hormones, which, in
turn, stimulate the peripheral endocrine glands/cells (including steroidogenic cells)
to produce the final, biologically active hormone (Fig. 6). Throughout the hypothal-
amus/pituitary/gland axes, the CNS exerts the control of hormone synthesis and
release, and it realizes the integration of body functions (Molina 2010). Another
contributor to the biological availability of steroid hormones that deserve mention
here is the control exerted by biological rthythms on steroid hormone production
(Lin et al. 2015).
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Fig. 6 Feedback regulation of hormone synthesis. Two general categories of endocrine feedback
systems have been described: those in which the function achieved by the hormone directly feeds
back upon the endocrine gland that secretes the hormone (a) and those involving the central nervous
system (CNS) and hypothalamus (b)

Hypothalamus/Pituitary/Adrenal (HPA) Axis and Cortisol Synthesis
and Release

The endocrine axis that controls the cortisol synthesis from the steroidogenic cells of
adrenal zona fasciculata begins from the release of corticotropin-releasing hormone
(CRH) from the hypothalamic neurons. CRH, a peptide of 41 amino acids, binds to
its cognate receptors (a G protein-coupled receptor associated to a Gs/cAMP/PKA
signaling pathway) on corticotrope cells to the pituitary. CRH acutely stimulates the
release of adrenocorticotropin hormone (ACTH) into the circulatory system. ACTH,
a 39-amino acid peptide, binds to the melanocortin-2 receptor (MC2R) located on
the cells in the zona fasciculata of adrenal cortex (Gaffey et al. 2016). Within minutes
upon ACTH binds to MC2R, cellular cholesterol is rapidly mobilized and trans-
ported to mitochondria. ACTH rapidly increases the expression and the activity of
StAR through PKA-dependent phosphorylation resulting in the increase of pregnen-
olone levels. Over a period of several hours, ACTH increases the transcription of the
gene encoding the steroidogenic enzymes (e.g., P450scc and the 11p-hydroxylase)
and their coenzymes crucial to the production of cortisol as well as the expression of
LDL receptor, thus increasing cholesterol uptake and its utilization to produce high
level of cortisol (Miller and Auchus 2011).

The cortisol released into bloodstream inhibits both the release of CRH from
hypothalamic neurons and ACTH secretion from pituitary corticotrope cells. There
is a long negative feedback loop of cortisol, which is initiated by cortisol release
from the adrenal zona fasciculata that then travels through the entire circulatory
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system to engage with the glucocorticoid receptor (GR) in target cells. Some cortisol
will cross the blood—brain barrier and send a negative signal to both the brain cortex
and the hippocampus, so that the hypothalamus diminishes the CRH signal sent from
the hypothalamus to the pituitary. This then lowers the rate of secretion of ACTH by
the pituitary. The overall feedback inhibition of ACTH is implemented very rapidly.
The feedback on the hippocampus may shut off further electrical activity responsible
for the release of CRH and the subsequent release of ACTH. These actions are
mediated by GR located in these cells that operate transcriptionally (Wood 2013).

The release of CRH, and hence of ACTH, is pulsatile with about 7—15 episodes per
day. The stimulation of cortisol release occurs within 15 min of the surge of ACTH. An
important feature in the release of cortisol is that in addition to being pulsatile, it follows
a circadian rhythm, with a peak in early morning and a nadir in late afternoon (see
paragraph in section “Regulatory Feedback of Vitamin D Synthesis and Release”).
However, many types of stress, neurogenic (e.g., emotional like fear), pathological (e.g.,
infection), and metabolic (e.g., hypoglycemia), overtake both the regulation exerted by
circadian thythm and the negative feedback from cortisol levels driving to the extensive
secretion of ACTH, which will further elevate the circulating concentrations of cortisol.
This means that hypothalamus could reset the “set point” of the HPA axis in response to
stress (Lin et al. 2015; Gaffey et al. 2016).

Stress is anything that throws the body out of homeostatic balance — for example,
an injury, an illness, or exposure to extreme heat or cold. Stress thus occurs when the
body is exposed to a “stressor,” which threatens homeostasis, and the “stress
response” is the attempt of the body to counteract the stressor and reestablish
homeostasis (allostasis). There are two key aspects of stress response. On the one
hand, the body responds to short-term stressor by releasing epinephrine (and nor-
epinephrine) from the adrenal medulla, as well as cortisol secretion from the adrenal
cortex that increases heart rate, blood pressure, and glucose availability. These
mediators promote adaptation to an acute stressor, as well as to simple acts like
getting out of bed in the morning or climbing a flight of stairs. On the other hand,
chronic elevation of stressors, e.g., intensive cold, prolonged loud noise, serious
injury, burns, surgery, and significant changes in the environment that chronically
increased heart rate and blood pressure, can cause pathophysiological changes, for
example, in the cardiovascular system. These stressful circumstances necessitate the
response adaptation, which is not well granted by a single mediator. Rather, the
combination of multiple mediators (e.g., vasopressin, CRH, cortisol) addresses the
specific aspects of a stressor that culminate in the breakdown of glycogen necessary
to enable escape or survive the “fight or flight” or provide “nervous energy.” Both
types of stress responses usually occur simultaneously; one change in operation does
not preclude the utilization of the other pathway. There are, however, certain
conditions that can cause the pathways to operate separately. The sympathetic
system generating epinephrine and norepinephrine is activated when the organism
attempts to escape from or deal with the environmental challenge or the fight or
flight. On the other hand, the HPA axis, ending in cortisol release from the adrenal
gland, is also operative when the individual becomes immobile, passive, and
depressed. A chronic emotional reaction of passivity and defeat to a stressful
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situation can produce dire consequences, as the adrenal hypertrophy and levels of
cortisol continue to increase. This can generate a Cushingoid-like bodily reaction in
which visceral fat accumulates and blood pressure becomes elevated, and arterio-
sclerosis and type 2 diabetes eventually develop. Sequential episodes of elevated
glucocorticoids cause sufficient repression of glucose uptake in peripheral cells to
involve insulin release from the p-cells of the pancreas (Gaffey et al. 2016).

The Control of Mineralocorticoid and Androgen Release from
Adrenals

In contrast to glucocorticoids, which are under exclusive neuroendocrine regulation by
HPA, aldosterone synthesis and release in the adrenal zona glomerulosa are predomi-
nantly regulated by angiotensin II and extracellular K" and, to a lesser extent, by ACTH.
Aldosterone is part of the renin-angiotensin-aldosterone system, which is responsible for
preserving circulatory homeostasis in response to a loss of salt and water. Renin is an
enzyme secreted by the granular cells associated with the Bowman’s capsule of the
kidney’s nephron in response to a drop in blood pressure and/or a decrease in blood Na"
concentration. Renin’s substrate is the blood protein angiotensinogen (57 kDa) secreted
by the liver and then localized within the capillaries of the lungs. The hormone
angiotensin II is an octapeptide produced by the angiotensin converting enzyme
(ACE) acting on the precursor, angiotensin I, the product of renin activity. Angiotensin
II is a hormone that acts on the zona glomerulosa of the adrenal cortex where it
stimulates the production and secretion of aldosterone (Molina 2010). Aldosterone
binds to its receptor (MR) in the kidney’s collecting duct where it increases the
reabsorption of both Na" and water and, also, increases secretion of H" and K into
the urine, thus leading to an increased blood volume, which increases blood pressure
until it has returned to normal. Although both angiotensin II and K stimulate aldoste-
rone release by increasing intracellular Ca®" concentrations, they achieve this result
through different mechanisms (Molina 2010). Angiotensin II binds to G protein-coupled
receptor resulting in activation of phospholipase C, which results in the production of
two second messengers: diacylglycerol and inositol 1,4,5-trisphosphate which, respec-
tively, activate protein kinase C activity and stimulate the release of Ca®" from the
endoplasmic reticulum stores. K, on the other hand, mediates an influx of extracellular
Ca®" via voltage-gated L- and T-type Ca>" channels. The surge of intracellular Ca®"
concentration increases calcium/calmodulin activity in the zona glomerulosa that pro-
motes transcription of genes for steroidogenic enzymes, especially the gene encoding
P450scc, thus increasing the amounts of the steroidogenic enzymes involved in aldo-
sterone synthesis (Clyne et al. 1997; Bassett et al. 2004).

The control and regulation of the release of adrenal androgens (DHEA) depends on
ACTH. However, it is known that adrenal secretion of DHEA increases in children at
the age of 6-8 years (adrenarche) and peak between the ages of 20 and 30 years.
Thereafter, serum levels of DHEA decrease markedly during the aging process. This is
not paralleled by a similar decrease in ACTH or cortisol production (Wood 2013).
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Hypothalamus/Pituitary/Testis Axis and Testosterone Synthesis
and Release

The hypothalamic decapeptide gonadotrophin-releasing hormone (GnRH) released
by secretory granules of the GnRH hypothalamic neurons is required for the male
and female reproductive function. In the absence of GnRH, secretion of the two
pituitary gonadotrophic hormones is either completely (luteinizing hormone, LH) or
greatly (follicle-stimulating hormone, FSH) diminished.

The secretion of GnRH is characterized by its pulsatile nature. The amplitude and
frequency of GnRH pulses are restrained from the age of 4 to 6 months until the
onset of puberty, at which time the increase in both amplitude and frequency of
GnRH (and therefore gonadotrophin) secretion is the hallmark of the onset of
reproductive maturation. Furthermore, the two gonadotrophins show pulse fre-
quency discrimination, with LH responding to faster frequencies of the GnRH
pulse and FSH to slower frequencies. The pulse generator for GnRH secretion is
now thought to lie in neurons of the preoptic area that contain a triad of neuropep-
tides, kisspeptin, neurokinin B, and dynorphin, which project into the cell bodies and
terminals of GnRH neurons of the hypothalamus. Although kisspeptin is thought to
be an important component of the GnRH pulse generator, the exact mechanism by
which this occurs and the role of other neuropeptides such as neurokinin B are still
under intense study (Plant 2008; Molina 2010; Chevrier et al. 2011).

Although the first steps of hypothalamus/pituitary/gonad axis are similar between
sexes, the effects exerted by pituitary tropic hormones are different in male and in
female. The testicular target of LH, the Leydig cells, serves two principal functions:
(a) they are the site of production of testosterone, producing, in adult males,
approximately 7 mg daily for systemic transport to distal target tissues, and
(b) they have paracrine interactions with the immediately adjacent seminiferous
tubules to support spermatogenesis. LH-mediated stimulation of testosterone syn-
thesis and secretion is initiated by the binding of LH to specific receptors on the
plasma membranes of the Leydig cell. An increased level of cAMP within the
Leydig cell activates PKA (cyclic AMP-dependent protein kinase) which, through
phosphorylation of specific transcription factors, induces the synthesis of StAR.
Under prolonged stimulation, LH increases the expression and activities of other
enzymes in the pathway from pregnenolone to testosterone (Miller and Auchus
2011). In the adult male, FSH in conjunction with testosterone acts on the Sertoli
cells of the seminiferous tubule to initiate sperm production. In humans, FSH is
required for normal spermatogenesis throughout adult life. FSH binds to its specific
G protein-coupled receptor on the Sertoli cell to increase, through a cAMP-
dependent mechanism, the synthesis of specific proteins, including the androgen-
binding protein (ABP) and inhibin. ABP is thought to function to concentrate
androgens in the seminiferous tubules and deliver the steroid hormone to developing
spermatocytes and spermatids (Molina 2010). ABP is now known to be a homolog
of sex hormone-binding globulin, SHBG, the serum-binding protein for androgens
and estrogens (see next chapter).
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Testosterone can exert negative feedback on the axis through three possible
levels: the kisspeptin neurons of the arcuate nucleus, which regulate the output of
GnRH neurons, the GnRH neurons themselves, and the pituitary gonadotrope cells.
The relative contribution of each of these components to overall LH and FSH
secretion varies with species, but each probably contributes to the negative feedback
effect of testosterone in humans. Although kisspeptin neurons contain both androgen
(AR) and estrogen (ERs) receptors, testosterone represses kisspeptin expression and
GnRH secretion via AR activity. In the pituitary, testosterone decreases the expres-
sion and release of LH and FSH only after the aromatization of testosterone to
estrogen. Thus, in contrast to the situation in kisspeptin neurons, pituitary estrogen
and ERs play an important role in the negative feedback that controls testosterone
synthesis (Plant 2008; Molina 2010; Chevrier et al. 2011).

The adult human male produces approximately 45 pg of estradiol per day, mostly
from aromatization of testosterone in the adipose tissue, bone, brain, breast, blood
vessels, liver, and both the Sertoli and Leydig cells of the testes. The aromatization of
testosterone is a critical step in its action in several tissues. In bone, estrogen mediates
the closure of the epiphyseal plate during puberty and decreases bone mineral resorp-
tion; in the spermatozoa, where it mediates the cell motility; in prostate, where ERs are
necessary for water resorbing and gland maturation; and in the brain where estrogen
participates in the negative feedback inhibition of testosterone on GnRH secretion.
Estradiol produced from testosterone affects other areas of brain affecting mood and
cognitive function. In a small number of cases of inactivating mutations of aromatase in
men, observations have included tall stature, low bone mineral density, and changes in
carbohydrate and lipid metabolism (Miller and Auchus 2011).

Hypothalamus/Pituitary/Ovary Axis and Synthesis and Release
of Estrogen and Progesterone

Reproductive function in females is pulsatile being characterized by cycles of follicle
development, ovulation, and preparation of the uterine endometrium for implanta-
tion of the blastocyst resulting from a fertilized egg (Plant 2008). The hormones that
constitute the hypothalamic-pituitary-ovarian axis orchestrate and synchronize these
events. There are two differences that distinguish this system from its male coun-
terpart: (1) there are two distinct phases of the cycle, follicular and luteal; (2) at one
brief specific point in the cycle, the pituitary and hypothalamic centers respond.
During the majority of the follicular phase (first half) of the cycle, the theca cells
are the target of LH, while the granulosa cells are the FSH target. The type of
receptor each cell expresses determines this responsiveness. The cells of the theca
interna express receptors for LH, the response to which is an increase in steroid acute
regulatory protein (StAR) and the cleavage of the side chain of cholesterol. Andro-
stenedione diffuses across the basement membrane of the follicle into the follicular
fluid from which it is taken up by granulosa cells. These cells express the FSH
receptor which, when activated by FSH, brings about, through adenyl cyclase
activation, the synthesis of aromatase that converts androstenedione to estrone.
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Action of 17p-hydroxysteroid dehydrogenase (17-ketosteroid reductase; HSD17B1)
converts estrone to estradiol. Thus, unlike the male, both gonadotrophins must be
secreted in appropriate amounts to assure estrogen synthesis. Following ovulation,
when theca and granulosa cells of the follicle have differentiated into the corpus
luteum, LH from the pituitary is required for the production of progesterone, which
is necessary for the growth of the uterine endometrium (Plant 2008; Miller and
Auchus 2011).

The sex steroid hormones, estrogens and progesterone, control gonadotrophin secre-
tion. Both estradiol and progesterone exert negative feedback inhibition on GnRH
secretion by the hypothalamus as well as by direct inhibition of gonadotrophin secretion
at the pituitary (Plant 2008). The latter involves alterations in the expression of the genes
required for LH and FSH synthesis as well as modulation of the sensitivity of pituitary
gonadotrophs to GnRH. The negative feedback effect of estrogen predominates during
the follicular phase of the reproductive cycle and that of progesterone, synthesized in
large amounts by the corpus luteum, predominates during the luteal phase. However, the
surge of estrogen hormones, typical of ovulation, exerts a positive feedback on GnRH
and LH secretion further increasing estrogen synthesis in the ovary. A group of
kisspeptin-1 neurons in the hypothalamic anteroventral periventricular nucleus mediates
this estrogen-positive stimulus. These cells respond to the rapid rise in estrogens
produced by the maturing follicle with increased Kiss-1 secretion and stimulation of
GnRH secretion that drives the midcycle LH surge. The positive feedback of estrogen
on LH (and FSH) secretion is also exerted at the pituitary gland and involves enhance-
ment of the sensitivity to GnRH. The relative role of the pituitary, as opposed to changes
in GnRH secretion, in mediating the ovulatory LH surge varies with species. In
primates, including humans, the pituitary appears to be the predominant site of this
regulatory event. The molecular mechanism of the switch from negative to positive
feedback by estrogen is not understood, but it is probably related to the different effects
exerted by different estrogen concentrations on the levels of their cognate receptors
(Molina 2010).

Androgens play important roles in the reproductive functions of females. Indeed,
testosterone and androstenedione are the substrates for aromatase and obligatory
intermediates in the production of estradiol and estrone, respectively. Adrenal
androgens play a critical role in female puberty bringing about the changes in
pubic and axillary hair (adrenarche). Excessive exposure to androgens during uterine
life can bring about masculinization of a female fetus, depending on the timing and
extent of the exposure. Excess androgens at any point in adult life can have
masculinizing effects on the female, manifested as excess hair growth, voice
changes, and changes in body composition (Miller and Auchus 2011).

Regulatory Feedback of Vitamin D Synthesis and Release
The regulation of vitamin D synthesis and release is a good example of endocrine

feedback systems in which the function achieved by the hormone directly feeds back
upon the endocrine gland that secretes the hormone (positive or negative loops).
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Indeed, the production of 1,25(OH),D by la-hydroxylase in the kidney is a tightly
regulated process and is a central factor in the feedback regulation of calcium
homeostasis. The production of the active form of vitamin D [1,25(OH),D or
calcitriol] is under negative feedback regulation by plasma Ca®" levels. A rise in
plasma Ca®" levels inhibits the hydroxylation at C-1 and favors hydroxylation at
C-24, leading to the synthesis of an inactive metabolite of vitamin D (24,25(OH),D).
In addition, the parathyroid hormone, released from parathyroid glands, stimulates
the activity of kidney 1a-hydroxylase, favoring an increase in synthesis of the active
form of vitamin D. Vitamin D, as well as high Ca®" levels, suppresses the activity of
la-hydroxylase, decreasing its own synthesis and favoring the synthesis of 24,25
(OH),D. Vitamin D increases intestinal Ca>* absorption and suppresses the synthesis
and release of parathyroid hormone from the parathyroid glands completing the
endocrine feedback system (Khundmiri et al. 2016).

Hormonal Rhythms

The profound environmental changes brought about by the rotation of the Earth
around its axis allowed the evolution of endogenous timekeepers that enable an
organism to reliably predict the time of day and adjust behavior and physiology
accordingly. Not surprisingly, large aspects of our endocrine system, including
hormone synthesis and release, are tightly connected to the circadian clock. In
1970s it was discovered that information about the external light—dark cycle provide
photic data to both classical retinal photoreceptors — cone and rod cells — as well as to
melanopsin-containing retinal ganglion cells. Through the retino-hypothalamic tract
(RHT), this information is passed to an anatomical entity underlining the mammalian
circadian, the suprachiasmatic nucleus (SCN). The SCN is a bilaterally paired
structure with high cell body density located adjacent to the third ventricle and
directly atop the optic chiasm. The current model suggests that the central mecha-
nism of the mammalian molecular clock is composed of a set of clock genes
intertwined with a delayed interlocking transcriptional—-translational feedback loop,
coupled to several auxiliary mechanisms reinforcing robustness and stability. The
functional molecular clockwork does not exist only in SCN neurons, but (almost)
every single cell in the brain and periphery is capable of oscillating in a circadian
manner. Molecular clock rhythms have been shown even in cultured cells, such as
immortalized fibroblast cells, which display robust oscillations of clock gene expres-
sion. One major function of the SCN is to synchronize internal biological processes
to external time cues. To do this, SCN innervates other regions of the brain, in
particular the hypothalamic nuclei which are important integrating centers for energy
homeostasis and control of steroid hormone synthesis. Indeed, cortisol represents the
best-studied steroid hormone that is subject to direct and dominant regulation by the
circadian clock (Lin et al. 2015; Barclay et al. 2012).

Blood levels of cortisol display a robust circadian rhythm. The circadian rise of
cortisol is phase-locked to the time of awakening, peaking at few hours before the
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onset of the active phase, i.e., the early morning for diurnal animals such as humans
and the evening for nocturnal animals such as rodents. This cortisol rise promotes
arousal and boosts performance during the early active phase. Importantly, cortisol
rhythms persist under constant environmental conditions, suggesting that the endog-
enous circadian clock drives them. Surgical ablation of the SCN completely abol-
ishes the circadian rhythm of cortisol in blood, indicating that the SCN is the origin
of cortisol rhythmicity. Well before the discovery of clock genes or peripheral
clocks, it was shown that adrenal glands when isolated and cultured in vitro display
a robust circadian rhythm of metabolism and steroid secretion. In line with this,
researchers have provided evidence that a local adrenocortical clock imposes a
circadian gating mechanism altering ACTH sensitivity during the course of the
day. Thus, while the SCN is indispensable for the circadian rhythm of cortisol
secretion, the adrenal clock provides an additional level of control to modulate the
proficiency of cortisol production across the circadian cycle, and further clocks along
the HPA axis may be involved. Adrenalectomy shortens re-entrainment in the SCN,
lung, and kidney following phase shifts, suggesting that GCs may serve to stabilize
the phase of peripheral clocks against external noise. In the case of jetlag-induced
circadian desynchronization, it was shown that manipulation of the cortisol rhythm
could speed up or slow down activity adaptation to the new light—dark cycles,
depending on the intervention time (Lin et al. 2015; Barclay et al. 2012).
Circadian rhythms, which do influence GnRH and gonadotrophin secretion in
other mammalian species, do not have a strong influence in humans, but sleep itself
appears to have direct effects on the nature of LH secretion, which vary with the
reproductive status of the individual (Lin et al. 2015; Barclay et al. 2012).

Steroid Secretion and Transport

Steroid hormones, like other hormones, are chemical messengers that send a signal
within a physiological system from point A (secretion) to point B (biological action).
Steroid hormones are synthesized, but not stored, within specific endocrine cells that
could be associated with an anatomically defined endocrine gland.

Upon the receipt of an appropriate physiological signal, which may take the form
of either a change in the concentration of some component in the blood (e.g., another
hormone, Ca**, stressors) or a neural signal, the hormones are released into the
circulation. They are transported in the bloodstream to one or more target cells,
which are defined as targets by the presence of the specific high-affinity receptors,
members of nuclear receptor superfamily located either on the membrane or within
the cell (endocrine system) (Fig. 7) (Molina 2010; Norman and Henry 2015).

A type of hormonal communication system does not involve the circulatory
system at all. In paracrine systems, hormones secreted from the steroidogenic cells
interact with their cognate receptors in neighboring cells, which are reached by
diffusion (Fig. 7). As with endocrine system, the nearby target cells may be all the
same type or may differ from each other. Several, if not all, of the steroid hormones
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act by paracrine in addition to endocrine mechanisms. For example, in the testis,
testosterone not only is released into the blood from the interstitial cells in which it is
produced but also diffuses to nearby seminiferous tubules to support the production
of sperm (see previous paragraphs).

Finally, some cells both produce the same hormone and respond to it. This
type of system is referred to as autocrine for all class of hormones excluding
steroid hormones. The appearance during evolution of the repertoire of cell-
specific steroidogenic enzymes (see previous chapter) permits to produce steroid
hormones intracellularly according to the local needs without biologically sig-
nificant release of active sex steroids in the circulation. This type of system,
specific for steroid hormones, is referred to as intracrine (Fig. 7). Examples of
intracrine system involve androgen/estrogen synthesis in non-steroidogenic tis-
sues during andropause and menopause. All tissues, except the endometrium,
possess the intracrine enzymes able to transform DHEA into androgens and/or
estrogens. Humans, along with other primates, are unique among animal species
in having adrenals that secrete large amounts of the inactive precursor steroid
DHEA, which is converted at various levels into active androgens and/or estro-
gens in specific peripheral tissues according to the mechanisms of intracrinology.
It is very important to mention that an essential aspect of intracrinology is that the
active sex steroids are not only made locally but that they are also inactivated
locally at exactly the same site where synthesis takes place. In fact, the sex
steroids made from DHEA in peripheral tissues are essentially released outside
the cells as inactive compounds. DHEA of adrenal, ovarian, or exogenous (e.g.,
drugs) origin is distributed by the general circulation to all tissues indiscrimi-
nately. The transformation of DHEA into estrogens/androgens, however, is tissue
specific, ranging from none in the endometrium to various cell-specific levels in
the other tissues of the human body. Most importantly, approximately 95% of the
active estrogens and androgens are inactivated locally before being released in
the blood as inactive metabolites, thus avoiding inappropriate exposure of the
other tissues (Luu-The 2013; Labrie 2015). As a whole, the intracrine process that
is typical for steroid hormones binding to nuclear receptors is thus equivalent to
autocrine and paracrine processes activated by hormones binding to transmem-
brane receptors. Although the terms autocrine and paracrine are used for both
nuclear and transmembrane receptors, it is important to make the distinction,
especially because nuclear steroid receptors could be also found extrinsically
linked to the plasma membrane and act in an extranuclear manner (Molina 2010;
Norman and Henry 2015).
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Steroid-Binding Proteins

Most steroid hormones have limited solubility in plasma due to their intrinsic
hydrophobic nature; accordingly, steroid hormones are largely (99%) bound to
specific plasma transport proteins, which are synthesized in the liver. All steroid
hormones, except one, have their cognate plasma-binding protein. The exception is
aldosterone; 50% of aldosterone is believed to circulate as the free steroid in the
plasma compartment. Each transport protein has a specific ligand-binding domain
for its cognate hormone, which displays little amino acid sequence homology with
the ligand binding of the cognate receptors. The Kd of a steroid hormone for its
plasma transport is always “looser,” e.g., 1-100 x 10~ M, than that of the Kd of the
nuclear receptor. Thus, the tighter binding of the steroid hormone to its target
receptor when it has arrived at a target tissue allows the hormone to be concentrated
inside the target cell. The current view is that it is the “free” form of steroid hormones
and not the complex of the hormone with its plasma transport proteins that interacts
with receptors in or on the target cells to begin the sequence of steps that result in the
generation of a biological response (Molina 2010; Norman and Henry 2015).

In the plasma compartment, the steroid hormones move through the circulatory
system bound to their partner transport protein. However, an important issue con-
cerns the details of the mode of delivery of steroid hormones to their target cells.
Because the “free” form of the steroid hormone is believed to be the form of steroid
that moves across the outer plasma membrane of a target cell, it has been postulated
that the steroid ligand dissociates from its plasma transport protein and then diffuses
first through the capillary wall and then through the outer wall membrane of target
cells. However, it is apparent that the endothelial wall of capillaries contains
fenestrations. Thus, it is also possible for the plasma steroid transport protein (with
bound steroid hormone) to exit the capillary bed via a fenestration and move to be
immediately adjacent to the outer cell membrane of the appropriate target cell for the
steroid hormone in question. Here the steroid hormone will dissociate from the
transport protein, diffuse through the plasma membrane, and then bind to an
unoccupied partner steroid receptor.

A corticosteroid-binding globulin (CBG) is present in blood. This protein is also
referred to as transcortin. It is synthesized in the liver and exported to the circulation.
This protein binds cortisol with relatively high affinity (binding constant =
108 M—1; the dissociation constant for the reaction, CBG + cortisol < CBG —
cortisol, is about 10~ M cortisol). Because of the affinity of the protein for cortisol,
most of the hormone circulates in the bound form as reflected in the equilibrium,
which favors the complex: CBG + cortisol «<» CBG-cortisol.

There is only a small amount of the free steroid hormone in a target cell.
Nevertheless, at the target cell, the free steroid enters the cell plasma membrane,
probably by a free diffusion process. The driving force behind the movement of free
hormone in the target cell appears, in part, to be proportionate to the number of
unoccupied cortisol hormone-specific nuclear receptor molecules that have moved
from the nucleus of the target cell out to the cytoplasm that still have empty ligand-
binding sites (unoccupied receptors). The affinity of the nuclear receptor for cortisol
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is similar (20 nM) to that of the circulating CBG-cortisol complex. Steroid hormones
cycle into and out of a target cell, and the number of unoccupied nuclear receptors
determines the proportion of molecules retained in the cell.

Of the total testosterone in the circulation, 0.5-3% is free (not bound to protein),
54-68% is bound to albumin with relatively low affinity, and the remainder is bound
to sex hormone-binding globulin, SHBG, with high affinity. SHBG, synthesized in
the liver, is a dimeric glycosylated protein with a molecular mass of 84 kDa. SHBG
has a preference for steroids with a 17f8-hydroxyl [Kd = (1-5) x 10-10 M], so it
binds testosterone, DHT, and estradiol, but not, for example, progesterone or corti-
sol. Thus, it serves as the specific transport protein for both testosterone and
estradiol. Plasma levels of SHBG are twofold greater in nonpregnant women than
in men. The synthesis, and therefore the plasma concentration, of SHBG is increased
in pregnancy and hyperthyroidism and is decreased by androgens, glucocorticoids,
insulin, and growth hormone.

The plasma contains the vitamin D-binding protein (DBP) that is utilized to
transport vitamin D secosterols. DBP resembles the corticosteroid-binding globulin,
which carries glucocorticoids, and the steroid hormone-binding globulin. DBP is a
slightly acidic (pH = 5.2) monomeric glycoprotein of 53,000 Da, which is synthe-
sized and secreted by the liver as a major plasma constituent.

DBP is a multifunctional protein in that it binds both vitamin D and its metab-
olites. One molecule of DBP has only one ligand-binding domain-binding site for
secosterols of the vitamin D family. Thus, while a single DBP can carry only one
ligand, the relatively high concentration of DBP molecules present in the blood
compartment permits the DBP population as a whole to bind the hydrophobic parent,
vitamin D3, as well as the hydrophobic daughter metabolites, 25(OH)D;, 1a,25
(OH),D3, and 24,25(0OH)Dj3. Since the total plasma concentration of vitamin D
sterols is only ~0.2 pM, while DBP circulates at 9—-13 pM, under normal circum-
stances only a very small proportion of the sterol-binding sites on DBP are occupied.

For some endocrine systems, the concentration of the plasma transport protein
can be subject to physiological regulation; that is, the concentration of plasma
transport proteins can be either increased or decreased. Thus, changes for plasma
transport proteins can alter the amount of free hormone in the blood, as well as affect
the total amount of hormone in the blood. This role of the binding proteins in the
availability of steroid hormones can be of considerable physiological relevance in
clinical situations (Molina 2010; Norman and Henry 2015).

Steroid Hormone Metabolism

The effective concentration of a hormone is determined by the rates of its production,
delivery to the target tissue, and degradation. The excess of steroids that are not
bound to the receptors will be inactivated into the target cell, and hormone metab-
olites will be secreted in the circulation. In addition, the local inactivation of the
excess of active steroids inside the cells is an important manner to regulate active
steroid concentration (Molina 2010; Norman and Henry 2015).
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The hydrophobic steroid hormones and the vitamin D are filtered by the kidney
and generally reabsorbed. About 1% of the cortisol produced daily ends up in the
urine. Steroid hormones are ordinarily handled by metabolizing them to inactive and
to water-soluble forms that are more effectively eliminated. The free steroid fraction
is accessible to the metabolic inactivation. The inactivation is accomplished by
converting hydroxyl groups to keto groups, reducing double bounds, and conjugat-
ing the steroids with glucuronide and sulfate groups. These processes occur in the
liver through phase I and phase II biotransformation reactions. Over 50 different
steroid metabolites have been described.

Cortisol is reversibly inactivated by conversion to cortisone and to tetra-
hydrocortisol and tetrahydrocortisone in the liver and kidney. These metabolites
are referred to as 17-hydroxycorticosteroids, and their determination in 24 h urine
collections is used to assess the status of adrenal steroid production. As discussed
before, localized tissue metabolism contributes to modulation of the cortisol biolog-
ical effects by the isoforms of the enzymes 11pHSD1 and 11HSD2.

Aldosterone is metabolized in the liver to tetrahydroglucuronide derivative and
excreted in the urine. A fraction of aldosterone is metabolized to aldosterone
18-glucuronide, which can be hydrolyzed back to free aldosterone under low pH
conditions.

In the liver, testosterone undergoes 5f-reduction, followed by 3a-reduction and
reduction of the 17-keto group. DHT undergoes 3a- and 17f-reduction. Both
reduced catabolites are then conjugated with glucuronic acid or, to a lesser extent,
sulfate, released back into the circulation and removed from the body in the urine
or bile.

Estrogens are metabolized by sulfation or glucuronidation, and the conjugates are
excreted into the urine. Estrogen can also be metabolized through hydroxylation and
subsequent methylation to form catechol and methoxy estrogens.

1,25(OH),D may be inactivated by the principal hepatic drug-metabolizing
enzyme, microsomal CYP3A4, or by its 24-hydroxylation by vitamin D
24-hydroxylase (P450c24), encoded by the CYP24A1 gene. This mitochondrial
enzyme can catalyze the 24-hydroxylation of 25(OH)Dj; to 24,25(0OH),D; and of
1,25(OH),D; to 1,24,25(OH);D;, primarily in the kidney and intestine, thus
inactivating vitamin D (Norman and Henry 2015).

Conclusions

Steroid hormones regulate a wide variety of developmental and physiological
processes from fetal life to adulthood. Important functions of these hormones include
regulation of the mammalian stress response, electrolyte and fluid homeostasis, and
the development and maintenance of both primary and secondary sexual character-
istics. Despite efforts to correlate steroid structures with their activities, this area was
not understood until the various steroid hormone receptors were identified and
cloned. Thus, the contemporary definition of each class of steroid is based on the
nuclear receptor(s) to which it binds, rather than on the chemical structure of the
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steroid. In addition, disorders of steroid hormone synthesis were formerly thought to
be confined to rare genetic lesions; consequently, more study has been devoted to
steroid hormone action than to steroid hormone synthesis. Work in the past 30 years
has identified the steroidogenic enzymes and their genes, reinvigorating studies of
steroid biosynthesis by discoveries of roles for altered regulation of steroidogenesis
in common disorders such as hypertension and the polycystic ovary syndrome and
by discoveries of steroid-modifying enzymes in target tissues that mediate some
forms of apparent tissue specificity of hormone action.

Summary

Steroidogenesis entails processes by which cholesterol is converted to biologically
active steroid hormones. Six classes of steroid hormones, all of which are indis-
pensable for mammalian life, are made from cholesterol via complex biosynthetic
pathways that are initiated by specialized, tissue-specific enzymes found in mito-
chondria and endoplasmic reticulum. These hormones include glucocorticoids (cor-
tisol, corticosterone) and mineralocorticoids (aldosterone) produced in the adrenal
cortex; estrogens (estradiol), progestins (progesterone), and androgens (testosterone,
dihydrotestosterone) produced in the gonads; and calciferols (1,25-dihydroxy vita-
min D [1,250H,Ds]) produced in the kidney. Historically, steroid hormone synthesis
only occurred in the steroidogenic glands (i.e., adrenal glands, gonads, and pla-
centa). A significant number of studies have now challenged this view by demon-
strating that several organs, including the brain, adipose tissue, and intestine, are
capable of producing steroid hormones. These are called non-steroidogenic or
intracrine tissues.

The production and/or secretion of most hormones are regulated by the homeo-
static mechanisms, which operate in that particular endocrine system. The secretion
or release of the hormone is normally related to the requirement for the biological
response(s) generated by the specific hormone. Because of their hydrophobic nature,
steroid hormones and precursors can leave the steroidogenic cell easily and are not
stored. Thus, steroidogenesis is regulated primarily at the first step in their synthesis
(the cleavage of the side chain of cholesterol) and at the level of steroidogenic
enzyme gene expression and activity. Once the biological response has been gener-
ated, the secretion of the hormone is restrained to prevent an overresponse. Thus, a
characteristic feature of most endocrine systems is the existence of a feedback loop
(either direct or multistep) that limits or regulates the secretion of the hormone.
Another contributor to the biological availability of steroid hormones is the control
exerted by biological rhythms on steroid hormone production.

Steroid hormones are synthesized, but not stored, within specific endocrine cells
from which they are easily secreted in the plasma. However, most steroid hormones
have limited solubility in plasma due to their intrinsic hydrophobic nature; accord-
ingly, steroid hormones are largely bound to specific plasma transport proteins,
which are synthesized in the liver. All steroid hormones, except aldosterone, have
their cognate plasma-binding protein.
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The excess of steroids that are not released or bound to the receptors will be
inactivated into the cell, and hormone metabolites will be secreted in the circulation.
This local inactivation of the excess of active steroids inside the cells is an important
manner to regulate active steroid concentration.

As a whole, the key determinants of the steroid hormone response are the
presence of a response system (receptors and signaling transduction pathways in
target cells) and hormone blood concentration. The effective concentration of a
steroid hormone is determined by the rates at which the steroid is biosynthesized
and enters the body pools, the “tightness” of binding of the steroid to its plasma
carrier protein, and the rate at which the steroid is biologically inactivated by
catabolism and removed from body pools.

Cross-References

Growth Hormones and Aging

Ovarian Physiology

Steroid Hormone Receptors and Signal Transduction Processes
The Adrenal Glands

The Endocrine Control of Human Pregnancy

The Endocrinology of Puberty

The Hypothalamus—Pituitary Axis

The Parathyroids

The Physiology of the Testis

The Posterior Pituitary

References

Auchus RJ, Rainey WE. Adrenarche—physiology, biochemistry and human disease. Clin Endo-
crinol (Oxf). 2004;60:288.

Barclay JL, Tsang AH, Oster H. Interaction of central and peripheral clocks in physiological
regulation. Prog Brain Res. 2012;199:163.

Bassett MH, White PC, Rainey WE. The regulation of aldosterone synthase expression. Mol Cell
Endocrinol. 2004;217:67.

Brown MS, Kovanen PT, Goldstein JL. Receptor-mediated uptake of lipoprotein-cholesterol and its
utilization for steroid synthesis in the adrenal cortex. Rec Prog Horm Res. 1979;35:215.

Chang TY, Chang CC, Ohgami N, Yamauchi Y. Cholesterol sensing, trafficking and esterification.
Annu Rev Cell Dev Biol. 2006;22:129.

Chevrier L, Guimiot F, de Roux N. GnRH receptor mutations in isolated gonadotropic deficiency.
Mol Cell Endocrinol. 2011;346:21.

Clyne CD, Zhang Y, Slutsker L, Mathis JM, White PC, Rainey WE. Angiotensin II and potassium
regulate human CYP11B2 transcription through common cis-elements. Mol Endocrinol.
1997;11:638.

Cooper MS, Stewart PM. 11Beta-hydroxysteroid dehydrogenase type 1 and its role in the hypo-
thalamus-pituitary-adrenal axis, metabolic syndrome, and inflammation. J Clin Endocrinol
Metab. 2009;94:4645.



72 F. Acconcia and M. Marino

Ehrhart-Bornstein M, Hinson JP, Bornstein SR, Scherbaum WA, Vinson GP. Intraadrenal interac-
tions in the regulation of adrenocortical steroidogenesis. Endocr Rev. 1998;19:101.

Fieser LF, Fieser M. Steroids. New York: Reinhold Publishing Corp; 1959. p. 1-945.

Gaffey AE, Bergeman CS, Clark LA, Wirth MM. Aging and the HPA axis: Stress and resilience in
older adults. Neurosci Biobehav Rev. 2016;68:928.

Horton JD, Goldstein JL, Brown MS. SREBPs: activators of the complete program of cholesterol
and fatty acid synthesis in the liver. J Clin Invest. 2002;109:1125.

Khundmiri SJ, Murray RD, Lederer E. PTH and Vitamin D. Compr Physiol. 2016;6:561.

Kraemer FB. Adrenal cholesterol utilization. Mol Cell Endocrinol. 2007;42:265-6.

Labrie F. All sex steroids are made intracellularly in peripheral tissues by the mechanisms of
intracrinology after menopause. J Steroid Biochem Mol Biol. 2015;145:133.

Lin XW, Blum ID, Storch KF. Clocks within the Master Gland: Hypophyseal Rhythms and Their
Physiological Significance. J Biol Rhythms. 2015;30:263.

Luu-The V. Assessment of steroidogenesis and steroidogenic enzyme functions. J Steroid Biochem
Mol Biol. 2013;137:176.

Miller WL. Molecular biology of steroid hormone synthesis. Endocr Rev. 1988;9:295.

Miller WL. Steroid hormone synthesis in mitochondria. Mol Cell Endocrinol. 2013;379:62.

Miller WL, Auchus RJ. The molecular biology, biochemistry, and physiology of human steroido-
genesis and its disorders. Endocr Rev. 2011;32:81.

Molina PE. Endocrine physiology. 3rd ed. New York: McGraw-Hill Company; 2010. p. 1-303.

Norman AW. Sunlight, season, skin pigmentation, vitamin D, and 25-1100 hydroxyvitamin D:
integral components of the vitamin D endocrine system. Am J Clin Nutr. 1998;67:1108.

Norman AW, Henry HL. Hormones. 3rd ed. London: Elsevier; 2015. p. 1-413.

Normington K, Russell DW. Tissue distribution and kinetic characteristics of rat steroid 5-reductase
enzymes. Evidence for distinct physiological functions. J Biol Chem. 1992;267:19548.

Plant TM. Hypothalamic control of the pituitary—gonadal axis in higher primates: key advances
over the last two decades. J Neuroendocrinol. 2008;20:719.

Riegelhaupt JJ, Waase MP, Garbarino J, Cruz DE, Breslow JL. Targeted disruption of steroidogenic
acute regulatory protein D4 leads to modest weight reduction and minor alterations in lipid
metabolism. J Lipid Res. 2010;51:1134.

Russell DW, Wilson JD. Steroid 5-reductase: two genes/two enzymes. Ann Rev Biochem.
1994;63:25.

Stocco DM, Wang X, Jo Y, Manna PR. Multiple signaling pathways regulating steroidogenesis and
steroidogenic acute regulatory protein expression: more complicated than we thought. Mol
Endocrinol. 2005;19:2647.

Tian Y, Shen W, Lai Z, Shi L, Yang S, Ding T, Wang S, Luo A. Isolation and identification of
ovarian theca-interstitial cells and granulose cells of immature female mice. Cell Biol Int.
2015;39:584.

Wood CE. Development and programming of the hypothalamus-pituitary-adrenal axis. Clin Obstet
Gynecol. 2013;56:610.

Further Reading

d’Anglemont de Tassigny X, Colledge WH. The role of kisspeptin signaling in reproduction.
Physiology (Bethesda). 2010;25:207—17.

Miller WL. Disorders in the initial steps of steroid hormone synthesis. J Steroid Biochem Mol Biol.
2017;165:18-37. pii: S0960-0760(16)30055-3.

Rahmani B, Ghasemi R, Dargahi L, Ahmadiani A, Haeri A. Neurosteroids; potential underpinning
roles in maintaining homeostasis. Gen Comp Endocrinol. 2016;225:242-50.

Tsang AH, Barclay JL, Oster H. Interactions between endocrine and circadian systems. J Mol
Endocrinol. 2013;52:R1-16.



Noriyuki Koibuchi

Abstract

Thyroxine (T4) and triiodothyronine (T3), collectively called as thyroid hor-
mones, are synthesized in the thyroid gland. Another molecule called reverse
T; (rT5), whose function is unknown, is also secreted from the thyroid gland. Ty is
the major molecule synthesized and secreted from the thyroid gland, whereas
other molecules are mainly generated in extrathyroidal tissues by deiodination of
T4. The thyroid hormone synthetic pathway comprises the following steps:
(1) thyroglobulin synthesis and secretion into the follicular lumen; (2) iodine
uptake into the follicular epithelial cells; (3) iodine transport and efflux into the
follicular lumen; (4) oxidation of iodine, iodination of thyroglobulin tyrosine
residues, and coupling of iodotyrosines; (5) endocytosis of the thyroglobulin-
thyroid hormone complex into follicular epithelial cells; (6) hydrolysis of the
complex; and (7) secretion of thyroid hormone. Thyroid-stimulating hormone
(thyrotropin) stimulates thyroid hormone synthesis. In this chapter, the outline of
the thyroid hormone synthetic pathway is discussed. The mechanisms regulating
thyroid hormone synthesis is briefly described. Furthermore, the clinical aspects
of altered thyroid hormone synthesis and secretion induced by immunological or
genetic abnormalities are also discussed.
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Chemical Structure of Thyroid Hormones

Thyroid hormones play a major role in development and functional maintenance of
many organs (Koibuchi and Chin 2000). They are a group of hormones synthesized
and secreted from the thyroid gland, which is located in front of the trachea, below
the thyroid cartilage. In general, two compounds, thyroxine (3,5,3’,5'-tetra-iodo-L-
thyronine, T4) and triiodothyronine (3,5,3'-tri-iodo-L-thyronine, Ts), are considered
thyroid hormones. In addition, another compound called reverse Ts (3,3’,5'-tri-iodo-
L-thyronine, 1T3) is secreted from the thyroid gland. Their chemical structures are
shown in Fig. 1. The essential molecular structure comprises two iodinated benzene
rings connected by ether linkage. T, is the major hormone secreted from the thyroid
gland, whereas the other hormones are mainly generated by the deiodination of T4 in
extrathyroidal tissues. The ratio of the secretion of T4:T3:rT3 from the thyroid gland
is approximately 100:5:2.5. T, a bioactive thyroid hormone, is mainly produced by
the deiodination of T4 in thyroid hormone target tissues.

Synthesis and Secretion of Thyroglobulin into the Follicular
Lumen

In the thyroid gland, thyroid hormone is synthesized within the unique structure
called the thyroid follicle, which comprises a layer of follicular epithelial cells (also
known as thyroid follicular cells or thyrocytes) surrounding a follicular [umen.
Notably, the unique feature of the thyroid hormone synthetic pathway is that thyroid
hormone is produced in the follicular lumen and not inside the follicular epithelial
cells. No other hormone is produced outside the cell. The outline of the thyroid
hormone synthetic pathway is shown in Fig. 2.
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The follicular lumen is filled with a glycoprotein called thyroglobulin (TG) that is
specific to the thyroid gland. Human TG is a large glycoprotein containing 2,748
amino acids. It is synthesized within follicular epithelial cells and secreted by
exocytosis into the lumen, where it forms a homodimer. TG contains 123 tyrosine
residues. Among these residues, those located close to the N- and C-termini are
utilized to synthesize thyroid hormones. Although these residues play a major role in
thyroid hormone synthesis, other residues may also be important to form an appro-
priate secondary structure for effective hormone synthesis. Only a missense mutation
(G2320R) in the TG gene induces severe hypothyroidism (Shimokawa et al. 2014).

lodine Uptake into Follicular Epithelial Cells

The iodine concentration in follicular epithelial cells is 40-fold higher than that in
plasma. Thus, iodine in plasma must be transported against a high concentration
gradient. Iodine is transported as iodide (I7) by secondary active transport. The
transporter called Na'/I~ symporter (NIS) is located on the basal membrane of
thyroid epithelial cells (Portulano et al. 2014). Human NIS comprises 643 amino
acids and has 13 transmembrane domains. NIS cotransports a single I molecule
with two Na" molecules using a Na" electrochemical gradient generated by Na"/K"
ATPase. Thyroid-stimulating hormone (TSH, thyrotropin) stimulates iodine uptake
mainly by stimulating NIS transcription. In contrast, high dose of intracellular I~
transiently inhibits thyroid hormone synthesis through the inhibition of iodine
organification (Wolff-Chaikoff effect).

lodine Transport and Efflux into the Follicular Lumen

After uptake by NIS, I" is transported toward the apical membrane. I secretion into
the follicular lumen is not mediated by NIS but by other transporters. Previous
studies have shown that a transporter called pendrin, an anion exchange protein,
plays a major role in transporting I into the lumen (Kopp et al. 2008). Pendrin is a
highly hydrophobic membrane protein comprising 780 amino acids and contains
12 transmembrane domains. In addition to I, it transports other anions, such as Cl1™~
and HCO;3;™ . However, although pendrin plays a major role in I~ efflux into the
lumen, several other proteins may also be involved in I™ transport (Bizhanova and
Kopp 2011).

lodine Oxidization and Organification and Coupling of TG
lodotyrosine Residues

After efflux into the follicular lumen, I™ is oxidized to I, which is then linked to TG
tyrosine residues by covalent bonds. Next, two mono- or di-iodinated tyrosine
(iodotyrosine) residues are coupled to form ether bonds to generate iodothyronines.
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The coupling of two diiodotyrosines forms T,, whereas, with lesser degree, that of
monoiodotyrosine and diiodotyrosine forms either T; or 1T3. Both synthesis steps are
catalyzed by thyroid peroxidase (TPO) (Ruf and Carayon 2006), which belongs to the
heme peroxidase family. Human TPO comprises 933 amino acids and is anchored at the
apical membrane of follicular epithelial cells via a C-terminal transmembrane domain.
Being a heme peroxidase, TPO requires hydrogen peroxide (H,0,) as the final electron
acceptor. H,O, is produced at the apical membrane by a membrane-bound NADPH-
dependent flavoprotein called dual oxidase (DUOX) (Grasberger 2010). Two paralogs,
DUOX1 and 2 (1,551 and 1,548 amino acids in humans, respectively), are located in the
apical membrane. To localize in the apical membrane, they form heterodimers with
another group of transmembrane proteins called DUOX maturation factors (DUOXA).
Two human thyroid-specific DUOXA paralogs, DUOXAI and 2 (483 and 320 amino
acids, respectively), have been identified. Because TPO is not activated by phosphor-
ylation, H,O, production by DUOX is critical for both tyrosine residue iodination and
coupling. Thus, failure to produce H,O, causes severe hypothyroidism (Amano et al.
2016). DUOX is activated by increased intracellular calcium. TSH, upon binding to the
TSH receptor, activates DUOX by intracellular calcium mobilization through the Gg/1;-
phospholipase C pathway.

