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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 is almost limited to the
two main (from an epidemiological perspective) diseases, namely hypo/hyperthy-
roidism and diabetes mellitus, now seems outdated and closer to the interests of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 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



Vi Series Preface

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 M.D.
Emmanuele A. Jannini M.D.



Generally speaking, the ultimate scope of life is maintenance of the species, which is
ensured by reproduction. Reproduction depends on exquisite endocrine signals,
which start during fetal life, are dormant during childhood, mature and attain full
function at the end of puberty, and variably decline thereafter in a gender-dependent
fashion. Therefore, if hormones are essential for life of individuals, reproductive
hormones are in addition essential for the maintenance of species. Turned in another
way, if some hormonal defects are deadly for the individual, reproductive failure
may be deadly for the species. This book illustrates what hormones do for male
reproduction, in which way they govern the pathophysiology of the hypothalamo-
pituitary-gonadal axis, and, more generally, how they are implicated in the mainte-
nance of the human species.

The book has been compiled by the world experts of the field, both in basic and
clinical science. It aims at providing a comprehensive view of the current knowledge
ranging from molecular, genetic, and cellular mechanisms to clinical manifestations
of male reproductive physiology and its disorders to therapeutic perspectives. Male
reproduction is a sensitive issue, with wide socioeconomical and ethical implica-
tions, which has been covered as well.

Each chapter of this book is meant to stand on itself as a reference work in its
field. It has been written with human male reproduction in mind, but it also covers
the animal research relevant to understand the clinical problems andrologists and
male reproductive endocrinologists may encounter in their everyday practice.

We are grateful to all distinguished colleagues who generously contributed to this
work with their knowledge and experience. We are confident that the readership will
find clear answers to their curiosity, to improve their clinical skills and to stimulate
them to more creative research in this fascinating field.

Manuela Simoni
Ilpo T. Huhtaniemi
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Abstract

Human reproduction and fertility are completely dependent upon neuroendocrine
control of the hypothalamus-pituitary-gonadal (HPG) axis and its hierarchy of
secreted hormones. The human reproductive system is controlled by the hypo-
thalamus through the decapeptide gonadotropin-releasing hormone (GnRH),
which displays a remarkable conservation over millions of years of evolution in
the different species. The neurosecretion of GnRH depends on less than 4,000
GnRH-secreting neurons, which have an extracranial origin and finally migrate
into the hypothalamic preoptic area. They secrete GnRH starting from the tenth
week of gestation till the first 4-6 months of life, when GnRH secretion is
“switched-off” until puberty. At puberty, the GnHR secretion is switched back
“on” with a characteristic pulsatile manner that is maintained during adulthood.
Regulation of GnRH-secreting neuron activity through the lifespan is not
completely understood, but is clearly the result of a sophisticated network of
stimulatory and inhibitory inputs, that include centrally different subgroups of
neurons afferent to the GnRH-secreting neurons and peripherally the gonadal
steroid feedback. The present chapter of the Textbook will focus on the ontogeny
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of the GnRH-secreting neurons and the mechanisms so far known to be impli-
cated in regulating their neurosecretory activity.
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Kisspeptin « KNDy
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Neuroendocrine control of the hypothalamus-pituitary-gonadal (HPG) axis and
hormones forms the base of human reproduction and fertility. A small number of
neurons, scattered throughout different hypothalamic areas, secrete the neurohor-
mone gonadotropin-releasing hormone (GnRH), which subsequently reaches the
adenohypophysis through the pituitary portal vessels. Inside the pituitary, GnRH
stimulates synthesis and release of the two gonadotropins, the luteinizing hormone
(LH) and the follicle-stimulating hormone (FSH), by interacting with its specific
receptor, the GnRHR which is expressed on the membrane of the gonadotrope cells.
The two gonadotropins enter the systemic circulation and reach the gonads where
they promote steroidogenesis (estrogen, progesterone, and androgens) and gameto-
genesis (oocytes and spermatozoa). Gonadal steroids, in turn, autoregulate their own
secretion through a feedback mechanism, which determines a decrease of GnRH and
gonadotropin secretion at the central level of the HPG axis.

The first suggestion of a hypothalamic site of control of the reproductive system
came from the original findings of Harris in 1937 and his following “neurohumoral
theory” (Harris 1955), which postulated that the secretion of each adenohypophyseal
hormone would be controlled by a corresponding hypothalamic neuropeptide.
Indeed, only some years later, the first such hypothalamic releasing hormone was
identified, thyrotropin-releasing hormone (TRH) (Boler et al. 1969; Burgus et al.
1970), closely followed by the discovery and purification of GnRH (Amoss et al.
1971; Baba et al. 1971; Matsuo et al. 1971; Schally et al. 1971). Following this, the
role of GnRH as a crucial regulator of the HPG axis became progressively clearer
(Conn and Crowley 1994; Millar et al. 2001).

Comparison of the GnRH sequence from different species reveals a remarkable
evolutionary conservation of over millions of years in the peptide length (ten amino
acids), the N-terminus (Glu-His-Trp-Ser) and the C-terminus (Pro-Gly-NH,)
(Fig. 1), supporting the crucial role of these sequences in receptor binding and
activation. In humans, the gene encoding GnRH consists of four exons and is
mapped to 8p.11.2-p.2p21 (Fig. 2) (Yang-Feng et al. 1986; Radovick et al. 1990).
GnRH cDNA comprises an open reading frame of 276 base pairs, which encodes a
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a

1 2 3 4 5 6 7 8 9 10
Mammalian pGlu- His- Trp- Ser- Tyr- Gly- Leu- Arg- Pro- Gly- NH;
Guinea Pig  pGlu- His- Tyr- Ser- Tyr- Gly- Val- Arg- Pro- Gly- NH,
Chicken I pGlu- His- Trp- Ser- Tyr- Gly- Leu- Gln- Pro- Gly- NH,
Chicken II  pGlu- His- Trp- Ser- His- Gly- Trp- Tyr- Pro- Gly- NH,

Salmon pGlu- His-  Trp- Ser- Tyr- Gly- Trp- Leu- Pro- Gly- NH,
Dogfish pGlu- His- Trp- Ser- His- Gly- Trp- Leu- Pro- Gly- NH,
Catfish pGlu- His- Trp- Ser- His- Gly- Leu- GIn- Pro- Gly- NH,

Herring pGlu- His- Trp- Ser- His- Gly- Leu- Ser- Pro- Gly- NH,
Medaka pGlu- His- Trp- Ser- His- Gly- Leu- Ser- Pro- Gly- NH,
Lampreyl pGlu- His- Tyr- Ser- Leu- Glu- Trp- Lys- Pro- Gly- NH,
Lamprey I pGlu- His- Trp- Ser- His- Gly- Trp- Phe- Pro- Gly- NH,
LampreyIlll pGlu- His- Trp- Ser- His- Asp- Trp- Lys- Pro- Gly- NH,
Frog pGlu- His- Trp- Ser- Tyr- Gly- Leu- Trp- Pro- Gly- NH,
Seabream pGlu- His-  Trp- Ser- Tyr- Gly- Met- Ser- Pro- Gly- NH,
TunicateI  pGlu- His- Trp- Ser- Asp- Tyr- Phe- Lys- Pro- Gly- NH,
Tunicate I pGlu- His- Trp- Ser- |Leu- Cys- His- Ala- Pro- Gly- NH,
Whitefish pGlu- His-  Trp- Ser- Tyr- Gly- Met- Asn- Pro- Gly- NH,

b

GnRH-I

pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,
1 2 3 4 5 6 7 8 9 10

GnRH-II
pGlu-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly-NH,
1 2 3 4 5 6 7 8 9 10

Fig. 1 (a) Comparison of GnRH amino acid sequences through evolution of protochordates to
mammals. Grey regions indicate conserved N- and C-terminal residues throughout the evolution,
indicating their important functional role. (b) GnRH isoform in humans

precursor protein, subsequently cleaved and processed by a peptidase into secretory
granules. The initial 23 amino acids of the prohormone correspond to a signal
sequence, which is followed by the mature GnRH, the GKR sequence, and the
56-amino acid GnRH-associated protein, GAP (Fig. 2). The precise role of GAP is
not known but is believed to have prolactin release inhibitory activity (Nikolics et al.
1985; Chavali et al. 1997).

Other GnRH isoforms exist and are expressed together with the “classic” type
1 GnRH (GnRH1) (Fig. 1). GnRH2 isoform presents a different amino acid sequence
at positions 5, 7, and 8 and is expressed in humans, while GnRH3 has thus far only
been found in some classes of fish. In humans, the gene encoding GnRH?2 has been
cloned and mapped to chromosome 20p13. It consists of four exons, separated by
three introns, encoding a predicted prohormone similarly organized to that of the
GnRHI precursor. However, the human GnRHI gene (5 kb) is longer than the
GnHR?2 gene (2.1 kb) due to larger introns 2 and 3. The expression of the GnRH1
and GnRH?2 genes is controlled by different promoters, suggesting different tran-
scriptional regulations (White et al. 1998; Kim 2007). The two GnRH isoforms
exhibit an overlapping pattern of tissue expression, which includes the central
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[0 Untranslated
[] Translated

— - 1 }— 3’

GnRH associated peptide
(56aa)