Uptake of TG-Thyroid Hormone Complex by Endocytosis

After iodotyrosine coupling, thyroid hormone does not dissociate from the TG
molecule in the follicular lumen. TG-thyroid hormone complexes are endo-
cytosed by follicular epithelial cells by endocytosis. This process is also activated
by TSH.

Thyroid Hormone Production by TG Molecule Hydrolysis

Internalized vesicles containing TG-thyroid hormone complex fuse with
lysosomes, resulting in complex breakdown and thyroid hormone release. This
also produces iodotyrosines (monoiodotyrosine and diiodotyrosine). TG is fur-
ther degraded to produce amino acids. Iodotyrosines are deiodinated by
iodotyrosine dehalogenase to produce free iodine and are recycled in the follic-
ular epithelial cells.

Secretion of Thyroid Hormone

After TG degradation, thyroid hormone (mainly T,) is secreted into the bloodstream
at the basal membrane. Although the precise mechanisms of thyroid hormone
secretion have not yet been completely clarified, thyroid hormone transporters,
particularly monocarboxylate transporter (MCT) 8, may play a major role in secre-
tion (Di Cosmo et al. 2010). MCT8 comprises 539 amino acids in humans and
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contains 12 transmembrane domains. It promotes the uptake and secretion of thyroid
hormone. However, MCT8 disruption cannot completely inhibit thyroid hormone
secretion, indicating that additional mechanisms may be involved.

Effect of TSH on Thyroid Hormone Synthesis

TSH, a glycoprotein hormone, is secreted from the anterior pituitary. It comprises an
a-subunit, which is common to other glycoprotein hormones such as luteinizing
hormone and follicle-stimulating hormone, and a B-subunit, which is unique to TSH.
It binds to the TSH receptor (TSHR), a G-protein-coupled receptor. It is translated
into a protein comprising 764 amino acids, followed by cleavage of a 352-366-
amino acid peptide, resulting in the formation of extracellular A and B subunits
containing seven transmembrane domains (Rapoport and McLachlan 2016).

The effects of TSH on the thyroid hormone synthetic pathway are shown in
Table 1. TSHR activates both the Gs-adenyl cyclase-cAMP and Gg;,-phospholipase
C-p signaling pathways (Kleinau et al. 2013). The cAMP pathway regulates many
steps in the synthesis and secretion of thyroid hormone, such as the expression of
NIS, TG, and TPO, iodide uptake, and hormone secretion, whereas Gg,;;-phospho-
lipase C-p pathway activates iodine organification (activation of H,O, production,
see above) by stimulating intracellular calcium mobilization and iodide efflux from
the apical membrane. TSH also stimulates follicular epithelial cell proliferation.

Defects of Thyroid Hormone Synthesis and Secretion in Adults
(Clinical Aspects)

Clinical disorders of thyroid hormone synthesis and secretion are commonly
observed in adults. In the United States, hyperthyroidism has a prevalence of 1.3%
of the population, whereas hypothyroidism has a prevalence of 4.6% (Hollowell
et al. 2002). The prevalence is higher in East Asia such as Japan (hyperthyroidism,
2.9%; hypothyroidism, 6.5%) (Kasagi et al. 2009). In both hyper- and hypothyroid
cases, the prevalence is higher in females. The most common cause of these
disorders is an autoimmune thyroid disease. Autoimmune disease affects the thyroid
gland more than any other organ (McLeod and Cooper 2012). Hyperthyroidism is
mainly caused by Graves’ disease, which is caused by a unique autoantibody to
TSHR acting as a TSHR agonist. On the other hand, more than 90% of adult-onset
hypothyroidism in countries with iodine sufficiency is caused by Hashimoto disease,
which is caused by T-cell-mediated follicular epithelial cell injury, causing decreased
secretion of the thyroid hormone. Autoantibodies against TG, TPO, and TSHR
(blocking antibody) are found in patients. The mechanism causing autoimmune
thyroid disease has not yet been fully clarified. In particular, the mechanism gener-
ating TSH receptor stimulating autoantibody needs to be clarified. Trials to clarify
such mechanisms are currently underway by many researchers.
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Table 1 Effects of TSH on the thyroid hormone synthetic pathway

G-
Function protein Action
lTodine G, Iodine uptake (induction of NIS expression and its translocation to
mobilization basal membrane)
Gy11, Gs | lodine efflux to follicular lumen
Hormone G, TG and TPO expression
synthesis Gy11 H,0, production
Gy TG iodination
Hormone G, Iodinated TG uptake into follicular epithelial cells
secretion G Thyroid hormone secretion
Other Gs, Gg/11 | Follicular epithelial cell proliferation

Another important cause of decreased synthesis and secretion of thyroid hormone
is iodine deficiency. Because iodine is an essential component of the thyroid
hormone, its deficiency results in impairment of the thyroid hormone synthesis
(Zimmermann 2013). Although programs to control iodine deficiency, such as
providing iodized salt, have been effective, it is still a major concern to the human
health, particularly among children and pregnant women in many countries
(de Benoist et al. 2008).

The signs and symptoms caused by hyper- and hypothyroidism are described in
another chapter (Cheng, S. » Chap.9, “Thyroid Hormone Nuclear Receptors and
Molecular Actions” Part III).

Congenital Defects in Thyroid Hormone Synthesis and Secretion

Because the thyroid hormone is essential for normal growth, development, and
functional maintenance of many organs, deficiency of the thyroid hormone induced
by thyroid gland dysgenesis or thyroid dyshormonogenesis results in various abnor-
malities in many organs known as cretinism in humans. The role of thyroid hormone
during development has been discussed in more detail in another chapter (Cheng,
S. Part I1I) and a previous article (Koibuchi and Chin 2000). Most congenital thyroid
dysgenesis and thyroid dyshormogenesis are caused by mutation of genes that
regulate thyroid development or thyroid hormone synthesis (Park and Chatterjee
2005). Another important factor that may cause congenital thyroid dyshormogenesis
is iodine deficiency (see above).

Various genes are involved in inducing congenital hypothyroidism. In particular,
thyroid agenesis or dysgenesis is caused by mutations in thyroid transcription factors
(TTFs) such as NKX2-1, FOXEI1, and PAX 8 (Fernandez et al. 2015). A homeobox
protein, NKX2-1, which was previously called TTF-1, is expressed in multiple
tissues in addition to the thyroid gland, e.g., lung, pituitary, and hypothalamus. In
the thyroid gland, NKX2-1 may play an important role in maintaining thyroid
follicular structure and follicular epithelial cell survival. Mutation of this gene in
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humans results in thyroid agenesis or hypoplasia and respiratory distress. Forkhead
box protein, FOXE1, which was previously called TTF-2, is expressed in the thyroid
gland as well as in other tissues that are derived from the pharyngeal arches and wall,
e.g., tongue, palate, and esophagus. It may regulate migration of thyroid precursor
cells. Mutation of FOXE1 in humans results in ectopy, agenesis or hypoplasia of the
thyroid gland, and cleft palate. Paired box protein, PAXS, is expressed in the
developing thyroid gland, kidney, and brain. This protein may be essential for
thyroid precursor cell survival possibly by inhibiting apoptosis. Mutation of PAX8
in humans results in ectopy, agenesis, or hypoplasia of the thyroid gland, problems in
the urogenital tract, and, rarely, unilateral kidney. In addition to mutation of these
transcription factors, mutation of TSH receptor sometimes results in hypoplasia of
the thyroid gland, because TSH regulates the proliferation of thyroid follicular cells
(Kleinau et al. 2013).

Thyroid dyshormonogenesis is caused by the mutations in genes that play critical
roles in thyroid hormone synthetic pathway. Such genes include TG (Targovnik et al.
2010), TPO (Ruf and Carayon 2006), and DUOX (Grasberger 2010). The role of
these factors on thyroid hormone synthesis has been discussed above.

Summary

The thyroid hormone synthetic pathway is quite unique, in that, although it is a
relatively small molecule comprising two iodinated phenol rings, it is synthesized by
the breakdown of a large protein, TG. Furthermore, most synthetic process occurs in
the extracellular space (follicular lumen).

The research on thyroid hormone synthesis began early compared with that on
other hormones. In addition, many genes that induce congenital hypothyroidism
have been reported. Nevertheless, many questions remain to be answered. In partic-
ular, the mechanisms generating TSHR-stimulating autoantibody and the role of
TTFs on the thyroid gland development remain unclarified. Additional novel
approaches may be required to solve such questions.
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Abstract

G protein-coupled receptors (GPCRs) include one of the largest gene families in the
mammalian genome. The diversity of receptor binding sites and coupling mecha-
nisms provides the signaling specificity necessary to maintain homeostasis. Various
G protein-coupled receptors are critical for the functioning of every endocrine system
in health and disease, and these proteins are the predominant targets of therapeutic
drugs. GPCRs are grouped by primary sequence into different families that all have a
canonical seven alpha helical transmembrane domain structure. In recent years,
solving the crystal structure for an increasing number of these receptors has helped
to resolve the molecular mechanisms of ligand interaction and activation. Despite
their name, they couple to cellular signaling via both heterotrimeric G proteins and G
protein-independent mechanisms. Receptor and signaling regulatory mechanisms
contribute to controlling the level of the cellular responses elicited. A variety of
endocrine and systemic diseases are caused by specific receptor mutations.
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Introduction

Homeostasis is maintained via a plethora of extracellular factors that coordinate
activity among organs and cell types. These mediators include hormones, pep-
tides, neurotransmitters, proteins, ions, and lipids that act via specific receptors to
elicit cellular responses. The functional classification of receptors includes at
least three general types of cell surface receptors: G protein-coupled receptors
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(GPCRs), ion channel receptors, and enzyme-associated receptors. The GPCRs
form the largest and most diverse mammalian receptor group. This extreme
diversity of binding sites serves the role of GPCRs throughout the endocrine
system to maintain signaling specificity with hormones transmitted through the
bloodstream and portal circulations. GPCRs are also promising therapeutic tar-
gets. In fact, 40-50% of drugs currently available on the market target GPCRs
(Stewart and Fisher 2015).

GPCRs share a topology of seven a-helical transmembrane domains (Fig. 1).
This structural template shows wide evolutionary conservation. Members of the
largest rthodopsin-like GPCR family can be found in yeast, slime mold, plants,
and protozoa. The rhodopsin-like GPCR family comprises one of the largest gene
families known. GPCRs account for more than 1% of total cellular protein.

The term GPCR refers to the association with and signaling through hetero-
trimeric (a-, B-, and y-subunit) G proteins. Although ligand-bound GPCRs were
originally thought to activate downstream effectors only via G protein dissocia-
tion into G4 and Gg, subunits, many other heterotrimeric G protein-independent
transduction mechanisms have been characterized. Hence, GPCRs interact with
various GPCR regulatory proteins, multidomain scaffolding proteins, and chap-
erone molecules. Additional factors that affect signal transduction and specificity
are GPCR homo- and heterodimerization. The diversity of GPCRs, of their
signaling cascades, and of their regulatory factors underlies the specificity of
the cellular response required for endocrine processes.

extracellular
amino terminus

glycosylation

cell

ML

palmitoylation

998889

phosphorylation
sites

intracellular
carboxy terminus

Fig. 1 Schematic of GPCR structure. Sites for extracellular glycosylation and disulfide bond
formation as well as intracellular palmitoylation and phosphorylation are indicated
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Classification of G Protein-Coupled Receptors

The visual pigment opsin and the (-adrenergic receptor were the first GPCRs
resolved at the primary amino acid sequence level by molecular cloning in the
mid-1980s. Approximately 800 GPCRs have been identified in the human genome
(Davenport et al. 2013). Based on both physiological and structural features, GPCRs
have been grouped into either five families (rhodopsin, adhesion, secretin, gluta-
mate, frizzled) (Lee et al. 2015) or four classes (A, B, C, F) (Kolakowski 1994).
Class A represents by far the largest group (for review, see Venkatakrishnan et al.
2014). Class A receptors have various functions, such as vision, olfaction, and
regulation of immune response, and include most of the receptors for hormones.
Class B comprises 47 receptors that are notably involved in glucose homeostasis and
includes receptors for the hormones secretin, glucagon, and corticotropin-releasing
factor. Class C consists of 15 receptors that are notably involved in synaptic
transmission and includes the glutamate receptors. Class F receptors (11 members)
participate in the Wnt and hedgehog signal transduction pathways. While the
different GPCR classes lack significant sequence homology across families, the
heptahelical transmembrane domain structure is preserved among all GPCR classes.

The structure of class A/rhodopsin family receptors has been the most studied,
with the prototype rhodopsin structure being the first determined by X-ray
crystallography, followed by the p,-adrenergic receptor (B,AR), and other class
A receptors including the ternary structure of the agonist-bound (f,AR)-Gs
complex (Figs. 2 and 3). The crystal structure of the 7-transmembrane (7TM)
domain has been obtained for two class B/secretin family GPCRs, the glucagon
receptor (GCGR) and the corticotropin-releasing factor receptor type 1, and for
two class C/glutamate family GPCRs, metabotropic glutamate receptors 1 and 5
(for review, see Lee et al. 2015).

Structural Features of G Protein-Coupled Receptors

All GPCRs share the same general structural organization, with seven hydrophobic
transmembrane (7TM) a-helices interconnected by three extracellular loops (ECL)
and three intracellular loops (ICL), an extracellular N-terminus, and a C-terminus
located intracellularly (Fig. 1). While the size of each TM segment is conserved,
varying from 20 to 27 residues, the N-terminus, loops, and C-terminus show
considerable variability in length, typically ranging from tens to several hundreds
of residues.

In order to compare similar amino acid sequences among different receptors, the
most accepted consensus is the Ballesteros and Weinstein method. In this approach,
the most conserved single residue in each transmembrane helical domain is assigned
the arbitrary number 50, and each residue is numbered according to its position
relative to this conserved residue. For example, 4.57 indicates an amino acid located
in transmembrane segment 4, seven residues further along the sequence than the
most conserved amino acid in helix 4, Trp(4.50). The most conserved amino acids of
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Fig. 2 Diversity of class A GPCR structures and binding sites. (a, b) Structure of the
Br-adrenergic receptor bound to the agonist carazolol from transmembrane and extracellular
views. (c) Sphingosine-1-phosphate receptor structure bound to the antagonist MLO56.
(d) Neurotensin-bound neurotensin receptor structure. Disulfide bonds, palmitoylation, and
N-terminus glycans are included (Reprinted from Lee et al. (2015))

each transmembrane segment in rhodopsin and rhodopsin-like GPCRs are Asn'-,
Asp>*°, Arg*>°, Trp**°, Pro>>°, Pro®>°, and Pro’~°. Implicit in this numbering
scheme is the hypothesis that many relatively conserved amino acids at
corresponding positions serve analogous structural and functional roles.

Bovine rhodopsin was the first GPCR whose crystal structure was determined,
confirming the existence of seven transmembrane helices. The seven transmembrane
domains form a structural core, which is involved in ligand binding and in signal
transduction through structural rearrangements. The N-terminus and extracellular
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Cytoplasmic view

Fig. 3 Structure of the f,AR—Gs complex. (a) Alternating layers of receptor and G protein
within the crystal are shown. (b) The overall structure showing the p,AR in green bound to an
agonist (yellow spheres) and interacting with Gas (orange). G is cyan and Gy is purple. A Gg
binding nanobody (red) and T4 lysozyme (magenta) fused to the amino terminus of the receptor
were included to facilitate crystallization. (¢) The biological complex omitting nanobody and T4
lysozyme (Reprinted from Rasmussen et al. (2011))

loops play fundamental roles in processes related to ligand recognition and ligand
access. The intracellular loops interact physically with heterotrimeric G proteins, G
protein-coupled receptor kinases (GRKs), and other downstream signaling compo-
nents (for review, see Zhang et al. 2015).

Crystallographic studies over the past decade and a half have confirmed the
hypothesis that, although transmembrane regions display high sequence variabil-
ity among GPCRs, they share conserved residues at key topological positions (for
review, see Venkatakrishnan et al. 2014). One of the most conserved motifs
among class A GPCRs is the D[EJR**°Y motif, which frequently forms an
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“jonic lock™ via a salt bridge with D/E®°. This ionic lock was identified in the
rhodopsin structure (Palczewski et al. 2000). It was proposed as a domain
involved in the inactive conformation of GPCRs, hindering G protein coupling
at the cytoplasmic region. Wo**xP is also described as one of the components
that switch conformations between the active and inactive state of the receptor. A
third conserved motif involved in GPCR activation is the NP”-*xxY motif.
Besides the transmembrane domains, extracellular loops also have some con-
served motifs. Hence, most GPCRs harbor a highly conserved Cys*>-** disulfide
bond between the extracellular tip of the third transmembrane domain and a
cysteine residue in the second extracellular loop. This disulfide bond stabilizes
the conformation of extracellular domains and constrains the structural arrange-
ment forming the entrance to the ligand-binding pocket. Similarly, the confor-
mation of the intracellular loops is relatively conserved, which may be related to
the limited range of GPCR binding partners.

The secondary structures in the extracellular loop region vary considerably
between different receptors. For instance, the second extracellular loop has an
a-helical structure in adrenergic GPCRs and a hairpin structure in all peptide
GPCRs. In contrast, the first and third extracellular loops are relatively shorter and
do not show distinct secondary structures.

Posttranslational Modifications
Glycosylation

Most GPCRs have at least one glycosylation site in their N-terminal domain
(Wheatley and Hawtin 1999). A few GPCRs, such as the a,g-adrenoceptor, lack
identifiable glycosylation sites. In GPCRs that are glycosylated, complex or hybrid
high-mannose oligosaccharides are linked to the Asn side chain (N-linked
glycosylation).

The effects of glycosylation differ in specific GPCRs. Glycosylation is impor-
tant for the stability of the GnRH and vasopressin V|, receptors, but does not
affect ligand binding. Glycan chains are essential for folding and trafficking of
the TRH receptor, the FSH receptor, and the vasoactive intestinal peptide (VIP)
1 receptor. For the TRH, somatostatin, f,-adrenergic, and gastrin-releasing pep-
tide receptors, glycosylation contributes to high-affinity ligand binding and may
also influence receptor—G protein coupling. For many GPCRs however, no
function for glycosylation has been identified.

Palmitoylation

Covalent lipid modifications that interact with the cytoplasmic face of the cell
membrane serve to anchor numerous signaling proteins (Qanbar and Bouvier 2003).
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Protein fatty acylation may occur either through thioester linkages (S-acylation)
or amide linkages (N-acylation). N-Acylation occurs on the amino-terminal
glycines and S-acylation occurs on cysteine residues. Palmitate is the most
commonly used S-linked fatty acid. Protein palmitoylation is reversible and can
be regulated.

Many GPCRs are palmitoylated at cysteine residues in the intracellular
C-terminal tail. Palmitoylation of GPCRs anchors the C-terminal tail to the
plasma membrane, creating in effect a fourth intracellular loop. The elimination
of palmitoylation sites attenuates G protein coupling of endothelin ETg,
B,-adrenoceptors, and somatostatin SSTs receptors (Qanbar and Bouvier 2003).
The palmitoylation state governs receptor internalization by regulating accessi-
bility to the arrestin-mediated internalization pathway (Charest and Bouvier
2003; Ponimaskin et al. 2005).

GPCR phosphorylation, which is crucial for regulation of receptor activity, is
described in a later section.

Diversity of Receptor-Ligand Interaction

The cumulative resolution of structures of class A, B, C, and F receptors (for
review, see Cooke et al. 2015) has not only allowed to better grasp the mecha-
nistic details of ligand recognition, including diverse ligand-binding modes, but
also improved strategies for structure-based drug design. Variations in the loca-
tion and size of the ligand-binding sites are found among class A receptors
(Venkatakrishnan et al. 2013) (Fig. 2). Furthermore, the antagonist CP-376395
of the class B corticotropin-releasing factor receptor 1 (CRF1) binds to a much
deeper pocket than any class A receptor ligand (Hollenstein et al. 2014). The
ligand-binding pocket of the negative allosteric modulator (NAM) in class C
metabotropic glutamate GIuRS is narrow and located in the transmembrane
region, halfway between those of class A and class B receptors (Dore et al.
2014). In contrast, the ligand-binding pocket of the class F receptor smoothened
(SMO) is closer to the extracellular space than those of class A receptors,
interacting with the second and third extracellular loops (Wang et al. 2013).

The physicochemical properties of the binding sites help to make ligand-binding
predictions and thus have implications in drug discovery. The two main attributes of
binding sites are the presence of hydrogen bonds or ionic interactions and the
presence of lipophilic hotspots. Computational methods can evaluate the relative
energies of water molecules and determine which ones favor or reduce ligand
binding. To illustrate this, the GPCR CXCR4 has a small-molecule binding site
with a single lipophilic hotspot high in the ligand-binding pocket and an unfavorable
ionic interaction due to more solvent exposure. By contrast, the dopamine D3 ligand
eticlopride binds at lipophilic hotspots deep in the pocket, thus dislodging several
water molecules (for review, see Cooke et al. 2015).
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Mechanism of Receptor Activation

In the classical model of GPCR activation, receptors are in equilibrium between an
inactive (R) and an active (R*) state. Thus, a small fraction of receptors in the active
state account for GPCR basal or constitutive activity (i.e., activity in the absence of
agonist). In accordance with the two-state model, agonists shift the equilibrium
toward the active state, whereas inverse agonists displace it toward the inactive
state. Partial agonists shift the equilibrium toward the active state less strongly. Pure
antagonists inhibit agonists in a competitive manner, without altering the equilib-
rium. However, a multi-state model has emerged, where the receptor can assume
multiple distinct active and inactive states and a ligand is proposed to stabilize
specific conformational states of a given GPCR (for review, see Sato et al. 2016).
This multi-state model explains the existence of the phenomenon of biased agonism,
described below.

The high-resolution crystal structures of the GPCR-G protein (Fig. 3) and several
GPCR-agonist complexes have provided insights into the molecular mechanisms of
ligand binding and the conformational changes induced by the ligand (for review,
see Zhang et al. 2015). Receptor activation involves conserved motifs, called
molecular microswitches, that are involved in the transitions between inactive and
active states. For instance, the ionic lock involved in the inactive conformation of
rhodopsin is broken during receptor activation. Transmembrane helices 3 and 6 form
an ionic lock via interaction of R135 and E134 of the conserved E(D)R**°Y motif
(TM3) and E247 and T251 of TM6. Similarly, ligand interaction induces a confor-
mational change within the side chain of W®** in the CW®**xP motif, resulting in
the sixth transmembrane segment moving outward with subsequent GPCR activa-
tion (Park et al. 2008; Scheerer et al. 2008).

Another important feature of GPCR activation is the rearrangement of the
transmembrane helices around proline bends. Class A GPCRs have highly con-
served prolines in TMS5, TM6, and TM7. The activation of class A GPCRs involves
helical rearrangement, such as a proline-induced deformation of TMS, rotation and
translation of TM6, and inward repositioning of TM7 (for review, see
Venkatakrishnan et al. 2014). Classes B and F GPCRs have prolines at similar
positions in TM4 and TMS, and class C receptors have two conserved prolines in
TM6 and TM7 (see Venkatakrishnan et al. 2014). It is hypothesized that these
prolines also contribute to conformational changes occurring during receptor
activation.

Biased Agonism

Many GPCRs activate multiple downstream signaling pathways. Different agonists
acting at the same GPCR may induce very different relative activation of these
multiple signaling pathways coupled to that receptor. The signaling selectivity
represented by this biased agonism (originally called “stimulus trafficking”) can
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contribute to the effects of therapeutic agonists and is important in drug discovery
(for review, see Violin et al. 2014).

Agonist bias is believed to result from GPCRs having distinct active conforma-
tions that differ in their activation of different signaling pathways and from the
capacity of certain agonists to stabilize a particular pattern of active GPCR confor-
mations. An example of agonist bias is the signaling effects of psychedelic or
non-psychedelic serotonin 5-HT,4 receptor agonists (Gonzalez-Maeso et al. 2007,
Schmid and Bohn 2010). Additional findings that support the fundamental role of
biased agonism in whole animal models include the modulation of circadian gluco-
corticoid oscillation via CXCR7 receptors recruiting p-arrestin-dependent signaling
by intermediate peptides (Ikeda et al. 2013), as well as the recent discovery of an
opioid analgesic (PZM21) that activates Gi proteins with high selectivity for the
p-opioid receptor and minimal f-arrestin-2 recruitment (Manglik et al. 2016).
Considering that morphine and other opioids induce respiratory depression via
p-opioid through the P-arrestin interaction, whereas their analgesic effects are
G protein-dependent, these findings may provide the basis for the development of
new opioid ligands with improved analgesic and less unwanted respiratory effects.

Receptor-G Protein Coupling and Selectivity

The binding of a ligand to a GPCR induces a conformational change that promotes
the formation of active Ga-GTP and the release of Gfy dimer (Fig. 4). The G
proteins in turn stimulate downstream effectors including enzymes (adenylate
cyclases, phospholipases), ion channels, and protein kinases (for review, see Stewart
and Fisher 2015) (Fig. 5).

Agonist G protein coupling Activated G protein subunits GTP hydrolysis and
binding and nucleotide exchange regulate effector proteins inactivation of Ga protein

Reassembly of heterotrimeric G protein

Fig. 4 G protein cycle. Agonist binding to the receptor leads to conformational rearrangements
of the cytoplasmic ends of transmembrane segments that enable the G heterotrimer (a, f, and y)
to bind the receptor. GDP is released from the a-subunit upon formation of GPCR-G protein
complex. GTP binds to a-subunit resulting in dissociation of the a- and Py-subunits from the
receptor. The subunits regulate their respective effector proteins. The G protein heterotrimer
reassembles from o- and Py-subunits following hydrolysis of GTP to GDP by the intrinsic
GTPase activity of the a-subunit (Reprinted from Rasmussen et al. (2011))
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Fig. 5 Diversity of G protein signaling mechanisms. Heterotrimeric G proteins stimulate
second messengers such as Ca®*, cAMP, protein kinase activity, and ion channel activity. In
conjunction with additional non-G protein mechanisms, these signals generate an integrated
cellular response

Heterotrimeric G Proteins

Gilman and Rodbell received the Nobel Prize in Physiology in 1994 for the
discovery of G proteins and their role in signal transduction. In the 1990s, scientists
characterized the crystal structures of G proteins such as Gas, Gat, Gai, Gfy dimer,
and Gapy heterotrimer (for review, see Duc et al. 2015).

G proteins bind and cause the hydrolysis of guanine nucleotides. Heterotrimeric G
proteins are composed of three subunits (a, B, and y) (Milligan and Kostenis 2006;
Oldham and Hamm 2008). In its inactive state, the Go subunit binds guanosine
diphosphate (GDP), and in its active state, it binds guanosine triphosphate (GTP). The
[- and y-subunits are tightly bound to each other to form a dimer. The exchange of GDP
for GTP is facilitated by the conformational change induced by the agonist binding to
the GPCR. The GTP-bound Ga subunit and the py-dimer each activate downstream
effectors (Fig. 4).

Twenty-one Ga, 6 Gf, and 12 Gy subunits are found in humans. Most Ga
subunits are expressed ubiquitously. The four major classes (Gs, Gi/o, Gg/11, and
G12/13) of G proteins are based on Ga subunit sequence similarities (Baltoumas
et al. 2013). The various heterotrimeric complexes generated by combining these
different Ga, GB, and Gy subunits influence the specificity of both GPCRs and their
downstream signal transduction (Oldham and Hamm 2008).

Crystallography revealed that the Ga subunit consists of two domains, a domain
similar to Ras-like small GTPases with binding sites for Gg, and an a-helical
domain, which is thought to segregate the guanine nucleotide in the GTP-binding
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domain; the guanine nucleotide-binding pocket is positioned between the Ras-like
and the helical domains (for review, see Duc et al. 2015; Stewart and Fisher 2015).
The Gf subunit includes an N-terminal a-helix and a seven-bladed B-propeller motif.
The Gy subunit is composed of two a-helices connected by a linker loop. Gf
dimerizes with Gy via a coiled-coil interaction between the N-terminal helix of Gf
and the N-terminal helix of Gy (Sondek et al. 1996).

How a G protein gets activated and transmits the signal from a GPCR to its
effectors can be recapitulated as follows: ligand binding to the GPCR induces a
conformational change in the receptor, as described earlier, that promotes G protein
binding and the release of GDP from the Ga G protein subunit. Next, GTP binds to
Ga, which induces the dissociation of Ga from the Gfy dimer. Both GTP-bound Ga
and the released Gfy dimer can then activate downstream effector molecules.
Deactivation of the G protein occurs via the GTPase activity of Ga, which hydro-
lyzes GTP into GDP and leads to heterotrimer reassociation (Fig. 4). The rate of
hydrolysis varies among the different classes of G proteins (for review, see Duc et al.
2015; Stewart and Fisher 2015).

Molecular Basis of Receptor-G Protein Coupling

Although GPCRs are numerous and diverse, and G proteins exhibit some degree of
variety, GPCRs interact only with a few G proteins, as defined by their Ga subunit
(Milligan and Kostenis 2006; Oldham and Hamm 2008). Accordingly, GPCRs are
typically distinguished by their Gy, G, or Gg/1;1 coupling (Table 1).

In 2011, the Kobilka group elucidated how a GPCR activates a G protein when
they determined the X-ray crystal structure of the p,-adrenoceptor-G protein com-
plex (Fig. 3). They observed a major displacement of the a-helical domain of Ga
relative to the Ras-like domain upon receptor binding, causing the opening of the
nucleotide-binding pocket (Rasmussen et al. 2011). The main interactions between
the receptor and Gas involve the rotation and movement of the C-terminal a5-helix
of the Gas Ras-like domain toward the f3,-adrenergic receptor, which propagates the
conformational changes from the agonist-bound receptor to the nucleotide-binding
pocket. With regard to the GPCR regions involved in the GPCR-G protein interface,
the X-ray crystal structure of receptor—Gs complex revealed that the binding regions
of the receptor comprise transmembrane domains 3, 5, and 6 and intracellular loops
2 and 3. The C-terminus of Gas, which contacts TM3, TM5, TM6, and parts of [CL2
(Rasmussen et al. 2011), may provide the selectivity of the GPCR-G protein
coupling. Other G protein regions may interact with GPCRs (Mnpotra et al. 2014;
Rasmussen et al. 2011).

Regulation of Receptor-G Protein Coupling by RNA Editing

RNA editing is a molecular process that creates diversity both at the RNA and at the
protein level. Deamination of adenosine into inosine (A to I) is a typical RNA editing
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Table 1 Classification of selected GPCRs relevant to endocrinology, according to the current

IUPHAR database

GPCR class Family name Ligand
A (rhodopsin-like) 5-Hydroxytryptamine | 5-Hydroxytryptamine
receptors

Acetylcholine Acetylcholine
receptors
(muscarinic)

Angiotensin receptors | Angiotensin

Apelin receptor Apelin-36, apelin-13,
apelin-17; apelin
receptor early
endogenous ligand

Bradykinin receptors | Bradykinin, kallidin,

T-kinin
Galanin receptors Galanin, galanin-like
peptide
Ghrelin receptor Ghrelin
Glycoprotein FSH, hCG, LH, TSH
hormone receptors
Gonadotropin- GnRH [, GnRH II
releasing hormone
receptors

G protein-coupled 17p-estradiol

estrogen receptor

Kisspeptin receptor | Kisspeptin-10,
kisspeptin-13,
kisspeptin-14,
kisspeptin-54

Neurotensin receptors | Large neuromedin N,
large neurotensin,
neuromedin N,
neurotensin

Orexin receptors Orexin-A, orexin-B

Prolactin-releasing PrRP-20, PrRP-31

peptide receptor

Somatostatin CST-17, SRIF-14,

receptors SRIF-28

Thyrotropin-releasing | TRH

hormone receptors

Vasopressin and Oxytocin,

oxytocin receptors vasopressin

Principal transduction

G, (subtypes 1A, 1B, 1D,
1E, 1F), Gg/11 (subtypes 2A,
2B, 2C), G, (subtypes 4, 6, 7).
Gy/G, (subtype 5A)

Gg/11 (subtypes M1, M3,
M5), Gy (subtypes M2, M4)

Gg/11 (subtype 1), G/Go, Tyr
and Ser/Thr phosphatases
(subtype 2)

Gi/o

Ggy11 (B1 and B2 receptors)

Gy, (subtypes 1, 3), Gy, Gy
11 (subtype 2)
Gg11

Gg (FSH receptor), Gs, Gg/11
(LH receptor), all four
families of G proteins (TSH
receptor)

Ggy11 (subtypes 1, 2)
Gs» Cii/o

Gq/ll

Gq/l]

Gg/11 (subtypes V4, Vi), Gg
(subtype V>), Gg/11, Gijo
(subtype OT)

(continued)
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Table 1 (continued)

GPCR class Family name Ligand Principal transduction
B (secretin Calcitonin receptors | Amylin, calcitonin, | Gy
receptor family) a-CGRP, B-CGRP,
etc.
Corticotropin- Corticotropin- G,
releasing factor releasing hormone,
receptors urocortin 1, 2, 3
Glucagon receptor GHRH, gastric G,
family inhibitory
polypeptide,
glucagon, secretin,
etc.
Parathyroid hormone | PTH G, Gg11
receptors
VIP and PACAP PACAP-38, PACAP- | G;
receptors 27, PHM, PHV, VIP
C (metabotropic | Calcium-sensing Ca*", Mg** Gy11, Gisos G213 (CaS
glutamate) receptors receptor), unknown (GPRCg
receptor)
Class C orphans Unknown Unknown
GABAGg receptors GABA Gi/o
Metabotropic L-Glutamic acid Ggy11 (subtypes 1, 5), Gy
glutamate receptors (subtypes 2, 3, 4, 6, 7, 8)
F (frizzled/ Class frizzled GPCRs | WNTs Unknown
smoothened)

event that affects precursor and mature mRNAs and results in an alteration of amino
acid sequences (as inosine is recognized as guanosine during translation). Tran-
scripts of the human serotonin 2C receptor, for example, are subject to A-to-I RNA
editing, thereby generating multiple receptor isoforms that vary in constitutive
activity and G protein coupling efficacy (for review, see O’Neil and Emeson
2012). RNA editing also can increase receptor diversity. 5-HT,¢ transcripts have
five A-to-I editing sites, with predicted amino acid sequence alterations affecting the
second intracellular loop; up to 24 receptor isoforms can be produced.

Effect of Posttranslational Modifications on Receptor-G Protein
Coupling Selectivity

The best defined GPCR regulatory mechanisms are mediated by G protein-coupled
receptor kinases (GRKSs), arrestins, and regulator of G protein signaling (RGS) proteins.

The standard allosteric two-state (off—on) model of GPCR activation has evolved
into a complex paradigm of functional selectivity based on multisite phosphoryla-
tion. G protein-coupled receptor kinases (GRKs) are recruited to the receptor and
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phosphorylate cytosolic segments, thereby recruiting f-arrestins, which besides
sterically hindering the G protein interaction also can serve as signal transducers
(Lefkowitz and Shenoy 2005). Based on mass spectrometry analyses, f,AR has
13 serine/threonine phosphorylation sites in the third intracellular loop and the
C-terminal tail, which are phosphorylated by multiple kinases. GRK2 and GRKS6,
which have different phosphorylation sites on the receptor, induce distinct confor-
mations of B-arrestin upon its recruitment to the receptor and subsequently distinct
patterns of downstream signaling. Overall, evidence suggests that the different
phosphorylation patterns of GRKs establish a “barcode” that ultimately determines
different B-arrestin functional capabilities (for review, see Prabakaran et al. 2012).

Regulators of G Protein Signaling Proteins (RGS Proteins)

RGS proteins are negative regulators of G protein signaling. They accelerate the
GTPase activity of Ga, thereby promoting the reassociation of the heterotrimeric
complex with the GPCR and the termination of signaling to downstream effectors
(Fig. 6). Thus, RGS proteins determine the extent of the cellular response to GPCR
stimulation (for review see Stewart and Fisher 2015).

There are 20 mammalian RGS proteins that function as GTPases, accelerating
proteins or GAPs for Gayy,, Gotg/1, or both. Another 20 RGS proteins contain non-
functional RGS homology domains that frequently serve as an interface with GPCRs or
Go subunits. Resolution of the crystal structure of the RGS protein—-Go complex has
revealed the mechanism by which RGS catalyzes GTP hydrolysis by Ga by stabilizing
the transition state of Go for nucleotide hydrolysis (Berman et al. 1996; Tesmer et al.
1997). As they can compete for effector binding, RGS proteins also have the ability to
modulate adenylate cyclase, MAPK, IP3/Ca®" signaling, K™ conductance, and visual
signaling (Neubig and Siderovski 2002; Yan et al. 1997).

Agonist

Agonist

£

GDP GTP g
D
p

RGS
proten Effectors Effectors
Fig. 6 G protein regulation by RGS proteins. RGS proteins accelerate the intrinsic GTPase
activity of Ga and promote reassociation of the heterotrimeric complex with the receptor at the cell
membrane, thereby terminating signaling
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Activators of G Protein Signaling (AGS)

AGS proteins, in contrast with RGS proteins, use diverse mechanisms to activate G
proteins. They are organized in four groups: group I, guanine nucleotide exchange
factors (GEFs); group II, guanine nucleotide dissociation inhibitors (GDIs); group
III, GBy binding proteins; and group IV, Gal6 binding proteins (for review, see
Park 2015).

Group I AGS proteins, which facilitate the exchange of GDP for GTP on Ga, do
so in the absence of GPCRs (for review, see Blumer and Lanier 2014). They
also demonstrate selectivity in their interaction with G proteins. Group II AGS
proteins carry one to four GPR motifs that stabilize GDP-bound Goa. Group III are
Gpy-interacting proteins that show nonselectivity for Ga. The fourth group com-
prises AGS11-13 that are selective for Ga16, but their mechanism of action remains
to be elucidated. Groups I-1III are thought to act together in a core signaling triad
(GEF/GaGPR/Gpy-interacting proteins) that is akin to the one formed by GPCR/
Gapy/effector.

G Protein-Dependent Signaling Effectors

GPCRs generate a variety of cellular responses, ranging from intracellular produc-
tion of cAMP to induction of gene transcription. GPCRs can stimulate different
families of G proteins (Gas, Gay, Gog, and Gaz/13 in mammals). Receptors that
interact predominantly with Gay stimulate adenylate cyclase as the downstream
effector, while those coupled to Gay,; activate phospholipase C, which increases
intracellular Ca”" levels (Fig. 5). Some GPCRs transduce extracellular signals in the
absence or nearly absence of G protein activation (Brzostowski and Kimmel 2001;
DeWire et al. 2007).

Adenylyl Cyclase Signaling

The discovery of adenylate cyclases (Manning and Gilman 1983) preceded that of G
proteins. There are nine membrane adenylate cyclase isoforms (ACI-AC9) in
mammals. They consist of two transmembrane hydrophobic domains and two
cytosolic domains, C1 and C2, which represent the enzyme catalytic core and are
significantly homologous (for review, see Seifert et al. 2012). Although all ACs are
activated by stimulatory G proteins, AC5 and AC6 are also negatively regulated by
inhibitory G proteins (for review, see Bodmann et al. 2015). Hence, Gilman’s group
and others established the direct interaction of adenylate cyclases with Gas and Gai
by protein biochemistry (Dessauer et al. 1998; Sunahara et al. 1997). In particular,
six subtypes of inhibitory G proteins (Goi; 5 3, Goa g, and Goz) were shown to bind
ACS5 and AC6 (Dessauer et al. 1998).
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Phospholipase C Signaling

Phospholipase C-p (PLC-P) is the major effector of Gog, and it also displays a
GTPase-activating protein (GAP) function that is selective for Gay (for review, see
Litosch 2016). Rapid hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP,) by
PLC-B results in the accumulation of inositol-1,4,5-trisphosphate (IP;) and
diacylglycerol (DAG). IP3 induces the release of cytosolic Ca** from intracellular
stores, while DAG activates protein kinase C (PKC). There are four PLC-p isoforms
(B1-p4), which are activated by Go, with variable efficiencies (Smrcka and
Sternweis 1993). The amplitude of the signal transmitted from the agonist-bound
receptor to the effector is determined by the relative rates of the receptor-promoted
activation of Gag and the GTPase-activating protein (GAP) activity of PLC-B
(Biddlecome et al. 1996; Mukhopadhyay and Ross 1999).

Thirteen PLC family members have been cloned. They belong to six classes, , v,
0 ,¢e,n, and { (for review, see Vines 2012). Although the residues are poorly
conserved between members, there is 40-50% homology for the N-terminal pleckstrin
homology domain (PH), the EF hand, the X and Y domains, and the C2 domain.
Except for PLC-, all PLC family members have a PH domain, which is implicated in
signal transduction. The EF hand, X, Y, and C2 domains form the catalytic core.

Other Gay effectors include p63RhoGEF, G protein-regulated kinase 2 (GRK2),
as well as type 1A phosphatidylinositol-3-kinase (PI3K) and tetratricopeptide repeat
1 (TPR1). The guanine nucleotide exchange factor (GEF) activity of p63RhoGEF
catalyzes the exchange of bound GDP for GTP on Rho GTPases, which in turn
control key cellular processes such as regulation of actin cytoskeleton (for review,
see Sanchez-Fernandez et al. 2014). Interestingly, p63RhoGEF and PLC-f3, compete
with each other following Gag activation. GRK2 acts as a suppressor of Goyg
signaling via binding and most likely sequestration of activated Goq (Carman et al.
1999). PI3K, which is involved in the regulation of the Akt pathway, is inhibited by
activated Gay via a direct interaction (Ballou et al. 2003). TPR1 is a scaffold protein
that functions as an adaptor between Ga;¢ and Ras (Marty et al. 2003). Two other
atypical effectors, PKC( and MEKS, associate with Gag upon GPCR activation to
activate the ERKS MAPK in a PLC-f-independent manner (Garcia-Hoz et al. 2010).

lon Channel Signaling

Ion channel activation is mediated by G proteins following GPCR ligand binding,
thereby inducing specific downstream signaling cascades. The activation of ion
channels by G proteins can either be direct or indirect via a second messenger.
Examples of direct interactions with G proteins include high-voltage N-type calcium
channels/Goo (inhibition) and L-type calcium channels/Gas (stimulation; for review,
see Luttrell 2006). Moreover, the Gy heterodimer can also activate ion channels, as
in the case of the inward-rectifying muscarinic-gated potassium channel.
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Voltage-gated calcium channels (VGCC) are modulated by a variety of GPCRs
following agonist activation. Hence, presynaptic N, P/Q, and R-type calcium chan-
nels are negatively regulated by GPCRs, while the sodium leak channels non-
selective (NALCN) are activated by the acetylcholine M3 muscarinic receptor
(M3R) (for review, see Altier 2012).

G Protein-Coupled Receptor Signaling Networks

In the early model of GPCR signaling, receptor activation leads to dissociation of
heterotrimeric G proteins into a- and By-subunits that activate effector molecules,
including second messenger systems. Activation of these pathways modulates
cellular responses in the target cells. However, the number of effectors is much
smaller than the number of GPCRs. Cells express multiple different GPCRs, leading
to integration and cross regulation among the different signaling pathways. The
presence of G protein-independent signaling pathways further increases the com-
plexity of GPCR regulation of signaling and cell responses.

Multiple G Protein Coupling

Although GPCRs usually preferentially stimulate one G protein type, many recep-
tors can activate several different G protein classes (Hermans 2003). The
ap-adrenoceptor can suppress or activate adenylate cyclase activity via Gy, or Gg,
with the signaling altered according to agonist concentration. Promiscuous coupling
(the capacity for a receptor to couple to more than one G protein type) has also been
demonstrated using receptor—G protein fusion proteins, in which a G, subunit is
fused to the receptor (Milligan et al. 2004).

Membrane Microdomains and GPCR Signaling

Different GPCRs that signal through the same G protein in a single cell type have
been found to sometimes activate different cellular responses (Ostrom 2002). The
concept of random mixing of receptors and signaling components cannot easily
account for these observations because it does not include compartmentalization of
molecules in cells (Gonzalez-Maeso et al. 2002; Remmers et al. 2000). The com-
partmentalization of receptors and effectors in membrane microdomains is an
important determinant of receptor signaling (Ostrom 2002; Ostrom et al. 2000).

Caveolae are plasma membrane microdomains enriched in caveolins, cholesterol,
and sphingolipids (Insel et al. 2005). Several GPCRs, G proteins, and other signaling
proteins are located in caveolae (Ostrom 2002). This compartmentalization may
cause receptor coupling to multiple effect systems, increase signaling, or influence
which pathway is activated.
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Cross Talk Between GPCRs

One mechanism of integration of signaling of different GPCRs occurs through modu-
lation of signaling pathways of one GPCR by activation of a different GPCR on the
same cell (Hur and Kim 2002; Jordan et al. 2000; Neves et al. 2002). For example,
activation of phospholipase C by purinergic P2Y, receptors via Gy proteins inhibits
cAMP synthesis stimulated by p-adrenoceptors via G proteins (Suh et al. 2001).

In addition to modulating other GPCR-signaling pathways, signaling pathways
activated by GPCRs also influence the signaling of other structural classes of
receptors. Epidermal growth factor receptors, for example, can be transactivated
by stimulation of a number of GPCRs (Hur and Kim 2002). GPCRs may also
cause cross talk regulation of downstream signaling pathways. For example,
vasopressin and bombesin (acting at Gq-coupled receptors) act synergistically
with several growth factors to stimulate growth. Morphine desensitization, inter-
nalization, and downregulation of the Gj/,-coupled p-opioid receptor are facili-
tated by activation of the Gg/;;-coupled 5-HT, 4 receptor (Lopez-Gimenez et al.
2008). Another important area of cross talk is via heterodimerization of different
GPCRs, discussed in a subsequent section.

G Protein-Coupled Receptor Interacting Proteins

Besides GRKSs, arrestins, RGS and AGS, additional GPCR-interacting proteins (GIPs)
including other GPCRs (via homo- or heterodimerization), scaffolding, and accessory
proteins have been identified. Dimerization plays an important role in ligand recogni-
tion, signaling, and receptor trafficking. GIPs assist nascent receptors in correct folding,
target them to the appropriate subcellular compartments, and accomplish their signaling
tasks. GIPs include receptor activity-modifying proteins (RAMPs), PDZ domain-
containing proteins, various ions, lipids, and peptides that act as allosteric modulators
(for review, see Brady and Limbird 2002; Maurice et al. 2011; van der Westhuizen et al.
2015). Thus, GIPs are involved in the regulation of GPCR function, may play a role in
pathophysiology, and represent potential targets for drug development.

Receptor Activity-Modifying Proteins (RAMPs)

RAMPs are a family of accessory proteins that alter the ligand pharmacology or
signaling of several GPCRs (Gingell et al. 2016). Structurally, they contain an
extracellular N-terminal domain, a single transmembrane-spanning domain, and a
short intracellular C-terminal domain. RAMPs were initially characterized as cou-
pling partners for the class B calcitonin receptor-like receptor (CRLR). Hence, the
induction of cAMP production by the calcitonin gene-related peptide (CGRP)
receptor is dependent on RAMP1 expression. Additionally, RAMPs act as molecular
chaperones in receptor trafficking, as it is the case with CRLR and the class C
extracellular calcium-sensing receptor (CaSR). Based on in vivo studies, RAMPs
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play major roles in the cardiovascular, renal, and respiratory systems, as well as in
inflammation. In terms of drug development, RAMPs and the RAMP-GPCR inter-
face both represent promising targets.

Interestingly, the receptor component protein (RCP) is a small intracellular periph-
eral membrane protein that is critical for CGRP signaling, as loss of RCP expression
results in a decrease in CGRP-induced cAMP production. A functional CGRP recep-
tor thus consists of the receptor itself, the chaperone RAMP, and RCP that couples the
receptor to downstream effectors (for review, see Brady and Limbird 2002).

Melanocortin Receptor Accessory Proteins (MRAPs)

Like RAMPs, MRAPs are also single transmembrane-spanning proteins, which
modulate the expression, trafficking, and signaling of members of the melanocortin
receptor (MCR) family. Without MRAP, the melanocortin 2 receptor MC2R stays in
the ER (for review, see Maurice et al. 2011).

Homer Family Proteins

The Homer proteins, which contain a PDZ-like domain in their N-terminal region,
bind the C-terminal tail of the metabotropic glutamate receptors mGlu; and mGlus at
huge postsynaptic membrane-associated protein complexes termed postsynaptic
densities (PSD) and thus contribute to postsynaptic signaling and plasticity (for
review, see Maurice et al. 2011). In neurons, the ratio between Homerla and
Homerlb regulates the cell surface expression of mGlus and thus the calcium
signaling response of the receptor.

Cytoskeleton-Associated Proteins

Numerous proteins modulate GPCR intracellular trafficking by playing the role of
adaptors between the receptors and cytoskeleton-associated proteins. Examples include
the dynein light chain Tctex-1 (t-complex testis expressed 1), which is critical for the
apical surface targeting of rhodopsin (for review, see Maurice et al. 2011). Filamin A is
an actin-binding protein that controls GPCR trafficking. The interaction of D2 and D3
dopamine receptors with protein 4.1N is crucial for their localization at the neuronal
plasma membrane. Conversely, binding of protein 4.1G to the metabotropic glutamate
receptor subtype 1 diminishes its anchoring to the cell surface membrane.

PDZ Domain-Containing Proteins

GPCRs interact with a number of PDZ domain-containing proteins that act as
adaptors of multimeric complexes and modulate signaling (Maurice et al. 2011).
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Hence, the sodium—hydrogen exchanger regulatory factors, NHERF-1 (also known
as EBP50) and NHERF-2, bind to several GPCRs; f,AR binding of NHERF-1 is
involved in the receptor-mediated regulation of Na+/H+ exchange. NHERF-2 reg-
ulates P2Y'1 purinergic receptor-induced calcium signaling. MUPP1 is a multi-PDZ
domain protein that interacts with the melatonin MT,; receptor and stimulates its
coupling to the Gj/adenylate cyclase pathway.

Other GPCR-Interacting Proteins and Allosteric Modulators

Various other GIPs as well as ion, lipid, and peptide allosteric modulators have been
reported. Details can be found in recent reviews (Brady and Limbird 2002; Maurice
et al. 2011; van der Westhuizen et al. 2015).

G Protein-Independent Signaling by G Protein-Coupled Receptors

The traditional GPCR-mediated signaling transduction involves activation of down-
stream effectors via the catalysis of heterotrimeric G protein dissociation into G, and
Ggy subunits. However, the heptahelical receptors have the ability to stimulate G
protein-independent signaling pathways, such as mitogen-activated protein kinase
(MAPK) cascades.

Although B-arrestins are classically known for desensitizing GPCRs, they also
have the ability to mediate the activation of MAPK signaling via the recruitment of
signaling molecules distinct from G protein-mediated signaling, thus setting off a
second wave of signaling (for review, see Smith and Rajagopal 2016). Hence,
B-arrestins function as adaptors that bind both the nonreceptor tyrosine kinase
c-Src and ligand-bound B,AR, causing c-Src recruitment to the membrane and the
GPCR sequestration, which results in Ras-dependent activation of the MAPKs
ERK1 and ERK?2 (Luttrell et al. 1999). In the case of angiotensin II type 1a receptors
(AT1aR), the receptor, B-arrestin-2, and components of the ERK cascade form a
multiprotein complex. [-arrestins act as scaffolds that enhance c-Raf-1 and
MEK-dependent activation of ERK2 (Luttrell et al. 2001). p-arrestins were also
shown to scaffold JNK1/2 and thus promote their activation (Kook et al. 2013).
p-arrestins mediate p38 MAPK activation, yet the underlying molecular mechanism
remains to be elucidated (Sun et al. 2002).

G Protein-Coupled Receptor Dimerization

In addition to the plethora of GIPs that include scaffolding and accessory proteins
modulating GPCRs, GPCRs can form homo-, heterodimers, or larger oligomers.
GPCR homo-/heterodimerization and hetero-oligomerization have been implicated
in the regulation of GPCR function, trafficking, and ligand pharmacology (for
review, see Milligan 2009). This phenomenon has important biological implications,
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i.e., the modulation of GPCR signaling and the mediation of cross talk between
GPCR pathways. Clinically, GPCR heterodimers may be exploited as potential drug
targets. While most studies have relied on expressing recombinant receptors in
heterologous cells, very few have demonstrated the existence of GPCR heteromers
in native tissues or in vivo. Probing close physical relationships between two GPCRs
is technically challenging. Recent progress, notably in the development of
proximity-based assays, may help to better evaluate the presence and function of
GPCR heteromers in native tissues (for review, see Gomes et al. 2016). On the
whole, there has been accumulating evidence supporting heteromerization between
GPCRs, yet the underlying molecular mechanisms and functional effects of hetero-
merization remain to be elucidated.

Homodimerization

Although GPCRs were originally thought to function as monomers, co-expression
and co-immunoprecipitation studies, reported nearly two decades ago, provided
evidence for the existence of multiple copies of each of the f,AR, the dopamine
D2 receptor, and the 8-opioid peptide (DOP) receptor within a complex (for review,
see Milligan 2009). Although DOP receptor dimerization was inhibited by specific
agonists (Cvejic and Devi 1997), agonist-induced dissociation of the homomultimer
was not corroborated by resonance energy transfer techniques (McVey et al. 2001),
highlighting the need for independent confirmation. The dopamine D, receptor was
shown to homodimerize as well as to heterodimerize with the 5-hydroxytryptamine
5-HT,p receptor; furthermore, ligand selectivity was demonstrated for the receptor
monomer vs. the dimer (Ng et al. 1996). More recent research on the p,AR
contradicted earlier work suggesting that the dimer, but not the monomer, was
involved in G protein activation and receptor function (Whorton et al. 2007).
Similarly, when rhodopsin is incorporated into a reconstituted phospholipid bilayer
particle, it is monomeric and activates transducin (Whorton et al. 2008). Accord-
ingly, it seems unlikely that GPCR dimerization is necessary for G protein activation
and signal transduction.

Some GPCR dimers were previously described in crystal structure studies. For
instance, the B,AR dimer is formed via lipids composed of two cholesterol and two
palmitic acid molecules in the carboxy-terminal region (Rasmussen et al. 2007). The
CXCR4 homodimer involves interactions via helices V and VI (Wu et al. 2010).
Overall, a number of studies have reported GPCR dimerization or oligomerization in
heterologous systems, yet there is still a lack of physiological or pathological evidence.

Heterodimerization

The occurrence and significance of GPCR heterodimerization have remained elu-
sive. Previous heterologous expression studies and/or yeast two-hybrid studies
revealed that the GABAg receptors GABARR1 and GABARR2 form heterodimers
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via their intracellular C-terminal tails and that these heterodimers are fully functional
(White et al. 1998). Similarly, the amino acid taste receptor, TIR1+3, was charac-
terized as a heterodimer of taste-specific TIR1 and T1R3 GPCRs (Nelson et al.
2002). GPCR heterodimerization is thought to happen early during protein synthesis
and to be involved in the receptor delivery to the cell surface. Hence, the C-terminal
endoplasmic reticulum (ER) retention motif of GABAg; is key in the cell surface
delivery of a functional GABAg receptor heterodimer (Margeta-Mitrovic et al.
2000). Co-expression of the f,AR with an altered p,AR harboring the C-terminal
tail of GABAg; results in intracellular ER retention of both the mutant and the wild-
type receptor (Salahpour et al. 2004). In cells co-expressing the cannabinoid CB1
receptor and the orexin OX1 receptor, the CB1 receptor antagonist causes a redis-
tribution of both receptors to the cell surface; likewise, the selective OX1 receptor
antagonist causes a redistribution of both receptors to the cell surface when they are
co-expressed, indicating that the two receptors most likely form stable heterodimers
that are regulated by both CB1 and OX1 receptor ligands (Ellis et al. 2006). Thus,
selective ligands may trigger co-trafficking of heterodimerized GPCRs.

With regard to pharmacology of a GPCR heterodimer, the effect of a selective
ligand on the conformation of a GPCR can be relayed to G protein activation via the
other GPCR, implying the induction of a conformational change of the other GPCR
in the absence of direct ligand binding. This is illustrated with the neurotransmitter
GABA, which binds to the N-terminal region of GABAg; within the GABAg
receptor heterodimer GABAg,—~GABAg,. Additionally, a ligand with no affinity
for a given GPCR can regulate the function of that GPCR if it forms a heterodimer
with a receptor for which the ligand has affinity. As an example, in cells
co-expressing the human DOP opioid and chemokine CXCR2 receptors, a
CXCR2 antagonist enhanced the function of DOP receptor agonists, although it
had no affinity for the DOP receptor alone (Parenty et al. 2008). Thus, the CXCR2
antagonist functions as an allosteric modulator of a GPCR heterodimer.

GPCR heterodimers may be implicated in disease etiology and/or represent
potential targets for disease treatment. Hallucinogenic drug models of psychosis
have some similitudes with characteristics of schizophrenia, and the contribution of
the 5-hydroxytryptamine 5-HT, 4 receptor G;,,-mediated signaling pathway is essen-
tial for distinguishing hallucinogenic from non-hallucinogenic agonists of this
receptor (Gonzalez-Maeso et al. 2007). Gonzalez-Maeso and his collaborators
carried out co-immunoprecipitation experiments in human brain tissues and
RET-based assays in transfected cells to demonstrate that the 5-HT,, receptor
(2AR) interacts with the mGlu, but not the mGlu; receptor (Gonzalez-Maeso et al.
2008). The 2AR—-mGIuR2 complex may be involved in the altered cortical processes
of schizophrenia.

Identifying small-molecule ligands that target specific GPCR heterodimers may
enable researchers to study heterodimer expression and function in native tissues or
cells and in vivo, as well as to ultimately treat diseases. The opioid agonist
6'-guanidinonaltrindole, which activates the DOP-KOP receptor heterodimer (but
not homomers), is the best heterodimer-selective ligand described so far (Waldhoer
et al. 2005). In most cases of reported heterodimers, however, either data validation
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in native cells has been missing, or data observed in native tissues have not replicated
those obtained in heterologous systems. Investigators have proposed the following
criteria for claiming evidence of heterodimerization in endogenous systems:
(1) heterodimer components should colocalize and physically interact;
(i1) heterodimers should have biochemical properties that differ from those of their
individual components; (iii) heterodimer disruption should result in a loss of
heterodimer-specific properties (for review, see Gomes et al. 2016).

Mechanisms of G Protein-Coupled Receptor Desensitization

Receptor desensitization occurs when there is a rapid decline in the receptor response
to repeated or sustained agonist stimulation. By contrast, receptor downregulation,
which is a decrease in the number of receptors on the cell surface, is a slower process
that extends over hours (for review, see Smith and Rajagopal 2016).

GPCR desensitization entails (i) receptor phosphorylation and subsequent
uncoupling of the receptor from its cognate G protein and (ii) receptor internalization
to intracellular compartments. Receptor desensitization can be separated into homol-
ogous mechanisms, in which the activated receptor is desensitized, and heterologous
densensitization, in which downstream signaling such as adenylate cyclase activa-
tion leads to desensitization of any GPCRs with cAMP-activated protein kinase A
phosphorylation sites. Homologous desensitization typically involves the sequential
actions of G protein-coupled receptor kinases (GRKs) and p-arrestins (Ferguson
2001; Krupnick and Benovic 1998) (for review, see Walther and Ferguson 2013).

Uncoupling of Receptors from G Proteins

B-Arrestins are thought to suppress G protein signaling by preventing the G pro-
tein—GPCR interaction at the second (ICL2) and third (ICL3) intracellular loops of
the receptor (DeGraff et al. 2002; Marion et al. 2006). This competition between
arrestin and G protein for receptor binding results in desensitization of the down-
stream effector pathways (for review, see Smith and Rajagopal 2016). p-Arrestin
binding requires (i) activation of the GPCR by its ligand and (ii) GRK-mediated
receptor phosphorylation, as previously reported for f,AR (Krasel et al. 2005).

GPCR phosphorylation can either target the ligand-bound receptor (homologous
desensitization) or various GPCRs throughout the cell (heterologous desensitiza-
tion). While phosphorylation of the GPCR intracellular residues is predominantly
mediated by GRKs in homologous desensitization, heterologous desensitization is
often mediated by PKA or PKC. In both cases, the residues that are phosphorylated
are serine and threonine.

B-Arrestins were originally proposed to be involved in B,AR desensitization and
were found to share homology with the retinal visual arrestin (for review, see Smith
and Rajagopal 2016). Visual arrestin (arrestin-1) blocks rhodopsin signaling in the
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retina. The arrestin family consists of four members: two visual arrestins, arrestin-1
(visual arrestin) and arrestin-4 (cone arrestin), and two nonvisual arrestins,
B-arrestin-1 and B-arrestin-2 (also referred to as arrestin-2 and arrestin-3). The
structurally related a-arrestins have been implicated in receptor endocytosis (Patwari
and Lee 2012). Based on high-resolution crystallography and mutagenesis experi-
ments, visual arrestin comprises an N-terminal and a C-terminal domain, each of
which is organized as a seven-strand p-sandwich. The N-terminal domain is respon-
sible for recognition of the activated receptor, while the C-terminal domain contains
a secondary receptor-binding region (Luttrell and Lefkowitz 2002).

There are seven human GRKs (GRK1-7). GRK1 and GRK?7 are expressed in the
eye; GRK2, GRK3, GRKS, and GRK6 are ubiquitous; and GRK4 is predominantly
in the reproductive tract (Premont and Gainetdinov 2007). GRKs have similar
structures, with an N-terminal RGS-like domain involved in receptor recognition,
a central catalytic domain, and a C-terminal domain that facilitates the translocation
of the kinase to the plasma membrane. Besides targeting the C-terminal tail of the
GPCR for phosphorylation (e.g., for rhodopsin and p,AR), GRK can target other
intracellular GPCR sites such as ICL3 (e.g., for a2-adrenergic receptor and M2
muscarinic receptor (Liggett et al. 1992; Pals-Rylaarsdam and Hosey 1997)).

Unlike GRK phosphorylation, which depends on receptor activation by its ligand,
PKA- or PKC-mediated phosphorylation of the receptor is dependent upon the
increase in second messenger intracellular concentration (e.g., cAMP or DAG).
Hence, besides their classical function in signal transduction via phosphorylation
of downstream effectors, PKA and PKC are involved in a negative feedback
mechanism, namely, heterologous receptor desensitization, through GPCR
phosphorylation.

Endocytosis and Internalization of G Protein-Coupled Receptors

Receptor internalization can lead to either receptor resensitization or degradation (for
review, see Walther and Ferguson 2013). Besides their role in receptor desensitiza-
tion through the uncoupling of GPCRs from G proteins, arrestins target GPCRs for
internalization via clathrin-coated pits (for review, see Lee et al. 2016). Additionally,
they indirectly regulate GPCR trafficking by coordinating their ubiquitination and
deubiquitination.

Arrestins represent an adaptor between the GPCR and key components of the
internalization machinery. They bind to trafficking proteins (clathrin, clathrin adap-
tor protein 2 AP2), thus functioning as scaffolds in the receptor-mediated endocy-
tosis pathway (Gurevich and Gurevich 2015). Mechanistically, binding of nonvisual
arrestins to GPCR stimulates the release of the arrestin C-terminal tail, which
contains binding sites for clathrin and AP2. Binding of clathrin and AP2 to those
C-terminal sites induces receptor internalization via coated pits. This is exemplified
by f,AR, whose internalization is promoted by arrestin-2 and arrestin-3 (Goodman
et al. 1996).
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Arrestin-Independent Internalization

GPCRs use more than one internalization pathway. In the muscarinic M2 receptor,
mutation of the two clusters of serine/threonine residues that are required for arrestin
binding and receptor desensitization does not block receptor endocytosis, suggesting
that the receptor internalizes in an arrestin-independent manner (Pals-Rylaarsdam
et al. 1997). Similarly, while wild-type protease-activated receptor 2 (PAR2) inter-
nalizes in a f-arrestin-dependent manner, mutation of all the serine/threonine in the
receptor C-tail results in P-arrestin-independent internalization (Ricks and Trejo
2009). The type II GnRH receptor can internalize both in an arrestin-dependent
and arrestin-independent fashion (Ronacher et al. 2004). Alternatively, GPCRs can
internalize in a f-arrestin-independent manner via caveolae (for review, see Walther
and Ferguson 2013). Hence, f1 AR mutants lacking GRK phosphorylation sites are
internalized via caveolae following PKA phosphorylation, independently of
B-arrestin, suggesting that PKA- and GRK-mediated phosphorylation influence
BIAR internalization in an additive fashion (Rapacciuolo et al. 2003). Although
diverse internalization mechanisms have been reported, P-arrestin and clathrin
dependent, p-arrestin and clathrin independent, p-arrestin independent and clathrin
dependent, and B-arrestin dependent and clathrin independent (Marchese et al.
2003), the majority of GPCRs are internalized via the p-arrestin-dependent,
clathrin-mediated internalization pathway.

Stability of the GPCR/B-Arrestin Complex and GPCR Intracellular Fate
Distinct p-arrestins differentially regulate GPCR internalization. For instance,
B-arrestin-2 promotes P,AR internalization 100 times more efficiently than
B-arrestin-1 (Kohout et al. 2001). Thus, GPCRs have been grouped into two categories
based on the strength of the GPCR/arrestin interaction, which is thought to determine
whether they are preferentially recycled or degraded. One class of receptors (e.g.,
B2AR, p-opioid receptors, dopamine DI1A receptors) has a higher affinity for
[B-arrestin-2, and their association with arrestins is transient, resulting in their transfer
to endosomes and their recycling to the plasma membrane and their resensitization.
Conversely, other receptors (e.g., V2 vasopressin, neurotensin 1, angiotensin Il type 1a
receptors) bind p-arrestin-1 and p-arrestin-2 with comparable affinity, and their asso-
ciation with arrestins remains steady through endocytosis, predominantly resulting in
lysosomal degradation (for review, see Walther and Ferguson 2013).

Alternate Role of Arrestins in GPCR Signaling

Although B-arrestins are known for regulating GPCR signaling, they can also
mediate signaling via the recruitment of signaling molecules distinct from G
protein-mediated signaling, thus setting off a second wave of signaling (Luttrell
etal. 1999, 2001). In the case of angiotensin II type 1a receptors (AT 1aR), B-arrestins
act as scaffolds to enhance ERK2 activation. Interestingly, there is a correlation
between the affinity of the GPCR/arrestin complex and the degree of B-arrestin—-ERK
binding, as the class of GPCRs forming stable receptor—f-arrestin complexes acti-
vates ERK more persistently than those forming transient receptor—f-arrestin com-
plexes (Tohgo et al. 2003).
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G Protein-Coupled Receptor Ubiquitination

To recapitulate the principal functions of arrestins, they are implicated in GPCR
desensitization, GPCR internalization, and GPCR post-endocytic trafficking. Both
arrestin ubiquitination and GPCR ubiquitination regulate GPCR trafficking (for
review, see Gurevich and Gurevich 2015). Upon agonist stimulation, both GPCR
and arrestin are ubiquitinated. While arrestin ubiquitination may affect the stability
of the GPCR/arrestin complex (Shenoy and Lefkowitz 2003) and appears to be
required for receptor internalization (Shenoy et al. 2001), GPCR ubiquitination is
dependent upon arrestin and may mediate lysosomal sorting (Marchese and Benovic
2001; Shenoy et al. 2001). However, one study reports that agonist-stimulated
ubiquitination of arrestin-2 by E3 ubiquitin ligase Mdm2 has no effect on p,AR
internalization (Ahmed et al. 2011). Notably, the pattern of B-arrestin ubiquitination
correlates with the stability of the GPCR/B-arrestin complex, as receptors forming
a stable complex are linked with persistent ubiquitination (Shenoy and
Lefkowitz 2003).

Downregulation of G Protein-Coupled Receptors

Lysosomal targeting leads to a decline in the number of receptors on the cell surface.
Gurevich’s group has proposed two distinct models for the recycling versus degra-
dation of GPCRs. According to the first model, the longer time the GPCR spends in
the endosome, the higher the likelihood that it will be targeted to lysosomal
degradation. This hypothesis is in agreement with the fate of internalized receptors
being determined by the stability of GPCR/arrestin interaction (see above). The
second model speculates that only phosphorylated forms of the receptor are targeted
to lysosomes for degradation (Pan et al. 2003) (for review, see Gurevich and
Gurevich 2015). It is based on studies indicating that GPCR dephosphorylation
may be necessary for its recycling to the cell surface (Hsieh et al. 1999). Indeed,
Gurevich’s group previously showed that arrestin-2 mutants, which bind to activated
GPCRs independently of receptor phosphorylation, prevent ;AR downregulation
(Pan et al. 2003).

G Protein-Coupled Receptor Signaling and Disease

The GPCR superfamily represents the most prevalent group of transmembrane
receptors, thus mediating the majority of physiological responses to hormones,
neurotransmitters, ions, light, and odors. Consequently, impairment of GPCR func-
tion can cause a wide range of diseases, including blindness, cancers, cardiovascular
diseases, neuropsychiatric, and metabolic disorders. A large variety of endocrine
diseases are due to GPCR mutations (Table 2).

Naturally occurring GPCR mutations may cause alterations in ligand binding, G
protein coupling, receptor desensitization, and receptor recycling in a variety of
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Table 2 GPCR mutations causing endocrine disease. Partial list of the large number of
endocrine diseases caused by specific GPCR mutations

Receptor mechanism

Adrenocorticotropin receptor (ACTHR/
MC2R)

Arginine vasopressin receptor 2 (AVPR2)

Calcium-sensing receptor (CASR)

Ghrelin receptor
Gonadotropin-releasing hormone

Hormone receptor (GnRHR)

Growth hormone-releasing hormone
Follicle-stimulating hormone receptor
(FSHR)

KISS1 receptor

Luteinizing hormone/chorionic
gonadotropin receptor (LHCGR)

Melanocortin 4 receptor (MC4R)

Parathyroid hormone receptor

Thyroid-stimulating hormone
Receptor (TSHR)

Disease

Isolated glucocorticoid
deficiency
Nephrogenic diabetes
insipidus

Familial hypocalciuric
hypercalcemia
Neonatal severe
hyperparathyroidism
Short stature
Idiopathic
hypogonadotropic
Hypogonadism

Short stature

Ovarian dysgenesis

Central hypogonadotropic
hypogonadism

Familial male precocious
puberty

Leydig cell hyperplasia
Autosomal dominant
obesity

Jansen’s chondrodysplasia
Blomstrand’s
chondrodysplasia
Non-autoimmune
Thyroiditis

Toxic adenoma
Congenital
hypothyroidism

Familial gestational
hyperthyroidism

Receptor
Loss of function

Loss of function
Loss of function
Loss of function
Loss of basal activity

Reduced/loss of
function

Loss of function
Loss of function

Loss of function
Constitutive activity

Constitutive activity
Loss of function

Constitutive activity

Lack of adenylyl
cyclase signaling

Constitutive activity

Constitutive activity

Loss of function

Activation by HCG

human genetic diseases (for review, see Thompson et al. 2008b). Loss-of-function
mutations result in reduced ligand binding, while gain-of-function mutations lead to
constitutive activation or enhanced binding. As an example, polycystic kidney
disease is an inherited disorder that can result in progressive loss of renal function.
Genetic variants in the PKD1 gene, which encodes the GPCR polycystin-1 (PC-1),
are the predominant factor associated with the disease in nearly two-thirds of patients
(Hama and Park 2016).

A large number of genetic endocrine disorders affecting every endocrine system
result from specific GPCR mutations. Hence, mutations in the LH receptor
(LHCGR) result in a constitutively active receptor and are linked to familial male
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precocious puberty. An FSH receptor (FSHR) mutation that causes decreased affin-
ity for its ligand is associated with ovarian dysgenesis. GnRHR reduced or loss-of-
function mutations are associated with idiopathic hypogonadotropic hypogonadism
(IHH). TSH receptor (TSHR) mutations lead to constitutive activity causing
non-autoimmune thyroiditis as well as adenomas. Loss-of-function mutations in
the calcium-sensing receptor (CASR) are responsible for familial hypocalciuric
hypercalcemia and neonatal severe hyperparathyroidism. Loss-of-function muta-
tions in the melanocortin 4 receptor (MC4R), which is involved in energy homeo-
stasis, are associated with severe autosomal dominant obesity. A mutation in the
high-affinity binding site of the thyrotropin-stimulating hormone receptor has been
identified as a cause of familial gestational hyperthyroidism. The altered receptor can
be activated by chorionic gonadotropin as well as its native agonist, thyrotropin-
stimulating hormone. Elevated levels of chorionic gonadotropin during pregnancy
lead to unregulated activation of the thyrotropin-stimulating hormone receptor,
resulting in clinical hyperthyroidism occurring only during pregnancy.

Genes encoding accessory proteins for GPCRs (e.g., G protein, RGS, AGS,
GRK) are also disrupted in various hereditary diseases (Thompson et al. 2008a).
Termination of GPCR signaling relies on the hydrolysis of GTP by the intrinsic
GTPase activity of Ga. If impaired, this process can bring about a number of
diseases. Hence, cholera toxin, which is produced by Vibrio cholerae upon infection,
prevents GTP hydrolysis by covalently modifying an arginine residue located in the
nucleotide-binding pocket of Gas. This causes prolonged activation of GPCR
signaling and thus elevated cAMP levels in mucous intestinal cells, leading to
secretory diarrhea. In some pituitary tumors, mutation of the same arginine residue
in the gene encoding Gas also results in prolonged GPCR signaling and enhanced
secretion of growth hormone (Vallar et al. 1987). Inactivating Gas variants are
associated with a form of pseudohypoparathyroidism called Albright’s hereditary
osteodystrophy (Spiegel 1990), whereas activating mutations are observed in
patients with McCune—Albright syndrome and in various tumors (Turan and Bastepe
2015). RGS2 SNPs are linked to hypertension in African Americans, and GRK4
mutations that increase GRK4 activity are associated with hypertension and sodium
sensitivity. Aberrant upregulation of GRK2 and/or GRKS, which interferes with
GPCR signaling, can lead to cardiovascular diseases, neurodegenerative disorders,
and cancer (Penela 2016). Moreover, epigenetic modulation of GPCR signaling has
been associated with CNS disorders as well as pain disorders (Dogra et al. 2016).

Summary

G protein-coupled receptors (GPCRs) include one of the largest gene families in the
mammalian genome. About 800 human GPCRs have been identified. The specificity
provided by the diversity of GPCR receptor binding sites leads to their playing
crucial roles in every endocrine system, and GPCRs represent the predominant target
of therapeutic drugs. The term GPCR refers to the classical coupling of these
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receptors via heterotrimeric G proteins. In addition, they can also couple via many
other non-heterotrimeric G protein interactions.

GPCRs are grouped by primary sequence similarity into different families that all
have a canonical seven alpha helical transmembrane domain structure. Covalent
modifications of these receptors include extracellular glycosylation and intracellular
palmitoylation and phosphorylation. By far, the largest family, class A, comprises the
rhodopsin-like GPCRs that have over 700 members including the majority of receptors
for hormones and neurotransmitters. A distinct gene family, class B, also includes
receptors for hormones including secretin, glucagon, and corticotropin-releasing factor.

In recent years, the crystal structure has been solved for an increasing number of
GPCRs. The increasing number of solved crystal structures for GPCRs includes
rhodopsin, the P,-adrenergic receptor, the glucagon receptor, the corticotropin-
releasing factor receptor, and two metabotropic receptors. The agonist-bound crystal
structure of the p,-adrenergic receptor has clarified the mechanism of activation of
the receptor, which involves helical movement around proline bends in the trans-
membrane helices. The crystal structures from the different classes reveal distinct
location of the ligand-binding pockets both across and within classes.

Despite their name, they couple to cellular signaling via both heterotrimeric G
proteins and G protein-independent mechanisms. Specific heterotrimeric G proteins
can signal by regulating different mediators, including adenylyl cyclase,
phospholipase C, and ion channel activity. A specific GPCR may couple to more
than one heterotrimeric G protein, and agonists can influence the relative coupling to
different pathways activated by the same receptor, a phenomenon called biased
agonism. The activity of GPCRs can be modulated by regulators of G protein
signaling proteins (RGS) and activators of G protein signaling (AGS). Receptor
activity may also be modified by interaction with receptor activity-modifying pro-
teins (RAMP) as well as a variety of other signal-transducing or signal-modulating
proteins. GPCR activity can be regulated by phosphorylation by protein kinases.
Receptor dimerization and cross dimerization of different GPCR subtypes contribute
to creating functional diverse receptor complexes.

Hundreds of endocrine and systemic diseases are caused by specific receptor
mutations. Examples include cases of male precocious puberty due to LH receptor
mutations, idiopathic hypogonadotropic hypogonadism due to GnRH receptor muta-
tions, and autoimmune thyroid disease due to TSH receptor mutations.
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Abstract

Protein tyrosine kinases (PTKs) are encoded by a large multigene family. PTKs
regulate many aspects of metabolism, growth, and cancer progression — including
cell proliferation, differentiation, and survival, adhesion and motility, and sys-
temic nutrient homeostasis (Schlessinger 2014; Robinson et al. 2000; Lemmon
and Schlessinger 2010). Of the approximately 90 unique PTKs in the human
genome, 58 are cell-surface RTKs (receptor tyrosine kinases), which pass once
through the plasma membrane (Fig. 1). The extracellular ligand-binding domains
translate the rise and fall of circulating polypeptide growth factors, cytokines, and
hormones into unique patterns of intracellular signals (Lemmon and Schlessinger
2010); cell-cell interactions regulate some RTK family members. In the first part
of this chapter, I will summarize the RTK landscape and describe how deep
understanding of the EGFR (epidermal growth factor receptor) set the stage to
understand RTK signaling. In the second part, I focus upon the insulin receptor
signaling cascade and its heterologous regulation, because it has a broad role in
metabolic regulation and is my principle interest for the past 30 years.
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Introduction

Ligand binding usually promotes the formation of RTK dimers — or in a few cases
modifies a preexisting dimer — which activates the intracellular catalytic domain to
transfer y-phosphate from ATP onto specific tyrosyl residues of the RTK complex.
This autophosphorylation reaction — which usually occurs in “trans” — is the first
response to ligand-induced dimerization. Heterologous adapter proteins and
enzymes recruited to the autophosphorylated sites can also be tyrosine phosphory-
lated. Depending upon their distribution in space and duration in time, these diverse
proximal signals generate or regulate downstream effectors that control cytoplasmic
and nuclear events — including the production of phospholipid mediators, GTP/GDP
cycles, the activity or location of transcription factors, or cascades of Ser/Thr
phosphorylation.
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RTKs dysregulated by mutations, toxins, or challenging lifestyles can promote
acute or chronic disease — including cancer, obesity, cardiometabolic disease, and
diabetes. The life-threatening sequelae of dysregulated or amplified RTKs — such as
ERBB2 (HER2, human epidermal growth factor receptor 2) — drive the development
of new drugs to block RTK activity with enough specificity to prevent the progres-
sion of disease with minimal off-target consequences (Lemmon and Schlessinger
2010).In the subset of human cancers associated with an amplified ERBB2 gene —
breast, ovary, stomach, lung, and salivary gland — the ERBB2-blocking antibody
Herceptin (trastuzumab) can be beneficial (Mates et al. 2015).

The RTK Landscape
Introduction

Years before the discovery of PTKSs, early work established the existence of specific
cell-surface receptors for insulin, EGF, NGF (nerve growth factor), and other factors.
The families of RTKs grew rapidly upon identification of the EGFR tyrosine kinase
(Schlessinger 2014). In 1980, Ushiro and Cohen discovered that EGF treatment
0fA431 cell membrane preparations activates immediately a cAMP/cGMP-
independent protein kinase activity (Carpenter et al. 1979). The specificity of the
EGF-sensitive kinase toward tyrosine residues was revealed by new electrophoretic
methods to separate phosphotyrosine from phosphothreonine developed during the
investigation of v-Src phosphorylation (the transforming PTK encoded by the Rous
sarcoma virus (Hunter and Sefton 1980; Ushiro and Cohen 1980). During the next
few years, phosphotyrosine was detected in the presumptive receptors for insulin and
PDGF (platelet-derived growth factor), which indicated strongly that cell metabo-
lism and growth might be regulated by RTKs (Kasuga et al. 1982a, b; Ek and Heldin
1982; Ek et al. 1982). Regardless, the prototype RTK was not established defini-
tively until biochemical analysis of the EGFR revealed partial amino acid sequences
with strong similarities to the v-erbB oncogene, and cDNA cloning provided the
complete deduced amino acid sequence of the tyrosine kinase domain (Ullrich et al.
1984; Ullrich and Schlessinger 1990).Work during the next 10 years — including the
full sequence of human genomes — revealed 20 families of human RTKs (Robinson
et al. 2000). The family members are type I transmembrane proteins anchored in the
plasma membrane by a single hydrophobic sequence, which separates the highly
variable extracellular ligand-binding domain from the highly conserved intracellular
tyrosine kinase (Fig. 1).

Each RTK family displays common and unique biological properties owing to its
tissue specificity and timing of expression; intracellular trafficking, degradation, and
recycling; the cohort of downstream signaling proteins recruited to the auto-
phosphorylated receptor; and feedback mechanisms that modulate the signal inten-
sity and duration. In many cases, multiple receptor isoforms can form heterologous
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Fig. 1 The 20 families of human RTKSs (receptor tyrosine kinases). The extracellular region is
illustrated to the leff on the blue-shaded background; the intracellular tyrosine kinase is illustrated to
the right on the green-shaded background. Functional domains are defined in the gray box

receptor dimers with many ligands to generate distinct downstream signals. The
ERBB family is the prototype RTKSs. Its structural and functional features provide a
solid framework to understand the mechanisms of regulated and dysregulated signal
transduction (Lemmon et al. 2016). Although the function of most RTKs is still
poorly understood at both the molecular and systemic level, the search for specific
activators and inhibitors — some of which are already clinically available or in
clinical trials — has been underway for years.

ERBB Family

EGEFR is the prototype ERBB family member (Fig. 1) (Schlessinger 2014).EGFR
binds several ligands in addition to EGF — including TGFa (transforming growth
factor-a), HBEGF (heparin-binding EGF-like growth factor), AREG
(amphiregulin), BTC (betacellulin), EREG (epiregulin), and (EPGN (epigen)
(Schneider and Wolf 2009). By comparison, ERBB2 lacks a known ligand but
dimerizes with the other ERBB members to generate a signal. ERBB3 binds
neuregulin but lacks an active kinase domain; neuregulins are a family of four
structurally related proteins and spliced isoforms with diverse functions in the
development of the nervous system, cardiac development, Schwann cell and
oligodendrocyte differentiation, and formation of neuromuscular synapses
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(Burden and Yarden 1997). ERBB4 is activated by neuregulin-2 and neuregulin-3,
HBEGF, and BTC. The tyrosyl-phosphorylated EGFR has multiple interaction
partners, including SHC (SRC homology 2 domain containing), CBL (casitas
B-lineage lymphoma), PTPNI11 (protein-tyrosine phosphatase 1D (PTP-1D),
STATS (signal transducer and activator of transcription 5), CRK (v-crk avian
sarcoma virus), and several sites for GRB2 (growth factor receptor-bound protein
2) (Schulze et al. 2005). SHC is the major interaction partner for ERBB2; ERBB3
interacts mainly with the PI3K (class 1A phosphatidylinositol 3-kinase); and
ERBB4 has many partners (Schulze et al. 2005).Insufficient ERBB signaling
associates with neurodegenerative diseases, schizophrenia, and amyotrophic lat-
eral sclerosis, whereas excess ERBB signaling promotes solid tumors (Lemmon
and Schlessinger 2010).

Insulin Receptor Family

The receptors for insulin (InsR) and insulin-like growth factors (IGF1 and IGF2) occur
as preexisting but inactive dimers linked by disulfide bonds (Fig. 1). The InsR plays a
key role in nutrient homeostasis and the IGFR controls tissue and body growth. These
tetrameric receptors are synthesized as single polypeptides which upon cleavage at a
furin site generate disulfide-linked - and p-subunits (ap™ or ap'“"'®). These dimers
assemble with additional disulfide bonds to form the InsR (ap™eap™), IGFIR
(oc[iIGF 1R'oc[ilGFlR), or hybrid receptors (ap™e O:BIGF 'Ry (Benyoucef et al. 2007). Since
the InsR occurs in two isoforms, a total of five receptors subtypes can be produced from
the InsR and IGF1R genes (Blanquart et al. 2008). Dysfunctional INSRs cause rare
forms of severe insulin resistance, metabolic disease, and growth abnormalities (Kahn
et al. 1976). The IRS (insulin receptor substrate) proteins are the principle targets
phosphorylated by the insulin receptor family, which provides a platform for multiple
downstream signals that can be regulated through feedback and heterologous mecha-
nisms (see details below).

Platelet-Derived Growth Factor Family

The PDGFR family has five members that are important for regulating cell
proliferation, cellular differentiation, cell growth, development, and cancer
(Fig. 1). The extracellular regions of these receptors contain five
immunoglobulin-like domains, whereas the intracellular region contains a dis-
tinctive tyrosine kinase domain with a relatively long “kinase insert region.” The
PDGEFR isoforms — PDGFRa and PDGFRP — can dimerize with four PDGF
isoforms (PDGFA, PDGFB, PDGFC, and PDGFD). PDGFs contain a conserved
region, which remains noncovalently associated after processing to form a dimer
that binds and activates two PDGFRs (Shim et al. 2010). The four PDGF ligands
(PDGFA, PDGFB, PDGFC, PDGFD) are under independent genetic control,
which gives the signaling system a high degree of flexibility — including the
generation of PDGF homo- or heterodimers (PDGFAA, PDGFAB, PDGFBB,
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PDGFCC, PDGFDD) and the formation of three dimeric receptors ac, ff, and af.
Sites of tyrosine autophosphorylation in the PDGFp receptor recruit signaling
molecules to the juxtamembrane domain (SHC, STATS, SRC), the kinase insert
region (GRB2, PI3K, SHC, NCK, SHP2, RasGAP, STATS), and the C-terminal
tail (PLCy, SHP2) (Kazlauskas and Cooper 1989). Phosphorylation of a single
tyrosine residue in the second kinase domain promotes the catalytic activity of
this RTK (Heldin and Lennartsson 2013). Enhanced PDGF<PDGFR signaling is a
hallmark of a variety of diseases, including cancers, atherosclerosis, pulmonary
fibrosis, and restenosis (Ostman 2004).

Fibroblast Growth Factor Receptor Family

FGFRs (fibroblast growth factor receptors) consist of four members that bind to the
largest family of growth factors, including 22 distinct FGFs (Fig. 1). FGFs are a
family of growth factors, with members involved in angiogenesis, wound healing,
embryonic development, and various endocrine signaling pathways. Most FGFs
are key players in tissue-specific proliferation and differentiation — especially
during development — because they signal at the site of secretion owing to specific
binding to cell-surface-associated heparan sulfate proteoglycans that restrict their
diffusion into the circulation. Like the insulin receptor, FGFRs recruit adapter
molecules for tyrosyl phosphorylation that add diversity to the signaling com-
plexes (Lemmon and Schlessinger 2010). A few FGFs— including FGF19, FGF21,
and FGF23 — escape the site of secretion because they lack a heparin-binding
domain and can enter the circulation to signal at distant sites (Fisher and Maratos-
Flier 2016; Reitman 2007).Without heparin binding, Fgf21 signals via FGFR1 and
FGFR2 in complex with the co-receptor fKlotho (KLB) (Fisher and Maratos-Flier
2016). Circulating Fgf21 is produced almost entirely by PPARa-mediated tran-
scription in the liver (Badman et al. 2007; Markan et al. 2014), where Fgf21 cell
autonomously promotes fatty acid oxidation (Fisher et al. 2014).Cold exposure and
B-adrenergic agonists stimulate Fgf21 secretion within the adipose tissue to pro-
mote energy expenditure and metabolic health by uncoupling BAT mitochondria
(Hondares et al. 2011; Chartoumpekis et al. 2011) and “browning” inguinal white
adipose tissue (Fisher et al. 2012).

Vascular Endothelial Growth Factor Receptor Family

VEGFR-1, VEGFR-2, and VEGFR-3 are important for monocytes/macrophages and
blood vascular endothelial and lymphatic endothelial cells in both physiology and
cancer (Claesson-Welsh 2016).Hypoxia induces VEGFR1 expression through a
hypoxia-inducible enhancer element in the VEGFR1 promoter (Nomura et al.
1995). Five mammalian dimeric VEGF polypeptides (VEGFA, VEGFB, VEGFC,
and VERGFD) and PIGF (placenta growth factors) are spliced (VEGFA, VEGFB,
and VEGFC) or processed (VEGFC and VEGFD) to generate a wide range of
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isoforms that dimerize to activate the VEGFRs. Moreover, signaling is further
diversified by neuropilins, heparan sulfate, and integrins, which act as VEGF
co-receptors (Koch et al. 2011). Upon ligand-induced dimerization, the VEGFR1
activates the PKCy—PKC cascade that produces mild MAPK (mitogen-activated
protein kinase) activity. It also activates the PI3K— AKT cascade (Koch et al. 2011;
Shibuya 2006). Since the RTK activity of VEGFR1 is comparatively weak, it
displays mild activity toward migration/proliferation.

Hepatocyte Growth Factor Receptor

HGEFR (hepatocyte growth factor receptor, cMet) is similar structurally to the insulin
receptor. The HGF pro-peptide is cleaved to generate a disulfide-stabilized a-p dimer
that dimerizes to activate the HGFR (Fajardo-Puerta et al. 2016). Kinase activation
promotes autophosphorylation, which recruits GRB2, SHC, PI3-kinase, PLCy,
STAT3, and GAB1 (Grb2-associated binding protein 1). The downstream signaling
pathways generate diverse cellular responses, including proliferation, survival,
motility, invasion, and angiogenesis (Fig. 1). HGFR is essential for embryonic
development, organogenesis, and wound healing, whereas its abnormal activation
is associated with cancer of the kidney, liver, stomach, breast, and brain (Zhang and
Babic 2016). Since HGF is the only known ligand, the HGF—HGFR axis is an
attractive drug target for activation or inhibition. A hybrid receptor created through
the interaction of the HGFR with the InsR might promote tyrosine phosphorylation
and activation of the InsR—Irs signaling revealing a role in metabolic control
(Fafalios et al. 2011).

TRK Family

TRKA, TRKB, and TRKC (tropomyosin receptor kinases) regulate synaptic
strength and plasticity in the mammalian nervous system. TRK receptors affect
neuronal survival and differentiation and promote the functional properties of
neurons. Homodimeric neurotrophins are the common ligands of the TRKRs:
NGF (nerve growth factor) and NT3 (neurotrophin-3) bind TRKA; brain-derived
neurotrophic factor (BDNF), NT3, and NT4 (neurotrophin-4) bind TRKB; and NT3
binds TRKC. A member of the tumor necrosis factor receptor superfamily p75™ '~
(p75 neurotrophin receptor) affects the binding affinity and specificity of TRK
receptor activation by neurotrophins (Bothwell 2016). This selectivity can produce
complex results as illustrated with sympathetic neurons, which express TRKA and
p75™™R but not TRKB (Bothwell 2016). Neurotrophin binding promotes dimeriza-
tion and activation of the TRKRs, which undergo trans-autophosphorylation on
three tyrosine residues in the “activation loop,” and at other sites to recruit SHC,
SH2B (SH2B adapter protein 2), GRB2, PI3K, STAT, and PLCy (Huang and
Reichardt 2003). Regardless, a system level understanding is largely incomplete
(Bothwell 2016).
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Erythropoietin-Producing Hepatocellular Receptor Family

EPHRs (erythropoietin-producing human hepatocellular receptors) form the largest
known subfamily of RTKs with a complicated signaling mechanism. EPHRs are
classified into nine EPHA or five EPHB subfamilies depending upon whether they
bind to glycophosphatidylinositol-linked (ephrin-As) or transmembrane (ephrin-Bs)
ligands (Kania and Klein 2016). EPHRs are composed of a Cys-rich domain, two
fibronectin (FN) domains, and an NH,-terminal extracellular ligand-binding domain
(LBD) that binds to the extracellular domain of membrane-tethered ephrins. The
signaling mechanisms are complex because EPHRs and ephrins can act simulta-
neously as receptors and ligands, leading to bidirectional — parallel or antiparallel —
signaling. Crystal structures of ephrin—~EPHR interactions reveal complex and
alternative patterns of oligomerization. Forward ephrin—EPHR signaling requires
autophosphorylation in the EPHR intracellular juxtamembrane domain (Kania and
Klein 2016; Kullander et al. 2001), which recruits various adapters and enzymes —
including Nck1 (non-catalytic region of tyrosine kinase adaptor protein 1) and Nck2,
PI3K, Src family kinases, and Vav2/Vav3 (guanine nucleotide exchange factors for
the Rho family of GTP-binding proteins). For reverse signaling, intracellular
domains of ephrin-B are tyrosine phosphorylated by Src PTKs, which can recruit
the Grb4ePakl+Dock180 complex (Kania and Klein 2016; Palmer et al. 2002).
Together this signaling mechanism regulates cell proliferation, repulsion, migration,
and adhesion, which are important in developmental processes such as pattern
formation and morphogenesis of segmented structures and neural connections
(Kania and Klein 2016). Bidirectional ephrin<~EPHR signaling also controls energy
metabolism as it mediates communication between pancreatic islet f-cells to regulate
insulin secretion: EphrinA—EPHRA forward signaling inhibits insulin secretion,
whereas reverse signaling stimulates it (Konstantinova et al. 2007). First identified in
an erythropoietin-producing hepatoma cell line, ephrin<—~EPHR also promotes can-
cer and other diseases.

TAM-Receptor Family

TYRO3, AXL, and MERTK (tyrosine-protein kinase Mer) are homologous RTKs
that are essential for immune homeostasis (Rothlin et al. 2015). TAM RTKs have
sequence similarity to the insulin receptor, cMET, and RON tyrosine kinase
subdomains (Rothlin et al. 2015). TAM RTKs are activated by PROSI (protein
S) or GAS6 (growth arrest-specific gene 6) and differentially modulated by the
presence of apoptotic cells, phosphatidylserine-containing lipid vesicles, and
enveloped virus (Tsou et al. 2014). AXL can be activated by conventional
ligand-dependent dimerization with GAS6, ligand-independent dimerization,
interaction between two monomers on neighboring cells, or heteromeric dimer-
ization (Janssen et al. 1991). The TAM family regulates cell proliferation,
survival, adhesion migration, blood clot stabilization, and regulation of
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inflammatory cytokine release (Janssen et al. 1991). Autophosphorylation of
MERTK provides docking sites for GRB2 or PLCG2 and induces phosphoryla-
tion of MAPK 1, MAPK2, FAK/PTK2, or RAC1. MERTK signaling plays a role
in various processes such as macrophage clearance of apoptotic cells, platelet
aggregation, cytoskeleton reorganization, and engulfment. Deficiencies in
TAM signaling associate with chronic inflammatory and broad-spectrum auto-
immunity involving a severe lymphoproliferative disorder (Lu and Lemke 2001).

Tyrosine Kinase with Immunoglobulin-Like and EGF-Like Domains

TIE1 and TIE2 (tyrosine kinase with immunoglobulin-like and EGF-like
domains) are cell-surface receptors that are activated by ANG1, ANG2, ANG3,
and ANG4(angiopoietins). TIERs consist of three Ig-like domains, three EGF
domains, and three FNIII (fibronectin type III) repeats in the extracellular region.
The catalytic domain of TIERs displays 45% sequence identity with the FGFR1
and is activated by receptor tetramerization facilitated by the multimeric
angiopoietin ligands (Barton et al. 2014). Similar to ErbB receptors, the activa-
tion loop in TIE2R adopts an overall “active conformation” independent of
phosphorylation; however, the carboxy-terminal tail acts as a substrate mimetic
to inhibit autophosphorylation. Tyrosine phosphorylation in the C-terminus
recruits Grb2, PI3K, PTPN11, and DOK2 (Barton et al. 2014). ANG—TIER
signaling is essential during embryonic vessel assembly and maturation and
functions as a key regulator of adult vascular homeostasis. ANG2 antagonizes
the activation of TIER by ANG1, whereas alone ANG2 can activate TIERs. Like
PDGFR, TIERSs contain a kinase insert region with autophosphorylation sites that
bind and activate the PI3K—AKT cascade. Mice lacking either ANG1 or TIE2
die before birth (Suri et al. 1996). By contrast, dysregulated ANG—TIER axis
can promote malignant neoplasia by inducing angiogenesis (Hilbert and
Klaschik 2015).

RYK and ROR Families

Ryk (related to receptor tyrosine kinase) and Ror (receptor tyrosine kinase-like orphan
receptor) families were classified initially as orphan RTKSs but are now known to contain
extracellular WNT (wingless)-binding domains (Green et al. 2014). ROR and RYK
display extracellular membrane-proximal Kringle domains that can mediate protein-
protein interactions and Frizzled-like CDRs (cysteine-rich domains) that bind WNT.
RYK displays a second WNT-binding module called the WIF (WNT-inhibitory factor)
domain. WNT ordinarily activates Frizzled, a family of G protein-coupled receptors,
which regulate cell proliferation and differentiation. RYK and ROR are mostly associ-
ated with polarized cell migration. ROR1 and RYK might be pseudo kinases, whereas
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ROR2 contains a functional intracellular tyrosine kinase domain related to the
Trk-family (Oishi et al. 2003). Interestingly, both Ror2~'~ and Wnt5a~'~mice exhibit
dwarfism, facial abnormalities, short limbs and tails, dysplasia of lungs and genitals, and
ventricular septal defects. Together with interaction studies, these physiological results
suggest that RORs act as receptors for Wnt5a to activate non-canonical WNT signaling
(Green et al. 2014).The phosphorylation of ROR1 might be mediated by complexes
with the EGFR or HGFR (Borcherding et al. 2014). In lung carcinoma and gastric
carcinoma cell lines, ROR1 is phosphorylated by MET, and silencing ROR1 impairs
cell growth. Since RORI is absent in most adult tissue, it might be druggable target for
some cancer therapies.

Discoidin Domain Receptor Family

DDRI (discoidin domain receptor tyrosine kinase 1) and DDR2 (Vogel et al. 1997)
are expressed in normal and transformed epithelial cells and activated by various
types of collagen, which stimulate tyrosine autophosphorylation to promote poorly
defined cell-collagen interactions (Fu et al. 2013). Alternative splicing of the DDR
genes results in multiple transcript that are expressed mainly in the kidney, lung,
gastrointestinal tract, and brain; and overexpressed in human tumors from the breast,
ovary, esophagus, and brain. DDRs are major cellular sensors of environmental cues
and appear critical for normal development as revealed by the phenotype of
DDR-deficient mice (Fu et al. 2013). Phosphorylation of tyrosine residues in the
intracellular domains — including an NPXY motif in the juxtamembrane region —
generates docking sites for SH2 and PTB (phosphotyrosine binding) domain-
containing proteins, respectively, which promote the activation of the PI3K — AKT
and SHC — Ras — MAPK cascades (Fu et al. 2013).