-

+24 +56 +69

Fig. 2 Human GnRH gene consisting of four exons located on the short arm of chromosome
8. Exon 1 encodes a 5’ untranslated region (5UTR); Exon 2 encodes the 23 amino acid Signal
Peptide (SP), the GnRH decapeptide, the GKR processing sequence, and initial 11 amino acid of the
GnRH-associated peptide (GAP); Exon 3 encodes the next 32 amino acid of GAP; Exon 4 encodes
the remainder of GAP and an 3'UTR

nervous system and the reproductive organs (ovary, prostate, endometrium, breast,
and placenta) (Hong et al. 2008), but GnRH2 is also expressed more widely outside
the CNS (Skinner et al. 2009). Indeed, the expression of GnRH2 is primarily
detectable in the kidney, prostate, and bone marrow, suggesting both reproductive
and nonreproductive roles for this isoform. On the other hand, GnRH1 immunore-
activity is detected not only in the hypothalamus but also in some specific human
pituitary cell types, such as thyrotropes and somatotropes, thus indicating a possible
supplementary role in the pituitary. Moreover, GnRH2 neurons do not show the
same origin of GnRH1 neurons in the olfactory placode and, to a lesser extent, the
neural crest (see also below), and the two neuronal populations undergo different
regulation by gonadal steroids (Khosravi and Leung 2003).

The short half-life (approximatively few minutes) is due to its rapid cleavage
exerted by specific peptidases. Since GnRH is rapidly degraded and largely diluted,
it is not possible to precisely measure it in the peripheral bloodstream once it has left
the hypophyseoportal circulation. Thus, in humans, the measurement of the two
gonadotropins (LH and FSH) is commonly used in the clinical practice as marker of
the regular GnRH hypothalamic secretion. Of the two gonadotropins, LH pulses
more accurately mirror the GnRH pulses in frequency and amplitude, as also
demonstrated in the ewes (Clarke and Cummins 1985), because the longer half-
life of FSH can mask FSH secretory troughs between pulses.

Development and Migration of GnRH-Secreting Neurons

Despite their anatomical position within the adult brain, during development GnRH
neurons have an extracranial origin. The embryonic development of these cells,
which is a conserved process that involves few hundred neurons per hemisphere in



1 Control of GnRH Secretion 7

mice (a few thousand in humans), has been extensively studied in mice and other
species and is extremely important for the establishment and maintenance of repro-
duction (Wray 2010). Such studies have highlighted the physical and molecular
connection of GnRH neurons with the olfactory system. Thus, GnRH neurons,
which can be visualized on sections with in situ hybridization and/or immunohisto-
chemistry protocols, are first detected in mice in the nasal placode, a structure which
gives rise to the vomeronasal organ (VNO) and the olfactory epithelium at around
embryonic day (E) 10.5. Whether GnRH neurons originated entirely within the nasal
placode, or were just associated with this region, was for a long time a theme of
debate; the current prevailing view is that neural crest-, as well as placodal-derived,
cells also contribute to the mature GnRH neuron population.

Following fate specification, GnRH neurons migrate in association with axons of
the olfactory/terminal/vomeronasal nerves within the nasal section to reach their
definitive position in the forebrain (Hutchins et al. 2013). It is also well established
that GnRH neurons co-migrate with other cell populations including other neurons
(Fornaro et al. 2003) and neural crest-derived olfactory ensheathing cells (OECs)
(Geller et al. 2013; Raucci et al. 2013).

Specifically, GnRH neurons first migrate within the nasal compartment along the
intermingled olfactory and terminal-vomeronasal axons, whose cell bodies are
located in the olfactory epithelium (OE) and VNO, respectively. Then, once they
have reached the nasal-forebrain junction, GnRH neurons make a pause and enter
the brain close to the olfactory bulbs. Within the brain, GnRH neurons associate with
a transient axonal scaffold, formed by the caudal ramification of the vomeronasal
nerve (Fig. 3), which drive the neurons toward the future hypothalamus, where they
will set, in mice, at around E18.5. GnRH neuron migration is axophilic, in which the
axons of the olfactory and vomeronasal nerves form a scaffold along which GnRH
neurons migrate (Marin and Rubenstein 2003). The development of the GnRH-
neuroendocrine system is also dependent on the olfactory system. In mammals,
olfaction depends on sensory neuronal cells located in the OE and in the VNO, two
epithelial structures present in the nose (Mombaerts 2001). The sensory neurons
located in the OE are specifically detecting volatile substances and provide infor-
mation on the external environment. Instead, the neurons placed in the VNO, at least
in animals, perceive pheromones, which are not volatile chemicals that mediate
reproductive and social behaviors, as well as changes in the neuroendocrine system.

Olfactory neurons send their axons to the principal olfactory bulb, where they are
connecting with tufted and mitral cells to form the “glomeruli” (Farbman and
Buchholz 1992). Similarly, the vomeronasal neurons are projecting to the accessory
olfactory bulb. In humans, it has been recently reported the existence of a potential
VNO, which role is still controversial (Dulac and Axel 1995; Stern and McClintock
1998).