RET Family

RET (rearranged during transfection) proto-oncogene encodes an RTK for the glial
cell line-derived neurotrophic factor family (GDNF, neurturin, artemin, and
persephin) that supports the survival of dopaminergic and motor neurons (Knowles
et al. 2006; Oppenheim et al. 1995).Loss-of-function mutations in RET are impli-
cated in Hirschsprung disease, a congenital condition owing to missing nerve cells
in the colon that impairs colon motility. Activating RET mutations occur in
human cancers, including familial medullar thyroid carcinoma and multiple
endocrine neoplasia 2A and 2B (Knowles et al. 2006). Structural studies suggest
that the canonical activation loop resides in a phosphorylation independent
“open” conformation, suggesting that a novel mechanism might controls RET
signaling (Knowles et al. 2006). Regardless, phosphorylation at several tyrosine
residues (two of them in the activation loop) are important for signaling (Coulpier
et al. 2002).
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Tyrosine-Protein Kinase-Like 7 Family

PTK?7 (tyrosine-protein kinase-like 7) is a RTK that was discovered originally in
colon cancer (Mossie et al. 1995). PTK7 functions in various processes including
embryonic morphogenesis and epidermal wound repair (Peradziryi et al. 2012). It
functions as a co-receptor in Wnt, semaphorin/plexin, and VEGF signaling path-
ways. Although PTK7 does not contain a canonical WNT-binding domain, it appears
to interact with some WNTs to inhibit WNT—f-catenin signaling (Peradziryi
et al. 2011). PTK7 recruits Dsh (Dishevelled), which regulates canonical (f-catenin)
and non-canonical Wnt signaling pathways. Although the kinase homology domain
is largely conserved, it lacks amino acid motifs critical for catalytic activity
(Peradziryi et al. 2012). Thus, PTK7—Dsh might be mediated by RACK1 (receptor
for activated C kinase 1) that interacts with protein kinase C and the kinase domain
of PTK7.

Muscle-Specific Kinase Family

MuSK (muscle-specific kinase) is a RTK required for the formation and maintenance
of the neuromuscular junction. The ligand for MuSK is LRP4 (low-density lipopro-
tein receptor-related protein-4), a transmembrane protein in muscle whose binding
affinity for MuSK is potentiated by a neuronally derived heparan sulfate proteogly-
can called AGRIN. AGRIN is a component of the basal lamina that causes the
aggregation of acetylcholine receptors on cultured muscle fibers (Rupp et al. 1991).
MuSK undergoes trans-autophosphorylation on three tyrosine residues in the acti-
vation loop (Y750, Y654, Y755), which increases kinase activity and biological
function (Bergamin et al. 2010). Interestingly, phosphorylation of the NPXY 553
motif in the juxtamembrane binds to the PTB domain of the adapter protein
DOK?7. DOK?7 serves as a substrate of MuSK and as a cytoplasmic ligand to stabilize
the MuSK dimer facilitating trans-autophosphorylation in the activation loop
(Bergamin et al. 2010). Thus, LRP4, AGRIN, and DOK?7 cooperate to fully activate
MuSK to induce clustering of acetylcholine receptors (AChR) essential for the
postsynaptic structures. Failure of AChR clustering is associated with disorders in
neuromuscular transmission, including congenital myasthenic syndrome and myas-
thenia gravis (Okada et al. 2006).

Apoptosis-Associated Tyrosine Kinase 1/Lemur Kinase Family

AATYKI (apoptosis-associated tyrosine kinase 1)/LMTK (Lemur kinase) family of
RTKSs is expressed predominantly in the nervous system where they can regulate
neurite extension and apoptosis (Gaozza et al. 1997). Although the kinase domain of
AATYK is most like the PTK families, AATYKs display serine phosphorylation that
might be mediated by CdkS5 (cell division protein kinase 5) (Tomomura et al. 2007).
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Recent work suggests that LMTKI1 negatively controls dendritic formation by
regulating Rab11A (Ras-related protein Rab-11A)-positive endosomal trafficking
in a Cdk5-dependent manner (Takano et al. 2014).

Serine/Threonine/Tyrosine Kinase)/Novel Oncogene with Kinase
Domain Family

STYK (serine/threonine/tyrosine kinase)/NOK (novel oncogene with kinase domain)
is 30% homologous with members of the FGFR/PDGFR family on the intracellular
tyrosine kinase domain (Liu et al. 2004). Although the 422-amino acid protein
contains an N-terminal transmembrane domain and a C-terminal RTK, it lacks an
extracellular domain for ligand binding, suggesting that it might be a co-receptor.
STYK1 can activate MAPK and PI3K pathways and promotes cell proliferation,
differentiation, and survival. STYK1 is dysregulated in several human malignancies
including breast, lung, ovary, blood, prostate, and colorectal cancer (Hu et al. 2015).

Anaplastic Lymphoma Kinase Family

ALK (anaplastic lymphoma kinase) and LTK (leukocyte receptor tyrosine kinase)
are expressed throughout the adult mammalian hippocampus CAl and CA3
regions (Weiss et al. 2012). ALK contains an extracellular binding site for the
basic heparin-binding growth factors pleiotrophin (neurite growth-promoting fac-
tor 1, NEGF1) and midkine (neurite growth-promoting factor 2, NEGF2). Both
factors distribute similarly to ALK in the nervous system during fetal development.
NEGGEF2 is a developmentally important retinoic acid-responsive gene product
strongly induced during mid-gestation — hence the name midkine. The intracellular
regions of both ALK and LTK are related to the insulin receptor family (Grande
et al. 2011). The intracellular juxtamembrane region contains a binding site for the
PTB (phosphotyrosine binding) domain of IRS1 (insulin receptor substrate-1); and
the catalytic domain contains three autophosphorylation sites in the activation loop
followed by the C-terminal domain with interaction sites for PLCy and SHC
(Tartari et al. 2008). Interestingly, inhibition of ALK in mammals enhances
cognitive performance (Weiss et al. 2012). By comparison, alterations in the
ALK gene, including mutations, overexpression, amplification, translocations, or
other structural rearrangements are implicated in human cancer (Grande et al.
2011; Schonherr et al. 2012). ALK activates many interconnected and overlapping
pathways, including PI3K, AKT, ERK, and STAT3 (Grande et al. 2011).

ROS Family

ROS1 (ROS proto-oncogene) belongs to the drosophila sevenless subfamily of
tyrosine kinase genes, and is related closely to ALK and LTK. The extracellular
domain contains sequences that are analogous to sequences found in cell adhesion



6 Receptor Tyrosine Kinases and the Insulin Signaling System 133

molecules and extracellular matrix proteins. ROS might be involved in cellular
attachment, as a soluble ligand is unknown. Activated ROS promotes signaling
through PLCy, PI3K—AKT, STAT3, VAV3, and ERK. ROSI1 rearrangements are
detected in a variety of human cancers, including glioblastoma, non-small cell lung
cancer, ovarian cancer, gastric adenocarcinoma, and colorectal cancer (Davies and
Doebele 2013).

EGFR Dimerization and Activation

RTK dimers or higher order oligomers are probably required, but not always
sufficient for signal transduction (Lemmon and Schlessinger 2010). The exact
steady-state distribution between monomer and oligomer depends upon the intrinsic
structure of each RTK and the effect of ligand binding. At one extreme, the receptors
for insulin and IGF1 (insulin-like growth factor 1) exist as inactive covalently linked
tetramers before ligand binding. However, for others the unliganded receptors exist
in a steady-state distribution between monomer and dimer. The steady-state distri-
bution probably depends upon the concentration of the RTK and any homologous
partners in the plasma membrane, the basal ligand concentration, and the concen-
tration of any auxiliary components or inhibitory factors (Lemmon et al. 2016).
Extracellular ligand binding stabilizes the RTK dimer, which facilitates additional
steps toward full activation usually involving juxtaposition of the adjacent catalytic
domains to promote trans-autophosphorylation of tyrosine residues in the kinase
activation loop (A-loop) and phosphorylation of tyrosine residues outside the cata-
lytic domain to recruit heterologous signaling proteins (Schlessinger 2000; Burgess
et al. 2003).

Remarkable progress during the past decades reveals a general framework to
understand the regulation of RTKs upon extracellular ligand binding. The detailed
mechanisms can differ between the families of RTKs; however, extensive cell
biology, analysis of receptor mutants and orthologs, and crystal structures of
EGFRs revealed a clear picture of the effect of EGF binding on receptor dimerization
(Burgess et al. 2003). The extracellular EGFR resolves into four subdomains —
designated I-IV (Fig. 2). The monomeric inactive EGFR has a bent configuration
held together by intramolecular interactions between the dimerization arm (II) and
the tethering arm (IV) (Ferguson et al. 2003). This “tethered conformation” separates
the two EGF-binding sites and occludes the extracellular dimerization surfaces;
however, a rare “extended conformation” exposes the dimerization arm (II) and
juxtaposes the two EGF-binding sites (Fig. 2a and b) (Burgess et al. 2003). EGF
binds with low affinity to the “tethered conformation” because it can only touch one
binding surface (Fig. 2c), whereas EGF binds with high affinity to the “extended
conformation” that exposes the binding sites in subdomains I and III (Fig. 2d). As the
concentration of receptors in the extended conformation rises, more receptor dimer-
ization surfaces are also available to promote receptor dimerization (Fig. 2e). Con-
trary to many other RTKs, the bound EGF molecules never interact in the dimer as
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Fig.2 Activation of the EGF receptor and downstream signaling. The extracellular EGFR contains
four subdomains designated i, ii, iii, and iv. (a) The monomeric inactive EGFR is stabilized by
interactions between domain ii and domain iv, which separates the two EGF-binding sites in
domains I and iii, and occludes the extracellular dimerization surfaces of domains ii and iv: (c)
EGF binds with low affinity to a single site in this conformation. (b) The inactive monomer exists in
an unstable conformation that juxtaposes the EGF-binding sites in subdomains i and iii, which
promote high-affinity binding and (d) dimerization. (e) Autophosphorylation of the juxtaposed
intracellular domains recruits signaling protein, which generates various signals, including the
MAPK cascade

the high-affinity binding sites in the dimerized receptor are never adjacent. Although
well separated, the EGF-binding sites in the assembled dimer are not equivalent and
develop some asymmetry — possibly related to changes that occur around the plasma
membrane during autophosphorylation — which leads to negative cooperative EGF
binding (Pike 2012).

A single hydrophobic transmembrane spanning segment separates the intracellu-
lar catalytic domain of all RTKs from the extracellular ligand-binding domain
(Fig. 1) (Schlessinger 2014). Dimerization per se and subsequent conformational
changes promote tyrosine autophosphorylation, suggesting that this is the first step in
signal transduction. All RTKs contain 1-3 tyrosine residues in the activation loop
(A-loop) of the intracellular catalytic domain where the first autophosphorylation
occurs after ligand binding. Autophosphorylation of these residues stabilizes the
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A-loop in an “open” configuration, which facilities ATP binding and phosphoryla-
tion of other tyrosine residues in the receptor or in heterologous substrates. Most of
the tyrosine residues that become autophosphorylated on RTKs are in non-catalytic
regions of the cytoplasmic domain, including the juxtamembrane region (e.g.,
PDGFR and KIT), the kinase insert region (e.g., FGFR and KIT), or the carboxyl
terminal tail.

The EGFR is the prototype of the ErbB family of RTKs. By contrast to most
RTKs, the A-loop of the EGFR resides constitutively in the open configuration
usually reserved for phosphorylated A-loops, suggesting that kinase activation is
not a regulatory event of EGF binding. EGFR trans-autophosphorylation mainly
targets tyrosine residues in the adjacent carboxy-terminal tail of the receptor, which
generates SH2 (Src homology-2) domain-binding sites that recruit signaling
enzymes (PLCy, Shp2, SOS) or adapters (GRB2, CRK, NCK).Thus, after dimer-
mediated trans-autophosphorylation, the EGFR and its family members are plat-
forms for assembly of multicomponent intracellular signaling pathways (Fig. 2e¢).
Each RTKs has adapted its own version of this mechanism to link extracellular
ligand binding to intracellular signal transduction.

The Insulin Receptor Family

Insulin has physiologic effects everywhere in the body, but it is secreted only from
pancreatic p-cells. Insulin is synthesized as a single polypeptide (proinsulin) that is
processed by PCSK1 (prohormone convertase-1/convertase-3) into the bioactive
disulfide-linked A and B chains and the excised “C-peptide.” Human IGF1 and
IGF2 display high sequence similarity with both the A and B chains of insulin but
retain the connecting peptide along with a C-terminal extension called the
“D domain” (Brzozowski et al. 2002). Extensive analysis of natural insulin muta-
tions supplemented with hypothesis-driven site-directed mutagenesis reveals two
asymmetric receptor-binding surfaces called “S1” (the classical site) and “S2” (the
novel site) (Fig. 3) (De Meyts 2008). Together both sites generate high-affinity
insulin binding that activates the insulin receptor tyrosine kinase.

The insulin receptor (IR) is encoded by a 150-kb gene on human chromosome
19p13.3—p13.2 that contains 22 exons. Exon-11 is alternatively spiced depending
upon the tissue and developmental stage to produce two InsR isoforms: IRA lacks
the residues encoded by exon-11; IRB includes the 12 amino acid residues encoded
by exon-11 (De Meyts 2008; Yang Feng et al. 1985; Seino and Bell 1989). IRB binds
only insulin with high affinity, whereas IRA binds both insulin and IGF2 with
moderate affinity (Belfiore et al. 2009). The homologous IGFIR is assembled
without alternative splicing from a 19-exon gene located on human chromosome
15. The IGFIR binds IGF1 and IGF2 with high affinity but binds insulin weakly. A
high-affinity ligand is unknown for the third member of the family called the IRR
(insulin receptor-related receptor) (Shier and Watt 1989). The IRR appears to sense
alkali conditions in the kidney to modulate systemic bicarbonate concentrations
(Deyev et al. 2011).
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Fig. 3 The conformation of insulin and its receptor-binding site. Insulin structure showing the
position of some critical amino acids that compose the two binding surfaces (S and S2) that interact
with the L1+CR*CT and Fn;1+Fn;2 regions of the insulin receptor, respectively. The A chain is
shown in green and the B chain is shown in blue, and some amino acids composing each binding
site are shown as space filling residues in red (S1) or orange (S2). The amino and carboxyl terminal
residues of each chain are labeled in black

The insulin and IGF1 receptor precursors have similar structures, which are
processed to form holoreceptors composed of two a-subunits and two p-subunits.
The process is best characterized for the IR, which is synthesized as a single protein
with a classical amino-terminal signal sequence followed by well-defined extracel-
lular modules — including two leucine-rich motifs (L1 and L2) flanking a cysteine-
rich (CR) region followed by three fibronectin III motifs (Fn;1, Fn;2, and Fn33)
ending with a hydrophobic transmembrane spanning domain and the intracellular
tyrosine kinase (Fig. 4). Fn;2 is interrupted by a 120-amino-acid insert containing a
furin cleavage site that generates upon cleavage the o- and p-subunits of the
holoreceptor. Depending upon relative expression levels, the pro-receptors for
insulin and IGF1 assemble either as disulfide-linked homodimers — IR (af™ap™)
or the IGFIR (ap'“F"Reqp'SFIRy _ or as hybrid receptors (op™e op'“"'®) with
approximate molecular masses of 350,000 by SDS-PAGE (Benyoucef et al. 2007).
Since the insulin receptor occurs in two isoforms, five receptor types can be
produced from the co-expressed receptor genes (Blanquart et al. 2008). Upon
reduction of the disulfide bonds, SDS-PAGE resolves the InsR and IGFIR into the
a- and B-subunits that migrate near 135-kDa and 95-kDa, respectively (Kasuga et al.
1982c; Hedo et al. 1983). Hybrid receptors can be detected by specific immunoblot-
ting strategies (Benyoucef et al. 2007).

Like the EGFR, each insulin receptor a-subunit contains two insulin-binding
sites, but unlike the EGFR a functional high-affinity site is created between adjacent
a-subunits. Insulin binding begins through interactions between “S2” on insulin with
the Fn;1°Fns2 interface in the a-subunit (De Meyts et al. 2004). Sixteen amino acid
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Fig. 4 A diagram of the activated insulin receptor. Diagram of the mature insulin receptor
composed of two extracellular a-subunits and two intracellular b-subunits. Contiguous modules
of the two « subunits are indicated by black or white labels and dashed tracings. The holoreceptor
is stabilized extracellularly by disulfide bonds between cysteine residues (S-S) in the a- and
B-subunits, as well as by noncovalent interactions. Two regions within the a-subunit contribute to
insulin binding — including L1+CR (and the extra 12 amino acids encoded by exon-11 in the B
form of the insulin receptor) that binds S1 of insulin and the junction between Fns1 (the first
fibronectin III domain) and Fn32 that S2 of insulin. The B-subunit contains the tyrosine kinase
catalytic domain with an ATP-binding site (Lys;30) and several tyrosine phosphorylation sites,
including those in the juxtamembrane region (pYo;2), activation loop (pYiss, 1162, 1163), and
carboxyl terminal regions

residues at the COOH-terminus (CT) of Fn32 interact with the L1+CR-region to
create a composite insulin-binding site — L1 — CR — CT — that interacts with “S1”’
on insulin (Figs. 3 and 4). Although the a-subunits are arranged symmetrically in the
dimer, there is a sharp bend between the L2 and Fn;1 — Fn32 regions that juxtaposes
the L1 — CR — CT domain antiparallel to Fnz1 — Fn32 (Fig. 4) (Lawrence et al.
2007; Ward et al. 2007; McKern et al. 2006; Hubbard 2013; Vashisth and Abrams
2013). Insulin binds to the L1 — CR — CT domain of one a-subunit and to the
Fn;1 — Fnj32 region of the adjacent a-subunit to create the cross-link that activates
the kinase (Hubbard 2013). Only one insulin molecule can bind with high affinity
(Lawrence et al. 2007; McKern et al. 2006; Kiselyov et al. 2009). Inclusion of exon-
11 in IRB lengthens the CT-region by 12 amino acids, which modifies the



138 M.F. White

L1+CR<CT domain to exclude IGF2 binding and reduce strongly IGF1 affinity, while
promoting high insulin-binding affinity. These details have been described in detail
(Vashisth and Abrams 2013; Menting et al. 2013).

Structure and Regulation of the INSR Tyrosine Kinase

The discovery that rare cases of severe insulin resistance in humans associated with
INSR mutations that inactivate the tyrosine kinase — without altering insulin binding
— reveals tyrosyl phosphorylation as the principle signal that drives insulin signaling
(Taylor 1999). The intracellular portion of the insulin receptor -subunit is composed
of three distinct regions that contain tyrosyl phosphorylation sites (numbered as in
IRB): Y65 and Yo7, in the juxtamembrane region between the transmembrane helix
and the cytoplasmic tyrosine kinase domain; Y1;sg, Y1162, and Y143 in the activation
loop (A-loop) of the catalytic core; and Yi33 and Y334 in the COOH-terminus
(Ullrich et al. 1985; White et al. 1988; Rajagopalan et al. 1991) (Fig. 4). As
summarized in the previous sections, most receptor tyrosine kinases are activated
by ligand-induced dimerization, which brings two intracellular catalytic domains
together to mediate tyrosine phosphorylation of the A-loop and the other sites that
recruit cellular substrates (Schlessinger 2000). Since the homologous InsR and
IGFIR reside in the plasma membrane as preformed but inactive covalent dimers,
high-affinity insulin or IGF binding adds a transient cross-link to induce and stabilize
structural transitions within the receptor that activate the intracellular catalytic site
(Hubbard 2013).

Before insulin stimulation, the unphosphorylated Tyr;6, — the second of the three
A-loop tyrosine residues — is positioned near the catalytic site, while the amino-
terminal end of the A-loop (D1,50FG-motif) folds into the ATP-binding site elevating
the apparent K, for ATP (Hubbard 2013; Cann and Kohanski 1997; Hubbard et al.
1994). Since the closed A-loop exists in equilibrium with an open conformation,
ATP occasionally gains access to mediate basal autophosphorylation (Till et al.
2001). Infrequent oscillation from the “closed” to an “open” conformation in the
basal state might be coupled to complementary changes in the a-subunits, which can
be stabilized by insulin binding to accelerate ATP entry and accelerate trans-
autophosphorylation of Tyrj;. Once initiated, the autophosphorylation cascade
progresses to Tyr;;sg but more slowly to Tyr;;63, which stabilizes the open confor-
mation to allow unrestricted access by Mg-ATP and protein substrates (Hubbard
2013). This model of kinase regulation is supported by activation of the kinase upon
substitution of Aspy;; with alanine in the middle of the A-loop, which shifts the
steady-state conformation of the unphosphorylated A-loop toward the open config-
uration (Till et al. 2001). Substitution of Tyr;;4, With phenylalanine also increases
basal autophosphorylation, consistent with its role to stabilize the closed conforma-
tion or compete with ATP and protein substrates for binding at the kinase active site
(Ellis et al. 1986; Wilden et al. 1992). Whether other kinases can activate the insulin
receptor by phosphorylation of A-loop tyrosine residues independently of insulin is
an open question that deserves attention.
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The Insulin Receptor Substrates

Following discovery of the RTKs, many investigators searched for cellular pro-
teins that might mediate downstream signals (Kasuga et al. 1982a; Kasuga et al.
1982b). The “substrate” hypothesis was an attractive mechanism from the begin-
ning, but it was difficult to establish because beyond the RTKs themselves, only
proteins with unlikely signaling potential were found initially (Cooper et al. 1983).
The first evidence for a substrate of any RTK came from anti-phosphotyrosine
antibody immunoprecipitates that revealed a 185-kDa phosphoprotein (pp185) in
insulin-stimulated hepatoma cells (White et al. 1985). This protein displayed many
features expected for a biologically important insulin receptor substrate — including
immediate phosphorylation upon insulin stimulation and no phosphorylation by
catalytically inactive or biologically inactive insulin receptors (White et al. 1988).
Together these data provided the first clue that receptor autophosphorylation
followed closely by substrate phosphorylation could be the initial step in signal
transduction.

Purification and molecular cloning of pp185 revealed the first of a large family of
signaling scaffolds and the first insulin receptor substrate called IRS1 (Sun et al.
1991). Four IRS-protein genes exist in rodents, but only three (IRS1, IRS2 and
IRS4) are expressed in humans (Bjornholm et al. 2002). IRS1 and IRS2 are broadly
expressed in mammalian tissues, whereas IRS4 is largely restricted to the hypothal-
amus (Numan and Russell 1999; Sadagurski et al. 2014). The IRS proteins are
arguably the most important adapter molecules linking the InsR and IGFIR to
downstream signaling cascades and heterologous regulatory components used by
many signaling systems. Moreover, work with transgenic mice reveals that all
insulin responses — especially those that are associated with somatic growth; carbo-
hydrate, protein, and lipid metabolism; hepatic, adipose, skeletal muscle, and car-
diovascular physiology; pancreatic p-cell function; and central nutrient homeostasis —
are mediated through IRS1, IRS2, or both (White 2003).

IRS proteins are composed of tandem structurally similar PH and PTB domains
followed by a long unstructured tail of tyrosine phosphorylation sites that coordi-
nate the insulin/IGF signal. During insulin and IGF1 stimulation, some tyrosine
residues in the tail are phosphorylated and recruit the SH2 domains of various
signaling proteins, especially the 85 kDa regulatory subunit of the PI3K (White
and Myers 2001). The interaction between IRS1 and PI3K was the first insulin
signaling cascade to be reconstituted successfully in vivo and in vitro (Backer et al.
1992).

Specific insulin-stimulated tyrosine phosphorylation of the IRS protein is accom-
plished through at least two mechanisms — including specific recruitment of IRS to
the juxtamembrane region of the InsR followed by recognition of preferred phos-
phorylation motifs by the “open” catalytic domain. Several motifs have been iden-
tified as optimal insulin receptor-mediated phosphorylation sites in IRS1 — including
several YMXM-motifs and the YVNI-, YIDL-, and YASI-motifs (Songyang and
Cantley 1995; Songyang et al. 1995; Shoelson et al. 1992; Hubbard 1997). These
motifs are targeted by the InsR catalytic domain as antiparallel p-strands relative to
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the COOH-terminal end of the open A-loop. This orientation positions the hydro-
phobic side chain in the Y*' and Y2 positions into two hydrophobic pockets on the
activated kinase (Hubbard 1997).

The selective and regulated recruitment of IRS to the juxtamembrane region of
the activated InsR and IGFIR is important for signaling specificity. The
juxtamembrane region is about 35 residues long and connects the transmembrane
helix of the IR subunit to the kinase domain (Figs. 4 and 5). Autophosphorylation
of Tyre7, in the juxtamembrane region creates a docking site (.. .NPEpYg,. ..) for
the PTB (phosphotyrosine binding) domain in the IRS proteins and in another
signaling protein called SHC (White et al. 1988; Pelicci et al. 1992; Eck et al.
1996). The NPEpYy7,-motif fills an L-shaped cleft on the PTB domain, while the
N-terminal residues of the bound peptide form an additional strand in the B-sandwich
(Eck et al. 1996). The NPEpY ¢7,-motif is a low-affinity binding site for the PTB
domain of IRS1 (K4 ~ 87 pM), owing to a destabilizing effect of Eg7; that facilitates
autophosphorylation of Yg¢7, by the insulin receptor (Hubbard 2013; Farooq et al.
1999). By comparison, the PTB domain of SHC binds to NPEpYg;, with a much
higher affinity (K4 ~ 4 pM).

Regardless, the PH domain immediately upstream of the PTB domain helps
recruit the IRSs to the InsR (Fig. 3) (Yenush et al. 1996). The PH domain is
structurally similar but functionally distinct from the PTB domain (Dhe-Paganon
et al. 1999). Although the PH domain promotes the interaction between IRS and the
IR, its mechanism of action remains poorly understood as it does not bind
phosphotyrosine. PH domains are generally thought to bind phospholipids, but the
PH domains in IRS1 and IRS2 are poor examples of this binding specificity
(Lemmon et al. 1996, 2002). These PH domains bind to negative patches in various
proteins, which might be important for InsR recruitment (Burks et al. 1997).
Regardless, the PH domain in IRS plays an important and specific role as it can be
interchanged among the IRS-proteins without noticeable loss of bioactivity, whereas
heterologous PH domains reduce IRS1 function when substituted for the IRS1 PH
domain (Burks et al. 1998).

IRS2 utilizes an additional mechanism to interact with the insulin receptor, which
is absent in IRS1. Amino acid residues 591 and 786 — especially Tyrgp4 and Tyrg,g —
in IRS2 mediate a strong interaction with the activated InsR catalytic site (Sawka-
Verhelle et al. 1996, 1997). This binding region in IRS2 was originally called the

<<
«

Fig. 5 Schematic diagram of heterologous and feedback inhibition of insulin signaling mediated
by pS/T™®S! or degradation. Various kinases in the insulin signaling cascade are implicated in this
feedback mechanism, including PKB, mTOR, S6 K, ERK, AKT, and atypical PKC isoforms. Other
IRS kinases are activated by heterologous signals, including lipids, TNFa, or other cytokines.
Serine phosphorylation of IRS1 can recruit CRL7 ubiquitinylation complex to mediate degradation
of IRSs through the 26S proteasome. Proinflammatory cytokines that cause insulin resistance also
induce the expression of SOCS family members, which contain an NH,-terminal SH2 domain and a
COOH-terminal SOCS box (216,217). SOCS1 or SOCS3 can target phosphotyrosine residues in
IRS1 or IRS2 for ubiquitinylation and degradation, because the SOCS box associates with elongin
BC-containing ubiquitin ligase E3
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kinase regulatory-loop binding (KRLB) domain because tris-phosphorylation of the
A-loop was required to observe the interaction (Sawka-Verhelle et al. 1996). Struc-
ture analysis reveals an essential functional part of the KRLB domain — residues
620—634 in murine IRS2 — that fits into the “open” catalytic site of the insulin
receptor (Wu et al. 2008). With the A-loop out of the catalytic site — by auto-
phosphorylation or other means — Tyrgy; of IRS2 inserts into the receptor
ATP-binding pocket while Tyrgyg aligns for phosphorylation. This interaction
might attenuate signaling by blocking ATP access to the catalytic site, or it might
promote signaling by opening the catalytic site before tris-autophosphorylation.
Interestingly, the KRLB-motif does not bind to the IGFIR possibly explaining
signaling differences between InsR and IGF1R, as well as the receptor hybrids
(Wu et al. 2008).

Transcriptional Regulation of Insulin Signaling Components

Over a decade of genetic experiments in mice establishes that changes in the relative
function of a broad array of insulin signaling components, nutrient sensors, and their
downstream metabolic effectors can have profound effects upon insulin sensitivity
and nutrient homeostasis. While this work is remarkably informative, the complexity
and tissue specificity of heterologous regulation complicate the identification and
design of strategies for the treatment of insulin resistance and its pathological
sequela. Although the list of insulin signaling components and their interactions
continues to grow, the IRSs retain a special place as the common integrating node
that coordinates insulin responses in all tissues and cells. Indeed, a 50% reduction in
the concentration of the IR, IRS1, and IRS2 achieved by genetic methods causes
growth deficits and diabetes in mice (Kido et al. 2000). We are now aware of many
heterologous pathways that regulate the concentration and function of these proxi-
mal insulin signaling components, but how dysregulation of these mechanisms
contributes to the progression in humans of insulin resistance, metabolic disease,
and type 2 diabetes is not understood well enough to guide the development of
efficacious and safe treatments.

At the genomic level, various components in the insulin signaling cascade are
regulated byYY1 (Yin Yang 1) — including IGF1 and IGF2, IRS1 and IRS2, and
AKTI1, AKT2, and AKT3 in skeletal muscle (Blattler et al. 2012). Although the
concerted repression of multiple signaling components can have strong effects,
reduced expression of individual signaling molecules can also lead to insulin
resistance. Although decreased expression of IRS1 in patients and rodents is
associated with diabetes, few studies have investigated whether dysregulated
transcription of IRS1 might be involved. By contrast, IRS2 transcription is
regulated by multiple factors, including CREB (cAMP response element-binding
protein) and its coactivator CRTC2 (CREB-regulated transcription coactivator
2,), FOXO1/FOXO03, NFAT (nuclear factor of activated T-cells), TFE3 (tran-
scription factor E3), HIF2a (hypoxia-inducible factor-2a encoded by Epasl), and
SREBP1 (sterol regulatory element-binding protein 1) (Thorpe et al. 2015;
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Antonetti et al. 1996). Under fasting conditions, the cAMP-responsive CREB
coactivator CRTC2 promotes glucose homeostasis by stimulating gluconeogen-
esis in the liver upon assembly of CREB*CRTC2 dimers on relevant CRE
promoter sites, including a half-CRE on IRS2 (Antonetti et al. 1996). The
induction of hepatic IRS2 during fasting appears to modulate glucose homeosta-
sis as it mediates a feedback response that limits glucose output from the liver
even when the insulin concentration is low.

A transcriptional mechanism regulates IRS2 in pancreatic p-cells. Since p-cells
are always exposed to insulin and IGF, the insulin/IGF signaling cascade appears to
be regulated through the coordinate action of FOXO1/FOXO3, NFAT, and
CREB-*CRTC2 (Tsunekawa et al. 2011; Demozay et al. 2011; Jhala et al. 2003; Li
et al. 2008). Since B-cell mass and function must be protected during the challenge of
chronic nutrient excess, heterologous mechanisms — including glucose-stimulated
Ca®" influx and cAMP production — defend IRS2 expression. In addition to its
immediate role in insulin secretion, Ca®" activates calcineurin which dephosphory-
lates NFAT to facilitate its entry into the nucleus where it induces expression of IRS2
and other genes (Demozay et al. 2011). Glucose, glucagon-like peptide-1, and other
GPCR agonists also increase the cAMP concentration in p-cells, which has many
important effects, including the activation of CREB*CRTC2 that promotes IRS2
transcription (Assmann et al. 2009; Park et al. 2006). Through this mechanism, the
responsibility for insulin/IGF1 itself to trigger downstream insulin/IGF signaling in
fB-cells has been replaced by indirect control through glucose, incretins, or neuronal
signals — the physiologically relevant regulators of pancreatic p-cell function.
Whether drugs can be found to modulate this mechanism to promote p-cell function
needs to be further investigated (Kuznetsova et al. 2016).

Regulation of Insulin Signaling by Proteolysis

Proteasome-mediated degradation regulates many biological processes including
signal transduction, gene transcription, and cell cycle progression (Kirschner
1999). Proteins targeted for destruction by the 26S proteasome are poly-
ubiquitinylated by various complexes containing ubiquitin-activating enzymes
(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein ligases (E3).
IRS1 and IRS2 can be polyubiquitinylated during chronic inflammatory states,
nutrient excess, and hyperinsulinemia through various tissue-specific mechanisms
(Rui et al. 2001).

One of these regulatory pathways is associated with proinflammatory cytokine-
mediated upregulation of SOCS1/SOCS3 (suppressors of cytokine signaling)
(Fig. 5).In another mechanism, the cullin-RING E3 ubiquitin ligase 7 (CRL7) can
mediate IRS1 degradation downstream of feedback serine phosphorylation signals
generated by PI3BK—AKT—mTORCI cascade (Xu and Sarikas 2008) (Fig. 5).
Chronic consumption of high-calorie diets upregulates CBLB (Cbl proto-oncogene
B), a RING-type E3 ubiquitin ligase that belongs to the casitas B-lineage lymphoma
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family of proteins (Samuel and Shulman 2012). CBL proteins share a conserved
NH,-terminal region containing a tyrosine kinase-binding domain and a RING-
finger domain to facilitate E3 ubiquitin ligase activity. Calorie excess induces
ChREBP (carbohydrate-responsive element-binding protein) and SREBP1c, which
upregulates MSTN (myostatin) in murine muscle and liver-inducing CBLB to drive
insulin resistance through the polyubiquitinylation and degradation of IRS1 (Bonala
et al. 2014). Finally, MG53 (Mitsugumin 53), a TRIM (tripartite motif-containing)
family E3 ubiquitin ligase, can promote IRS1 and InsR degradation in muscle during
calorie excess.

Heterologous Regulation of IRS1 by Ser/Thr Phosphorylation

IRS1 and IRS2 are regulated by a complex mechanism involving phosphorylation of
more than 50 serine/threonine residues (pS/T™>' or pS/T'™®5?) located in the tail
regions (see Fig. 5) (Copps and White 2012). Understanding how phospho-S/Ts
regulate signaling is a difficult problem because so many sites and phosphorylation/
dephosphorylation mechanisms can be involved. Heterologous signaling cascades
initiated by proinflammatory cytokines or metabolic excess — including TNFa
(tumor necrosis factor-a), endothelin-1, angiotensin II, excess nutrients (free fatty
acids, ceramides, amino acids, and glucose), or endoplasmic reticulum stress — are
implicated in pS/T™®®! (Zick 2003; Gual et al. 2005) (Fig. 5). Many biochemical and
genetic experiments in cell-based systems suggest that various pS/T®S! sites are
associated with a 50% reduction of insulin-stimulated tyrosine phosphorylation
(Zick 2005). Based upon genetic experiments, this level of inhibition is sufficient
to cause glucose intolerance that could progress to diabetes, especially if pancreatic
B-cells also fail to provide adequate compensatory hyperinsulinemia (Kido et al.
2000).

A few studies have investigated directly the function of pS/T™®S! in transgenic mice
or genetic knock-in to augment or replace endogenous (wild-type) IRS1 with a mutant
version. Transgenic expression in mice of a triple Ser—Ala mutant of IRS1
(S—A302™'; S—A307™!"; S—A612"™") expressed in skeletal muscle suggest that
phosphorylation at these serine residues can promote insulin resistance (Morino et al.
2008). Regardless, genetic knock-in experiments to replace wild-type IRS1 in mice with
a single mutant (S—A307"*5") do not support this result (Copps et al. 2010). Contrary to
the sensitizing effect of the A307™%! mutation in cell-based assays, homozygous
A307"™5" mice show increased fasting insulin, mild glucose intolerance, and decreased
PI3K binding (p85 and p110) compared against control mice. Moreover, homozygous
A302™5" mice display normal insulin signaling, even though S302™" is a major insulin-
stimulated site in skeletal muscle (Copps et al. 2016). It is possible that multiple
phospho-S/Ts work together to inhibit insulin signaling.

pS/T™®S! s usually considered to be associated with the progression of insulin
resistance; however, recent work suggests that it might also be an important phys-
iological feedback mechanism to control the intensity of insulin signaling. Using
monoclonal antibodies against more than 25 pS/T™5! we noted that all the observed
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phosphorylation events increase during insulin stimulation (Hancer et al. 2014).
Moreover, these pS/T™5! are downstream of the PI 3-kinase and AKT, whereas
some of the phosphorylation sites are also sensitive to mTorc1, S6 k, or some stress-
activated kinases (Hancer et al. 2014). While inhibition of various kinases reduce
pS/T™®S! they increase insulin-stimulated pY™'. Thus, pS/T™%'appears to be an
integrated mechanism to modulate insulin-stimulated pY™S' by feedback or heter-
ologous inflammatory cascades.

Dephosphorylation of pS/T'**! Couples GPCRs to the PI3K—AKT
Cascade

Recent work suggests that pS/T™®®! might be an important mechanism coupling
GPCRs (G-protein-coupled receptors) to the PI3K — AKT cascade.PI3Ks are lipid
kinases central to numerous signaling pathways, which are organized into three
classes — class I, class II, and class III (Thorpe et al. 2015). RTKSs usually regulate the
class IA PI3Ks, which are composed of one catalytic subunit (pl110a or p110p)
inhibited and stabilized by a regulatory subunit (p85a, p85p, pS5a, pSOa, or pS5y)
(Antonetti et al. 1996; Taniguchi et al. 2006; Ueki et al. 2002). The regulatory
subunits contain 2 SH2 (src homology 2) domains that bind phosphorylated YMPM-
motifs in IRS1/IRS2 to disinhibit the catalytic domain that produces PI P;
(phosphatidylinositol 3,4,5-trisphosphate) (Thorpe et al. 2015; Vanhaesebroeck
et al. 2012; Cantley 2002). The p110y isoform does not bind to a p85 subunit but
binds to the unrelated p101 regulatory subunit linking p110y to Gg, subunits released
from heterotrimeric G-proteins downstream of GPCRs (G-protein-coupled recep-
tors) (Vanhaesebroeck et al. 2012).

Regardless, we found that pS/T™'also has a role in the regulation of
PI3K—AKT signaling by GPCRs (G-protein-coupled receptors) (Law et al. 2016).
This mechanism was discovered during experiments investigating the activation of
AKT by FSH (follicle-stimulated hormone). FSH binds to its GPCR, which activates
PKA (protein kinase A) upon adenylyl cyclase-mediated cAMP production
(Hunzicker-Dunn and Maizels 2006), but how this mechanism couples to
PI3K — AKT has been difficult to understand (Srinivas et al. 1997;
Balasubramanian et al. 1997). Interestingly, ovarian granulosa cells secrete low
levels of IGF1 that activate constitutively the IGFIR through a paracrine mecha-
nism. However, IGF1 fails to stimulate IRS1 tyrosine phosphorylation or recruit
PI3K before FSH stimulation (Law and Hunzicker-Dunn 2016).

In ovarian granulosa cells and some other cell types, GPCRs — PKA can
phosphorylate MYPT1 (myosin phosphatase-targeting subunit 1) — a regulatory
subunit of PP1 (protein phosphatase 1). Importantly, the phosphorylated and acti-
vated MYPT1<PP1 complex associates with the IGF1R<IRS1 complex where it can
dephosphorylate at least four (and possibly more) pS/T™*®! — including S318™5!,
Ser346™S! Ser612™5!, and S789'™S!. Regulated dephosphorylation of
pS/T®S!promotes IRS1 tyrosine phosphorylation, which activates the PI3K—AKT
cascade (Fig. 6). In this model, activation of PI3K requires both PKA-mediated relief
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of IRS1 inhibition and IGF1R-mediated tyrosine phosphorylation of IRS1. Together
these effects couple GPCR — cAMP signaling to the AKT—| FOXOL1 (fork head
box O1) to drive synergistic expression of genes that underlies follicle maturation
(Law et al. 2016). PP1 activation to relieve IRS1 inhibition might be a general
mechanism by which GPCRs act with the insulin and IGF receptors or possibly other
receptors to activate PI3K — AKT cascade.

Summary and Perspectives

The investigation of the RTKSs reveals a highly integrated multisystemic network that
plays critical roles in cellular growth, differentiation, development and metabolism.
When receptor tyrosine kinases fail, life threatening diseases develop, especially
cancer but also progressive metabolic disease. Importantly, when a mutation consti-
tutively activates a RTK (i.e. EGFR) cell growth can accelerate in unpredictable
locations. On the other hand, loss of function can disrupt metabolic homeostasis (i.e.
IR). Since the network of signaling pathways controlled by RTKSs are similar across
the families, drugs to modulate dysregulated signaling to control disease progression
can have unintended consequences. For example, efforts to suppress the PI3K
cascade to stop cancer growth might also cause severe glucose intolerance and
life-threatening diabetes. Innovative ways to modulate dysregulated RTK—perhaps
with targeted antibodies or other engineered binding proteins—can provide ways to
leverage RTKs for the cure of disease.
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Andrew J. Brooks, Farhad Dehkhoda, and Birthe B. Kragelund

Abstract

Cytokine receptors initiate intracellular signaling that regulate a diverse range of
biological and medically important functions including metabolism control,
neural stem cell activation, inflammatory responses, bone development, as well
as blood cell and immune cell development and growth. The unifying feature of
these receptors is their ability to activate the JAK-STAT pathway; however, they
are grouped into two structurally related classes, known as class I and class II.
Class I cytokine receptors have over 30 members including receptors for eryth-
ropoietin (EPO), prolactin (PRL), growth hormone (GH), thrombopoietin (TPO),
leptin, (LEP), granulocyte-macrophage colony-stimulating factor (GM-CSF),
leukemia inhibitory factor (LIF), interleukin-3 (IL-3), IL-5, IL-6, and IL-7. The
class II cytokine receptor family includes the interferon receptors, IL-10 receptor,
and number of more recently discovered cytokine receptors for IL-19, IL-20,
1L-22, 1L-24, IL-26, and 1L-29. This chapter will review the structure, activation
mechanism, and signaling of cytokine receptors.
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Introduction

Cytokine receptors play pivotal roles in many cellular processes. They initiate signal-
ing cascades that regulate a vast range of vital physiological functions, including
metabolism control, neural stem cell activation, inflammatory responses, bone devel-
opment, as well as blood cell and immune cell development and growth. They are also
involved in reproduction, lactation, postnatal growth, and body composition. One of
the most defining and indeed unifying features of this diverse group of receptors is
their ability to activate Janus kinase (JAK) tyrosine kinases to initiate signaling. The
cytokine receptors are grouped into two classes based on sequence homology and
structural features. The class I cytokine receptor family (Fig. 1) comprises more than
30 members including receptors for erythropoietin (EPO), prolactin (PRL), growth
hormone (GH), thrombopoietin (TPO), leptin (LEP), granulocyte-macrophage colony-
stimulating factor (GM-CSF), leukemia inhibitory factor (LIF), interleukin-3 (IL-3),
IL-5, IL-7, and IL-6 (Waters and Brooks 2015). The class II receptors initially included
the interferon receptors and IL-10 receptor; however, due to the discovery of further
cytokines and their receptors, this class has expanded to include others such as IL-19,
IL-20, IL-22, IL-24, IL-26, and IL-29 (Renauld 2003). Only some class I cytokine
receptors have ligands that are considered hormones and are directly involved in the
endocrine system. These are GH, PRL, and LEP.

Cytokines
Cytokines are a group of pleiotropic small soluble polypeptides that exhibit a wide

range of actions. They can affect cells from which they are secreted in an autocrine
fashion, on other cells in near vicinity in a paracrine fashion, or on distant target cells
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in an endocrine fashion. Cytokines bind to their cognate transmembrane receptors
and initiate downstream signaling leading to multiple functions including induction
of immune responses, cell proliferation, altered metabolism, and differentiation.
Class I cytokines (activate class I cytokine receptors) are characterized by their
four-a-helix bundle protein structures. The four a-helices of hematopoietic cytokines
fold in an “up-up-down-down” orientation with the two first helices (A and B) being
parallel to each other and antiparallel to the other two (C and D), and they are
connected by two long, overhand loops (Kossiakoff and De Vos 1998). Based on the
length of these helices, they are classified into two groups: a “short-chain” group and
a “long-chain” group (Wells and de Vos 1996). Members of the “long-chain” group
possess 160-200 residues and long helices (~25 residues) with an angle of about 18°
between the AD and BC helix pairs (Sprang and Bazan 1993). Based on structural
evidence, growth hormone (GH), interleukin-6 (IL-6), granulocyte colony-
stimulating factor (G-CSF), leukemia inhibitory factor (LIF), erythropoietin
(EPO), and prolactin (PRL) (Kossiakoff and De Vos 1998) belong to the long-
chain cytokine group. Analogously, cytokines that belong to the short-chain group
are shorter (105—-145 residues) with shorter helices (~15 residues) and a wider
AD/BC packing angle of 35°. Members of this family include granulocyte-
macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating
factor (M-CSF), IL-2, IL-3, IL-4, IL-5, IL-7, IL-9, and IL-13 (Wells and de Vos 1996).
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In addition, the short-chain group of cytokines contains pB-sheets in their structure, a
structure that long-chain cytokines lack (Sprang 1993). The first structure solved of a
cytokine was porcine GH (Abdel-Meguid et al. 1987), and later the crystal structure of
human GM-CSF was reported (Walter et al. 1992).

Class II cytokines were originally confined to interferons (IFNs) and IL-10;
however, with the discovery of new cytokines, this has forced a reorganization of
the classifications. Based on current classification, class II cytokines are grouped into
four different types including type I, II, and III IFNs and the IL-10 family of
cytokines. Although these cytokines share common structural features, they induce
various and diverse responses on their target cells (Pestka et al. 2004b).

Cytokine Receptors
Class | Cytokine Receptors

Members of the class I cytokine receptor family (also known as the hematopoietin
superfamily) are fundamentally important in a diverse range of biological processes,
and their dysregulation is implicated in roles in cancers, inflammatory bowel disease,
osteoporosis, multiple sclerosis, as well as disorders related to blood cell formation,
postnatal growth, obesity, lactation, and neural function. All class I cytokine recep-
tors employ receptor-associated Janus kinases (JAK1, JAK2, JAK3, and TYK2)
bound to a conserved “Box1” motif of the intracellular domain of the receptor to
initiate intracellular signaling (Waters and Brooks 2015). Generally this is predom-
inantly transmitted through activation of signal transducers and activators of tran-
scription (STATs), of which several different types exist (STAT1, STAT2, STATS3,
STAT4, STATS5a, STATSb, and STAT6). In addition to the associated JAKSs, several
members of the class I receptor family have now been shown to associate with and
activate Src family kinases (SFKs), and for some receptors, this has been further
defined to be independent of receptor interaction with, and activations of, JAK
(Ingley 2012; Kobayashi et al. 1993; Perugini et al. 2010; Rowlinson et al. 2008).
The cytokine receptors are single-pass transmembrane receptors with an
N-terminal extracellular domain (ECD) and a C-terminal intracellular domain
(ICD) (Fig. 1). Great insight into the mechanism of these receptors has been obtained
through solving the extracellular domain structures that bind their ligand. ECD
structures of many members of this receptor family have now been solved including
that of GHR (Brown et al. 2005; de Vos et al. 1992), EPOR (Livnah et al. 1998,
1999), PRLR (Broutin et al. 2010; Dagil et al. 2012), GM-CSFR (Hansen et al.
2008a), IL-3Ra (Broughton et al. 2014), IL-6R (Boulanger et al. 2003; Skiniotis
et al. 2005), IL-7Ra (McElroy et al. 2009), and LIFR (Huyton et al. 2007; Skiniotis
et al. 2008). There are currently no high-resolution structures of a full-length class I
cytokine receptor; however, there is a low-resolution EM structure of the full-length
IL-6 receptor with bound JAK1 (Lupardus et al. 2011), and recently a full structural
model was presented of full-length PRLR (Bugge et al. 2016b). A few NMR
structures of the transmembrane domains (TMDs) have been solved which show
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how these are a-helical (Bugge et al. 2016b; Kim et al. 2007; Li et al. 2014, 2015),
and a recent in-depth review has described the details of these structures, including
their dimers (Bugge et al. 2016a). The only structural analysis of the intracellular
domain for class I cytokine receptors has shown that the ICDs of the GHR and PRLR
are intrinsically disordered throughout their entire length and appears to contain
disordered lipid interaction domains (Bugge et al. 2016b; Haxholm et al. 2015).

The extracellular domain of class I cytokine receptors is characterized by an
approximately 200-amino acid residue-long modular region known as a cytokine
receptor homology (CRH) domain (de Vos et al. 1992) that comprises a cytokine-
binding region (Fig. 1). The CRH module possesses two fibronectin type III (FNIII)
domains connected via a short, rather inflexible linker region. The N-terminal
domain of the CRH (upper FNIII) carries four conserved cysteine residues that
form two disulfide bonds. The membrane-proximal C-terminal domain (lower
FNIII) contains a conserved WSxWS motif, with the exception of GHR which
possesses the homologous sequence YGeFS (Waters and Brooks 2011). The
WSxWS motif is not necessary for cytokine binding; however, it is important for
the receptor expression and stability (Hilton et al. 1995) and has been speculated to
form a binding site for ligands of the extracellular matrix (Olsen and Kragelund
2014). The WSxWS motif appears not to be directly involved in binding the ligand
(Dagil et al. 2012; Olsen and Kragelund 2014), but undergoes conformational
changes of importance for activation (see below for PRLR) (Dagil et al. 2012).
The WSxWS motif and conserved cysteine residues are defining features of the
class I cytokine receptor family (Bazan 1990; Liongue and Ward 2007). Some class I
cytokine receptors such as GHR, PRLR, and EPOR have a single CRH which is
sufficient to mediate cytokine binding and receptor activation, while other members
of this family carry additional membrane-proximal (FNIII) domains or immuno-
globulin IIT (Iglll) domains and may possess even more than one CRH (Fig. 1)
(Liongue and Ward 2007; Waters and Brooks 2015). Class I cytokine receptors that
possess two CRHs include LIFR, leptin receptor (LEPR or OBR), TPO receptor
(TPOR or MPL), and the common beta chain (fc) (Liongue and Ward 2007; Sato
and Miyajima 1994).

Each FNIII domain of the CRH possesses seven f-strands that are sequentially
named A, B, C, C’, E, F, and G, where these strands form a sandwich of two
antiparallel B-sheets, one with three strands (A, B, and E) and the other with four
strands C, C', F, and G (Bagley et al. 1997; de Vos et al. 1992; Wang et al. 2009). The
four conserved cysteine residues are buried deep in the core of the N-terminal FNIII
domain of a CRH and form two disulfide bonds that connect strands A to B and C’
to E. The GHR possesses an additional cysteine residue in the C-terminal E strand of
the CRH that forms a disulfide bond with strand F, the cysteine of which is also
present in other class I receptors as a reduced cysteine (Bagley et al. 1997; de Vos
et al. 1992; Wang et al. 2009). The linker between the two domains is short, rather
inflexible, and via a short turn formation, it generates an angle between the domains.
This arrangement secures that two tryptophans, one from each FNIII domain, are
presented toward the incoming ligand where they form prominent parts of the
binding site.
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Fig. 2 The homodimeric class I cytokine receptors. Illustration showing ECD, TMD, and ICD for
each member (a) and an example of a ligand-bound active receptor shown for GHR bound to GH (b)

Some members of the class I cytokine receptor family, including GHR, PRLR,
EPOR, and LEPR, are homodimers when bound to their activating ligand (Fig. 2).
Other receptor members form a complex of two receptor subunits and in some cases
three receptor subunits, where one subunit is shared between different cytokine
receptor complexes. There are three shared class I cytokine receptor subunits:
GP130 (also known as CD130, IL-6ST, or IL-6f), common beta chain (fc), and
common gamma chain (yc) (Broughton et al. 2015; McElroy et al. 2012; Miyajima
et al. 1992; Ozaki and Leonard 2002; Skiniotis et al. 2008). These shared receptors
do not typically show substantial affinity toward cytokines; however, in the presence
of cytokine-specific a-receptors, they form high-affinity cytokine receptor com-
plexes that initiate intracellular signaling (Hercus et al. 2013; Nicola and Hilton
1998; Wang et al. 2009).

The ICDs of cytokine receptors have properties that characterize them as intrin-
sically disordered (ID) (Dunker et al. 2001; Sigalov 2011; Tantos et al. 2012; Wright
and Dyson 1999), at least in the absence of bound signaling proteins (Bugge et al.
2016b; Haxholm et al. 2015; Skiniotis et al. 2008). Intrinsically disordered proteins
(IDPs) or regions (IDR) can fold upon binding (Dyson and Wright 2005), but very often
they exploit short linear sequence motifs (SLiM) for interactions (Davey et al. 2012;
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Fuxreiter et al. 2007; Neduva et al. 2005) that may or may not fold into a helix or a
strand when bound (Fuxreiter 2012; Fuxreiter et al. 2004; Mohan et al. 2006; Vacic
et al. 2007). Thus, the mere length of the ICDs of the cytokine receptors has the
potential to carry numerous small interaction motifs, which is the prerequisite for
their generally large interactome. The intracellular proline-rich Box1 motif, which is
a perfect example of a SLiM, is located a short distance from the cell membrane and
is an essential feature of this class of cytokine receptors. A less conserved Box2
sequence consisting of acidic, hydrophobic, and aromatic residues is located close to
but C-terminal of the Box1 motif (Bagley et al. 1997; Waters and Brooks 2015). The
Box1 motif is essential for signal transduction to JAKs and acts as a high-affinity
binding site for a cognate JAK, while the Box2 also appears to play an important role
in the interaction with, and signal transduction to, JAKs (Bagley et al. 1997,
Usacheva et al. 2002). Activation of the receptor results in JAK phosphorylation
followed by further phosphorylation of multiple tyrosine residues in the ICD of the
receptor (Brooks and Waters 2010; Shuai and Liu 2003). This provides a scaffold for
binding of STAT members, especially STAT5a and STATSb, which are subsequently
phosphorylated by the receptor-bound JAK. The phosphorylated STATs are then
transported to the nucleus where they drive the transcriptional regulation aspect of
the cytokine/hormone action (Baker et al. 2007; Brooks et al. 2008; Shuai and Liu
2003). The JAK members are not restricted to phosphorylation of certain tyrosine
residues in a cytoplasmic domain of a cytokine receptor as they can directly
phosphorylate other signal-transducing protein substrates. Accordingly, STAT1
and STAT3 can be activated directly by JAK2 without binding to the cytokine
receptor. The SFKs, Ras/extracellular signal-regulated kinase (ERK),
phosphoinositol (PI)-3 kinase/Akt, and nuclear factor kappa-light-chain-enhancer
of activated B cell (NF-kB) pathways are shown to be activated for GHR, PRLR,
and other cytokine receptors (Chin et al. 1998; Fresno Vara et al. 2000; Rawlings
et al. 2004; Slavova-Azmanova et al. 2014; Waters and Brooks 2011).

Homodimeric Class | Cytokine Receptors

The homodimeric class I cytokine receptors include the simplest members of this
family with a single CRH (GHR, PRLR, and EPOR) and more complex receptors
such as LEPR and TPOR with two CRHs (Fig. 2). The simple homodimeric
receptors have been extensively studied at the structural and functional level and
have become archetypes for understanding the mechanism of activation and signal
transduction. The GHR and PRLR will be discussed in detail due to their importance
in endocrinology and the large amount of structural and functional data available.

Growth Hormone Receptor (GHR)

Activation of GHR by GH mediates a diverse range of physiological actions,
particularity metabolic and growth-related actions. These actions can be directly
mediated by GH or indirectly by insulin-like growth factor 1 (IGF-1) (Brooks and
Waters 2010; Lichanska and Waters 2008). There is considerable evidence for an
important role for GH signaling in cancer, including a role for nuclear-localized
GHR (Brooks et al. 2008; Chhabra et al. 2011; Conway-Campbell et al. 2007, 2008).
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The GHR signals through the well-characterized JAK-STAT signaling pathway and
also through ERKI1/ERK2 signaling via SFKs (Brooks and Waters 2010). The
extracellular domain of GHR is cleaved by proteolysis from the full-length mem-
brane-bound form, generating a soluble protein that retains GH-binding ability. This
protein is known as the growth hormone-binding protein (GHBP) and can be found
in humans and other species (Barnard et al. 1989; Baumann 2002). There is strong
evidence that GHBP plays important functional roles in modulating GH action
(Herington and Brooks 2014).

The GHR is a 638-amino acid residue-long homodimeric class I cytokine receptor
with one CRH, a single-pass transmembrane domain, and a 350-residue-long cyto-
plasmic intracellular domain. The GHR was the first class I cytokine receptor to be
cloned and the first to have its extracellular domain structure solved. This crystal
structure was in complex with the ligand GH and showed two receptors bound to a
single hormone (de Vos et al. 1992). Elegant biophysical studies showed that GH
first bound one receptor with high affinity at a site known as site 1 and then
subsequently bound the second receptor with lower affinity in what is known as
site 2 (Cunningham et al. 1991; Fuh et al. 1992). The residues that contribute with
major binding energy in the hormone/receptor complex are Trp'®* and Trp'®, one
from each site with Trp'®* playing a key role in the weaker site 2 interaction
(Clackson et al. 1998; Walsh et al. 2004). The lower cytokine receptor domain of
each receptor interacts and thus is also termed the dimerization domain or site 3 with
significant contribution to the overall stability of the ternary complex (Chen et al.
1997; Waters and Brooks 2011).

Prolactin Receptor (PRLR)
The biological functions of PRLR signaling include, in addition to its regulation of
lactation, growth and differentiation of the mammary gland, modulation of cell
proliferation, and survival (Freeman et al. 2000; Horseman and Gregerson 2014;
Oakes et al. 2008). Although it remains controversial, a link between PRL signaling
and cancer, especially breast and prostate cancers, has been proposed (Bogorad et al.
2008; Ginsburg and Vonderhaar 1995; Tworoger et al. 2013; Wennbo et al. 1997).
Activation of the PRLR by PRL, which is produced by the pituitary gland or locally
in certain tissues such as the breast and prostate, activates primarily the JAK2/
STATS, the PI3K/Akt, and the mitogen-activated protein kinase (MAPK) pathways,
for the latter mainly ERK1/ERK2 and p38 MAPK (Clevenger 2003; Clevenger et al.
2009). In addition, SFKs including Fyn and Src, focal adhesion kinase (FAK), and
a Vav2-Nek3-Rac signaling axis are activated (Acosta et al. 2003; Clevenger and
Medaglia 1994; Miller et al. 2007). PRLR regulates the transcription of numerous
genes, including receptor activator of NF-xB ligand (RANKL), important for mam-
mary gland development (Srivastava et al. 2003), and suppressor of cytokine
signaling-3 (SOCS3), a negative feedback regulator of cytokine signaling (Barclay
et al. 2009); see below.

The many physiological functions of the PRLR may also be associated with its
rare ability to bind other hormones than its cognate ligand PRL, and under different
physiological conditions, it can signal in responses to GH and placental lactogen
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(PL) (Bole-Feysot et al. 1998; Fu et al. 1992). Although the GH, PRL, and PL are
structurally homologous (Teilum et al. 2005), different residues have been shown to
be responsible for providing the energy and specificity of the interaction in complex
with PRLR (Broutin et al. 2010; Elkins et al. 2000; Somers et al. 1994). Interestingly,
the different complexes are variably sensitive to environmental factors such as pH
(Keeler et al. 2004).

Similar to the GHR, the PRLR forms trimeric complexes with the hormones;
whereas the binding site 1 and 2 affinities of the GH/GHR complex are both in the
nM range (Cunningham et al. 1991; Uchida et al. 1999), binding of PRL to PRLR
occurs through a much lower combined site 2 and site 3 interactions with just
~30 pM affinity (Jomain et al. 2007). This indeed has consequences for the lifetime
of the complex and is manifested in a signaling network, similar to but also different
from GHR.

As an archetype and simple class I receptor, the PRLR has only a single CRH on
its extracellular side, and in addition to the defining cysteine bridges, the WSxWS
motif possesses different additional molecular switches within the lower FNIII
domain of relevance to its signaling properties. Based on structural and other
biophysical studies, it was found that the WSxWS motif adopted a significantly
different conformation in the unbound state of the receptor compared to that of the
complex. In the unbound state, the two side chains of the two tryptophans Trp'®! and
Trp'®* arrange in a T-stack that stabilizes an offstate of the receptor in which the
dimerization surface of the receptor (site 3) is not mature (Dagil et al. 2012). Binding
of the hormone leads to a conformational change that reorients the tryptophans into a
tryptophan-arginine ladder (Olsen and Kragelund 2014) with measureable local
effects in the receptor dimerization site (site 3). Thus, in PRLR, and potentially in
other receptors, the lower FNIII domain acts to stabilize the receptor off-state, a role
that is supported by a constitutive signaling of a prostate cancer-identified variant
that lacks this domain (AS2) (Tan et al. 2013), as well as a constitutive active
variants, Ile'*® — Leu'*, identified in a breast cancer cohort (Bogorad et al.
2008). Furthermore, a second motif, forming a quartet of residues, and only impor-
tant in the second receptor in the complex, was seen to control the duration of
intracellular MAPK signaling (Zhang et al. 2015). Thus, together these data high-
light the very interesting notion that the extracellular domains of class I receptors are
not just mere ligand-binding domains that act to capture these in the surrounding
solute, but they may exert more sophisticated tasks in modulating the onset as well as
the timing of intracellular signaling.

The PRL/PRLR receptor system has been structurally characterized both using
x-ray crystallography and solution-state NMR spectroscopy, and the portfolio of
structures includes structures of PRL (Teilum et al. 2005), the 1:1 and 1:2 complexes
of PRL:PRLR-ECD (Broutin et al. 2010) and of PL:PRLR-ECD (van Agthoven
et al. 2010), and the 1:1 complex of a PRL-based antagonist and the PRLR-ECD
(Svensson et al. 2008). Besides structures of the complexes, the NMR structure of
the unbound PRLR-ECD-D2 domain (C-terminal FNIII domain) has been solved
(Dagil et al. 2012), and thorough NMR and biophysical characterization have
characterized the hPRLR-ICD as being intrinsically disordered throughout its length
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(Haxholm et al. 2015). Recently, combining NMR and computation, a full structural
model of the human PRLR was described, which was the first full structure of any
cytokine receptor (Bugge et al. 2016b). This structure highlighted that the extracel-
lular domain merely is the tip of a huge molecular iceberg with a long and extended
capture radius of the disordered ICD. Interestingly, the structure of the transmem-
brane helix, which was solved in a membrane mimic detergent, was seen to be
equally as long as one FNIII domain, and since this domain carries much of the
responsibility for the dimerization process as well as acts as transducers of the signal
across the lipid bilayer, this holds the key to the mechanistic understanding.

gp130 Family of Shared Cytokine Receptors

The gp130 is the founding member of the tall cytokine receptors (>1 CRH) and
serves as a signal-transducing subunit for IL-6, IL-11, IL-27, LIFR, oncostatin-M
(OSM), ciliary neurotropic factor (CNTF), cardiotrophin-1 (CT-1), cardiotrophin-
like cytokine (CLC), and others (Fig. 3). The roles played by the gp130 family of
cytokines are diverse and include immune responses, neural growth, maintenance of
stem cell pluripotency, and cardiovascular functions through signaling via IL-6,
CNTE, LIF, and CT-1, respectively. The gpl130 cytokines form a dimerization
complex through three different combinations of receptor subunits and engage in
oligomeric signaling complexes (Wang et al. 2009). The first combination is the
formation of a gp130 homodimer following cytokine (IL-6 or IL-11) binding to the
specific a-receptors IL-6Ra and IL-11Ra (Matadeen et al. 2007; Schuster et al.
2003; Xu et al. 2010). The second gp130-receptor combination is the formation of a
heterodimer with the shared LIFR induced by multiple cytokines such as OSM,
CLC, LIF, CNTF, or CT-1 (Pflanz et al. 2004; Skiniotis et al. 2008). Of these
cytokines, LIF and OSM can directly interact with gp130 or LIFR with no need to
bind any specific a-receptor. However, other cytokines (CLC, CNTF, and CT-1)
need to be recognized by a nonsignaling CNTFa receptor (CNTFRa) to form a
quaternary signaling complex with gp130 and LIFR (Elson et al. 2000). The third
gp130 complex is with the OSM receptor. OSM is the only cytokine that can induce
LIFR/gp130- and OSMR/gp130-receptor combinations (Heinrich et al. 1998; Wang
et al. 2009).

IL-6 is a pleiotropic cytokine that exhibits both inflammatory and anti-
inflammatory functions dependent on its cellular context. It also plays a substantial
role in hematopoiesis, regeneration, and tumor formation (Jenkins et al. 2007;
Scheller et al. 2011). IL-6Ra contains three domains (D1-D3), where D2 and D3
comprise one CRH (Fig. 3). The IL-6/gp130-receptor complex is initiated by
binding of IL-6 to its specific nonsignaling receptor (IL-6Ra) via site 1 interaction.
Following binary (IL-6/IL-6Ra) complex formation, this competent complex binds
to the CRH of gp130 (situated at D2-D3) via site 2 interactions to form an interme-
diate nonsignaling ternary complex (Boulanger et al. 2003; Skiniotis et al. 2005).
This complex then dimerizes with another ternary complex via interactions in site
3 and with gp130 D1 to form a signaling-competent hexamer (Fig. 3). The hexamer
complex contains a membrane-distal “headpiece” and a membrane-proximal “leg”
region. A single-particle EM imaging of the ECD of gp130 in a hexameric complex
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A

Fig. 3 The gp130 family of shared cytokine receptors. Illustration showing the ECD, TMD, and
ICD for each receptor a-subunit (a); an example of a ligand-bound active receptor is shown for the
hexameric domain structure of gp130/IL-6/IL-6Ra (b)

with IL-6/IL-6Ra revealed that the C-terminal FNIII domain “legs” (D6 domains)
are brought into proximity on the cell surface upon cytokine binding to allow
transphosphorylation of receptor-associated JAKs (Skiniotis et al. 2005). This was
also supported by a later higher-resolution crystallography study of the entire
ectodomain of gp130 (Xu et al. 2010).

The B¢ Family of Shared Cytokine Receptors

Members of the family of the beta common (Bc) cytokines including IL-3, IL-5, and
GM-CSF are produced by activated T cells and play import roles in production,
survival, and activation of many hematopoietic cells (Broughton et al. 2012). Some
other cell types such as macrophages and epithelial cells can produce GM-CSF
(Wang et al. 2014). IL-3 is the most pleiotropic cytokine among these family
members as it stimulates production and function of hematopoietic stem cells,
mast cells, and basophils (Broughton et al. 2015; Dahl et al. 2004). Contrary to
IL-3, IL-5 is the most specific cytokine of this family and stimulates only the
production and activation of eosinophils (Broughton et al. 2015; Lopez et al.
1988). Recent studies have demonstrated that IL-3 and GM-CSF can have actions
outside the hematopoietic system. Preclinical studies suggested that GM-CSF
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contributes to metastasis of solid tumors by stimulating the overexpression of
vascular endothelial growth factor (VEGF) (Wang et al. 2014), matrix meta-
lloproteinase (Gutschalk et al. 2013), and chemokines (Broughton et al. 2015; Su
et al. 2014). On the other hand, other studies proposed that overexpression of
GM-CSF by human colorectal tumor cells might be an indication of improved
prognosis and/or extended patient survival in colorectal cancer patients (Nebiker
et al. 2014; Urdinguio et al. 2013).

The Pec is the main signaling subunit shared by the cytokines of this family;
however, it does not by itself bind to cytokines, but in the presence of a specific
receptor a-chain, high-affinity complexes are formed where the bound cytokine makes
close contacts with residues of the fc (Hercus et al. 2013). In a similar manner to
initiation of signaling by the gp130 family, cytokines need first to bind to their specific
a-receptor followed by binding to the fc receptor, which then completes a signaling-
competent complex that activates associated JAK2s. Activation of the JAK2s results in
transphosphorylation of six crucial tyrosine residues in the ICD of the § ¢ receptor that
subsequently leads to activation of downstream signaling pathways such as STATs,
MAPK, and PI3K (Broughton et al. 2012; Hercus et al. 2009).

The ECD of the fc receptor consists of four FNIII domains (D1-D4) divided in two
consecutive CRH (Carr et al. 2001). Crystallographic studies suggest that the pc
receptor exists as a dimer on the cell surface (Stomski et al. 1998), and later mutagen-
esis investigations along with further crystallography studies suggested that the
cytokine binds to D1 of one chain and to the D4 of another chain in a fc homodimer,
which thereby join in an antiparallel fashion (Murphy et al. 2003; Wang et al. 2009).

Of the three cytokines that signal through the fc receptor, only binding of the
GM-CSEF is discussed in details. The GM-CSF is a typical four a-helix bundle class I
cytokine that binds to its specific a-subunit GMRa. The GMRa is comprised of three
FNIII domains constituting an N-terminal domain (NTD), D2, and D3, the latter two
constituting the CRH. Similar to other complexes, the GM-CSF binds to the GMRa
in the elbow region between D2 and D3 forming a binary complex (Hansen et al.
2008b). The crystal structure of the binary complex has recently been solved, and
comparison of this structure with the crystal structure of the ternary complex shows
rotations of the membrane-proximal GHRa and fc receptor subunits (Broughton
et al. 2016). It was suggested that such movements might reorient the transmem-
brane domains upon cytokine binding supporting that a receptor activation mecha-
nism similar to what has been proposed for the GHR may exist. The GM-CSF
ternary complex crystal structure also showed that two binary complexes bind to a fc
dimer to form a hexameric complex (Hercus et al. 2013). In the ternary complex, the
GMRa receptor binds to the D4 domain of the fc receptor via its D3 domain to form
a third interaction site (site 3) (Hansen et al. 2008b). The structure of the fc receptor
enables it to be assembled into a unique higher-order signaling complex that has not
been seen in other cytokine receptors. The crystal lattice of the ternary complex
forms an unexpected dodecamer complex (Fig. 4) comprised of two hexamers
oriented in a head-to-head fashion (Hansen et al. 2008a, b). Three additional
interaction sites were apparent from the dodecamer complex (Broughton et al.
2015). First is a large interaction surface “site 4” with major contributions from
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Fig. 4 The Pc family of shared cytokine receptors with the higher-order signaling complex shown
for GM-CSFR. Illustration showing the ECD, TMD, and ICD for each receptor a-subunit (a); an
example of a ligand-bound active receptor is shown for the dodecameric GM-CSFR (b)

two central D4 domains of the fc receptor of each hexamer and minor contribu-
tions from interactions between the GMRa of one hexamer and the D4 domain of
Bc receptor of another hexamer. Second, interactions between two GM-CSF
molecules in the center of the dodecamer complex were designated as site
5. Third, a possible site 6 interaction formed between the NTD domains of two
GMRa subunits in the overlapping region of two hexamers was suggested
(Broughton et al. 2012; Hercus et al. 2013). Formation of the dodecamer has
been proposed to be critical for forming a competent receptor signaling complex
(Hercus et al. 2009). Whether such higher-order complexes are possible for other
cytokine receptors is currently not known.

The yc Family of Shared Cytokine Receptors

The yc receptor is a shared receptor subunit for a subset of class I cytokines (Fig. 5)
including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (Walsh 2012). Cytokines of this
family play a significant role in maintaining normal functions of the cells of the
immune system. Survival and proliferation of natural cell precursors, B, and T cells
have been shown to be upregulated in the bone marrow and thymus via cytokines of
this family (Masse et al. 2007). Different forms of severe combined immunodefi-
ciency (SCID) diseases, which are the most severe forms of primary immune
deficiencies so far, have been linked to mutations in yc receptor such as X-linked
SCID (XSCID) resulting in the absence of NK and T cells in patients (Noguchi et al.
1993; Rochman et al. 2009).

A signaling-competent yc receptor complex is composed of one of the specific
cytokines mentioned above, a cytokine-specific a- or f-specific chain and a yc chain.
Among the yc family of cytokines, IL-2 and IL-15 form receptor complexes comprised
of three different receptor subunits in which they share IL-2Rp and yc chains. IL-2 binds
to IL-2Rp, IL-2Ra, and yc to induce signaling, while IL-15 binds to IL-2Rp, IL-15Ra,
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Fig. 5 The yc family of shared cytokine receptors. Illustration showing the ECD, TMD, and ICD
for each receptor a-subunit (a); an example of a ligand-bound active receptor is shown for the
heterodimeric domain structure of IL-7Ra/IL-7/yc (b)

and yc. IL-4, IL-7, IL-9, and IL-21 bind to their specific a-receptors and to the yc
receptor for signaling (Kovanen and Leonard 2004; Wang et al. 2009). The yc receptor
is not required for all receptor signaling complexes for this subset of cytokines as
IL-13Ra heterodimerizes with IL-4Ra, which can be activated by IL-13 or IL-4
(Oh et al. 2010; Wang et al. 2009). Thus, it is currently not clear what determines the
promiscuity of the different receptors and to what extent the ligand is deterministic.

The yc possesses a relatively short cytoplasmic domain (86 amino acid residues)
compared to other signaling subunits of class I cytokine receptors, and it also lacks
the classical Box1 or Box2 motif (Lai et al. 1996; Wang et al. 2009). However,
despite the short cytoplasmic domain and lack of archetypal JAK-binding motif,
the yc receptor retains the ability to bind JAK3 via its membrane-proximal region
and is also known to be the only receptor that mediates JAK3-dependent signaling
(Nelson et al. 1996; Suzuki et al. 2000; Wu and Sun 2012). Cytokine binding to yc
receptor complexes results in activation of the yc-associated JAK3 and a different
JAK family member bound to the opposing receptor subunit (Ghoreschi et al. 2009;
Oh et al. 2010; Wang et al. 2009).

Class Il Cytokine Receptors

The class II cytokine receptors are distinguished from class I cytokine receptors by
several features including different arrangement of their conserved four cysteine
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residues and lack of the WSxWS motif in their ECD. Initially six receptors were
described as class II cytokine receptors; however, discoveries of new cytokines led to
the addition of further six new receptors which have resulted in a total of 12 class II
cytokine receptors described to date (Langer et al. 2004; Liongue et al. 2016;
Renauld 2003).

Cytokines for class I receptors were originally defined as interferons and
IL-10, but with the discovery of more cytokines, this has expanded the class of
IL-10-like (or IFN-like) cytokines. Interferons were initially discovered as anti-
viral agents during virus interference (Samuel 2001). The interferons are divided
into three groups: types I, II, and III. Type I IFNs include IFN-a and IFN-f which
are the best characterized and the most broadly expressed cytokines. However,
other members such as IFN-3 (interferon-delta), IFN-e (interferon-epsilon),
IFN-k (interferon-kappa), IFN-v (interferon-nu), IFN-t (interferon-tau), and
IFN-o (interferon-omega) are not ubiquitously expressed but are instead tissue
specific (Finter 1996; Trinchieri 2010). Type I IFNs signal through heterodimeric
receptor complexes composed of IFNAR1 and IFNAR2. The type II IFNs only
possess the sole member IFN-y which signals through the IFNGRI/IFNGR2
receptor complex (Liongue et al. 2016; Pestka et al. 2004a). Type 11 IFNs include
IL-28A or IL-28a (IFN-A2), IL-28B or IL-28f (IFN-A3), and IL-29 (IFN-A1) (Fox
et al. 2009) and are also distantly related to IL-10-like family of cytokines. These
cytokines unveil antiviral activity similar to type I IFNs with epithelial cells as
their primary targets (Kotenko et al. 2003). This family of cytokines assembles
signaling complexes through binding to IFN-AR1 (IL-28R) and IL-10R2
(Donnelly et al. 2004).

IL-10 is a prominent member of the class II cytokine family and exhibits a
different mode of action compared to the other members. IL-10 is an anti-
inflammatory cytokine that protects cells from effects of excessive inflammatory
response (Zhang and An 2007). Other members of this family are IL-19, IL-20,
IL-22, IL-24, and IL-26, which have protective roles on epithelial cells against
pathogens such as bacteria and yeast (Liongue et al. 2016; Renauld 2003; Sa et al.
2007). Also, IL-20 has been reported to possess wound healing effects and
maintaining homeostasis and tissue integrity at the time of infection (Ouyang
et al. 2011). Signaling-competent receptor complexes of this family include a
cytokine, R1 or a receptor a-chain, and R2 or a receptor B-chain. The R2 chains
usually possess shorter intracellular domains, while R2 chains have longer
cytoplasmic chains and can bind to other signal transduction protein such as
STATs (Kotenko et al. 1997). IL-10 exclusively binds to the IL-10R1 and signals
through a heterodimeric IL-10R1/IL-10R2 complex. The IL-10R2 is a shared
signaling subunit for other IL-10-related cytokines such as IL-22 and IL-26
where IL-22R1/IL-10R2 and IL-20R1/IL-10R2 complexes are formed, respec-
tively (Sheikh et al. 2004; Wang et al. 2002; Xie et al. 2000). IL-19, IL-20, and
IL-24 form signaling complexes via binding to IL-20R1 and IL-20R2. In addi-
tion, IL-20 and IL-24 form functioning receptor complexes with IL-22R1 and
IL-20R2 (Sabat 2010).
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Mechanism of Cytokine Receptor Activation
Activation of JAK

Unlike the family of receptor tyrosine kinases (RTKs) such as fibroblast growth
factor receptor (FGFR) or epidermal growth factor receptor (EGFR) (Lemmon and
Schlessinger 2010; Singleton et al. 2013), cytokine receptors lack intrinsic tyrosine
kinase activity and are critically dependent on association with members of the
nonreceptor protein tyrosine kinases (PTKs) family of JAKs and SFKs for their
signal transduction (Waters and Brooks 2015; Watowich et al. 1996). Binding of
the cytokine to its cognate receptor(s) activates the receptor(s) and results in the
activation of the associated specific JAK. There are four different mammalian
JAKs: JAKI, JAK2, JAK3, and tyrosine kinase 2 (TYK2) (Darnell 1997). All
members of the JAK family are ubiquitously expressed in mammals except for
JAK3, which is primarily expressed in hematopoietic cells (Ghoreschi et al. 2009;
Rane and Reddy 1994). A receptor complex may activate a single member of the
JAK family or a combination of different JAK members (Ghoreschi et al. 2009).
The JAKSs are large (~ 1150 amino acid residues) multi-domain proteins that were
initially classified into seven sequential JAK homology (JH) domains (JH1-7)
(Wilks et al. 1991). Further structural studies suggested that JAKs contain an
N-terminal band 4.1, ezrin, radixin, moesin (FERM) domain and a Src homology
2 (SH2) domain, followed by C-terminal pseudokinase (JH2 domain) and tyrosine
kinase (JH1 domain) domains (Fig. 6) (Girault et al. 1999). The FERM and SH2
domains are critical for binding the receptor where the conserved Box1 motif is an
essential component of this interaction (Ferrao et al. 2016; Haan et al. 2006;
Wallweber et al. 2014). The notion that the pseudokinase inhibits basal activity
of the kinase arose when experiments showed that deletion of the pseudokinase
domain in full-length JAK resulted in constitutive activity of the kinase indepen-
dent of ligand stimulation (Chen et al. 2000; Saharinen and Silvennoinen 2002).
This was supported from studies showing that addition of the pseudokinase
domain in trans suppressed kinase activity (Hammaren et al. 2015; Saharinen
et al. 2003; Sanz Sanz et al. 2014). A recent study demonstrated a weak kinase
activity for the pseudokinase domain which appears to be responsible for auto-
phosphorylation of two inhibitory sites: Ser’> in the SH2-JH2 linker region and
Tyr’’° in the pseudokinase N lobe (Ungureanu et al. 2011). However, this feature
was not conserved in other JAK family members (Toms et al. 2013). Following
cytokine stimulation, two key tyrosine residues (Tyr'°”” and Tyr'°®®) in the
activation loop of the JAK2 kinase domain become phosphorylated in trans,
which results in full catalytic activity due to and seemingly enhanced by phos-
phorylation of additional sites in the domain (Silvennoinen and Hubbard 2015).
The activation of the receptor-bound JAKs in return phosphorylates multiple
tyrosine residues in the intracellular region of the receptor which act as docking
sites for SH2 domain-containing proteins such as STATs (Levy and Darnell 2002).
Based on the activated cytokine receptor and its phosphorylated sites in the cyto-
plasmic domain, any one or more of six STAT family members (STAT1-STAT6)
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Fig. 6 JAK2 domain structure. Residue ranges of each domain are shown above, and phosphor-
ylation sites important in activation are depicted below (P)

may be recruited via their SH2 domain (Babon et al. 2014). The STATs are
subsequently phosphorylated by the active JAKs. The phosphorylation of the
STATs is commonly thought to result in dimerization of the STATs; however,
evidence shows that the STATs can exist as dimers in their unphosphorylated form
(Braunstein et al. 2003; Shuai and Liu 2003). Phosphorylation of STATs leads to
their DNA binding, nuclear accumulation, and action as transcription factors thereby
regulating gene expression (Babon et al. 2014; Iyer and Reich 2008).

Our understanding of the activation mechanism of cytokine receptors has
predominantly been due to studies of the simple homodimeric class I receptors
and in particular the GHR which has become an archetype for this receptor class as
it was the first member to be cloned (Leung et al. 1987) and the first to have its
extracellular domain crystal structure solved in complex with its ligand (de Vos
et al. 1992). The original mechanism for cytokine receptor activation was proposed
from studies over 20 years ago (Wells and Kossiakoff 2014). This receptor
activation paradigm proposed that ligand-free receptors existed on cell membranes
as monomers and that cytokine binding induced receptor dimerization by first
binding to the high-affinity site 1 on one receptor and subsequently binding to
the lower-affinity site 2 on the second receptor. It was this ligand-mediated receptor
dimerization that was proposed to be responsible for activation of the associated
kinases by bringing them into close proximity. More recently a new paradigm of
cytokine receptor activation has been proposed by using a range of different
technologies to study the mechanism of GHR activation. Studies supporting the
new paradigm show that the cytokine receptors exist predominantly as ligand-
independent preformed dimers on the cell surface prior to cytokine binding and
that cytokine binding induces a structural reorientation of the receptor dimers
resulting in repositioning of the associated kinases leading to their activation
(Brooks and Waters 2015; Wells and Kossiakoff 2014). The key features of this
model is that upon activation, the extracellular juxtamembrane parts of the recep-
tors move into close proximity, the transmembrane dimer interactions then reorient
from a parallel interaction to a left-handed crossover dimer, and the intracellular
juxtamembrane and Box1 sequences separate (Brooks et al. 2014; Brown et al.
2005). Prior to cytokine binding, the JAKSs are proposed to be held in an inactive
state where the kinase domain from one JAK is inhibited by the pseudokinase
domain of a second JAK bound to the other receptor in the receptor dimer (Fig. 7).
The receptor movements upon cytokine binding separate the JAKs and remove the
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Fig. 7 Cytokine receptor activation mechanism. Model of receptor activation illustrated for GHR.
Inactive dimeric receptors prior to ligand binding (a) and ligand-bound active receptors with
repositioning of the TMD, ICD, and associated JAK2 resulting in kinase activation (b)

trans-inhibition bringing the kinase domains in close proximity resulting in trans-
activation (Brooks et al. 2014; Waters and Brooks 2015). Although well supported
by data for the GHR, further studies are indeed required to confirm if this
mechanism is common to all cytokine receptors or if variations to the mechanism
exist. Indeed structures of the transmembrane domains in dimeric states would be
helpful in this respect.

Activation of SFKs

In addition to the associated JAKs, several cytokine receptors have been shown to
associate with and activate SFKs. For some cytokine receptors, the activation of
SFKs has been further described to be independent of receptor interaction with JAKs
and/or activation of JAKs (Ingley 2012; Kobayashi et al. 1993; Perugini et al. 2010;
Rowlinson et al. 2008). Much less is known about the activation mechanism of SFKs
by cytokine receptors or if all cytokine receptors utilize SFKs; however, their
activation predominantly leads to activation of the ERK1/ERK2 signaling pathway
(Brooks and Waters 2010; Waters and Brooks 2015).

Receptor Cross Talk with the Membrane

For both GHR and PRLR, it has been discovered that their ICD has affinity for
hallmark lipids of the inner leaflet of the plasma membrane, forming one (GHR) or
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three (PRLR) separate lipid interaction domains (LIDs). Similar to the T-cell
immunoreceptors, interactions with the lipids in the common membrane-proximal
LID were seen governed by SLiMs, which had resemblance to the so-called
immunoreceptor tyrosine-based activation motifs (ITAMs). Some of these ITAM-
like motifs in GHR and PRLR harbor tyrosines, which are potential targets for
phosphorylation by SFKs, potentially regulating the membrane interaction. How-
ever, phosphorylation of such a tyrosine Tyr*®® in PRLR was independent of lipid
interaction and did not abolish the interaction. In addition to the ITAM-like motifs,
positively charged residues played similar roles in lipid interaction, and mutation of
either motif did not abolish membrane interaction (Bugge et al. 2016b; Haxholm
et al. 2015). Thus, this suggests that the positive charges act to attract the LID to the
membrane where the ITAM-like motifs anchor the ICD in the membrane via the
hydrophobic side chains of the motif.

The role played by the lipid/cytokine receptor cross talk is currently incom-
pletely understood. There may be several reasons to why cytokine receptors
arrange part of their ICD along the bilayer normally. First, many kinases that
partake in signaling are either themselves anchored in the bilayer through modifi-
cation by acylation (Patwardhan and Resh 2010; Rawat et al. 2013; Rawat and
Nagaraj 2010) or have a lipid interaction site in a domain, such as a
phosphoinositide-binding site within the FERM domain of several tyrosine kinases
(Bompard et al. 2003; Feng and Mertz 2015; Hamada et al. 2000) or within the
SH2 domain of Src-type kinases (Park et al. 2016; Sheng et al. 2016). Thus,
membrane interactions may aid the co-localization of the signaling proteins and
thereby enhance signaling efficiency. How this is orchestrated mechanistically is
not understood, and further studies are indeed needed to fully deconvolute the
function of the LIDs.

Negative Regulation of Cytokine Receptor Signaling

There are three classes of major negative regulators of cytokine-mediated
JAK-STAT signaling. These are the suppressor of cytokine signaling (SOCS),
protein tyrosine phosphatases (PTPs), and protein inhibitors of activated STATs
(PIAS). The SOCS provides a negative feedback loop as their expression is
directly induced by STATs. SOCS can block signaling by binding to phosphory-
lated tyrosines on the receptor and blocking recruitment of further signaling
molecules, they can directly inhibit JAK signaling by binding directly to the
JAK kinase domain, and they can also induce ubiquitylation-mediated proteasomal
degradation (Alexander and Hilton 2004; Babon et al. 2014; Linossi et al. 2013).
The PIAS act by binding to activated STAT dimers, thereby blocking them from
binding DNA (Rawlings et al. 2004; Shuai and Liu 2003). In addition, the protein
LNK (SH2B3), a member of the SH2B/Lnk/APS family of adapter proteins, binds
to JAK2 and has been shown to be an important inhibitor of JAK2 activation
(Babon et al. 2014; Gery et al. 2009).
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Abstract

Steroid hormones, i.e., androgens, estrogens, glucocorticoids, mineralocorticoids,
and progestins, bind with high affinity to their respective steroid hormone recep-
tors (SR). SRs are members of a family of nuclear receptors (NR). Ligand-
activated SRs dissociate from hsp90 chaperone complexes in the cytoplasm and
enter the nucleus where they bind to specific DNA sequences: hormone response
elements (HREs). SRs interact with coregulator proteins (coactivators and
corepressors) as well as chromatin remodeling complexes to regulate target
gene expression. In addition, some SRs are also associated with the plasma
membrane (PM) and PM proteins. Hormone binding to PM-associated SRs
activates G-protein coupled receptors (GPCR) and intracellular signaling path-
ways ultimately regulating gene transcription and other downstream sequelae.
This chapter will review of SR/NR including protein structure, ligand activation,
gene regulation, examples of rapid “non-genomic” signaling, and the roles of
these receptors in human health and disease.

Keywords
Steroid hormones ¢ Nuclear receptors « Androgen receptor * Estrogen receptor ¢
Glucocorticoid receptor ¢ Progesterone receptor « Mineralocorticoid receptor

Contents

INtrodUuction . ... 188
Steroid Hormones in Circulation and Entry into Target Cells ...................... ..., 191
Structure/Function of the Domains of Steroid Hormone/Nuclear Receptors .................. 192
Intracellular Location of Steroid/Nuclear Receptors ............ccoooiiiiiiiiiiiiiiiiiinnaa.... 196

C.M. Klinge (><)

Department of Biochemistry and Molecular Genetics, Center for Genetics and Molecular Medicine,
University of Louisville School of Medicine, Louisville, KY, USA

e-mail: carolyn.klinge@louisville.edu

© Springer International Publishing AG 2018 187
A. Belfiore, D. LeRoith (eds.), Principles of Endocrinology and Hormone Action,
Endocrinology, https://doi.org/10.1007/978-3-319-44675-2_9


mailto:carolyn.klinge@louisville.edu

188 C.M. Klinge

Steroid Receptors Bind Hormone Response Elements (HRES) ..., 198
Regulation of Gene Transcription by Steroid Hormone Receptors ............................ 200
Interaction of Steroid/Nuclear Receptors with Coactivators (Coregulators That Increase
Transcriptional ACHVILY) ... ...ttt et 201
General Model of SR Nuclear Transcription Factor Activity .............cccoiiiiiiiiiin.. 203
Regulation of Gene Transcription by Interaction of Steroid/Nuclear Receptors with Other
Transcription Factors Bound to DNA (Tethering) ............coooiiiiiiiiiiiiiiiiiienn. 203
Actions of SR in the Plasma Membrane ................c.ooiiiiiiiiiiiiiiiiiiii i 204
Extranuclear Activities of GR and MR .........c. i 205
Membrane-Initiated Progestin Signaling ...............cooiiiiiiiiiiiiii e 205
Membrane-Associated ER Signaling .......... ... 206
GPER/GPR30 ... e 207
Summary Comments on the Functional Roles of Steroid Receptors .......................... 208
Androgen ReCepOr .........oiiiii e 208
Estrogen Receptors (ERS) .....ooooiii e 209
Glucocorticoid RECEPLOTS .....uuuttt ittt e 210
Mineralocorticoid RECeptors ...........oieii i 210
Progesterone RECEPLOTS ... .oouuutttt it 211
SUMMATY ..o et 212
Cross-References ....... ..o 213
RETETENCES . . ... ct e e 213
Introduction

Steroid hormones, i.e., androgens, estrogens, glucocorticoids, mineralocorticoids,
and progestins, regulate diverse processes in tissues throughout the body and in the
brain. Steroid hormones bind with high affinity to proteins called steroid hormone
receptors (SRs). These steroid receptors are primarily located intracellularly and act
as ligand-activated transcription factors within the nucleus to regulate target gene
expression. Depending on the tissue, a small proportion of these receptors, perhaps
5-10%, are associated with the plasma membrane (PM) and PM proteins such that
ligand binding activates G protein-coupled receptors (GPCRs) and intracellular
signaling pathways ultimately culminating in activation or repression of gene tran-
scription and physiological effects. Sequence comparison has revealed that steroid
hormone receptors belong to a diverse family of ligand-activated gene regulators
called nuclear receptors (NRs) that share a highly conserved structure and common
mechanisms affecting gene transcription (Laudet 1997). The evolutionary relation-
ship among the SRs/NRs has been deduced by the high conservation in their
DNA-binding domains (DBDs) and in their less-conserved ligand-binding domains
(LBDs) and indicates that this large group of proteins arose from a common ancestral
molecule (Laudet 1997; Thornton 2001; Thornton et al. 2003).

The steroid/nuclear hormone receptor superfamily (Table 1) includes 48 receptors for
the gonadal and adrenal steroids; nonsteroidal ligands, e.g., thyroid hormones (T3, T4);
vitamin D (1,25-dihydroxyvitamin D3 (1,25(OH),D3)); retinoic acid (RA); and fatty
acids (FA), as well as “orphan” receptors. Some “orphan” receptors have been
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Table 1 Members of the human steroid hormone and nuclear receptor gene superfamily. This table
lists the receptor, common abbreviation of the receptor, and gene name and provides review articles
for further reading. Additional information is located at the NURSA website: https://www.nursa.org

Ligands for receptors
Receptors with known ligand(s)
Estrogen o

Estrogen B

Androgen
Progesterone
Glucocorticoid

Mineralocorticoid
Nuclear receptors with ligands
Vitamin D

Thyroid hormone

Retinoic acid

Retinoid X receptor

Peroxisome proliferator-
activated receptors (PPARs)

Farnesoid X receptors

Abbreviation/
Gene name References

(ERa, ESR1) | Reviewed in Hewitt et al. (2005), Patel and
Skafar 2015, and Wang and Yin (2015)

(ERB, ESR2) | Reviewed in Dey et al. (2013) and Huang
et al. (2015)

(AR, AR) Reviewed in Mikkonen et al. (2010)

(PR, PGR) Reviewed in Jacobsen and Horwitz (2012))
(GR, Reviewed in Granner et al. (2015) and
NR3C1) Meijsing (2015)

(MR, Reviewed in Le Menuet and Lombeés
NR3C2) (2014) and Viengchareun et al. (2007)

(VDR, VDR) | Reviewed in Christakos et al. (2016)
TRP (THRB) | Reviewed in Cheng et al. (2010) and Zhang
TR« (THRA) | and Lazar (2000)

RARa Reviewed in Giguere (1994) and
(RARA) Mangelsdorf and Evans (1995a)
RAR«
(RARA)
RARy
(RARG)
RXRa Reviewed in Evans and Mangelsdorf 2014)
(RXRA) and Lefebvre et al. (2010)
RXR} First described Mangelsdorf et al. (1990)
(RXRB)
RXRy First described Leid et al. (1992)
(RXRG)
PPAR« Reviewed in Fan and Evans (2015), Lee
(PPARA) and Kim (2015), and Sauer (2015)
PPARp/ Reviewed in Pawlak et al. (2015)
PPARS
(PPARD)
PPARy Reviewed in Giordano Attianese and
(PPARG) Desvergne (2015)
Reviewed in Shao et al. (2015)
FXRa Bile acid receptors reviewed in Chiang
(NR1H4) (2002), Jiang et al. (2014), and Parks et al.
(1999)
FXRp First described Otte et al. (2003)
NRI1HS)

(continued)
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Table 1 (continued)

Ligands for receptors

C.M. Klinge

Abbreviation/

Gene name References

Orphan receptors and their identified ligands

Constitutive androstane receptor

is a xenobiotic receptor

Chicken ovalbumin upstream
promoter transcription factors
(COUP-TFs)

CAR Reviewed in Mullican et al. (2013)

(NR1I3) Reviewed in Banerjee et al. (2013, 2015),
Chai et al. (2013), Cherian et al. (2015),
Kobayashi et al. (2015), and Swanson et al.
(2013)

COUP-TFI Reviewed in Cooney et al. (2001) and Lin

(NR2F1) etal. (2011)

COUP-TFII Reviewed in Litchfield et al. (2012)

(NR2F2)

REV-ERBp Reviewed in Riggins et al. (2010), Safe

EAR2 et al. (2014), and Zhang and Dufau (2001)

(NR2F6)

Dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome,
gene 1, DAX-1 NROB1 lacks the zinc finger DBD, reviewed in Jadhav et al. (2011), McCabe
(2007), Muscatelli et al. (1994), and Suntharalingham et al. (2015)

Estrogen receptor-related
receptors (ERRs)

REV-ERBa, EAR1 (NRID1)
Germ cell nuclear factor 1
Hepatocyte nuclear factor

Liver receptor homolog-1
(LRH-1) (NR5A2)
Neuron-derived orphan receptor
1 (NOR1) (NR4A3)

NUR77, NGFI-B, GFRP1,
NP10, TR3 (NR4Al)

Pregnane X receptor (PXR)/
steroid X receptor (SXR)
(NRI1I2)

ERRa Reviewed in Audet-Walsh et al. (2015),
(NR3B1) Deblois and Giguere (2011), Deblois et al.
2013), Huss et al. (2015)

ERRp Reviewed in Michalek et al. (2011)
(NR3B2)

ERRYy

(NR3B3)

Binds heme reviewed in Yin et al. (2010)
Reviewed in Wang and Cooney (2013)

GCNF First characterized Greschik et al. (1999)
and Hirose et al. (1995)

HNFla Reviewed in Yamagata (2014)

(HNF1A)

HNF4a Reviewed in Drewes et al. (1996) and

(HNF4A) Walesky and Apte (2015)

HNF4y Reviewed in Cattin et al. (2009)

(HNF4G)

Reviewed in Stein and Schoonjans (2015)
Reviewed in Kurakula et al. (2014)

Reviewed in Hawk et al. (2012), Lee et al. (2014), Mathisen
et al. (2011), Mohan et al. (2012), Nakajima et al. (2012),
Safe et al. (2016), Safe et al. (2014), Xue et al. (2012), and
Zhao and Bruemmer (2010b)

Reviewed in Banerjee et al. (2015) and Ma et al. (2015)

(continued)
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Table 1 (continued)

Abbreviation/

Ligands for receptors Gene name References
Photoreceptor-specific nuclear Reviewed in Schorderet and Escher (2009) and Tan et al.
receptor (PNR) (NR2E2) retinal | (2013)
NR
RAR-related orphan receptors Reviewed in Cook et al. (2015), Kojetin and Burris (2014),
RORa (RORA) and Solt and Burris (2012)
RORp (RORB)
ROR” (RORC)
Steroidogenic factor 1 (SF-1, Reviewed in Mizutani et al. (2015) and Suntharalingham
NR5A1) et al. (2015)
First described in Wong et al. (1996)
Small heterodimeric partner Reviewed in Goodwin et al. (2000) and Zhang et al. (2011)
(SHP, NROB2) First described in Seol et al. (1996) and (1997)
TLX (NR2E1) Reviewed in Islam and Zhang (2015) and Wang and Xiong
(2016)

“adopted” when their ligands were identified. Other “orphan” receptors whose endog-
enous ligands, if necessary, are as yet unknown; perhaps because they are regulated by
other mechanisms, e.g., phosphorylation, expression, and location (Benoit et al. 2004;
Mullican et al. 2013; Willson and Moore 2002). The SRs are considered class I members
of the NR superfamily while the other NRs are class II receptors (Mangelsdorf et al.
1995b). This chapter will provide a review of these SRs/NRs including protein structure,
ligand activation (as warranted), gene regulation, examples of rapid ‘“nongenomic”
signaling, and the roles of these receptors in human health and disease.

Steroid Hormones in Circulation and Entry into Target Cells

Steroid hormones are small hydrophobic and lipid-soluble cholesterol derivatives. In
blood they circulate either free or bound (95%) to plasma carrier proteins (Thompson
1995). Sex hormone-binding globulin (SHBG), also known as testosterone-estradiol-
binding globulin (TeBG), and androgen-binding protein (ABP) are encoded by the
same gene (Danzo and Joseph 1994), but they differ in tissue expression and
glycosylation (Hammond and Bocchinfuso 1995). SHBG is a glycated homodimeric
plasma transport protein synthesized primarily in the liver and binds testosterone and
dihydrotestosterone (DHT), with higher affinity than estradiol (E;) and regulates free
sex hormone bioavailability (Le et al. 2012). ABP is produced by the Sertoli cells of
the testis (Joseph 1994). Corticosteroid-binding globulin (CBG or transcortin) binds
glucocorticoids and progesterone, with differing affinities. When circulating levels of
steroid hormones exceed the binding capacity of their respective binding proteins,
they bind nonspecifically, and with low affinity, to albumin, from which they can
readily dissociate and enter target cells (Westphal 1986).
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SHBG binds to a specific cell membrane receptor called sex hormone-binding
globulin receptor (SHBG-R) and activates adenylyl cyclase, thus increasing intra-
cellular cAMP (Joseph 1994). Binding of SHBG to SHBG-R results in receptor-
mediated endocytosis (Hammes et al. 2005). The interaction of SHBG with SHBG-
R was shown to be inhibited when steroids are bound to SHBG, suggesting that
SHBG is an allosteric protein (Porto et al. 1995). However, if unliganded SHBG is
allowed to bind to its receptor on intact cells, and an appropriate steroid hormone
then is introduced, adenylate cyclase is activated, and intracellular cAMP increases
(Rosner et al. 1991). Several members of the organic anion-transporting polypeptide
(OATP) family of proteins mediate the sodium and ATP-independent uptake of
dehydroepiandrosterone (3f-hydroxy-5-androsten-17-one, DHEA), pregnenolone,
and estrone into tissues including the breast and prostate and are overexpressed in
tumors in these tissues (Cho et al. 2014). Once the steroid hormone is in the
cytoplasm, it is not yet clear whether a transport protein is required for movement
of the hydrophobic steroid molecule through the aqueous cytoplasm to the receptor,
regardless of whether the receptor is cytoplasmic or nuclear in location. The current
model is that the steroid hormone diffuses freely in the cytoplasm.

Structure/Function of the Domains of Steroid Hormone/Nuclear
Receptors

The androgen, estrogen, glucocorticoid, progesterone, and mineralocorticoid recep-
tors (AR, ER, GR, PR, and MR) share a common protein structure with the other
NR, as shown here the thyroid receptors o and (TR and TR). As shown in Fig. 1,
SRs/NRs contain several key structural elements which enable the high-affinity
binding of their respective ligands, recognize and bind to discrete DNA response
elements in some proximity to target genes with high affinity and specificity, and
regulate gene transcription (Evans 2005; Evans and Mangelsdorf 2014). The recep-
tor proteins have five or six domains lettered A—F from N- to C-terminus, encoded
by eight to nine exons. The receptors contain three major functional domains:

1. Avariable N-terminus (domains A and B) modulates transcription in a gene- and
cell-specific manner through its N-terminal activation function 1 (AF-1) which
acts in a ligand-dependent manner when expressed without the ligand-binding
domain (LBD) (reviewed in Germain et al. 2006). For some receptors, including
estrogen receptor o (ERa), AF-1 is regulated by phosphorylation (reviewed in
Lannigan 2003; Rajbhandari et al. 2012).

2. A central DNA-binding domain (DBD, consisting of the C domain) is composed
of two functionally distinct cys-cys zinc fingers and two a-helices through which
the receptor physically interacts directly with the DNA helix (reviewed in
Germain et al. 2006). The DBD is the most conserved domain.

3. The ligand-binding domain (LBD, domains E and in some receptors F) contains
activation function 2 (AF-2). The F domain of ERa plays a role in distinguishing
estrogen agonists versus antagonists, perhaps through interaction with cell-specific
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Domains: AB Cc D E F
Function: AF-1 DBD hinge Nuclear LBD Steroid receptors
i f_oca_nzanon AF-2 (Gene name) #aa
] dlmerlzatlon ]
N[ 4 lC TRa (THRA, NR1A1) 490
: 2 ] TRB (THRB, NR1A2) 456
A | ERa(ESR1, NR3A1) 595
7/ ] ERB (ESR2, NR3A1) 530
/i |  GR(GCR,NR3C1) 777
| V71 | AR (AR, NR3C4) 919
| V PR (PGR, NR3C3) 933
Y/ | MR (NR3C2) 984

Fig. 1 Protein domain structure of the steroid hormone nuclear receptors and thyroid hormone
receptors. Domains A- FF and function of each domain is shown schematically as linearized
proteins from amino (N)- to carboxy (C)- terminals with common structural and functional
domains. Variability between members of the steroid hormone receptors (NR3C family) is due
primarily to differences in aa sequence of the amino (N)-terminal domain. Abbreviations: AF-1 =
activation function-1; AF-2 = activation function-2; DBD= DNA binding domain contains two
C4zinc fingers; LBD= ligand binding domain

factors (Patel and Skafar 2015). Domain-swapping experiments in which the DBD
of ERa was switched with that of the GR produced a chimeric receptor that bound
to specific DNA sequences bound by GR, but stimulated the transcription of
glucocorticoid-responsive target genes when cells were treated with E, (Green
and Chambon 1987), thus demonstrating the specificity of the DBD in target
gene regulation.

The N-terminus is the least conserved part of SR/NR in length and amino acid
composition. Deletion of the C-terminal LBD of the GR yields constitutive
(hormone-independent) transcriptional activation, implying that the N-terminal
regions harbor autonomous transcriptional activation functions that is regulated by
phosphorylation (Carruthers et al. 2015). These and other experiments with other
steroid receptors indicated that AF-1 is involved in activation of gene transcription,
but is independent of ligand binding. GR is unique in that it “transrepresses” gene
transcription by physically interacting with DN A-bound transcriptional activators, e.
g., NF-kB, activator protein 1 (AP-1), and STAT3, to repress their downstream target
genes (Ratman et al. 2013). The anti-inflammatory effects of glucocorticoids are
ascribed to tethered transrepression (Cruz-Topete and Cidlowski 2015; Surjit et al.
2011). Recent studies from Pierre Chambon’s lab show that SUMOylation of the GR
NTD and formation of an NCoR1/SMRT/HDACS3 repressing complex are required
for glucocorticoid-induced negative GRE-mediated direct transrepression, but does
not affect positive GRE-mediated transactivation (Hua et al. 2016).

Some steroid receptors exist as isoforms, encoded by the same gene, but differing
in their N-terminus. PR and AR exist in two distinct forms, A and B, synthesized
from the same mRNA by alternate splicing. In addition PR-C (60 kDa) is
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co-expressed with PR-A and PR-B from the same gene (Lange 2008). The PR-A and
PR-B isoforms differ by 128 amino acids in the N-terminal region, yielding PR-A =
90 kDa and PR-B = 120 kDa, which have differing capacities to regulate tran-
scription (Daniel et al. 2015; De Amicis et al. 2009; Lydon and Edwards 2009). For
example, PR-A expression is a negative prognostic indicator in breast cancer likely
due to its ability to increase the expression of a subset of genes associated with
invasion and breast tumor progression (McFall et al. 2015). In contrast, AR-A and
AR-B isoforms show minimal differences in activation of a reporter gene in response
to androgen agonists or antagonists in transiently transfected cells (Gao and
McPhaul 1998).

The DBD is highly conserved and shows 60-95% homology among steroid recep-
tors (Acconcia et al. 2005). The DBD varies in size from 66 to 70 aa and is hydrophilic
due to its high content of basic aa (Evans 1988). The major function of this region is to
bind to specific hormone response elements (HREs) of the target gene. DNA binding is
achieved through the tetrahedral coordination of zinc (Zn) by four cysteine residues
(C4) in each of two extensions that form two structurally distinct “Zn fingers” (Klug and
Schwabe 1995). Zn fingers are common among gene regulatory proteins, with most
C2H2 zinc finger transcription factors (Tadepally et al. 2008). Specificity of HRE
binding is determined by the more highly conserved hydrophilic first Zn finger
(C1) (Benoit et al. 2004), while the second Zn finger (C2) is involved in dimerization
and stabilizing DNA binding by ionic interactions with the phosphate backbone of the
DNA (O’Malley 1990). The D box is involved in HRE half-site spacing recognition.
The highly conserved DBD shared by AR, GR, MR, and PR enables them to bind to the
same HRE, called the glucocorticoid response element (GRE). The more C-terminal
part of the C2 Zn finger and aa within the hinge region are involved in receptor
dimerization in coordination with aa in the hinge region and the LBD.

The hinge region or D domain is a 40-50-amino acid sequence separating the
DNA-binding and ligand-binding domains that contains sequences for receptor
dimerization and ligand-dependent and ligand-independent nuclear localization
sequences (NLSs) (Picard et al. 1990; Safer et al. 1998). The hinge region interacts
with nuclear corepressor proteins (Safer et al. 1998) and with L7/SPA, a 27 kDa
protein that increases the partial agonist activity of certain antagonist-liganded
steroid hormone receptors, i.e., tamoxifen-liganded ERa, RU486-occupied PR, or
RU486-occupied GR (Jackson et al. 1997). The hinge region of ER« is regulated by
posttranslational modifications including methylation (Zhang et al. 2013), acetyla-
tion (Fu et al. 2004), and SUMOylation (Sentis et al. 2005). Site-directed mutational
analysis of the D region of ERa demonstrated the contribution of the bipartite NLS
to ERa’s activation of AP-1-mediated gene transcription, indicating a role for this
region in transactivation of other transcription factors (Burns et al. 2011).

The carboxy (C)-terminal or LBD is poorly conserved among members of the
SR/NR superfamily, ranging from 218 to 264 aa in length and is hydrophobic, as
would be expected for binding lipophilic metabolites of cholesterol, i.e., steroid
hormones. Greater structural similarity between steroid hormones generally
indicates greater aa sequence homology in the LBD. Sequences within the LBD
form the binding site for hsp90 that blocks the DBD in the cytosolic, non-liganded GR
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(Charn et al. 2010). Information from the x-ray crystal structures of the LBDs of the
retinoic acid receptor (RAR), thyroid hormone receptor (TR), and ERa in the presence
or absence of their cognate ligands has shown that the LBD has a compact structure
consisting of 12 a-helices with a “pocket” into which the ligand fits (Bourguet et al.
1995, 2000; Renaud et al. 1995; Wagner et al. 1995). Binding of the ligand within the
pocket alters the conformation of the LBD with helix 12 forming a “lid” over the
pocket, trapping the ligand in a hydrophobic environment, and forming a surface on
the LDB with which coactivator proteins interact. Helix 12 is indispensable for AF-2
function (Danielian et al. 1992; Durand et al. 1994). For ERa, 17p-estradiol (E,) and
the antiestrogen, or select ER modulator (SERM), raloxifene, form different aa
contacts within the pocket (Brzozowski et al. 1997). This results in different position-
ing of helix 12 in the LBD that is thought to permit interaction with coactivators, e.g.,
SRC-1, in the presence of E,, but not raloxifene, or by inference antiestrogens, such as
tamoxifen (Brzozowski et al. 1997).

The C-terminal AF-2 transactivation domain is highly conserved within the
nuclear receptor superfamily (Danielian et al. 1992) and is recognized by various
transcriptional coregulators, also referred to as coactivators or corepressors (reviewed
in Dasgupta et al. 2014; Klinge et al. 2004; O’Malley et al. 2012). AF-2 is localized to
the most C-terminal end of the E domain. In ERa it constitutes aa # 530-553
(Seielstad et al. 1995). A third transactivation domain called AF-2a or tau2 has
been localized to the N-terminal region of the LBD of ERa (Danielian, et al. 1992)
and GR (Hollenberg and Evans 1988). Deletion experiments revealed a role for AF-2a
and the DBD in targeting rat GR to the nuclear matrix (Tang et al. 1998), an
interconnected ribonuclear-protein network within the nucleus that is thought to
play important roles in transcription of active genes by stabilizing the assembly of
the transcriptional machinery (Coelho et al. 2016). GR tau2 interacted with Hic-5
(hydrogen peroxide-inducible clone-5, TGFB111) and coactivator GRIP1 to target GR
to the nuclear matrix (Yang et al. 2000). Further studies revealed that Hic-5 acted as a
gene-specific coactivator of unliganded GRa and as a corepressor of ligand-occupied
GRa (Chodankar et al. 2014). More recent studies showed that Hic-5 also interacted
with ERa, although more weakly than GRa, and selectively modulated ERa gene
occupancy and expression in U20S osteosarcoma cells (Chodankar et al. 2015).

While discussing the various domains of the SRs/NRs, it is important to note that
the N- and C- terminals of ERa (Metivier et al. 2001), MR (Rogerson and Fuller
2003), AR (Zboray et al. 2015), PR (Goswami et al. 2014), and GR (Khan et al.
2012) interact in a ligand-dependent manner to modulate interaction with
coregulators and thus either enhance or inhibit target gene transcription. Hormone-
dependent phosphorylation of steroid hormone receptors may play an important role
in binding of the receptor to its specific response element on the gene and subsequent
activation of transcription. PR, GR, ERa, and vitamin D receptor(VDR) are all
phosphorylated after binding to their respective ligands (reviewed in Lannigan
2003). In addition to phosphorylation, ERa and ERp are acetylated, SUMOylated,
glycosylated, and ubiquitinylated (reviewed in Le Romancer et al. 2011). These
posttranslational modifications of SR/NR affect their interaction with other proteins
including coregulators, thus impacting gene transcription.
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Intracellular Location of Steroid/Nuclear Receptors

The overall distribution of SRs/NRs between plasma membrane, cytoplasm, mito-
chondria, and nucleus remains controversial. This controversy is the result of studies
using different techniques, e.g., immunoprecipitation from different cell fractions
and immunocytochemical staining, to examine receptor localization in different cells
and tissues. Reports published before 1984 suggested that prior to hormone treat-
ment, steroid receptors were located predominantly in the cytosolic fraction of target
tissues in large protein complexes of 300400 kDa based on sucrose density gradient
and radioisotope steroid hormone labeling, e.g., ER in Gorski et al. (1973). Follow-
ing hormone treatment, receptors were detected primarily in the nuclear fraction
(Jensen and DeSombre 1973). Thus, early models assumed that unoccupied steroid
receptors were in the cytoplasm with the receptor held in an inactive conformation
by chaperone proteins, including hsp90 and hsp70 (Pratt and Toft 1997), until ligand
binding “activated” the receptor, causing conformational changes. The complex of
proteins associated with unliganded SRs is now called the “foldosome” complex
(reviewed in Querol Cano et al. 2013). The general model of activation of a steroid
receptor is shown in Fig. 2a. The conformational changes resulting from ligand
binding result in receptor homodimerization and exposure of the nuclear localization
domain, thus facilitating receptor dimer translocation to the nucleus. More recent
studies demonstrate localization and even movement of ERa and ERP between
nuclear, mitochondrial, and cytoplasmic compartments (Cammarata et al. 2004;
Simpkins et al. 2008).

Current models suggest that some proportion of unliganded SR and all the class 11
NR reside in the nucleus, bound to DNA (Fig. 2b). The exceptions are the GR and MR,
which reside in the cytoplasm in association with hsp90, hsp70, and a variety of
receptor-associated proteins in the absence of ligand (Gehring 1998). The hsp90
complex of proteins has chaperonin activity that facilitates hormone binding and
subsequent proper folding of the GR (Dittmar et al. 1997). Upon activation by
hormone-binding, GR conformational changes release hsp90 and the other proteins,
and the ligand-occupied GR dimer translocates the nucleus (Hutchison et al. 1996). In
contrast to GR, immunohistochemical localization experiments showed that ERa (King
and Greene 1984), ERf (Kuiper et al. 1996), PR (Perrot-Applanat et al. 1986), and AR
(Husmann et al. 1990) are primarily nuclear in the absence of hormone treatment. All
classes of NR are located in the nucleus, bound to DNA, in the absence of ligand
(Mangelsdorf et al. 1995b). It is important to note that type Il NR, e.g., TR, VDR, RAR,
and RXR, do not interact with hsp90. These receptors are bound to DNA in the absence
of ligand and are associated with corepressor proteins, e.g., NCoR and SMRT (Huang
et al. 2000; Rosenfeld and Glass 2001, Rosenfeld et al.2006). Corepressor proteins
NCoR and SMRT are associated with a complex of proteins that have histone
deacetylase (HDAC) activity that repress gene expression by maintaining chromatin
in a more condensed conformation (Rosenfeld and Glass 2001, Rosenfeld et al. 2006).

SR enters the nucleus by two processes: (1) passive diffusion through an “ever
opened” central channel of the nuclear pore or (2) active transport that is mediated by
interaction of the NLSs on the receptor proteins with the NLS receptor-hsp90
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Fig. 2 General model of steroid hormone receptor (SR) and nuclear receptor (NR) activation of
gene transcription. Target cells express SR and NRs. (a) Asteroid hormone, e.g., DHT, E,, or
cortisol, enters the nucleus and binds to the inactivate receptor monomer which is in the cytoplasm
in a hsp90/hsp70 chaperone complex. Activation is described in the text. The ligand- activated SR
homodimer enters the nucleus, binds to its cognate hormone response element, recruits coactivator
proteins, e.g., SRC-1 and CBP, which have HAT activity, and exist in complexes, e.g.,
ATP-dependent chromatin remodeling complexes. Chromatin modifications lead to enhanced
RNA pol II recruitment and increased gene transcription. (b) For class II NRs, the receptor
heterodimer is held in an inactive conformation by a corepressor complex including NCoR or
SMART which interact with HDAC complexes. Ligand binding causes conformational changes the
release the corepressor and recruit coactivators

complex (Guiochon-Mantel et al. 1996). The NLS-SR-NLS receptor-hsp90 complex
binds to the nuclear pore complex via nucleoporins in an ATP-dependent process
(DeFranco 1997; Elbi et al. 2004). The receptor is then trapped by binding to
intranuclear components (Guiochon-Mantel et al. 1996). SR complexes associate
with nuclear membranes and with chromatin components including histones, non-
histone basic proteins, DNA and ribonucleoproteins (Ruh et al. 2004), and with
nuclear matrix (Matsuda et al. 2002; Stenoien et al. 2001).

Steroid hormones generally autoregulate their receptor levels (Horwitz and
McGuire 1978). The half-life of steroid hormone receptors ranges from 2 to 4 h
for ERa (Kastner et al. 1990; Valley et al. 2008) and 4 h for AR (Syms et al. 1985),
7-10 h for PR (Nardulli et al. 1988), and 19 h for GR (McIntyre and Samuels 1985).



198 C.M. Klinge

Steroid hormones regulate receptor levels for other hormones, e.g., E, increases PR
in estrogen-responsive tissues (Clemens et al. 1998). Progesterone, in return, not
only downregulates its own receptors but also ERa (Okulicz et al. 1981) and ER
(Okret et al. 1991). Regulation of SR levels will, in turn, regulate cognate target gene
expression.

Steroid Receptors Bind Hormone Response Elements (HREs)

The specific DNA-binding sites to which SR bind, conferring hormone sensitivity to
the gene, are generally called HREs (Stedronsky et al. 2002). Core HREs consist of
13—15 bp of DNA. When first identified HRE consensus sequences were derived
from alignment of genes responsive to a particular steroid hormone. HREs have two
“half-sites” that each binds the C1 zinc finger of one receptor monomer. SR binds
DNA as homodimers (or heterodimers, e.g., ERo/ERp (Monroe et al. 2005; Powell
and Xu 2008) with each monomer binding to adjacent major grooves on the same
side of the DNA helix (Klug and Schwabe 1995). Class II NRs may interact with a
retinoid X receptor (RXR) forming a heterodimer. RXR binds the 5’ half-site with
RXR heterodimers showing higher DNA-binding affinity and stability, resulting in
significantly enhanced transcriptional activity (Mangelsdorf et al. 1995b). On the
basis of sequence homology and functional similarity, there are three classes of
HRESs within the steroid hormone receptor superfamily (Table 2). When SRs/NRs
bind DNA, the DNA is deformed, causing a bend that is important for the assembly
of coactivator/chromatin remodeling complex and facilitates interactions between
components of the transcription complex and promotes DNA looping. ERa binding
to an ERE results in a bend of the DNA toward the major groove (Nardulli et al.
1993; Sabbah et al. 1992). GR (Petz et al. 1997) and PR (Prendergast et al. 1996)
also induce DNA bending. Similarly, class IT NRs including TR and RXR induce
DNA bending (e.g., Shulemovich et al. 1995).

The response elements for the AR, PR, MR, and GR are closely related and are
collectively referred to as the glucocorticoid response element (GRE) consisting of a
palindromic (symmetrical) sequence 5'-GGTACAnnnTGTTCT-3, where n = any
nucleotide (Beato et al. 1989). AR, PR, GR, and MR show subtle differences in
DNA base contact points to GREs (Beato et al. 1989). Examples of genes containing
one or more GREs whose transcription is upregulated by glucocorticoids include the
much studied mouse mammary tumor virus (MMTYV) promoter (Archer et al. 1995;
Kinyamu et al. 2000), tyrosine aminotransferase (Jantzen et al. 1987), and enzymes
involved in gluconeogenesis (Cole et al. 1993; De Martino et al. 2004; Feige and
Auwerx 2007; Rodgers et al. 2005). Examples of genes that are specifically inhibited
by glucocorticoids through “negative GREs” include pro-opiomelanocortin (Drouin
et al. 1993), interleukin-1beta (Zhang et al. 1997), gonadotropin-releasing hormone
(GnRH) (Chandran et al. 1996), and prolactin (PRL)(Subramaniam et al. 1997).

The minimal consensus estrogen response element (ERE) sequence is also
palindromic, 5-GGTCAnnnTGACC-3' (Klein-Hitpass et al. 1988), and differs in
only 2 bp from the GRE (Klock et al. 1987). Extension of the length of the ERE
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Table 2 Hormone response element (HRE)-binding sites for steroid/nuclear receptors. Response
elements for the class II nuclear receptors are direct repeats (DR), inverted repeats (IR), or everted
repeats (EvR) of the indicated half-site with the letter following the DR or IR indicating the number
of nucleotides separating the half-sites, e.g., DR5 is 5'-~AGGTCAnnnnnAGGTCA-3’

Steroid/nuclear receptor
AR, GR, MR, and PR

Consensus HRE
ARE, GRE, MRE, PRE:
5-AGAACAnnnTGTTCT-

Reference

Beato et al. (1989) and
Geserick et al. (2005)

3/

ERa and ER ERE: Klinge (2001)
5'-AGGTCAnnnTGACCT-
3/

Class II NRs (PPAR, RAR, DR: 5-AGGTCA-3’ Stunnenberg (1993)

RXR, TR, and VDR)

RAR homodimer IRO Helsen and Claessens (2014)

RXR/RAR DRS5, DR2, DR1 Bastien and Rochette-Egly
(2004)

RXR/TR DR4 Aumais et al. (1996)

TR homodimer DR4, IR6
RXR/VDR or VDR homodimer | DR3
RXR/PPAR DR1

Helsen and Claessens (2014)
DeLuca and Zierold (1998)
Willson et al. (2000)

palindrome, e.g., 5'-CAGGTCAnnnTGACCTG-3', and the sequences immediately
flanking the ERE helped determine ER« binding affinity (Anolik et al. 1993, 1995,
1996; Driscoll et al. 1996, 1998; Klinge 2001; Klinge et al. 1992a, b). One of the
major advances in the field of transcriptional regulation by SR/NR has been the use
of chromatin immunoprecipitation (ChIP) and ChIP-seq to identify receptor-binding
sites in different types of cells with various treatments. We now appreciate that while
SRs bind their consensus response elements (Table 2) with high affinity, these sites
are located throughout the genome, not only in 5’ enhancer regions. Early experi-
ments used human chromosome tiling arrays to identify ERa-binding sites through-
out the human genome (Carroll and Brown 2006a, Carroll et al. 2006b; Eeckhoute
et al. 2006, 2007; Kwon et al. 2007; Liu et al. 2008; Lupien et al. 2008; Tan-Wong
et al. 2008). These studies were performed in MCF-7 human breast cancer cells with
endogenous ERa and demonstrated that with E, treatment, ERa was recruited not
only to the anticipated EREs in the 5’ promoter of known target genes but to ERES
located in the 3’'UTR and at great distances from established genes in the human
genome (Carroll and Brown 2006a, Carroll et al. 2006b; Kwon et al. 2007; Lin et al.
2007; Liu et al. 2008; Stender et al. 2010; Welboren et al. 2009a, b). This provided
new support for the idea of chromatin looping between distant sites allowing the
assembly of a dynamic “transcriptional machine” that increases the efficiency of
chromatin remodeling and facilitates gene transcription. Further studies have also
demonstrated chromatin looping between promoter, intron, and 3'UTR regions of
genes is regulated positively and negatively by E, (Eeckhoute et al. 2007; Tan-Wong
et al. 2008). Overall, the interpretation of the vast amounts of data generated by
global nuclear run-on sequencing (GRO-seq) and NGS is that E, increases
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transcription from both DNA strands and the ~30,000 transcripts regulated in
MCEF-7 cells include not only mRNA, rRNA, tRNA, and miRNA but also antisense,
divergent, enhancer, and intergenic RNAs that may play roles in transcriptional
regulation (Hah and Kraus 2014; Lam et al. 2014; Li et al. 2013).

In addition to EREs, ERa also occupies half-site EREs and AP-1 sites (Kininis
et al. 2007) as well as sites for PAX2, FOXA1, AP2, TCF, PAX6, BACH1, MEF3,
and LUNI1 (Charn et al. 2010). In silico analysis revealed E,-induced genes are
enriched in binding sites for E2F1, NRF-1, and NF-Y transcription factors in
ZR-75.1 breast cancer cells (Scafoglio et al. 2006). ERa-binding sites are cell
specific: less than 20% of were common between E,-treated ECC-1 endometrial
and T47D breast cancer cells (Gertz et al. 2012). Together, these data and other
studies reveal cell-specific, time-dependent ERa-, ERpB-, and apparent ERo/ERf
heterodimer DNA interactions throughout the genome resulting in different trans-
criptomes in the presence or absence of E, and other ligands.

The response elements for the various class II NRs, e.g., TR, RAR, RXR, and
VDR, are composed of direct repeats of the half-site 5'-AGGTCA-3’ either with no
space in between the half-sites (DRO) or separated by a gap of 1-5 nucleotides
(DR1-DRS5) (Umesono et al. 1991). The number of nucleotides separating the half-
sites determines the specificity of class II NR binding (Mangelsdorf et al. 1995b).
Many class II NR require RXR for hormonal activation of transcription
(Mangelsdorf and Evans 1995a). The synergistic interaction between NRs and
other transcription factors bound to regulatory cis-acting elements permits fine-
tuning of the rates of transcription of target genes in response to the local cellular
and hormonal milieu.

Regulation of Gene Transcription by Steroid Hormone Receptors

Initiation of transcription is a complex event occurring through the cooperative
interaction of multiple factors at the target gene promoter. When bound to the specific
HRE on the DNA, the hormone-receptor complex interacts with basal transcription
factors and with other proteins to stabilize basal transcription factor binding and
promote the assembly of the transcription initiation complex. Once the transcription
initiation complex is in place, the enzyme RNA polymerase II is recruited to the
transcription start site where it begins transcribing the DNA sequence into mRNA.
By binding to DNA, steroid hormone receptors regulate the transcription of RNA.
Historically, we have considered the regulation of gene transcription in a positive
manner by the steroid receptors, i.e., an SR binding to its HRE increased the levels of
mRNA of the target gene. Transcriptional regulation was envisioned as involving
SR-HRE interaction as a “cis”-acting element interaction since the HRE was located
on the same DNA as the gene itself, generally located near the 5" end (beginning) of the
gene, upstream to the gene promoter with other transcription factor-binding elements,
forming an upstream enhancer (Greenblatt 1997). The promoter, essential for gene
activation, sets the basal rate of transcription and controls the accuracy of transcription
initiation (Sauer and Tjian 1997). That view of how SRs regulate transcription has
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changed greatly in light of information from ChIP-seq studies described, as an example
for ERa above, and the Encyclopedia of DNA Elements (ENCODE) project.

Data from Encyclopedia of DNA Elements (ENCODE, http://www.nature.com/
encode/) revealed that ~75% of the human genome is transcribed and of that ~1% is
mRNA, suggesting that other RNA transcripts, including long noncoding RNAs
(IncRNAs) and small RNAs, including four major classes, small nuclear (sn)RNAs,
small nucleolar (sno)RNAs, micro- (mi)RNAs, and transfer (t)RNAs, have regula-
tory functions (Djebali et al. 2012). Of the ~25,000 protein-coding genes in the
human genome, only about half are expressed in any cell type due to cell-specific
epigenomic signatures regulating a subset of enhancers controlling gene expression
at a long range (Romanoski et al. 2015). Next-generation sequencing (NGS) by
RNA sequencing (RNA-seq) identifies the cellular transcriptome, i.e., all the RNAs
in that source (MRNA, rRNA, tRNA), the noncoding RNAs (ncRNAs), miRNAs,
enhancer RNAs (eRNAs), endogenous small-interfering RNAs (siRNAs), PIWI-
interacting RNAs (piRNAs), and IncRNAs, ranging from 1,000 to >90,000 bases
(Marrone et al. 2014). The pervasiveness of transcription and the function of these
transcripts are of keen interest (reviewed in Capobianco 2014).

ChIP-chip and ChIP-seq studies examining RNA pol II, coactivator, other tran-
scription factor, and histone marks in E, treated MCF-7 cells have revealed that
FoxAl (Carroll et al. 2005), PBX, TLE1 (Holmes et al. 2012), AP2y, and GATA3
(Theodorou et al. 2013) act as “pioneer factors” that remodel condensed chromatin
to facilitate ERa binding (reviewed in Magnani and Lupien 2014). Pioneer factor
interaction with nucleosomes coordinates the binding of other transcription factors,
coregulators, and chromatin-modifying and remodeling complexes — all leading to
increased transcription (reviewed in Iwafuchi-Doi and Zaret 2014).

Interaction of Steroid/Nuclear Receptors with Coactivators
(Coregulators That Increase Transcriptional Activity)

DNA is complexed with histones, wound around nucleosomes, and condensed into a
higher order helical fiber of 30 nm diameter that is decondensed for transcription
(reviewed in Hiibner et al. 2013). Studies have identified cell-specific ordering of
chromatin into chromosome territories with each chromosome occupying a region of
the nucleus with changes in chromatin topology, e.g., looping involved in gene
transcription (Hiibner et al. 2013). Epigenetic modifications to the N-terminal tails of
core histones, i.e., lysine acetylation, lysine and arginine methylation, and serine and
threonine phosphorylation, impact dynamics of chromatin structure and accessibility of
transcription factor binding (Wang et al. 2004). Activation of gene transcription
involves a network of interactions among transcription factors, histone-modifying
enzymes, epigenetic readers, and components of RNA polymerase II. The human
genome has >1 million enhancers (Heintzman et al. 2009). Enhancers were first
identified as DNase I hypersensitive sites and are now defined as high H3K4mel and
H3K27Ac and low H3K4me3 by ChIP assays (reviewed in Palstra and Grosveld 2012).
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Acetylation and methylation decrease histone’s affinity for DNA to induce changes in
nucleosomal structure that allows access to the DNA by nucleosomal sliding, histone
exchange, or histone displacement (reviewed in Galvani and Thiriet 2015).

SRs interact with multiple proteins both when bound to DNA or in solution
in vitro. Early experiments showed that overexpression of one type of steroid
hormone receptor could inhibit or “squelch” the activation of transcription mediated
by a different SR, hinting that steroid receptors compete for limited amounts of a
factor(s) required for transcription (Meyer et al. 1989). Over the past 20 years,
numerous coactivators have been identified (reviewed in Stashi et al. 2014; York
and O’Malley 2010). Initially some of these proteins were called receptor-interacting
proteins (RIPs) and receptor-associated proteins (RAPs); however, not all RIPs are
coactivators. By definition, coactivators are considered to interact directly with the
steroid/nuclear receptor and enhance transcription. Thus, the first coactivators for
steroid receptors to be discovered, the SWI/SNF proteins (Yoshinaga et al. 1992),
while not strictly coactivators, serve as bridging factors that interact between
coactivators and basal transcription factors. Several coactivators have “general”
transcriptional activator function, since they enhance transcription by different
types of transcription factors, including steroid receptors.

Coactivator proteins contain one or more copies of an NR-binding motif, also
called the NR box, consisting of the aa = LXXLL, which physically interacts with
the steroid/nuclear receptors. Steroid receptors show different affinities for the
various coactivators (Ding et al. 1998) and use different amino acids to contact the
coactivators (Eng et al. 1998). Some coactivators, e.g., SRC-1 (NCOA1), SRC-1
(AIB1, NCOA3), and CREB/p300/CBP, have histone acetyltransferase (HAT) activ-
ity (Dallas et al. 1998; Shang et al. 2000; Spencer et al. 1997) providing a mecha-
nism by which “coactivation” occurs. HATs acetylate lysine residues on the
N-terminal tails of histones H3 and H4 in chromatin, resulting in a weaker associ-
ation of histones with DNA, thus altering nucleosomal conformation and stability in
a manner that facilitates transcriptional activation by RNA polymerase II (Sternglanz
1996). SRC-1, CBP/p300, CREB, and other coactivators form a ternary complex
with liganded SR to increase gene transcription (Shibata et al. 1997). Thus, several
HAT activities may be tethered to hormone-activated receptors on the promoter,
yielding synergistic transactivation. Electron cryo-electron microscopy (cryo-EM)
revealed the quaternary structure of an ERa, SRC-3 (AIB1), and p300, bound to the
700 bp plasmid, containing four tandem EREs, at a resolution of ~25 A which
indicated each ERa monomer bound one SRC-3 coactivator (two SRC-3s, two
ERas, and one p300 were visualized in the complex) with p300 bridging the two
SRC-3 proteins (Yi et al. 2015). SRs/NRs show different affinities of interaction with
coactivators (Zhou et al. 1998). There is a complex “histone code” regulating gene
transcription that includes not only histone acetylation but methylation, ubiquiti-
nylation, and other modifications that lead to a combinatorial epigenomic signature
which enhances transcription (reviewed in Fischle et al. 2015; Gardner et al. 2011).
Target cells express different levels of coactivators and corepressors which, along
with the amount of receptor protein and ligand, allows fine-tuning of target gene
transcription in response to steroid hormones (Smith and O’Malley 2004).
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General Model of SR Nuclear Transcription Factor Activity

Steroid hormones are small hydrophobic and lipid-soluble molecules derived from
cholesterol. They circulate in blood either free or bound (95%) to plasma carrier
proteins (Thompson 1995). Sex hormone-binding globulin (SHBG), also known as
testosterone-estradiol-binding globulin (TeBG), and androgen-binding protein
(ABP) are encoded by the same gene (Danzo and Joseph 1994), but differ in tissue
expression and glycosylation (Hammond and Bocchinfuso 1995). ABP is produced
by the Sertoli cells of the testis, and SHBG is produced by the liver and is present in
the circulatory system (Joseph 1994). SHBG binds most gonadal steroids, and
corticosteroid-binding globulin (CBG or transcortin) binds glucocorticoids and
progesterone, with differing affinities. When circulating levels of steroid hormones
exceed the binding capacity of their respective binding proteins, they bind non-
specifically, and with low affinity, to albumin, from which they can readily dissociate
and enter target cells (Westphal 1986).

SHBG binds to a specific cell membrane receptor called sex hormone-binding
globulin receptor (SHBG-R) and activates adenylyl cyclase, thus increasing intra-
cellular cAMP (Joseph 1994). Binding of SHBG to SHBG-R also transfers SHBG
into the cell as a consequence of receptor-mediated endocytosis (Hammes et al.
2005). The interaction of SHBG with SHBG-R was shown to be inhibited when
steroids are bound to SHBG, suggesting that SHBG is an allosteric protein (Porto
etal. 1995). However, if unliganded SHBG is allowed to bind to its receptor on intact
cells, and an appropriate steroid hormone then is introduced, adenylate cyclase is
activated and intracellular cAMP increases (Rosner et al. 1991). Several members of
the organic anion-transporting polypeptide (OATP) family of proteins mediate the
sodium and ATP-independent uptake of DHEA, pregnenolone, and estrone into
tissues including the breast and prostate and are overexpressed in tumors in these
tissues (Cho et al. 2014). Once the steroid hormone is in the cytoplasm, it is not yet
clear whether a transport protein is required for movement of the hydrophobic
steroid molecule through the aqueous cytoplasm to the receptor, regardless of
whether the receptor is cytoplasmic or nuclear in location. The current model is
that the steroid hormone diffuses freely in the cytoplasm.

Regulation of Gene Transcription by Interaction of Steroid/
Nuclear Receptors with Other Transcription Factors Bound
to DNA (Tethering)

Steroid receptors interact directly with different transcription factors and alter target
gene transcription without the steroid receptor interacting directly with DNA. The
best studied example of this “transcriptional cross talk” is the interaction of the AP-1
transcription factor with GR (reviewed in Gottlicher et al. 1998). Depending on the
cell type (Maroder et al. 1993) and the composition of the AP-1 complex, GR
synergizes with AP-1 (Jun-Jun homodimer) or suppresses the Fos-Jun heterodimer
(Diamond et al. 1990). In vitro assays demonstrated that ERa interacts with the
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Fos-Jun AP-1 heterodimer and that the selective ER modulators (SERMs) raloxifene
and tamoxifen are more potent agonists than E, at AP-1 sites (Cheung et al. 2005).
For example tamoxifen-activated ERa activated the human collagenase gene
through an AP-1 site (Webb et al. 1995). Tamoxifen agonism at AP-1 sites is cell-
type specific, i.e., occurring in cell lines of the uterine, but not of breast origin. The
DBD of ERa is required for tamoxifen activation at AP-1 sites. Conversely, the AP-1
components cJun and cFos inhibited E,-dependent ERa-stimulated reporter gene
activity in transiently transfected MCF-7 or CV-1 cells transfected with ERa
(Tzukerman et al. 1991). DNA-binding experiments revealed that ERa-ERE binding
was inhibited by the cJun protein and that ERa inhibited cJun-DNA binding
(Tzukerman et al. 1991).

E, differentially regulates gene transcription through ERa and ER from an AP-1
site: with ERa, Ej-activated transcription, whereas with ERp, E, inhibited transcrip-
tion (Paech et al. 1997). Moreover, in contrast to ERa, the antiestrogens tamoxifen,
raloxifene, and ICI 164,384 were potent transcriptional activators with ERf at an
AP-1 site. Thus, the two ERs differ in how they respond to ligand and response
element, suggesting that ERa and ERf may play different roles in gene regulation
(Paech et al. 1997).

Spl is another transcription factor with which ERa interacts to activate gene
transcription (reviewed in Safe and Kim 2008). A number of estrogen-responsive
genes are activated by ERa-Sp!l interaction including cathepsin D (Krishnan et al.
1994), RAR« (Rishi et al. 1996), VEGF (Stoner et al. 2004), and c-fos (Duan et al.
1998). ERa and Sp1 physically interact in a manner that requires both the N-terminal
and C-terminal regions of ERa (Porter et al. 1997). The interaction of the Sp1 and
ERa and the resulting increase in Sp1-DNA binding are observed in the presence or
absence of E,, whereas transactivation of promoter-reporter constructs is E, depen-
dent. These results indicate that transcriptional activation requires more than
ERa-Spl interaction and increased DNA binding. A likely interpretation is that
coactivators are required.

NF-kB, a transcription factor dimer involved in regulation of inflammatory genes,
also interacts directly with ERa, ERP, and GR, and inhibition of NF-xB was
demonstrated to stimulate ERp and GR transcriptional activity in cells (Chu et al.
2004). More recent studies using circular chromosome conformation capture
coupled with next-generation sequencing and high-resolution chromatin interaction
analysis by paired-end tag sequencing have identified long-range chromatin inter-
actions of GR, NF-kB, and p300 in HeLa cells (Kuznetsova et al. 2015).

Actions of SR in the Plasma Membrane

While most of the effects of steroid hormones are mediated through their interaction
with their cognate receptors and subsequent effects on target gene transcription,
certain rapid effects of steroid hormones and nuclear receptor ligands are incompat-
ible with a transcriptional mechanism. A small proportion of classical steroid
receptors, i.e., AR (Migliaccio et al. 2011), ERa (Watson et al. 2002Watson and
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Lange 2005b), PR (Kowalik et al. 2013), GR (Song and Buttgereit 2006), and MR
(Dooley et al. 2012), have been reported in the plasma membrane of various target
cell types. In general, treatment of target cells containing SR in plasma membrane-
associated complexes rapidly, within seconds, activates intracellular signaling path-
ways, e.g., MAPK, PI3K, JNK, that lead ultimately to alterations in gene expression
and cell phenotypes. Computational modeling studies have identified two transmem-
brane helices (TMH) within the LBD of PRB, AR, ERa, and ERp (Morrill et al.
2015).

Extranuclear Activities of GR and MR

GR can bind to cytoskeletal structures (Scherrer and Pratt 1992), and glucocorticoids
stimulate the rapid onset of polymerization of actin in a nongenomic manner that
involves decreased intracellular cAMP (Koukouritaki et al. 1997). GR has also been
found in mitochondria in hepatic cells where it may activate mitochondrial gene
expression (Demonacos et al. 1996), and in leukemic cells sensitivity to
glucocorticoids-induced apoptosis appears to be regulated by translocation of GR
into mitochondria (Sionov et al. 2006). Aldosterone rapidly actives protein kinase C
(PKC), protein kinase D (PKD), and mitogen-activated protein kinase (MAPK)
signaling cascades through transactivation of epidermal growth factor receptor
(EGFR) and the tyrosine kinase c-Src (reviewed in Dooley et al. 2012).

Membrane-Initiated Progestin Signaling

Membrane progesterone receptors were initially characterized in amphibian oocytes,
in fish, and in spermatids, reviewed in Baulieu and Robel (1995)Baulieu and
Schumacher 1997), Braun and Thomas (2004), Hawkins and Thomas (2004), Maller
(2003), Thomas et al. (2004), and Zhu et al. (2003a, b). There are three subtypes of
membrane PR: «, B, and y, with each a GPCR that is linked to inhibition of adenylate
cyclase (Josefsberg Ben-Yehoshua et al. 2007; Thomas 2008; Zhu et al. 2003a; b). A
novel PR that mediates rapid changes in Ca™* conductance was reported in human
sperm plasma membrane, reviewed in Revelli et al. (1998). A single transmembrane
protein progesterone receptor membrane component 1 (PGMRC1) that has a MW
2628 kDa was first purified from pig livers and has subsequently been identified in
a variety of other tissues, including granulosa and luteal cells (Thomas 2008).
PGMRCI can bind to other molecules including heme, cholesterol metabolites,
and proteins (Thomas 2008). In granulosa cells, progesterone activation of
PGMRCI results in antimitotic and anti-apoptotic action, and altered PGRMC1
expression correlates with premature ovarian failure, polycystic ovarian syndrome,
and infertility (reviewed in Peluso and Pru 2014). Progesterone activation of
PM-associated PGMRCI1 activates ERK5 and increases BDNF release providing
neuroprotection in the brain (reviewed in Singh et al. 2013). Higher MW oligomeric
forms of PGMRCI1 locate in the nucleus where PGMRCI1 generally functions as a
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repressor of transcription in a human granulosa/luteal cell line (hGLS5 cells) (Peluso
et al. 2012). In addition, metabolites of progesterone and deoxycorticosterone act as
positive allosteric modulators of the gamma-aminobutyric acid (GABA)A receptor
complex in the cortex of rat brain, increasing the affinity of GABA binding to the
GABAA receptor (Hawkinson et al. 1994). The neuroprotective effects of proges-
terone and its actions through GABAA receptor and PGRMCI1 were recently
reviewed (Guennoun et al. 2015). There is clearly a need for further research to
elucidate the roles of membrane PRs in mediating progestin activity in various
tissues

Membrane-Associated ER Signaling

E, has “nongenomic, extranuclear, or membrane-initiated” effects, i.e., independent
of ER-mediated transcription, that occur within minutes after E, administration
(reviewed in Levin 2015; Pietras and Marquez-Garban 2007; Watson et al. 2010).
Tissues in which rapid effects of E, have been reported include the brain (reviewed
in Toran-Allerand 2004), cardiovascular tissues (reviewed in Kim et al. 2014), and
oocytes (Tesarik and Mendoza 1997). A generalized model for the activities of
PM-associated ERs, which include dimeric full-length ERa, palmitoylated ERa46,
N-terminal-truncated ERa36, and GPER, is shown in Fig. 3. ERa interacts with
cavelolin-1 which functions as a scaffold for a number of signaling proteins,
including Src kinase, Ga, EGFR, PKC, PELPI1, and other signaling molecules
(reviewed in Boonyaratanakornkit 2011; Girard et al. 2014).

One well-characterized system for the study of endogenous membrane ERa is the
rat GH3/B6 pituitary tumor cell line in which ~10% of ERa localizes in the plasma
membrane (Bulayeva et al. 2004a, b, c; Pappas et al. 1995; Watson et al. 1995, 2002,
2005a). Treatment of GH3/B6 pituitary cells to E, elicited a rapid (within 5 min)
release of prolactin (PRL). GH3/B6 pituitary cells also show small amounts of
membrane-associated ERP and GPER (Watson et al. 2012). This model system has
been used to characterize the rapid effects of environmentally relevant concentra-
tions of endocrine-disrupting chemicals (EDCs) including bisphenol A and
bisphenol S which include activation of JNK and MAPK and inhibition of
E,-induced PRL release (Vinas and Watson 2013).

A comparison of nuclear and membrane localization of recombinant ERax and
ER in transfected CHO cells (considered to be ER null) showed that both ERa and
ERp were expressed predominantly in the nucleus with ~5% of each ER subtype
located in the cell membrane (Razandi et al. 1999). E, treatment of these transfected
CHO cells activated Gaq and Gas proteins in the membrane and rapidly stimulated
corresponding inositol phosphate production and adenylate cyclase activity
(Razandi et al. 1999). Interestingly, membrane ERa and ERP showed a distinct
difference in their activities: cJun N-terminal kinase (JNK) activity was stimulated
by E, in ERB-expressing CHO, but was inhibited in CHO-ERa« cells (Razandi et al.
1999). Plasma membrane ERa is a dimer that interacts with caveolin-1 (Cav-1)
which interacts with G proteins, Src, Grb7, Raf, Ras, MEK, and the EGFR in MCF-7
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E;, 4-OHT, fulvestrant, G-1

Fig. 3 Rapid activation of membrane-associated ERa, ERa46, ERa36, and GPER activates
intracellular signaling pathways

cells and triggers the release of HB-EGF into the culture medium that, in turn,
activates the EGFR and downstream signaling leading to activation of ERK1/2
(MAPK) and PI3K/AKT signaling cascades (Pedram et al. 2006; Razandi et al.
2003). Palmitoylation of ERa is important for its membrane localization (Acconcia
et al. 2005; Pedram et al. 2007).

In MCF-7 cells, E, rapidly increased PIP2-phospholipase C activity (Graber et al.
1993), mobilized intracellular Ca**, and activated the MAPK (Improta-Brears et al.
1999) and PI3K/AKT pathways (Stoica et al. 2003). Since ERx lacks a transmem-
brane domain, how it gets to the plasma membrane (PM) has been controversial, but
it appears to involve palmitoylation (Moriarty et al. 2006). In MCF-7 cells, the
adaptor protein Shc shuttles ERa from the nucleus to the PM where ERa interacts
with the IGF-1 receptor (IGF-1R) (Song et al. 2004). Similarly, another scaffold
protein, called modulator of nongenomic activity of ER (MNAR), was reported to
mediate ERa-cSrc interaction and MAPK signaling (Barletta et al. 2004; Cheskis
2004; Greger et al. 2006). A role for a membrane caveola-localized ERa variant
(ERa46) in rapid NO release via PI3K/Akt-activated endothelial nitric oxide syn-
thase (eNOS) in EC has been reported (Flototto et al. 2004; Hisamoto and Bender
2005; Kim and Bender 2005; Li et al. 2003).

Direct interactions between plasma membrane-associated ERa and Gai have
been implicated in eNOS activation and NO production in COS-7 cells transfected
with ERa and specific Gai proteins (Chambliss et al. 2010). E; stimulated the direct
interaction of ERa with Gai via ERa-striatin interaction in MCF-7 and other cells
(Wu et al. 2013). Likewise, E, rapidly activates the G protein-coupled signal
cascades in MCF-7 and other breast cancer cell lines.

GPER/GPR30

GPER (originally called GPR30) is an integral plasma membrane coupled to Gas in
its inactive state and, when activated, causes heterotrimeric G proteins that stimulate
adenylate cyclase, Src, and EGFR signaling (Gaudet et al. 2015; Prossnitz and
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Barton 2014). GPER is also associated with endoplasmic reticulum, likely from
endocytic recycling. GPER is activated not only by E, but also by tamoxifen,
raloxifene, fulvestrant, xenoestrogens, endocrine disruptors, synthetic, specific
ligand G-1 (Gaudet et al. 2015), and DHEA (Teng et al. 2015). E, binds GPER
with high affinity (Kd = 2.7 nM) and activates adenylate cyclase, AKT, and MAPK
signaling (Filardo and Thomas 2012). Overexpression of FLAG-GPER in HeLa
cells revealed that physiological concentrations (10 nM—1 pM) of E, stimulated
FLAG-GPER translocation from the plasma membrane to the cytoplasm and that
intracellular Ca™ was elevated within several seconds after the addition of E, in
these cells (Funakoshi et al. 2006). Two synthetic GPER antagonists G-15 and G-36
are used in experiments to examine downstream signaling (Gaudet et al. 2015).
GPER is thought to be the membrane receptor for aldosterone (Feldman 2014;
Feldman and Gros 2013). GPER has been implicated in a variety of physiological
processes in tissues including the brain, vascular endothelium, cardiovascular, lung,
skeletal muscle, and bone and in processes including metabolism, immune regula-
tion, neurotransmission, water reabsorption, and cancer progression in many tumor
types (reviewed in Barton and Prossnitz 2015; Gaudet et al. 2015; Prossnitz and
Barton 2014).

Summary Comments on the Functional Roles of Steroid Receptors
Androgen Receptor

AR is expressed in the male reproductive tract and in the female reproductive tract as
well as many other tissues (reviewed in Chang et al. 2013). A number of AR
knockout (ARKO) mice have been created for system or cell-specific knockout
(reviewed in Chang et al. 2013). These studies revealed critical roles for AR not
only for male reproductive tract function but also for folliculogenesis, fertility, and
mammary gland development. AR and its regulation of gene transcription and rapid
effects on cell signaling are best characterized in prostate cancer (reviewed in Green
etal. 2012). The NTD of AR has polyglutamine (Poly-Q), polyproline (Poly-P), and
polyglycine (Poly-G) repeats. The Poly-Q displays high variability, ranging in length
from 18 to 22 repeats (normal) to over 40 repeats. There are a number of alternatively
spliced AR variants, i.e., AR-V3, AR-V4, AR-V7, and AR-V12 that are constitu-
tively active and thought to play a role in castration-resistant prostate cancer (CRPC)
(Schweizer and Yu 2015). Overexpression and AR gene amplification as well as
nucleotide mutations are found in AR in CRPC (reviewed in Waltering et al. 2012).
Rapid signaling by androgens involves AR-Src interaction which may play a role in
CRPC (Zarif et al. 2015). AR also contributes to breast cancer with current studies
examining its contribution to triple-negative (Zhang et al. 2015) and endocrine-
resistant breast cancer (Rechoum et al. 2014). Early clinical trials indicate a benefit
for antiandrogen (enzalutamide) in breast cancer patients (Traina 2015), but further
studies are needed.
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There are five different AR knockout mouse lines with different exon deletions,
and differences in these models and as a result of mouse strain background have been
observed (reviewed in Rana et al. 2014). Early studies reported that male AR
knockout (ARKO) mice are phenotypically female with an 80% reduction in testes
size, and serum testosterone concentrations are lower than in wild-type (wt) mice
(Yeh et al. 2002). ARKO mice displayed small hearts in relation to body weight with
impaired contraction (reviewed in Rana et al. 2014). The male ARKO mice have
reduced spermatogenesis and cancellous bone volumes. Female ARKO mice have
reduced fertility (Yeh et al. 2002). The mice also have specific skeletal muscle
defects (Altuwaijri et al. 2004). Creation of transgenic mice with conditional knock-
out of AR only in prostate epithelia (pes-ARKO) revealed that these mice lacked
external phenotypic differences seen in the ARKO mice, but that they showed
increased prostate epithelial cell proliferation (Wu et al. 2007). Other insights from
the pes-ARKO mice have been reviewed (Rana et al. 2014).

Estrogen Receptors (ERs)

Until late 1996, only one ER was thought to mediate the physiological effects of
estrogens. However, a second gene encoding a closely related, but distinct, ER,
called ERp, was first identified in rat prostate (Kuiper et al. 1996) and later in humans
(Mosselman et al. 1996). The original ER was renamed ERa. ERa (ESR/, NR3A1)
and ERP (ESR2, NR3A2) can form heterodimers as well as homodimers in vitro and
in vivo (Ogawa et al. 1998). Both ERs bind estrogens, estradiol (E2), estrone (E1),
and estriol with high affinity in the nM range (Kuiper et al. 1997). In addition to full-
length, wild-type ERa, a 66 kDa protein, a number of splice variants of ERa have
been identified (reviewed in Herynk and Fuqua 2004). Among them, ERa46
(reviewed in Pietras and Marquez-Garban 2007; Toran-Allerand 2004) and ERa36
(reviewed in Wang and Yin 2015) are associated with membrane-initiated estrogen
signaling. Likewise, ERp splice variants have genomic and “nongenomic” activities
and subcellular distribution (Davies et al. 2004; Thomas and Gustafsson 2011;
Weiser et al. 2008). These splice variants can dimerize with wt ERa and ERp, but
the functional significance of such heterodimerization is not yet known.

The tissue distribution of ERa and ERP overlaps, but often one subtype is
dominant in a particular tissue. ERa is more highly expressed in the liver, mammary
gland, pituitary, hypothalamus, uterus, and vagina than ER; ER is dominant in the
colonic epithelium, prostate, ovary, and lung (reviewed in Hamilton et al. 2014,
Zhao et al. 2010a). Studies in knockout mouse models provide evidence that ERa
and ERp play unique physiological roles (reviewed in Couse et al. 2000; Couse and
Korach 1998, 1999; Hewitt et al. 2005). To the surprise of the investigators and
others, global knockout of ERa expression was not lethal and had no effects on the
ratio of male/female mice born (Couse et al. 1995). ERaKO mice survived to
adulthood and developed grossly normal external genitalia, but both sexes were
infertile (Lubahn et al. 1993). Reproductive findings in both ERaKO and ERaKO
mice have been reviewed (Hamilton et al. 2014). Mammary glands of adult ERaKO
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female mice lack branching and terminal end bud formation (Korach et al. 2003).
Disruption of ERa signaling in ERKO mice leads to an obese phenotype (Musatov
et al. 2007; Ohlsson et al. 2000).

Because ERa is the best prognostic indicator for breast cancer patients and is the most
successful molecular target in the history of cancer drug discovery (Zhou and Slingerland
2014), much is known about the molecular mechanisms of ERa in breast cancer. ERa is
expressed at elevated levels in ~75% of clinical breast cancer samples (McGuire et al.
1986). In cell-based studies, ERp is a dominant negative inhibitor of ERa-mediated
transcriptional activity (reviewed in Bottner et al. 2014). Antiestrogens, e.g., tamoxifen,
and aromatase inhibitors (Als), e.g., letrozole, are used as adjuvant therapy to prevent
disease recurrence in breast cancer patients whose tumors are ERo/PR+ (Freedman et al.
2015). Indeed, because of its disease relevance, more papers have been published on ERa
than any other NR or transcription factor (Vaquerizas et al. 2009).

Glucocorticoid Receptors

GR is activated by cortisol from the adrenal in response to activation of the
hypothalamic-pituitary-adrenal (HPA) axis and release of ACTH to stimulate the
adrenal. The systemic effects of glucocorticoids are vast (reviewed in Talabér et al.
2013). GR exists in two isoforms GRa and GRp, identical from the N-terminus to aa
727, with splice variants of each (reviewed in Lu and Cidlowski 2004). GR knockout or
GR loss-of-function transgenic mice show that GR signaling controls glucose metabo-
lism in the liver, skeletal muscle, and pancreas and regulates it (reviewed in Rose and
Herzig 2013). GR regulates the transcription of circadian clock genes that are important
for glucose and lipid homeostasis (reviewed in Dickmeis et al. 2013). Total GR
knockout in mice causes postnatal death due to respiratory failure, whereas mice lacking
GR in hepatocytes show profound hypoglycemia after prolonged fasting due to their
lack of GR stimulation of genes involved in gluconeogenesis, i.e., phosphoenolpyruvate
carboxykinase (PEPCK), pyruvate carboxylase, and glucose-6-phosphatase (reviewed
in Rose and Herzig 2013). Glucocorticoids are clinically used to inhibit inflammation.
GR represses the transcription of inflammatory genes by tethering to NFkB, AP-1, and
STAT3 and inhibiting transcription by unknown mechanisms involving competition for
coactivators and recruitment of HDACs (reviewed in Chinenov et al. 2013). To my
knowledge, only four papers address the GR cistrome (Kadiyala et al. 2016a, b; Okun
et al. 2015; Paakinaho et al. 2014). These studies indicate that GR actions depend on
cellular and chromatin context. Future RNA-seq and cistrome studies are necessary to
elucidate the mechanisms of the cell-specific functions.

Mineralocorticoid Receptors
Aldosterone activation of MR regulates renal sodium reabsorption and potassium

excretion, thus playing a major role in blood pressure regulation and extracellular
volume regulation. MR also binds cortisol, but the conformation of MR elicited
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upon cortisol binding is different from that when aldosterone binds, and this results
in differences in intramolecular and coregulator interactions (reviewed in Fuller
2015). In addition to its expression in aldosterone-sensitive distal nephrons of the
kidney, MR is expressed in vascular smooth muscle cells, venous endothelial cells,
atrial cardiomyocytes, and subcutaneous adipocytes and in epidermis and hair
follicle from the skin (reviewed in Jaisser and Farman 2016). MR is also expressed
in specific areas of the brain at higher levels than GR, e.g., hippocampus (reviewed
in Talabér et al. 2013). MR is expressed in a range of inflammatory cells, particularly
the monocyte-macrophage lineage (reviewed in Fuller 2015). There has been an
exponential increase in reports implicating MR in a variety of diseases and beneficial
effects of MR agonists in a variety of tissues including eye and immune system
(reviewed in Jaisser and Farman 2016).

Targeted disruption of MR resulted in neonatal death in homozygous MR knock-
out mice with death 8—13 days after birth due to dehydration by renal sodium and
water loss (Berger et al. 1998). The MR-/- mice showed severe dehydration,
hyperkalemia, hyponatremia, and high plasma levels of renin, angiotensin II, and
aldosterone (Hubert et al. 1999). Cardiomyocyte-selective MR knockout or over-
expression studies in mice showed that cardiomyocyte MR-null mice were protected
from cardiac dilatation and failure in an infarct model (reviewed in Young and
Rickard 2015). Whether inhibition of MR by therapeutic intervention will benefit
patients with cardiovascular disease is of keen interest.

Only one paper has examined the cistromes of MR in aldosterone-treated
human renal cells (Le Billan et al. 2015). ChIP for AR identified the consensus
MRE (5-AGXxACAnnnTGTxCT-3') and binding sites for early growth response
protein 1 (EGR1), forkhead box (FOX), paired box protein 5 (PAXS), and
activated protein 1 (AP-1), suggesting cooperation of MR with these transcrip-
tion factors. Additional studies are needed to understand MR regulation of gene
transcription.

Progesterone Receptors

Studies have shown that PR-A is required for reproductive function and uterine
development while PR-B is required for normal mammary gland development
(Lange 2008). Most PR-positive cells in humans express PR-A and PR-B, including
the uterus, mammary gland, brain, bone, ovary, testes, pancreas, and tissues of the
lower urinary tract (reviewed in Scarpin et al. 2009). Nongenomic/extranuclear
effects of progesterone in human tissues/cells include acrosome reaction/capacita-
tion, immunoregulatory function in T lymphocytes, platelet aggregation, and intes-
tinal smooth muscle contraction (reviewed in Taraborrelli 2015). Clinical data from
the Women’s Health Initiative (WHI) trial indicated that medroxyprogesterone
acetate (MPA) increased breast cancer risk, and a variety of in vitro studies support
a stimulatory role of progestins in breast cancer (reviewed in Lange 2008). Anti-
progestins are of clinical interest in breast cancer treatment (reviewed in Knutson
and Lange 2014).
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There were no effects on the viability or sexual differentiation of homozygous PR
gene-disrupted mice (Lydon et al. 1995). The female homozygous for PR disruption
are completely infertile while males exhibit no apparent effects on fertility. Serum
LH levels in PRKO mice ~twofold higher (metestrus) than in wild-type mice
(Chappell et al. 1997). However, basal FSH and LHRH levels were unaffected.
Basal levels of E, and progesterone in serum were likewise similar in the two groups.
Basal PRL levels were slightly higher in PRKO versus wild-type mice. These results
confirm the essential role of PR in regulating the hypothalamic and/or pituitary axis
that governs gonadotropin secretion (Chappell et al. 1997).

The transcriptome and cistromes of PR which have been examined in human
endometrial stromal cells showed that FOSL2 is an important coregulator of
PR-mediated stromal cell decidualization, which is required to establish and main-
tain pregnancy (Mazur et al. 2015). Much less is known about the PR cistromes than
ERa cistrome.

Summary

Over the past 30 years, we have gained insight into the molecular mechanisms of the
action of steroid hormones and their receptors. Yet, what we have learned from a
wide range of techniques from targeted disruption in animal models, molecular
cloning and overexpression studies in cells and animals, ChIP, ChIP-seq, NGS,
GRO-seq, and chromatin capture experiments is that we still do not fully understand
how this complex system works in vivo to maintain homeostasis and the precise
mechanisms of endocrine disease. We know that steroid hormones and other ligands
mediate their biological activities by binding to a superfamily of related receptors
that share a common modular structure. Studies have revealed that unliganded and
hormone-occupied SRs interact with specific binding sites throughout the genome
and regulate transcription bidirectionally. We know that SRs interact with numerous
coregulatory proteins that assist in chromatin remodeling and other epigenomic
alterations that alter transcription initiation and elongation. We know that SRs also
interact with other nuclear transcription factors bound to their response element to
regulate gene transcription. We know that SRs exist in complexes of proteins with
chromatin remodeling activity that bring distant regions together in a “chromatin
kissing” model to regulate gene transcription. The nucleosome remodeling activity
of SR coactivators and corepressors and their associated proteins has revealed the
importance of the dynamic nature of chromatin structure in hormone-induced gene
transcription. The importance of multiple levels of “cross talk” between cell
membrane-bound SRs and other PM receptors, e.g., EGFR, acting via second
messenger phosphorylation cascades, and nuclear SRs and between different classes
of transcriptional enhancer proteins indicates the overall complexity involved in
specific gene regulation. Finally, recent developments in the analysis of SR mutants
and their function have enhanced our potential for clinical diagnosis and treatment of
endocrine disorders.



8 Steroid Hormone Receptors and Signal Transduction Processes 213

Cross-References

Genetic Disorders of Adrenocortical Function

Molecular Mechanisms of Thyroid Hormone Synthesis and Secretion

Ovarian Physiology

Targeting of Steroid Hormone Receptor Function in Breast and Prostate Cancer
The Adrenal Glands

The Endocrine Regulation of Blood Pressure

The Endocrinology of Puberty

The Physiology of the Testis

Thyroid Hormone Nuclear Receptors and Molecular Actions

References

Acconcia F, Ascenzi P, Bocedi A, Spisni E, Tomasi V, Trentalance A, Visca P, Marino
M. Palmitoylation-dependent estrogen receptor {alpha} membrane localization: regulation by
17{beta}-Estradiol. Mol Biol Cell. 2005;16:231-7.

Altuwaijri S, Lee DK, Chuang KH, Ting HJ, Yang Z, Xu Q, Tsai MY, Yeh S, Hanchett LA, Chang
HC, Chang C. Androgen receptor regulates expression of skeletal muscle-specific proteins and
muscle cell types. Endocrine. 2004;25:27-32.

Anolik JH, Klinge CM, Bambara RA, Hilf R. Differential impact of flanking sequences on
estradiol- versus 4-hydroxytamoxifen-liganded estrogen receptor binding to estrogen responsive
element DNA. J Steroid Biochem Mol Biol. 1993;46:713-30.

Anolik JH, Klinge CM, Hilf R, Bambara RA. Cooperative binding of estrogen receptor to DNA
depends on spacing of binding sites, flanking sequence, and ligand. Biochemistry (Mosc).
1995;34:2511-20.

Anolik JH, Klinge CM, Brolly CL, Bambara RA, Hilf R. Stability of the ligand of estrogen response
element-bound estrogen receptor depends on flanking sequences and cellular factors. J Steroid
Biochem Mol Biol. 1996;59:413-29.

Archer TK, Fryer CJ, Lee H-L, Zaniewski E, Liang T, Mymryk JS. Steroid hormone receptor status
defines the MMTV promoter chromatin structure in vivo. J Steroid Biochem Mol Biol.
1995;53:421-9.

Audet-Walsh E, Giguere V. The multiple universes of estrogen-related receptor alpha and gamma in
metabolic control and related diseases. Acta Pharmacol Sin. 2015;36:51-61.

Aumais JP, Lee HS, DeGannes C, Horsford J, White J. Function of directly repeated half sites as
response elements for steroid hormones. J Biol Chem. 1996;271:12568-77.

Banerjee M, Robbins D, Chen T. Modulation of xenobiotic receptors by steroids. Molecules (Basel,
Switzerland). 2013;18:7389-406.

Banerjee M, Robbins D, Chen T. Targeting xenobiotic receptors PXR and CAR in human diseases.
Drug Discov Today. 2015;20:618-28.

Barletta F, Wong CW, McNally C, Komm BS, Katzenellenbogen B, Cheskis BJ. Characterization of
the interactions of estrogen receptor and MNAR in the activation of cSrc. Mol Endocrinol.
2004;18:1096-108.

Barton M, Prossnitz ER. Emerging roles of GPER in diabetes and atherosclerosis. Trends Endo-
crinol Metab. 2015;26:185-92.

Bastien J, Rochette-Egly C. Nuclear retinoid receptors and the transcription of retinoid-target genes.
Gene. 2004;328:1-16.

Baulieu EE, Robel P. Non-genomic mechanisms of action of steroid hormones. Ciba Found Symp.
1995;191:24-37.



214 C.M. Klinge

Baulieu EE, Schumacher M. Neurosteroids, with special reference to the effect of progesterone on
myelination in peripheral nerves. Mult Scler. 1997;3:105-12.

Beato M, Chalepakis G, Schauer M, Slater EP. DNA regulatory elements for steroid hormones.
J Steroid Biochem. 1989;32:737-47.

Benoit G, Malewicz M, Perlmann T. Digging deep into the pockets of orphan nuclear receptors:
insights from structural studies. Trends Cell Biol. 2004;14:369-76.

Berger S, Bleich M, Schmid W, Cole TJ, Peters J, Watanabe H, Kriz W, Warth R, Greger R, Schutz
G. Mineralocorticoid receptor knockout mice: pathophysiology of Na+ metabolism. Proc Natl
Acad Sci U S A. 1998;95:9424-9.

Boonyaratanakornkit V. Scatfolding proteins mediating membrane-initiated extra-nuclear actions of
estrogen receptor. Steroids. 2011;76:877-84.

Bottner M, Thelen P, Jarry H. Estrogen receptor beta: tissue distribution and the still largely
enigmatic physiological function. J Steroid Biochem Mol Biol. 2014;139:245-51.

Bourguet W, Ruff M, Chambon P, Gronemeyer H, Moras D. Crystal structure of the ligand-binding
domain of the human nuclear receptor RXRa. Nature. 1995;375:377-82.

Bourguet W, Germain P, Gronemeyer H. Nuclear receptor ligand-binding domains: three-
dimensional structures, molecular interactions and pharmacological implications. Trends
Pharmacol Sci. 2000;21:381-8.

Braun AM, Thomas P. Biochemical characterization of a membrane androgen receptor in the ovary
of the atlantic croaker (Micropogonias undulatus). Biol Reprod. 2004;71:146-55.

Brzozowski AM, Pike AC, Dauter Z, Hubbard RE, Bonn T, Engstrom O, Ohma L, Greene GL,
Gustafsson JA, Carlquist M. Molecular basis of agonism and antagonism in the oestrogen
receptor. Nature. 1997;389:753-8.

Bulayeva NN, Watson CS. Xenoestrogen-induced ERK-1 and ERK-2 activation via multiple
membrane-initiated signaling pathways. Environ Health Perspect. 2004;112:1481-7.

Bulayeva NN, Gametchu B, Watson CS. Quantitative measurement of estrogen-induced ERK 1 and
2 activation via multiple membrane-initiated signaling pathways. Steroids. 2004a;69:181-92.

Bulayeva NN, Wozniak A, Lash LL, Watson CS. Mechanisms of membrane estrogen receptor-
{alpha}-mediated rapid stimulation of Ca2+ levels and prolactin release in a pituitary cell line.
Am J Physiol Endocrinol Metab. 2004b. doi:10.1152/ajpendo.00349.2004.

Burns KA, Li Y, Arao Y, Petrovich RM, Korach KS. Selective mutations in estrogen receptor o
D-domain alters nuclear translocation and non-estrogen response element gene regulatory
mechanisms. J Biol Chem. 2011;286:12640-9.

Cammarata PR, Chu S, Moor A, Wang Z, Yang S-H, Simpkins JW. Subcellular distribution of
native estrogen receptor [alpha] and [beta] subtypes in cultured human lens epithelial cells. Exp
Eye Res. 2004;78:861-71.

Capobianco E. RNA-Seq data: a complexity journey. Comput Struct Biotechnol J. 2014;11:123-30.

Carroll JS, Brown M. Estrogen receptor target gene: an evolving concept. Mol Endocrinol.
2006;20:1707-14.

Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, Eeckhoute J, Shao W, Hestermann EV,
Geistlinger TR, Fox EA, Silver PA, Brown M. Chromosome-wide mapping of estrogen receptor
binding reveals long-range regulation requiring the forkhead protein FoxAl. Cell.
2005;122:33-43.

Carroll JS, Meyer CA, Song J, Li W, Geistlinger TR, Eeckhoute J, Brodsky AS, Keeton EK, Fertuck
KC, Hall GF, Wang Q, Bekiranov S, Sementchenko V, Fox EA, Silver PA, Gingeras TR, Liu
XS, Brown M. Genome-wide analysis of estrogen receptor binding sites. Nat Genet.
2006;38:1289-97.

Carruthers CW, Suh JH, Gustafsson J-A, Webb P. Phosphorylation of glucocorticoid receptor taulc
transactivation domain enhances binding to CREB binding protein (CBP) TAZ2. Biochem
Biophys Res Commun. 2015;457:119-23.

Cattin AL, Le Beyec J, Barreau F, Saint-Just S, Houllier A, Gonzalez FJ, Robine S, Pincon-
Raymond M, Cardot P, Lacasa M, Ribeiro A. Hepatocyte nuclear factor 4alpha, a key factor


https://dx.doi.org/10.1152/ajpendo.00349.2004

8 Steroid Hormone Receptors and Signal Transduction Processes 215

for homeostasis, cell architecture, and barrier function of the adult intestinal epithelium. Mol
Cell Biol. 2009;29:6294-308.

Chai X, Zeng S, Xie W. Nuclear receptors PXR and CAR: implications for drug metabolism
regulation, pharmacogenomics and beyond. Expert Opin Drug Metab Toxicol. 2013;9:253—66.

Chambliss KL, Wu Q, Oltmann S, Konaniah ES, Umetani M, Korach KS, Thomas GD, Mineo C,
Yuhanna IS, Kim SH, Madak-Erdogan Z, Maggi A, Dineen SP, Roland CL, Hui DY, Brekken
RA, Katzenellenbogen JA, Katzenellenbogen BS, Shaul PW. Non-nuclear estrogen receptor
alpha signaling promotes cardiovascular protection but not uterine or breast cancer growth in
mice. J Clin Invest. 2010;120:2319-30.

Chandran UR, Attardi B, Friedman R, Zheng ZW, Roberts JL, DeFranco DB. Glucocorticoid
repression of the mouse gonadotropin-releasing hormone gene is mediated by promoter ele-
ments that are recognized by heteromeric complexes containing glucocorticoid receptor. J Biol
Chem. 1996;271:20412-20.

Chang C, Lee SO, Wang R-S, Yeh S, Chang T-M. Androgen receptor (AR) physiological roles in
male and female reproductive systems: lessons learned from AR-knockout mice lacking AR in
selective cells. Biol Reprod. 2013;89(21):1-16.

Chappell PE, Lydon JP, Conneely OM, O’Malley BW, Levine JE. Endocrine defects in mice
carrying a null mutation for the progesterone receptor gene. Endocrinology. 1997;138:4147-52.

Charn TH, Liu ET-B, Chang EC, Lee YK, Katzenellenbogen JA, Katzenellenbogen BS. Genome-
wide dynamics of chromatin binding of estrogen receptors {alpha} and {beta}: mutual restric-
tion and competitive site selection. Mol Endocrinol. 2010;24:47-59.

Cheng S-Y, Leonard JL, Davis PJ. Molecular aspects of thyroid hormone actions. Endocr Rev.
2010;31:139-70.

Cherian MT, Chai SC, Chen T. Small-molecule modulators of the constitutive androstane receptor.
Expert Opin Drug Metab Toxicol. 2015;11:1099-114.

Cheskis BJ. Regulation of cell signalling cascades by steroid hormones. J Cell Biochem.
2004;93:20-7.

Cheung E, Acevedo ML, Cole PA, Kraus WL. Altered pharmacology and distinct coactivator usage
for estrogen receptor-dependent transcription through activating protein-1. Proc Natl Acad Sci
U S A. 2005;102:559-64.

Chiang JY. Bile acid regulation of gene expression: roles of nuclear hormone receptors. Endocr Rev.
2002;23:443-63.

Chinenov Y, Gupte R, Rogatsky I. Nuclear receptors in inflammation control: repression by GR and
beyond. Mol Cell Endocrinol. 2013;380:55-64.

Cho E, Montgomery RB, Mostaghel EA. Minireview: SLCO and ABC transporters: a role for
steroid transport in prostate cancer progression. Endocrinology. 2014;155:4124-32.

Chodankar R, Wu DY, Schiller BJ, Yamamoto KR, Stallcup MR. Hic-5 is a transcription
coregulator that acts before and/or after glucocorticoid receptor genome occupancy in a gene-
selective manner. Proc Natl Acad Sci U S A. 2014;111:4007—12.

Chodankar R, Wu DY, Gerke DS, Stallcup MR. Selective coregulator function and restriction of
steroid receptor chromatin occupancy by Hic-5. Mol Endocrinol. 2015;29:716-29.

Christakos S, Dhawan P, Verstuyf A, Verlinden L, Carmeliet G. Vitamin D: metabolism, molecular
mechanism of action, and pleiotropic effects. Physiol Rev. 2016;96:365-408.

Chu S, Nishi Y, Yanase T, Nawata H, Fuller PJ. Transrepression of estrogen receptor {beta}
signaling by nuclear factor-{kappa}B in ovarian granulosa cells. Mol Endocrinol.
2004;18:1919-28.

Clemens JW, Robker RL, Kraus WL, Katzenellenbogen BS, Richards JS. Hormone induction of
progesterone receptor (PR) messenger ribonucleic acid and activation of PR promoter regions in
ovarian granulosa cells: evidence for a role of cyclic adenosine 3’,5'-monophosphate but not
estradiol. Mol Endocrinol. 1998;12:1201-14.

Coelho MB, Attig J, Ule J, Smith CWJ. Matrin3: connecting gene expression with the nuclear
matrix. Wiley Interdiscip Rev: RNA. 2016. doi:10.1002/wrna.1336,n/a-n/a.



216 C.M. Klinge

Cole TJ, Blendy JA, Schmid W, Strahle U, Schutz G. Expression of the mouse glucocorticoid
receptor and its role during development. J Steroid Biochem Mol Biol. 1993;47:49-53.

Cook DN, Kang HS, Jetten AM. Retinoic acid-related orphan receptors (RORs): regulatory
functions in immunity, development, circadian rhythm, and metabolism. Nucl Recept Res.
2015;2:2314.

Cooney AJ, Lee CT, Lin SC, Tsai SY, Tsai MJ. Physiological function of the orphans GCNF and
COUP-TF. Trends Endocrinol Metab. 2001;12:247-51.

Couse JF, Korach KS. Exploring the role of sex steroids through studies of receptor deficient mice.
J Mol Med. 1998;75:497-511.

Couse JF, Korach KS. Estrogen receptor null mice: what have we learned and where will they lead
us? Endocr Rev. 1999;20:358-417.

Couse JF, Curtis SW, Washburn TF, Lindzey J, Golding TS, Lubahn DB, Smithies O, Korach
KS. Analysis of transcription and estrogen insensitivity in the female mouse after targeted
disruption of the estrogen receptor gene. Mol Endocrinol. 1995;9:1441-54.

Couse JF, Curtis Hewitt S, Korach KS. Receptor null mice reveal contrasting roles for estrogen
receptor alpha and beta in reproductive tissues. J Steroid Biochem Mol Biol. 2000;74:287-96.

Cruz-Topete D, Cidlowski JA. One hormone, two actions: anti- and pro-inflammatory effects of
glucocorticoids. Neuroimmunomodulation. 2015;22:20-32.

Dallas PB, Cheney IW, Liao D-W, Bowrin V, Byam W, Pacchione S, Kobayashi R, Yaciuk P, Moran
E. p300/CREB binding protein-related protein p270 is a component of mammalian SWI/SNF
complexes. Mol Cell Biol. 1998;18:3596-603.

Daniel AR, Gaviglio AL, Knutson TP, Ostrander JH, D’ Assoro AB, Ravindranathan P, Peng Y, Raj
GV, Yee D, Lange CA. Progesterone receptor-B enhances estrogen responsiveness of breast
cancer cells via scaffolding PELP1- and estrogen receptor-containing transcription complexes.
Oncogene. 2015;34:506-15.

Danielian PS, White R, Lees JA, Parker MG. Identification of a conserved region required for
hormone dependent transcriptional activation by steroid hormone receptors. EMBO
J. 1992;11:1025-33.

Danzo BJ, Joseph DR. Structure-function relationships of rat androgen — binding protein/human
sex-hormone binding globulin: the effect of mutagenesis on steroid- binding parameters.
Endocrinology. 1994;135:157-67.

Dasgupta S, Lonard DM, O’Malley BW. Nuclear receptor coactivators: master regulators of human
health and disease. Annu Rev Med. 2014;65:279-92.

Davies MPA, O’Neill PA, Innes H, Sibson DR, Prime W, Holcombe C, Foster CS. Correlation of
mRNA for oestrogen receptor beta splice variants ER {beta} 1, ER {beta}2/ER {beta}cx and ER
{beta}5 with outcome in endocrine-treated breast cancer. ] Mol Endocrinol. 2004;33:773-82.

De Amicis F, Zupo S, Panno ML, Malivindi R, Giordano F, Barone I, Mauro L, Fuqua SAW, Ando
S. Progesterone receptor B recruits a repressor complex to a half-pre site of the estrogen receptor
{alpha} gene promoter. Mol Endocrinol. 2009;23:454—65.

De Martino MU, Bhattachryya N, Alesci S, Ichijo T, Chrousos GP, Kino T. The glucocorticoid
receptor and the orphan nuclear receptor chicken ovalbumin upstream promoter-transcription
factor II interact with and mutually affect each other’s transcriptional activities: implications for
intermediary metabolism. Mol Endocrinol. 2004;18:820-33.

Deblois G, Giguere V. Functional and physiological genomics of estrogen-related receptors (ERRs)
in health and disease. Biochim Biophys Acta. 2011;1812:1032—40.

Deblois G, St-Pierre J, Giguere V. The PGC-1/ERR signaling axis in cancer. Oncogene.
2013;32:3483-90.

DeFranco DB. Subnuclear trafficking of steroid receptors. Biochem Soc Trans. 1997;25:592-7.

DeLuca HF, Zierold C. Mechanisms and functions of vitamin D. Nutr Rev. 1998;56:S4-10.
discussion S 54-75.

Demonacos CV, Karayanni N, Hatzoglou E, Tsiriyiotis C, Spandidos DA, Sekeris
CE. Mitochondrial genes as sites of primary action of steroid hormones. Steroids.
1996;61:226-32.



8 Steroid Hormone Receptors and Signal Transduction Processes 217

Dey P, Barros RPA, Warner M, Strom A, Gustafsson J-A. Insight into the mechanisms of action of
estrogen receptor f in the breast, prostate, colon, and CNS. J Mol Endocrinol. 2013;51:T61-74.

Diamond MI, Miner JN, Yoshinaga SK, Yamamoto KR. Transcription factor interactions: selectors
of positive or negative regulation from a single DNA element. Science. 1990;249:1266—72.

Dickmeis T, Weger BD, Weger M. The circadian clock and glucocorticoids — interactions across
many time scales. Mol Cell Endocrinol. 2013;380:2—15.

Ding XF, Anderson CM, Ma H, Hong H, Uht RM, Kushner PJ, Stallcup MR. Nuclear receptor-
binding sites of coactivators glucocorticoid receptor interacting protein 1 (GRIP1) and steroid
receptor coactivator 1 (SRC-1): multiple motifs with different binding specificities. Mol Endo-
crinol. 1998;12:302-13.

Dittmar KD, Demady DR, Stancato LF, Krishna P, Pratt WB. Folding of the glucocorticoid
receptor by the heat shock protein (hsp) 90-based chaperone machinery: the role of p23
is to stabilize receptor.hsp90 heterocomplexes formed by hsp90.p60.hsp70. J Biol Chem.
1997;272:21213-20.

Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, Tanzer A, Lagarde J, Lin W,
Schlesinger F, Xue C, Marinov GK, Khatun J, Williams BA, Zaleski C, Rozowsky J, Roder M,
Kokocinski F, Abdelhamid RF, Alioto T, Antoshechkin I, Baer MT, Bar NS, Batut P, Bell K,
Bell I, Chakrabortty S, Chen X, Chrast J, Curado J, Derrien T, Drenkow J, Dumais E, Dumais J,
Duttagupta R, Falconnet E, Fastuca M, Fejes-Toth K, Ferreira P, Foissac S, Fullwood MJ,
Gao H, Gonzalez D, Gordon A, Gunawardena H, Howald C, Jha S, Johnson R, Kapranov P,
King B, Kingswood C, Luo OJ, Park E, Persaud K, Preall JB, Ribeca P, Risk B, Robyr D,
Sammeth M, Schaffer L, See L-H, Shahab A, Skancke J, Suzuki AM, Takahashi H, Tilgner H,
Trout D, Walters N, Wang H, Wrobel J, Yu Y, Ruan X, Hayashizaki Y, Harrow J, Gerstein M,
Hubbard T, Reymond A, Antonarakis SE, Hannon G, Giddings MC, Ruan Y, Wold B,
Carninci P, Guigo R, Gingeras TR. Landscape of transcription in human cells. Nature.
2012;489:101-8.

Dooley R, Harvey BJ, Thomas W. Non-genomic actions of aldosterone: from receptors and signals
to membrane targets. Mol Cell Endocrinol. 2012;350:223-34.

Drewes T, Senkel S, Holewa B, Ryffel GU. Human hepatocyte nuclear factor 4 isoforms are
encoded by distinct and differentially expressed genes. Mol Cell Biol. 1996;16:925-31.

Driscoll MD, Klinge CM, Hilf R, Bambara RA. Footprint analysis of estrogen receptor binding to
adjacent estrogen response elements. J Steroid Biochem Mol Biol. 1996;58:45-61.

Driscoll MD, Sathya G, Muyan M, Klinge CM, Hilf R, Bambara RA. Sequence requirements for
estrogen receptor binding to estrogen response elements. J Biol Chem. 1998;273:29321-30.
Drouin J, Sun YL, Chamberland M, Gauthier Y, De Lean A, Nemer M, Schmidt TJ. Novel
glucocorticoid receptor complex with DNA element of the hormone- repressed POMC gene.

EMBO J. 1993;12:145-56.

Duan R, Porter W, Safe S. Estrogen-induced c-fos protooncogene expression in MCF-7 human
breast cancer cells: role of estrogen receptor Spl complex formation. Endocrinology.
1998;139:1981-90.

Durand B, Saunders M, Gaudon C, Roy B, Losson R, Chambon P. Activation function 2 (AF-2) of
retinoic acid receptor and 9-cis retinoic acid receptor: presence of a conserved autonomous
constitutive activating domain and influence of the nature of the response element on AF-2
activity. EMBO J. 1994;13:5370-82.

Eeckhoute J, Carroll JS, Geistlinger TR, Torres-Arzayus MI, Brown M. A cell-type-specific
transcriptional network required for estrogen regulation of cyclin D1 and cell cycle progression
in breast cancer. Genes Dev. 2006;20:2513-26.

Eeckhoute J, Keeton EK, Lupien M, Krum SA, Carroll JS, Brown M. Positive cross-regulatory loop
ties GATA-3 to estrogen receptor {alpha} expression in breast cancer. Cancer Res.
2007,67:6477-83.

Elbi C, Walker DA, Romero G, Sullivan WP, Toft DO, Hager GL, DeFranco DB. Molecular
chaperones function as steroid receptor nuclear mobility factors. Proc Natl Acad Sci U S A.
2004;101:2876-81.



218 C.M. Klinge

Eng FCS, Barsalou A, Akutsu N, Mercier 1, Zechel C, Made S, White JH. Different classes of
coactivators recognize distinct but overlapping binding sites on the estrogen receptor ligand
binding domain. J Biol Chem. 1998;273:28371-7.

Evans RM. The steroid and thyroid hormone receptor superfamily. Science. 1988;240:889-95.

Evans RM. The nuclear receptor superfamily: a rosetta stone for physiology. Mol Endocrinol.
2005;19:1429-38.

Evans RM, Mangelsdorf DJ. Nuclear receptors, RXR, and the Big Bang. Cell. 2014;157:255-66.

Fan W, Evans R. PPARs and ERRs: molecular mediators of mitochondrial metabolism. Curr Opin
Cell Biol. 2015;33:49-54.

Feige JN, Auwerx J. Transcriptional coregulators in the control of energy homeostasis. Trends Cell
Biol. 2007;17:292-301.

Feldman RD. Aldosterone and blood pressure regulation: recent milestones on the long and winding
road from electrocortin to KCNJ5, GPER, and beyond. Hypertension. 2014;63:19-21.

Feldman RD, Gros R. Vascular effects of aldosterone: sorting out the receptors and the ligands. Clin
Exp Pharmacol Physiol. 2013. doi:10.1111/1440-1681.12157,n/a-n/a.

Filardo EJ, Thomas P. Minireview: G protein-coupled estrogen receptor-1, GPER-1: its mechanism
of action and role in female reproductive cancer, renal and vascular physiology. Endocrinology.
2012;153:2953-62.

Fischle W, Mootz HD, Schwarzer D. Synthetic histone code. Curr Opin Chem Biol.
2015;28:131-40.

Flototto T, Niederacher D, Hohmann D, Heimerzheim T, Dall P, Djahansouzi S, Bender HG,
Hanstein B. Molecular mechanism of estrogen receptor (ER)[alpha]-specific, estradiol-depen-
dent expression of the progesterone receptor (PR) B-isoform. J Steroid Biochem Mol Biol.
2004;88:131-42.

Freedman OC, Fletcher GG, Gandhi S, Mates M, Dent SF, Trudeau ME, Eisen A. Adjuvant
endocrine therapy for early breast cancer: a systematic review of the evidence for the 2014
Cancer Care Ontario systemic therapy guideline. Curr Oncol (Toronto, Ont). 2015;22:
S95-s113.

Fu M, Wang C, Zhang X, Pestell RG. Acetylation of nuclear receptors in cellular growth and
apoptosis. Biochem Pharmacol. 2004;68:1199-208.

Fuller PJ. Novel interactions of the mineralocorticoid receptor. Mol Cell Endocrinol.
2015;408:33-7.

Funakoshi T, Yanai A, Shinoda K, Kawano MM, Mizukami Y. G protein-coupled receptor 30 is an
estrogen receptor in the plasma membrane. Biochem Biophys Res Commun. 2006;346:904—10.

Galvani A, Thiriet C. Nucleosome dancing at the tempo of histone tail acetylation. Genes.
2015;6:607-21.

Gao T, McPhaul MJ. Functional activities of the A and B forms of the human androgen receptor in
response to androgen receptor agonists and antagonists. Mol Endocrinol. 1998;12:654—63.
Gardner KE, Allis CD, Strahl BD. OPERating ON chromatin, a colorful language where context

matters. J Mol Biol. 2011;409:36-46.

Gaudet HM, Cheng SB, Christensen EM, Filardo EJ. The G-protein-coupled estrogen receptor,
GPER: the inside and inside-out story. Mol Cell Endocrinol. 2015;418:207—-19.

Gehring U. Steroid hormone receptors and heat shock proteins. Vitam Horm. 1998;54:167-205.

Germain P, Staels B, Dacquet C, Spedding M, Laudet V. Overview of nomenclature of nuclear
receptors. Pharmacol Rev. 2006;58:685-704.

Gertz J, Reddy TE, Varley KE, Garabedian MJ, Myers RM. Genistein and bisphenol A exposure
cause estrogen receptor 1 to bind thousands of sites in a cell type-specific manner. Genome Res.
2012;22:2153-62.

Geserick C, Meyer H-A, Haendler B. The role of DNA response elements as allosteric modulators
of steroid receptor function. Mol Cell Endocrinol. 2005;236:1-7.

Giguere V. Retinoic acid receptors and cellular retinoid binding proteins: complex interplay in
retinoid signaling. Endocr Rev. 1994;15:61-79.



8 Steroid Hormone Receptors and Signal Transduction Processes 219

Giordano Attianese GM, Desvergne B. Integrative and systemic approaches for evaluating
PPARbeta/delta (PPARD) function. Nucl Recept Signal. 2015;13, e001.

Girard BJ, Daniel AR, Lange CA, Ostrander JH. PELP1: a review of PELP1 interactions, signaling,
and biology. Mol Cell Endocrinol. 2014;382:642-51.

Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, Galardi C, Wilson JG,
Lewis MC, Roth ME, Maloney PR, Willson TM, Kliewer SA. A regulatory cascade of the
nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid biosynthesis. Mol Cell.
2000;6:517-26.

Gorski J, Williams D, Giannopoulos G, Stancel G. The continuing evolution of an estrogen-receptor
model. Adv Exp Med Biol. 1973;36:1-14.

Goswami D, Callaway C, Pascal BD, Kumar R, Edwards DP, Griffin PR. Influence of domain
interactions on conformational mobility of the progesterone receptor detected by hydrogen/
deuterium exchange mass spectrometry. Structure. 2014;22:961-73.

Gottlicher M, Heck S, Herrlich P. Transcriptional cross-talk, the second mode of steroid hormone
receptor action. J Mol Med. 1998;76:480-9.

Graber R, Sumida C, Vallette G, Nunez EA. Rapid and long-term effects of 17 beta-estradiol on
PIP2-phospholipase C-specific activity of MCF-7 cells. Cell Signal. 1993;5:181-6.

Granner DK, Wang JC, Yamamoto KR. Regulatory actions of glucocorticoid hormones: from
organisms to mechanisms. Adv Exp Med Biol. 2015;872:3-31.

Green S, Chambon P. Oestradiol induction of a glucocorticoid-responsive gene by a chimaeric
receptor. Nature. 1987;325:75-8.

Green SM, Mostaghel EA, Nelson PS. Androgen action and metabolism in prostate cancer. Mol
Cell Endocrinol. 2012;360:3—13.

Greenblatt J. RNA polymerase II holoenzyme and transcriptional regulation. Curr Opin Cell Biol.
1997;9:310-9.

Greger JG, Guo Y, Henderson R, Ross JF, Cheskis BJ. Characterization of MNAR expression.
Steroids. 2006;71:317-22.

Greschik H, Jean-Marie Wurtz PH, Kohler F, Moras D, Schiile R. Characterization of the
DNA-binding and dimerization properties of the nuclear orphan receptor germ cell nuclear
factor. Mol Cell Biol. 1999;19:690-703.

Guennoun R, Labombarda F, Gonzalez Deniselle MC, Liere P, De Nicola AF, Schumacher
M. Progesterone and allopregnanolone in the central nervous system: response to injury and
implication for neuroprotection. J Steroid Biochem Mol Biol. 2015;146:48—61.

Guiochon-Mantel A, Delabre K, Lescop P, Milgrom E. Intracellular traffic of steroid hormone
receptors. J Steroid Biochem Mol Biol. 1996;56:1-6.

Hah N, Kraus WL. Hormone-regulated transcriptomes: lessons learned from estrogen signaling
pathways in breast cancer cells. Mol Cell Endocrinol. 2014;382:652—64.

Hamilton KJ, Arao Y, Korach KS. Estrogen hormone physiology: reproductive findings from
estrogen receptor mutant mice. Reprod Biol. 2014;14:3-8.

Hammes A, Andreassen TK, Spoelgen R, Raila J, Hubner N, Schulz H, Metzger J, Schweigert FJ,
Luppa PB, Nykjaer A, Willnow TE. Role of endocytosis in cellular uptake of sex steroids. Cell.
2005;122:751-62.

Hammond GL, Bocchinfuso WP. Sex hormone-binding globulin/androgen-binding protein: steroid-
binding and dimerization domains. J Steroid Biochem Mol Biol. 1995;53:543-52.

Hawk JD, Bookout AL, Poplawski SG, Bridi M, Rao AJ, Sulewski ME, Kroener BT, Manglesdorf
DJ, Abel T. NR4A nuclear receptors support memory enhancement by histone deacetylase
inhibitors. J Clin Invest. 2012;122:3593-602.

Hawkins MB, Thomas P. The unusual binding properties of the third distinct teleost estrogen
receptor subtype ERbetaa are accompanied by highly conserved amino acid changes in the
ligand binding domain. Endocrinology. 2004;145:2968-77.

Hawkinson JE, Kimbrough CL, Belelli D, Lambert JJ, Purdy RH, Lan NC. Correlation of
neuroactive steroid modulation of [35S]t- butylbicyclophosphorothionate and [3H]



220 C.M. Klinge

flunitrazepam binding and gamma aminobutyric acidA receptor function. Mol Pharmacol.
1994;46:977-85.

Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z, Lee LK, Stuart RK,
Ching CW, Ching KA, Antosiewicz-Bourget JE, Liu H, Zhang X, Green RD, Lobanenkov VV,
Stewart R, Thomson JA, Crawford GE, Kellis M, Ren B. Histone modifications at human
enhancers reflect global cell-type-specific gene expression. Nature. 2009;459:108-12.

Helsen C, Claessens F. Looking at nuclear receptors from a new angle. Mol Cell Endocrinol.
2014;382:97-106.

Herynk MH, Fuqua SAW. Estrogen receptor mutations in human disease. Endocr Rev.
2004;25:869-98.

Hewitt SC, Harrell JC, Korach KS. Lessons in estrogen biology from knockout and transgenic
animals. Annu Rev Physiol. 2005;67:285-308.

Hirose T, O’Brien DA, Jetten AM. RTR: a new member of the nuclear receptor superfamily that is
highly expressed in murine testis. Gene. 1995;152:247-51.

Hisamoto K, Bender JR. Vascular cell signaling by membrane estrogen receptors. Steroids.
2005;70:382-7.

Hollenberg SM, Evans RM. Multiple and cooperative trans-activation domains of the human
glucocorticoid receptor. Cell. 1988;55:899-906.

Holmes KA, Hurtado A, Brown GD, Launchbury R, Ross-Innes CS, Hadfield J, Odom DT, Carroll
JS. Transducin-like enhancer protein 1 mediates estrogen receptor binding and transcriptional
activity in breast cancer cells. Proc Natl Acad Sci. 2012;109:2748-53.

Horwitz KB, McGuire WL. Nuclear mechanisms of estrogen action. Effects of estradiol and anti-
estrogens on estrogen receptors and nuclear receptor processing. J Biol Chem.
1978;253:8185-91.

Hua G, Paulen L, Chambon P. GR SUMOylation and formation of an SUMO-SMRT/NCoR1-
HDACS3 repressing complex is mandatory for GC-induced IR nGRE-mediated transrepression.
Proc Natl Acad Sci. 2016;113:E626-34.

Huang EY, Zhang J, Miska EA, Guenther MG, Kouzarides T, Lazar MA. Nuclear receptor
corepressors partner with class II histone deacetylases in a Sin3-independent repression path-
way. Genes Dev. 2000;14:45-54.

Huang B, Warner M, Gustafsson J-A. Estrogen receptors in breast carcinogenesis and endocrine
therapy. Mol Cell Endocrinol. 2015;418:240—4. Part 3.

Hubert C, Gasc J-M, Berger S, Giinther Schiitz G, Corvol P. Effects of mineralocorticoid receptor
gene disruption on the components of the renin-angiotensin system in 8-day-old mice. Mol
Endocrinol. 1999;13:297-306.

Hiibner MR, Eckersley-Maslin MA, Spector DL. Chromatin organization and transcriptional
regulation. Curr Opin Genet Dev. 2013;23:89-95.

Husmann DA, Wilson CM, McPhaul MJ, Tilley WD, Wilson JD. Antipeptide antibodies to two
distinct regions of the androgen receptor localize the receptor protein to the nuclei of target cells
in the rat and human prostate. Endocrinology. 1990;126:2359-68.

Huss JM, Garbacz WG, Xie W. Constitutive activities of estrogen-related receptors: transcriptional
regulation of metabolism by the ERR pathways in health and disease. Biochim Biophys Acta.
2015;1852:1912-27.

Hutchison KA, Dittmar KD, Stancato LF, Pratt WB. Ability of various members of the hsp70 family
of chaperones to promote assembly of the glucocorticoid receptor into a functional hetero-
complex with hsp90. J Steroid Biochem Mol Biol. 1996;58:251-8.

Improta-Brears T, Whorton AR, Codazzi F, York JD, Meyer T, McDonnell DP. Estrogen-induced
activation of mitogen-activated protein kinase requires mobilization of intracellular calcium.
Proc Natl Acad Sci U S A. 1999;96:4686-91.

Islam MM, Zhang C-L. TLX: a master regulator for neural stem cell maintenance and neurogenesis.
Biochim Biophys Acta (BBA) — Gene Regul Mech. 2015;1849:210-6.

Iwafuchi-Doi M, Zaret KS. Pioneer transcription factors in cell reprogramming. Genes Dev.
2014;28:2679-92.



8 Steroid Hormone Receptors and Signal Transduction Processes 221

Jackson TA, Richer JK, Bain DL, Takimoto GS, Tung I, Horwitz KB. The partial agonist activity of
antagonist-occupied steroid receptors is controlled by a novel hinge domain-binding coactivator
L7/SPA and the corepressors N-CoR or SMRT. Mol Endocrinol. 1997;11:693-705.

Jacobsen BM, Horwitz KB. Progesterone receptors, their isoforms and progesterone regulated
transcription. Mol Cell Endocrinol. 2012;357:18-29.

Jadhav U, Harris RM, Jameson JL. Hypogonadotropic hypogonadism in subjects with DAX1
mutations. Mol Cell Endocrinol. 2011;346:65-73.

Jaisser F, Farman N. Emerging roles of the mineralocorticoid receptor in pathology: toward new
paradigms in clinical pharmacology. Pharmacol Rev. 2016;68:49-75.

Jantzen HM, Strahle U, Gloss B, Stewart F, Schmid W, Boshart M, Miksicek R, Schutz
G. Cooperativity of glucocorticoid response elements located far upstream of the tyrosine
aminotransferase gene. Cell. 1987;49:29-38.

Jensen EV, DeSombre ER. Estrogen-receptor interaction. Science. 1973;182:126-34.

Jiang C, Xie C, Li F, Zhang L, Nichols RG, Krausz KW, Cai J, Qi Y, Fang ZZ, Takahashi S, Tanaka N,
Desai D, Amin SG, Albert I, Patterson AD, Gonzalez FJ. Intestinal farnesoid X receptor signaling
promotes nonalcoholic fatty liver disease. J Clin Invest. 2014. doi:10.1172/jci76738.

Josefsberg Ben-Yehoshua L, Lewellyn AL, Thomas P, Maller JL. The role of xenopus membrane
progesterone receptor {beta} in mediating the effect of progesterone on oocyte maturation. Mol
Endocrinol. 2007;21:664-73.

Joseph DR. Structure, function, and regulation of androgen-binding protein/sex hormone-binding
globulin. Vitam Horm. 1994;49:197-280.

Kadiyala V, Sasse SK, Altonsy MO, Berman R, Chu HW, Phang TL, Gerber AN. Cistrome-based
cooperation between airway epithelial glucocorticoid receptor and nf-kappab orchestrates anti-
inflammatory effects. J Biol Chem. 2016a. doi:10.1074/jbc.M116.721217.

Kadiyala V, Sasse SK, Altonsy MO, Phang TL, Gerber AN. Cistrome analysis of glucocorticoid
receptor activity in bronchial epithelial cells defines novel mechanisms of steroid efficacy. Ann
Am Thorac Soc. 2016b;13 Suppl 1:S103.

Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H, Chambon P. Two distinct
estrogen-regulated promoters generate transcripts encoding the two functionally different
human progesterone receptor forms A and B. EMBO J. 1990;9:1603-14.

Khan SH, Awasthi S, Guo C, Goswami D, Ling J, Griffin PR, Simons Jr SS, Kumar R. Binding of
the N-terminal region of coactivator TIF2 to the intrinsically disordered AF1 domain of the
glucocorticoid receptor is accompanied by conformational reorganizations. J Biol Chem.
2012;287:44546-60.

Kim KH, Bender JR. Rapid, estrogen receptor-mediated signaling: why is the endothelium so
special? Sci STKE. 2005;2005:pe28.

Kim KH, Young BD, Bender JR. Endothelial estrogen receptor isoforms and cardiovascular
disease. Mol Cell Endocrinol. 2014;389:65-70.

King WIJ, Greene GL. Monoclonal antibodies localize oestrogen receptor in the nuclei of target
cells. Nature. 1984;307:745-7.

Kininis M, Chen BS, Diehl AG, Isaacs GD, Zhang T, Siepel AC, Clark AG, Kraus WL. Genomic
analyses of transcription factor binding, histone acetylation, and gene expression reveal mech-
anistically distinct classes of estrogen-regulated promoters. Mol Cell Biol. 2007;27:5090—104.

Kinyamu HK, Fryer CJ, Horwitz KB, Archer TK. The mouse mammary tumor virus promoter
adopts distinct chromatin structures in human breast cancer cells with and without glucocorti-
coid receptor. J Biol Chem. 2000;275:20061-8.

Klein-Hitpass L, Ryffel GU, Heitlinger E, Cato AC. A 13 bp palindrome is a functional estrogen
responsive element and interacts specifically with estrogen receptor. Nucleic Acids Res.
1988;16:647-63.

Klinge CM. Estrogen receptor interaction with estrogen response elements. Nucleic Acids Res.
2001;29:2905-19.

Klinge CM, Bambara RA, Hilf R. Antiestrogen-liganded estrogen receptor interaction with estro-
gen responsive element DNA in vitro. J Steroid Biochem Mol Biol. 1992a;43:249-62.



222 C.M. Klinge

Klinge CM, Peale Jr FV, Hilf R, Bambara RA, Zain S. Cooperative estrogen receptor interaction
with consensus or variant estrogen responsive elements in vitro. Cancer Res.
1992b;52:1073-81.

Klinge CM, Jernigan SC, Mattingly KA, Risinger KE, Zhang J. Estrogen response element-
dependent regulation of transcriptional activation of estrogen receptors alpha and beta by
coactivators and corepressors. J Mol Endocrinol. 2004;33:387—410.

Klock G, Strahle U, Schutz G. Oestrogen and glucocorticoid responsive elements are closely related
but distinct. Nature. 1987;329:734-6.

Klug A, Schwabe JWR. Zinc fingers. FASEB J. 1995;9:597-604.

Knutson TP, Lange CA. Tracking progesterone receptor-mediated actions in breast cancer.
Pharmacol Ther. 2014;142:114-25.

Kobayashi K, Hashimoto M, Honkakoski P, Negishi M. Regulation of gene expression by CAR: an
update. Arch Toxicol. 2015;89:1045-55.

Kojetin DJ, Burris TP. REV-ERB and ROR nuclear receptors as drug targets. Nat Rev Drug Discov.
2014;13:197-216.

Korach KS, Emmen JMA, Walker VR, Hewitt SC, Yates M, Hall JM, Swope DL, Harrell JC, Couse
JF. Update on animal models developed for analyses of estrogen receptor biological activity.
J Steroid Biochem Mol Biol. 2003;86:387-91.

Koukouritaki SB, Margioris AN, Gravanis A, Hartig R, Stournaras C. Dexamethasone induces
rapid actin assembly in human endometrial cells without affecting its synthesis. J Cell Biochem.
1997;65:492-500.

Kowalik MK, Rekawiecki R, Kotwica J. The putative roles of nuclear and membrane-bound
progesterone receptors in the female reproductive tract. Reprod Biol. 2013;13:279-89.

Krishnan V, Wang X, Safe S. Estrogen receptor-SP1 complexes mediate estrogen-induced cathepsin
D gene expression in MCF-7 human breast cancer cells. J Biol Chem. 1994;269:15912—-7.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson J-A. Cloning of a novel estrogen
receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U S A. 1996;93:5925-30.

Kuiper GG, Carlsson B, Grandien J, Enmark E, Haggblad J, Nilsson S, Gustafsson J-A. Compar-
ison of the ligand binding specificity and transcript tissue distribution of estrogen receptors o
and p. Endocrinology. 1997;138:863-70.

Kurakula K, Koenis DS, van Tiel CM, de Vries CJM. NR4A nuclear receptors are orphans but not
lonesome. Biochim Biophys Acta (BBA) — Mol Cell Res. 2014;1843:2543-55.

Kuznetsova T, Wang SY, Rao NA, Mandoli A, Martens JH, Rother N, Aartse A, Groh L, Janssen-
Megens EM, Li G, Ruan Y, Logie C, Stunnenberg HG. Glucocorticoid receptor and nuclear
factor kappa-b affect three-dimensional chromatin organization. Genome Biol. 2015;16:264.

Kwon Y-S, Garcia-Bassets I, Hutt KR, Cheng CS, Jin M, Liu D, Benner C, Wang D, Ye Z,
Bibikova M, Fan J-B, Duan L, Glass CK, Rosenfeld MG, Fu X-D. Sensitive ChIP-DSL
technology reveals an extensive estrogen receptor {alpha}-binding program on human gene
promoters. Proc Natl Acad Sci U S A. 2007;104:4852-7.

Lam MTY, Li W, Rosenfeld MG, Glass CK. Enhancer RNAs and regulated transcriptional pro-
grams. Trends Biochem Sci. 2014;39:170-82.

Lange CA. Integration of progesterone receptor action with rapid signaling events in breast cancer
models. J Steroid Biochem Mol Biol. 2008;108:203—12.

Lannigan DA. Estrogen receptor phosphorylation. Steroids. 2003;68:1-9.

Laudet V. Evolution of the nuclear receptor superfamily: early diversification from an ancestral
orphan receptor. ] Mol Endocrinol. 1997;19:207-26.

Le Billan F, Khan JA, Lamribet K, Viengchareun S, Bouligand J, Fagart J, Lombés M. Cistrome of
the aldosterone-activated mineralocorticoid receptor in human renal cells. FASEB
J. 2015;29:3977-89.

Le Menuet D, Lombés M. The neuronal mineralocorticoid receptor: from cell survival to
neurogenesis. Steroids. 2014;91:11-9.

Le Romancer M, Poulard C, Cohen P, Sentis S, Renoir JM, Corbo L. Cracking the estrogen
receptor’s posttranslational code in breast tumors. Endocr Rev. 2011;32:597-622.



8 Steroid Hormone Receptors and Signal Transduction Processes 223

Le TN, Nestler JE, Strauss lii JF, Wickham lii EP. Sex hormone-binding globulin and type 2 diabetes
mellitus. Trends Endocrinol Metab. 2012;23:32-40.

Lee WS, Kim J. Peroxisome proliferator-activated receptors and the heart: lessons from the past and
future directions. PPAR Res. 2015;2015:271983.

Lee S-O, Jin U-H, Kang JH, Kim SB, Guthrie AS, Sreevalsan S, Lee J-S, Safe S. The orphan
nuclear receptor NR4A1 (Nur77) regulates oxidative and endoplasmic reticulum stress in
pancreatic cancer cells. Mol Cancer Res. 2014;12:527-38.

Lefebvre P, Benomar Y, Staels B. Retinoid X receptors: common heterodimerization partners with
distinct functions. Trends Endocrinol Metab. 2010;21:676-83.

Leid M, Kastner P, Lyons R, Nakshatri H, Saunders M, Zacharewski T, Chen JY, Staub A, Garnier
IM, Mader S, et al. Purification, cloning, and RXR identity of the HeLa cell factor with which
RAR or TR heterodimerizes to bind target sequences efficiently. Cell. 1992;68:377-95.

Levin ER. Extranuclear steroid receptors are essential for steroid hormone actions. Annu Rev Med.
2015;66:271-80.

Li L, Haynes MP, Bender JR. Plasma membrane localization and function of the estrogen receptor
alpha variant (ER46) in human endothelial cells. Proc Natl Acad Sci U S A. 2003;100:4807—12.

Li W, Notani D, Ma Q, Tanasa B, Nunez E, Chen AY, Merkurjev D, Zhang J, Ohgi K, Song X, Oh S,
Kim HS, Glass CK, Rosenfeld MG. Functional roles of enhancer RNAs for oestrogen-
dependent transcriptional activation. Nature. 2013;498:516-20.

Lin CY, Vega VB, Thomsen JS, Zhang T, Kong SL, Xie M, Chiu KP, Lipovich L, Barnett DH,
Stossi F, Yeo A, George J, Kuznetsov VA, Lee YK, Charn TH, Palanisamy N, Miller LD,
Cheung E, Katzenellenbogen BS, Ruan Y, Bourque G, Wei CL, Liu ET. Whole-genome
cartography of estrogen receptor alpha binding sites. PLoS Genet. 20073, e87.

Lin F-J, Qin J, Tang K, Tsai SY, Tsai M-J. Coup d’Etat: an orphan takes control. Endocr Rev. 2011.
doi:10.1210/er.2010-0021,er.2010-0021.

Litchfield LM, Riggs KA, Hockenberry AM, Oliver LD, Barnhart KG, Cai J, Pierce Jr WM,
Ivanova MM, Bates PJ, Appana SN, Datta S, Kulesza P, McBryan J, Young LS, Klinge
CM. Identification and characterization of nucleolin as a COUP-TFII coactivator of retinoic
acid receptor f transcription in breast cancer cells. PLoS One. 2012;7, e38278.

Liu Y, Gao H, Marstrand TT, Strom A, Valen E, Sandelin A, Gustafsson J-A, Dahlman-Wright
K. The genome landscape of ER {alpha}- and ER {beta}-binding DNA regions. Proc Natl Acad
Sci. 2008. doi:10.1073/pnas.0712085105,0712085105.

Lu NZ, Cidlowski JA. The origin and functions of multiple human glucocorticoid receptor
isoforms. Ann N Y Acad Sci. 2004;1024:102-23.

Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. Alteration of reproductive
function but not prenatal sexual development after insertional disruption of the mouse estrogen
receptor gene. Proc Natl Acad Sci U S A. 1993;90:11162—6.

Lupien M, Eeckhoute J, Meyer CA, Wang Q, Zhang Y, Li W, Carroll JS, Liu XS, Brown M. FoxAl
translates epigenetic signatures into enhancer-driven lineage-specific transcription. Cell.
2008;132:958-70.

Lydon JP, Edwards DP. Finally! A model for progesterone receptor action in normal human breast.
Endocrinology. 2009;150:2988-90.

Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CAJ, Shyamala G, Conneely
OM, O’Malley BW. Mice lacking progesterone receptor exhibit pleiotropic reproductive abnor-
malities. Genes Dev. 1995;9:2266-78.

Ma X, Chen J, Tian Y. Pregnane X receptor as the “sensor and effector” in regulating epigenome.
J Cell Physiol. 2015;230:752-7.

Magnani L, Lupien M. Chromatin and epigenetic determinants of estrogen receptor alpha (ESR1)
signaling. Mol Cell Endocrinol. 2014;382:633—41.

Maller JL. Signal transduction. Fishing at the cell surface. Science. 2003;300:594-5.

Mangelsdorf DJ, Evans RM. The RXR heterodimers and orphan receptors. Cell. 1995;83:841-50.

Mangelsdorf DJ, Ong ES, Dyck JA, Evans RM. Nuclear receptor that identifies a novel retinoic acid
response pathway. Nature. 1990;345:224-9.



224 C.M. Klinge

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Umesono K, Blumberg B, Kastner P,
Mark M, Chambon P, Evans RM. The nuclear receptor superfamily: the second decade. Cell.
1995;83:835-9.

Maroder M, Farina AR, Vacca A, Felli MP, Meco D, Screpanti I, Frati L, Gulino A. Cell-specific
bifunctional role of Jun oncogene family members on glucocorticoid receptor-dependent tran-
scription. Mol Endocrinol. 1993;7:570-84.

Marrone AK, Beland FA, Pogribny IP. Noncoding RNA response to xenobiotic exposure: an
indicator of toxicity and carcinogenicity. Expert Opin Drug Metab Toxicol. 2014: 1-14 doi:
10.1517/17425255.2014.954312

Mathisen GH, Fallgren AB, Strom BO, Boldingh Debernard KA, Mohebi BU, Paulsen
RE. Delayed translocation of NGFI-B/RXR in glutamate stimulated neurons allows late
protection by 9-cis retinoic acid. Biochem Biophys Res Commun. 2011;414:90-5.

Matsuda K, Ochiai I, Nishi M, Kawata M. Colocalization and ligand-dependent discrete distribution
of the estrogen receptor (ER)alpha and ERbeta. Mol Endocrinol. 2002;16:2215-30.

Mazur EC, Vasquez YM, Li X, Kommagani R, Jiang L, Chen R, Lanz RB, Kovanci E, Gibbons
WE, DeMayo FJ. Progesterone receptor transcriptome and cistrome in decidualized human
endometrial stromal cells. Endocrinology. 2015;156:2239-53.

McCabe ERB. DAXI1: increasing complexity in the roles of this novel nuclear receptor. Mol Cell
Endocrinol. 2007;265-266:179-82.

McFall T, Patki M, Rosati R, Ratnam M. Role of the short isoform of the progesterone receptor in
breast cancer cell invasiveness at estrogen and progesterone levels in the pre- and post-
menopausal ranges. Oncotarget. 2015;6:33146-64.

McGuire WL, Clark GM, Dressler LG, Owens MA. Role of steroid hormone receptors as prog-
nostic factors in primary breast cancer. NCI Monogr. 1986;1986:19-23.

Mclntyre WR, Samuels HH. Triamcinolone acetonide regulates glucocorticoid-receptor levels by
decreasing the half-life of the activated nuclear-receptor form. J Biol Chem. 1985;260:418-27.

Meijsing SH. Mechanisms of glucocorticoid-regulated gene transcription. Adv Exp Med Biol.
2015;872:59-81.

Metivier R, Penot G, Flouriot G, Pakdel F. Synergism between ERalpha transactivation function
1 (AF-1) and AF-2 mediated by steroid receptor coactivator protein-1: requirement for the AF-1
alpha-helical core and for a direct interaction between the N- and C-terminal domains. Mol
Endocrinol. 2001;15:1953-70.

Meyer ME, Gronemeyer H, Turcotte B, Bocquel MT, Tasset D, Chambon P. Steroid hormone
receptors compete for factors that mediate their enhancer function. Cell. 1989;57:433—42.

Michalek RD, Gerriets VA, Nichols AG, Inoue M, Kazmin D, Chang C-Y, Dwyer MA, Nelson ER,
Pollizzi KN, Ilkayeva O, Giguere V, Zuercher WJ, Powell JD, Shinohara ML, McDonnell DP,
Rathmell JC. Estrogen-related receptor-o is a metabolic regulator of effector T-cell activation
and differentiation. Proc Natl Acad Sci. 2011;108:18348-53.

Migliaccio A, Castoria G, Auricchio F. Analysis of androgen receptor rapid actions in cellular
signaling pathways: receptor/Src association. Methods Mol Biol. 2011;776:361-70.

Mikkonen L, Pihlajamaa P, Sahu B, Zhang F-P, Jinne OA. Androgen receptor and androgen-
dependent gene expression in lung. Mol Cell Endocrinol. 2010;317:14-24.

Mizutani T, Kawabe S, Ishikane S, Imamichi Y, Umezawa A, Miyamoto K. Identification of novel
steroidogenic factor 1 (SF-1)-target genes and components of the SF-1 nuclear complex. Mol
Cell Endocrinol. 2015;408:133-7.

Mohan HM, Aherne CM, Rogers AC, Baird AW, Winter DC, Murphy EP. Molecular pathways: the
role of nr4a orphan nuclear receptors in cancer. Clin Cancer Res. 2012;18:3223-8.

Monroe DG, Secreto FJ, Subramaniam M, Getz BJ, Khosla S, Spelsberg TC. Estrogen receptor
{alpha} and {beta} heterodimers exert unique effects on estrogen- and tamoxifen-dependent
gene expression in human U20S osteosarcoma cells. Mol Endocrinol. 2005;19:1555-68.

Moriarty K, Kim KH, Bender JR. Estrogen receptor-mediated rapid signaling. Endocrinology.
2006;147:5557-63.



8 Steroid Hormone Receptors and Signal Transduction Processes 225

Morrill GA, Kostellow AB, Gupta RK. Transmembrane helices in “classical” nuclear reproductive
steroid receptors: a perspective. Nucl Recept Signal. 2015;13, €003.

Mosselman S, Polman J, Dijkrms R. ERb: identification and characterization of a novel human
estrogen receptor. FEBS Lett. 1996;392:49-53.

Mullican SE, DiSpirito JR, Lazar MA. The orphan nuclear receptors at their 25-year reunion. J Mol
Endocrinol. 2013;51:T115-40.

Musatov S, Chen W, Pfaff DW, Mobbs CV, Yang X-J, Clegg DJ, Kaplitt MG, Ogawa S. Silencing
of estrogen receptor {alpha} in the ventromedial nucleus of hypothalamus leads to metabolic
syndrome. Proc Natl Acad Sci U S A. 2007;104:2501-6.

Muscatelli F, Strom TM, Walker AP, Zanaria E, Recan D, Meindl A, Bardoni B, Guioli S,
Zehetner G, Rabl W, Schwara HP, Kaplan J-C, Camerino G, Meitinger T, Monaco
AP. Mutations in the DAX-1 gene give rise to both X-linked adrenal hypoplasia congenita
and hypogonadotropic hypogonadism. Nature. 1994;372:672—6.

Nakajima Y, Yamada M, Taguchi R, Shibusawa N, Ozawa A, Tomaru T, Hashimoto K, Saito T,
Tsuchiya T, Okada S, Satoh T, Mori M. NR4A1 (Nur77) mediates thyrotropin-releasing
hormone-induced stimulation of transcription of the thyrotropin beta gene: analysis of TRH
knockout mice. PLoS One. 2012;7, e40437.

Nardulli AM, Greene GL, BW OM, Katzenellenbogen BS. Regulation of progesterone receptor
messenger ribonucleic acid and protein levels in MCF-7 cells by estradiol: analysis of estrogen’s
effect on progesterone receptor synthesis and degradation. Endocrinology. 1988;122:935-44.

Nardulli AM, Greene GL, Shapiro DJ. Human estrogen receptor bound to an estrogen response
element bends DNA. Mol Endocrinol. 1993;7:331-40.

O’Malley BW. The steroid receptor superfamily: more excitement predicted for the future. Mol
Endocrinol. 1990;4:363-9.

O’Malley BW, Malovannaya A, Qin J. Minireview: nuclear receptor and coregulator proteomics —
2012 and beyond. Mol Endocrinol. 2012;26:1646-50.

Ogawa S, Inoue S, Watanabe T, Hiroi H, Orimao A. The complete primary structure of human
estrogen receptor beta (hER beta) and its heterodimerization with ER alpha in vivo and in vitro.
Biochem Biophys Res Commun. 1998;243:122-6.

Ohlsson C, Hellberg N, Parini P, Vidal O, Bohlooly M, Rudling M, Lindberg MK, Warner M,
Angelin B, Gustafsson JA. Obesity and disturbed lipoprotein profile in estrogen receptor-alpha-
deficient male mice. Biochem Biophys Res Commun. 2000;278:640-5.

Okret S, Dong Y, Bronnegard M, Gustafsson JA. Regulation of glucocorticoid receptor expression.
Biochimie. 1991;73:51-9.

Okulicz WC, Evans RW, Leavitt WW. Progesterone regulation of the occupied form of nuclear
estrogen receptor. Science. 1981;213:1503-5.

Okun JG, Conway S, Schmidt KV, Schumacher J, Wang X, de Guia R, Zota A, Klement J,
Seibert O, Peters A, Maida A, Herzig S, Rose AJ. Molecular regulation of urea cycle function
by the liver glucocorticoid receptor. Mol Metab. 2015;4:732—40.

Otte K, Kranz H, Kober I, Thompson P, Hoefer M, Haubold B, Remmel B, Voss H, Kaiser C,
Albers M, Cheruvallath Z, Jackson D, Casari G, Koegl M, Paabo S, Mous J, Kremoser C,
Deuschle U. Identification of farnesoid X receptor beta as a novel mammalian nuclear receptor
sensing lanosterol. Mol Cell Biol. 2003;23:864—72.

Paakinaho V, Kaikkonen S, Makkonen H, Benes V, Palvimo JJ. SUMOylation regulates the
chromatin occupancy and anti-proliferative gene programs of glucocorticoid receptor. Nucleic
Acids Res. 2014;42:1575-92.

Paech K, Webb P, Kuiper GG, Nilsson S, Gustafsson J, Kushner PJ, Scanlan TS. Differential ligand
activation of estrogen receptors ERalpha and ERbeta at AP1 sites. Science. 1997;277:1508-10.

Palstra RJ, Grosveld F. Transcription factor binding at enhancers: shaping a genomic regulatory
landscape in flux. Front Genet. 2012;3:195.

Pappas TC, Gametchu B, Watson CS. Membrane estrogen receptors identified by multiple antibody
labeling and impeded-ligand binding. FASEB J. 1995;9:404—10.



226 C.M. Klinge

Parks DJ, Blanchard SG, Bledsoe RK, Chandra G, Consler TG, Kliewer SA, Stimmel JB, Willson
TM, Zavacki AM, Moore DD, Lehmann JM. Bile acids: natural ligands for an orphan nuclear
receptor [see comments]. Science. 1999;284:1365-8.

Patel SR, Skafar DF. Modulation of nuclear receptor activity by the F domain. Mol Cell Endocrinol.
2015. doi:10.1016/j.mce.2015.07.009.

Pawlak M, Lefebvre P, Staels B. Molecular mechanism of PPARalpha action and its impact on lipid
metabolism, inflammation and fibrosis in non-alcoholic fatty liver disease. J Hepatol.
2015;62:720-33.

Pedram A, Razandi M, Levin ER. Nature of functional estrogen receptors at the plasma membrane.
Mol Endocrinol. 2006;20:1996-2009.

Pedram A, Razandi M, Sainson RCA, Kim JK, Hughes CC, Levin ER. A conserved mechanism for
steroid receptor translocation to the plasma membrane. J Biol Chem. 2007;282:22278-88.
Peluso JJ, Pru JK. Non-canonical progesterone signaling in granulosa cell function. Reproduction.

2014;147:R169-78.

Peluso JJ, DeCerbo J, Lodde V. Evidence for a genomic mechanism of action for progesterone
receptor membrane component-1. Steroids. 2012;77:1007—12.

Perrot-Applanat M, Groyer-Picard MT, Logeat F, Milgrom E. Ultrastructural localization of the
progesterone receptor by an immunogold method: effect of hormone administration. J Cell Biol.
1986;102:1191-9.

Petz LN, Nardulli AM, Kim J, Horwitz KB, Freedman LP, Shapiro DJ. DNA bending is induced by
binding of the glucocorticoid receptor DNA binding domain and progesterone receptors to their
response element. J Steroid Biochem Mol Biol. 1997;60:31-41.

Picard D, Kumar V, Chambon P, Yamamoto KR. Signal transduction by steroid hormones: nuclear
localization is differentially regulated in estrogen and glucocorticoid receptors. Cell Regul.
1990;1:291-9.

Pietras RJ, Marquez-Garban DC. Membrane-associated estrogen receptor signaling pathways in
human cancers. Clin Cancer Res. 2007;13:4672-6.

Porter W, Saville B, Hoivik D, Safe S. Functional synergy between the transcription factor Sp1 and
the estrogen receptor. Mol Endocrinol. 1997;11:1569-80.

Porto CS, Lazari MF, Abreu LC, Bardin CW, Gunsalus GL. Receptors for androgen-binding
proteins: internalization and intracellular signalling. J Steroid Biochem Mol Biol.
1995;53:561-5.

Powell E, Xu W. Intermolecular interactions identify ligand-selective activity of estrogen receptor
alpha/beta dimers. Proc Natl Acad Sci. 2008;105:19012—-7.

Pratt WB, Toft DO. Steroid receptor interactions with heat shock protein and immunophilin
chaperones. Endocr Rev. 1997;18:306—60.

Prendergast P, Pan Z, Edwards DP. Progesterone receptor-induced bending of its target DNA:
distinct effects of the A and B receptor forms. Mol Endocrinol. 1996;10:393—407.

Prossnitz ER, Barton M. Estrogen biology: new insights into GPER function and clinical opportu-
nities. Mol Cell Endocrinol. 2014;389:71-83.

Querol Cano L, Lavery DN, Bevan CL. Mini-review: foldosome regulation of androgen receptor
action in prostate cancer. Mol Cell Endocrinol. 2013;369:52-62.

Rajbhandari P, Finn G, Solodin NM, Singarapu KK, Sahu SC, Markley JL, Kadunc KJ, Ellison-Zelski
SJ, Kariagina A, Haslam SZ, Lu KP, Alarid ET. Regulation of estrogen receptor a N-terminus
conformation and function by peptidyl prolyl isomerase Pinl. Mol Cell Biol. 2012;32:445-57.

Rana K, Davey RA, Zajac JD. Human androgen deficiency: insights gained from androgen receptor
knockout mouse models. Asian J Androl. 2014;16:169-77.

Ratman D, Vanden Berghe W, Dejager L, Libert C, Tavernier J, Beck IM, De Bosscher K. How
glucocorticoid receptors modulate the activity of other transcription factors: a scope beyond
tethering. Mol Cell Endocrinol. 2013;380:41-54.

Razandi M, Pedram A, Greene GL, Levin ER. Cell membrane and nuclear estrogen receptors (ERs)
originate from a single transcript: studies of ERa and ERp expressed in Chinese hamster ovary
cells. Mol Endocrinol. 1999;13:307-19.



8 Steroid Hormone Receptors and Signal Transduction Processes 227

Razandi M, Pedram A, Park ST, Levin ER. Proximal events in signaling by plasma membrane
estrogen receptors. J Biol Chem. 2003;278:2701-12.

Rechoum Y, Rovito D, Iacopetta D, Barone I, Ando S, Weigel NL, O’Malley BW, Brown PH,
Fuqua SA. AR collaborates with ERalpha in aromatase inhibitor-resistant breast cancer. Breast
Cancer Res Treat. 2014;147:473-85.

Renaud J-P, Rochel N, Ruff M, Vivat V, Chambon P, Gronemeyer H, Moras D. Crystal structure of
the RAR-y ligand-binding domain bound to all-trans retinoic acid. Nature. 1995;378:681-9.
Revelli A, Massobrio M, Tesarik J. Nongenomic actions of steroid hormones in reproductive

tissues. Endocrine Rev. 1998;19:3-17.

Riggins RB, Mazzotta MM, Maniya OZ, Clarke R. Orphan nuclear receptors in breast cancer
pathogenesis and therapeutic response. Endocr Relat Cancer. 2010;17:R213-31.

Rishi AK, Gerald TM, Shao ZM, Li XS, Baumann RG, Dawson MI, Fontana JA. Regulation of
the human retinoic acid receptor alpha gene in the estrogen receptor negative human breast
carcinoma cell lines SKBR-3 and MDA-MB-435. Cancer Res. 1996;56:5246-52.

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient control of glucose
homeostasis through a complex of PGC-1[alpha] and SIRT1. Nature. 2005;434:113-8.

Rogerson FM, Fuller PJ. Interdomain interactions in the mineralocorticoid receptor. Mol Cell
Endocrinol. 2003;200:45-55.

Romanoski CE, Glass CK, Stunnenberg HG, Wilson L, Almouzni G. Epigenomics: roadmap for
regulation. Nature. 2015;518:314—6.

Rose AJ, Herzig S. Metabolic control through glucocorticoid hormones: an update. Mol Cell
Endocrinol. 2013;380:65-78.

Rosenfeld MG, Glass CK. Coregulator codes of transcriptional regulation by nuclear receptors.
J Biol Chem. 2001;276:36865-8.

Rosenfeld MG, Lunyak VV, Glass CK. Sensors and signals: a coactivator/corepressor/epigenetic
code for integrating signal-dependent programs of transcriptional response. Genes Dev.
2006;20:1405-28.

Rosner W, Hryb DJ, Khan MS, Nakhla AM, Romas NA. Sex hormone-binding globulin: anatomy
and physiology of a new regulatory system. J Steroid Biochem Mol Biol. 1991;40:813-20.
Ruh MF, Chrivia JC, Cox LK, Ruh TS. The interaction of the estrogen receptor with mono-

nucleosomes. Mol Cell Endocrinol. 2004;214:71-9.

Sabbah M, Ricousse SL, Redeuilh G, Baulieu EE. Estrogen receptor-induced bending of the
Xenopus vitellogenin A2 gene hormone response element. Biochem Biophys Res Commun.
1992;185:944-52.

Safe S, Kim K. Non-classical genomic estrogen receptor (ER)/specificity protein and ER/activating
protein-1 signaling pathways. J Mol Endocrinol. 2008;41:263—75.

Safe S, Jin UH, Hedrick E, Reeder A, Lee SO. Minireview: role of orphan nuclear receptors in
cancer and potential as drug targets. Mol Endocrinol. 2014;28:157-72.

Safe S, Jin U-H, Morpurgo B, Abudayyeh A, Singh M, Tjalkens RB. Nuclear receptor 4A (NR4A)
family — orphans no more. J Steroid Biochem Mol Biol. 2016;157:48-60.

Safer JD, Cohen RN, Hollenberg AN, Wondisford FE. Defective release of corepressor by hinge
mutants of the thyroid hormone receptor found in patients with resistance to thyroid hormone.
J Biol Chem. 1998;273:30175-82.

Sauer S. Ligands for the nuclear peroxisome proliferator-activated receptor gamma. Trends
Pharmacol Sci. 2015;36:688-704.

Sauer F, Tjian R. Mechanisms of transcriptional activation: differences and similarities between
yeast, Drosophila, and man. Curr Opin Genet Dev. 1997;7:176-81.

Scafoglio C, Ambrosino C, Cicatiello L, Altucci L, Ardovino M, Bontempo P, Medici N, Molinari
AM, Nebbioso A, Facchiano A, Calogero RA, Elkon R, Menini N, Ponzone R, Biglia N,
Sismondi P, De Bortoli M, Weisz A. Comparative gene expression profiling reveals partially
overlapping but distinct genomic actions of different antiestrogens in human breast cancer cells.
J Cell Biochem. 2006;98:1163-84.



228 C.M. Klinge

Scarpin KM, Graham JD, Mote PA, Clarke CL. Progesterone action in human tissues: regulation by
progesterone receptor (PR) isoform expression, nuclear positioning and coregulator expression.
Nucl Recept Signal. 2009;7, €009.

Scherrer LC, Pratt WB. Association of the transformed glucocorticoid receptor with a cytoskeletal
protein complex. J Steroid Biochem Mol Biol. 1992;41:719-21.

Schorderet DF, Escher P. NR2E3 mutations in enhanced S-cone sensitivity syndrome (ESCS),
Goldmann-Favre syndrome (GFS), clumped pigmentary retinal degeneration (CPRD), and
retinitis pigmentosa (RP). Hum Mutat. 2009;30:1475-85.

Schweizer MT, Yu EY. Persistent androgen receptor addiction in castration-resistant prostate cancer.
J Hematol Oncol. 2015;8:128.

Seielstad DA, Carlson KE, Kushner PJ, Greene GL, Katzenellenbogen JA. Analysis of the
structural core of the human estrogen receptor ligand binding domain by selective proteolysis/
mass spectrometric analysis. Biochemistry (Mosc). 1995;34:12605-15.

Sentis S, Le Romancer M, Bianchin C, Rostan M-C, Corbo L. Sumoylation of the estrogen
receptor {alpha} hinge region regulates its transcriptional activity. Mol Endocrinol.
2005;19:2671-84.

Seol W, Choi HS, Moore DD. An orphan nuclear hormone receptor that lacks a DNA binding
domain and heterodimerizes with other receptors. Science. 1996;272:1336-9.

Seol W, Chung M, Moore DD. Novel receptor interaction and repression domains in the orphan
receptor SHP. Mol Cell Biol. 1997;17:7126-31.

Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor dynamics and sufficiency in estrogen
receptor-regulated transcription. Cell. 2000;103:843-52.

Shao X, Wang M, Wei X, Deng S, Fu N, Peng Q, Jiang Y, Ye L, Lin Y. Peroxisome proliferator-
activated receptor-gamma: master regulator of adipogenesis and obesity. Curr Stem Cell Res
Ther. 2015. doi:10.1159/000438585.

Shibata H, Spencer TE, Onate SA, Jenster G, Tsai SY, Tsai MJ, O’Malley BW. Role of co-activators
and co-repressors in the mechanism of steroid/thyroid receptor action. Recent Prog Horm Res.
1997;52:141-64.

Shulemovich K, Dimaculangan DD, Katz D, Lazar MA. DNA bending by thyroid hormone
receptor: influence of half-site spacing and RXR. Nucleic Acids Res. 1995;23:811-8.

Simpkins JW, Yang S-H, Sarkar SN, Pearce V. Estrogen actions on mitochondria — physiological
and pathological implications. Mol Cell Endocrinol. 2008;290:51-9.

Singh M, Su C, Ng S. Non-genomic mechanisms of progesterone action in the brain. Front
Neurosci. 2013;7:159.

Sionov RV, Cohen O, Kfir S, Zilberman Y, Yefenof E. Role of mitochondrial glucocorticoid
receptor in glucocorticoid-induced apoptosis. J Exp Med. 2006;203:189-201.

Smith CL, O’Malley BW. Coregulator function: a key to understanding tissue specificity of
selective receptor modulators. Endocr Rev. 2004;25:45-71.

Solt LA, Burris TP. Action of RORs and their ligands in (patho)physiology. Trends Endocrinol
Metab. 2012;23:619-27.

Song I-H, Buttgereit F. Non-genomic glucocorticoid effects to provide the basis for new drug
developments. Mol Cell Endocrinol. 2006;246:142—6.

Song RX, Barnes CJ, Zhang Z, Bao Y, Kumar R, Santen RJ. The role of Shc and insulin-like growth
factor 1 receptor in mediating the translocation of estrogen receptor {alpha} to the plasma
membrane. Proc Natl Acad Sci U S A. 2004;101:2076-81.

Spencer TE, Jenster G, Burcin MM, Allis CD, Zhou J, Mizzen CA, McKenna NJ, Onate SA, Tsai S,
Tsai MJ, O’Malley BW. Steroid receptor coactivator-1 is a histone acetyltransferase. Nature.
1997;389:194-8.

Stashi E, York B, O’Malley BW. Steroid receptor coactivators: servants and masters for control of
systems metabolism. Trends Endocrinol Metab. 2014;25:337—47.

Stedronsky K, Telgmann R, Tillmann G, Walther N, Ivell R. The affinity and activity of the multiple
hormone response element in the proximal promoter of the human oxytocin gene.
J Neuroendocrinol. 2002;14:472-85.



8 Steroid Hormone Receptors and Signal Transduction Processes 229

Stein S, Schoonjans K. Molecular basis for the regulation of the nuclear receptor LRH-1. Curr Opin
Cell Biol. 2015;33:26-34.

Stender JD, Kim K, Charn TH, Komm B, Chang KCN, Kraus WL, Benner C, Glass CK,
Katzenellenbogen BS. Genome-wide analysis of estrogen receptor {alpha} DNA binding and
tethering mechanisms identifies Runx1 as a Novel tethering factor in receptor-mediated tran-
scriptional activation. Mol Cell Biol. 2010;30:3943-55.

Stenoien DL, Patel K, Mancini MG, Dutertre M, Smith CL, O’Malley BW, Mancini MA. FRAP
reveals that mobility of oestrogen receptor-alpha is ligand- and proteasome-dependent. Nat Cell
Biol. 2001;3:15-23.

Sternglanz R. Histone acetylation: a gateway to transcriptional activation. Trends Biochem Sci.
1996;21:357-8.

Stoica GE, Franke TF, Wellstein A, Czubayko F, List HJ, Reiter R, Morgan E, Martin MB, Stoica
A. Estradiol rapidly activates Akt via the ErbB2 signaling pathway. Mol Endocrinol.
2003;17:818-30.

Stoner M, Wormke M, Saville B, Samudio I, Qin C, Abdelrahim M, Safe S. Estrogen regulation of
vascular endothelial growth factor gene expression in ZR-75 breast cancer cells through
interaction of estrogen receptor alpha and SP proteins. Oncogene. 2004;23:1052—63.

Stunnenberg HG. Mechanisms of transactivation by retinoic acid receptors. Bioessays.
1993;15:309-15.

Subramaniam N, Cairns W, Okret S. Studies on the mechanism of glucocorticoid-mediated
repression from a negative glucocorticoid response element from the bovine prolactin gene.
DNA Cell Biol. 1997;16:153-63.

Suntharalingham JP, Buonocore F, Duncan AJ, Achermann JC. DAX-1 (NROB1) and steroidogenic
factor-1 (SF-1, NR5A1) in human disease. Best Pract Res Clin Endocrinol Metab.
2015;29:607-19.

Surjit M, Ganti KP, Mukherji A, Ye T, Hua G, Metzger D, Li M, Chambon P. Widespread negative
response elements mediate direct repression by agonist- liganded glucocorticoid receptor. Cell.
2011;145:224-41.

Swanson HI, Wada T, Xie W, Renga B, Zampella A, Distrutti E, Fiorucci S, Kong B, Thomas AM,
Guo GL, Narayanan R, Yepuru M, Dalton JT, Chiang JY. Role of nuclear receptors in lipid
dysfunction and obesity-related diseases. Drug Metab Dispos. 2013;41:1-11.

Syms AlJ, Norris JS, Panko WB, Smith RG. Mechanism of androgen-receptor augmentation.
Analysis of receptor synthesis and degradation by the density-shift technique. J Biol Chem.
1985;260:455-61.

Tadepally HD, Burger G, Aubry M. Evolution of C2H2-zinc finger genes and subfamilies in
mammals: species-specific duplication and loss of clusters, genes and effector domains. BMC
Evol Biol. 2008;8:176.

Talabér G, Jondal M, Okret S. Extra-adrenal glucocorticoid synthesis: immune regulation and
aspects on local organ homeostasis. Mol Cell Endocrinol. 2013;380:89-98.

Tan MH, Zhou XE, Soon FF, Li X, Li J, Yong EL, Melcher K, Xu HE. The crystal structure of the
orphan nuclear receptor NR2E3/PNR ligand binding domain reveals a dimeric auto-repressed
conformation. PLoS One. 2013;8, €74359.

Tang Y, Getzenberg RH, Vietmeier BN, Stallcup MR, Eggert M, Renkawitz R, DeFranco DB. The
DNA-binding and tau2 transactivation domains of the rat glucocorticoid receptor constitute a
nuclear matrix-targeting signal. Mol Endocrinol. 1998;12:1420-31.

Tan-Wong SM, French JD, Proudfoot NJ, Brown MA. Dynamic interactions between the promoter
and terminator regions of the mammalian BRCA1 gene. Proc Natl Acad Sci. 2008;105:5160-5.

Taraborrelli S. Physiology, production and action of progesterone. Acta Obstet Gynecol Scand.
2015;94:8-16.

Teng Y, Radde BN, Litchfield LM, Ivanova MM, Prough RA, Clark BJ, Doll MA, Hein DW, Klinge
CM. Dehydroepiandrosterone activation of G-protein-coupled estrogen receptor rapidly stimulates ,
microRNA-21 transcription in human hepatocellular carcinoma cells. J Biol Chem.
2015;290:15799-811.



230 C.M. Klinge

Tesarik J, Mendoza C. Direct non-genomic effects of follicular steroids on maturing human oocytes:
oestrogen versus androgen antagonism. Hum Reprod Update. 1997;3:95-100.

Theodorou V, Stark R, Menon S, Carroll JS. GATA3 acts upstream of FOXA1 in mediating ESR1
binding by shaping enhancer accessibility. Genome Res. 2013;23:12-22.

Thomas P. Characteristics of membrane progestin receptor alpha (mPR[alpha]) and progesterone
membrane receptor component 1 (PGMRC1) and their roles in mediating rapid progestin
actions. Front Neuroendocrinol. 2008;29:292-312.

Thomas C, Gustafsson J-A. The different roles of ER subtypes in cancer biology and therapy. Nat
Rev Cancer. 2011;11:597-608.

Thomas P, Pang Y, Zhu Y, Detweiler C, Doughty K. Multiple rapid progestin actions and progestin
membrane receptor subtypes in fish. Steroids. 2004;69:567-73.

Thompson EB. Steroid hormones. Membrane transporters of steroid hormones. Curr Biol.
1995;5:730-2.

Thornton JW. Evolution of vertebrate steroid receptors from an ancestral estrogen receptor by
ligand exploitation and serial genome expansions. Proc Natl Acad Sci U S A. 2001;98:5671-6.

Thornton JW, Need E, Crews D. Resurrecting the ancestral steroid receptor: ancient origin of
estrogen signaling. Science. 2003;301:1714-7.

Toran-Allerand CD. Minireview: a plethora of estrogen receptors in the brain: where will it end?
Endocrinology. 2004;145:1069-74.

Traina TA. Results from a phase 2 study of enzalutamide (ENZA), an androgen receptor
(AR) inhibitor, in advanced AR+ triple-negative breast cancer (TNBC). In 2015 ASSCO Annual
meeting, Vol. 33. J Clin Oncol. 2015.

Tzukerman M, Zhang XK, Pfahl M. Inhibition of estrogen receptor activity by the tumor promoter
12-O- tetradeconylphorbol-13-acetate: a molecular analysis. Mol Endocrinol. 1991;5:1983-92.

Umesono K, Murakami KK, Thompson CC, Evans RM. Direct repeats as selective response
elements for thyroid hormone, retinoic acid, and vitamin D; receptors. Cell. 1991;65:1255-66.

Valley CC, Solodin NM, Powers GL, Ellison SJ, Alarid ET. Temporal variation in estrogen
receptor-{alpha} protein turnover in the presence of estrogen. J Mol Endocrinol.
2008;40:23-34.

Vaquerizas JM, Kummerfeld SK, Teichmann SA, Luscombe NM. A census of human transcription
factors: function, expression and evolution. Nat Rev Genet. 2009;10:252—63.

Viengchareun S, Le Menuet D, Martinerie L, Munier M, Pascual-Le Tallec L, Lombes M. The
mineralocorticoid receptor: insights into its molecular and (patho)physiological biology. Nucl
Recept Signal. 2007;5, e012.

Vinas R, Watson CS. Bisphenol S disrupts estradiol-induced nongenomic signaling in a rat pituitary
cell line: effects on cell functions. Environ Health Perspect. 2013;121:352-8.

Wagner RL, Apriletti JW, McGrath ME, West BL, Baxter JD, Fletterick RJ. A structural role for
hormone in the thyroid hormone receptor. A structural role for hormone in the thyroid hormone
receptor. Nature. 1995;378:690-7.

Walesky C, Apte U. Role of hepatocyte nuclear factor 4alpha (HNF4alpha) in cell proliferation and
cancer. Gene Expr. 2015;16:101-8.

Waltering KK, Urbanucci A, Visakorpi T. Androgen receptor (AR) aberrations in castration-
resistant prostate cancer. Mol Cell Endocrinol. 2012;360:38—43.

Wang Q, Cooney AJ. Revisiting the role of GCNF in embryonic development. Semin Cell Dev
Biol. 2013;24:679-86.

Wang T, Xiong JQ. The orphan nuclear receptor TLX/NR2E! in neural stem cells and diseases.
Neurosci Bull. 2016;32:108-14.

Wang Z-Y, Yin L. Estrogen receptor alpha-36 (ER-a36): a new player in human breast cancer. Mol
Cell Endocrinol. 2015. doi:10.1016/j.mce.2015.04.017.

Wang Y, Fischle W, Cheung W, Jacobs S, Khorasanizadeh S, Allis CD. Beyond the double helix:
writing and reading the histone code. Novartis Found Symp. 2004;259:3-17. discussion 17-21,
163-9.



8 Steroid Hormone Receptors and Signal Transduction Processes 231

Watson CS, Lange CA. Steadying the boat: integrating mechanisms of membrane and nuclear-
steroid-receptor signalling. EMBO Rep. 2005;6:116-9.

Watson CS, Pappas TC, Gametchu B. The other estrogen receptor in the plasma membrane:
implications for the actions of environmental estrogens. Environ Health Perspect. 1995;103
Suppl 7:41-50.

Watson CS, Campbell CH, Gametchu B. The dynamic and elusive membrane estrogen receptor-
alpha. Steroids. 2002;67:429-37.

Watson CS, Bulayeva NN, Wozniak AL, Finnerty CC. Signaling from the membrane via membrane
estrogen receptor-[alpha]: estrogens, xenoestrogens, and phytoestrogens. Steroids.
2005;70:364-71.

Watson CS, Jeng Y-J, Kochukov MY. Nongenomic signaling pathways of estrogen toxicity. Toxicol
Sci. 2010;115:1-11.

Watson CS, Jeng Y-J, Hu G, Wozniak A, Bulayeva N, Guptarak J. Estrogen- and xenoestrogen-
induced ERK signaling in pituitary tumor cells involves estrogen receptor-a interactions with G
protein-ai and caveolin I. Steroids. 2012;77:424-32.

Webb P, Lopez GN, Uht RM, Kushner PJ. Tamoxifen activation of the estrogen receptor/AP-1
pathway. Mol Endocrinol. 1995;9:443-56.

Weiser MJ, Foradori CD, Handa RJ. Estrogen receptor beta in the brain: from form to function.
Brain Res Rev. 2008;57:309-20.

Welboren W-J, Sweep FCGJ, Span PN, Stunnenberg HG. Genomic actions of estrogen receptor
{alpha}: what are the targets and how are they regulated? Endocr Relat Cancer.
20092;16:1073-89.

Welboren W-J, van Driel MA, Janssen-Megens EM, van Heeringen SJ, Sweep FCGJ, Span PN,
Stunnenberg HG. ChIP-Seq of ER[alpha] and RNA polymerase II defines genes differentially
responding to ligands. EMBO J. 2009b;28:1418. advanced onl