Despite the possible functional role of the VNO in humans, it is now established
that GnRH neuron maturation and therefore fertility depend on olfactory and
vomeronasal neuron development.

In addition to extending olfactory and vomeronasal neuron axons, other cells
leave the nasal placode and migrate toward the forebrain. Altogether, the migratory
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Fig. 3 Schematic drawing of a mouse sagittal section showing the migration of GnRH neurons
(green cells), olfactory ensheating cells (OECs, blue cells), and the patterning of olfactory and
vomeronasal axons (orange, pink, and blue lines), emerging from the olfactory epithelium (oe) and
the vomeronasal organ (vno). To enter the forebrain (fb) and position in the hypothalamus (hyp),
GnRH neurons follow the caudal branch of the vomeronasal nerve (c(VNN)

cells and the extending axons form the so-called migratory mass. A first population
of GnRH-negative neurons emerges from the nasal placode before the extension of
olfactory axons; the role of these early migratory cells is to establish a scaffold used
by the extending olfactory axons later on (Croucher and Tickle 1989; De Carlos et al.
1995; Maier and Gunhaga 2009). Cell populations that migrate later include GnRH
neurons, OMP-positive and acetylcholine esterase-positive cells, and glial OECs
(De Carlos et al. 1995; Miller et al. 2010).

OEC:s are the glial cell component of the olfactory system and derive from neural
crest. Recent studies (Barraud et al. 2013; Geller et al. 2013) have highlighted that
OECs form a microenvironment suitable for GnRH neuron migration, by secreting
trophic factors; these cells also ensheathe olfactory neurons and regulate their
fasciculation/defasciculation and subsequently the correct formation of the scaffold
along which GnRH neurons migrate.
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Interestingly, the discovery of OECs as neural crest derivatives is offering novel
insights into the etiopathogenesis of human diseases such as Kallmann syndrome
(KS) that, besides GnRH deficiency, often displays several neural crest defects.

In humans, the time of GnRH neuron appearance and their pattern of migration
have been determined by performing immunolocalization studies on human
embryos (Schwanzel-Fukuda et al. 1996). In embryos of 42 days of development,
GnRH immunoreactivity is revealed in epithelial cells of the medial nasal placode, in
cells along the terminal nerve in the nasal septum with a similar trajectory observed
in mouse embryos toward the forebrain. Concomitant to the migrating GnRH
neurons, bundles of fibers expressing the adhesion molecule N-CAM and serving
as guides for migrating GnRH neurons are found to elongate form the olfactory pit
into the forebrain.

Further evidence of the origin and initial migration of GnRH neurons arises from
the analysis of a human fetus, the single so far analyzed, carrying a mutation in the
KAL1/ANOSI gene, which causes the X-linked form of KS; in this fetus, GnRH
neurons did not enter the forebrain, and they gathered together in the cribriform plate
in a tangle of neurons and olfactory/vomeronasal nerves (Schwanzel-Fukuda et al.
1989).

Besides KAL1/ANOSI other causal genes have been discovered so far in patients
with GnRH deficiency (Vezzoli et al. 2016), and they account, altogether, for only
35-45% of the cases. This is because genetic linkage studies have proven difficult to
identify further causative genes, as most pedigrees are small due to infertility, and
because sporadic mutations cannot be identified with this technique. Thus,
researchers in the field have adopted different experimental paradigms, including
immortalized GnRH neuron cell lines (Cariboni et al. 2004), nasal explants (Fueshko
and Wray 1994; Tobet et al. 1996) and genetically modified mouse models, to study
the molecular mechanisms of GnRH neuron development and, ultimately, to predict
new candidate causative genes underlying the etiopathogenesis of KS and hypo-
gonadotropic hypogonadism (HH). These studies have identified some of the molec-
ular mechanisms that directly or indirectly regulate GnRH neuron development:
these include transcription factors, i.e., Ebf2 (Corradi et al. 2003), neurotransmitters,
i.e., GABA (Wray et al. 1996), adhesion molecules, i.e., N-CAM (Yoshida et al.
1999), and classical secreted cues such as semaphorins (Giacobini et al. 2008;
Cariboni et al. 2011, 2015; Messina et al. 2011 ), Slits (Cariboni et al. 2012), ephrins
(Gamble et al. 2005), and SDF-1(Schwarting et al. 20006).

For example, by applying mouse models and cell lines, it has been recently
proved that the semaphorin SEMA3A is playing a key role in axon guidance in
mice during development of the GnRH neuron (Cariboni et al. 2011), and subse-
quently genetic variations in SEMA3A in patients with KS have been identified
(Hanchate et al. 2012; Young et al. 2012). These and other studies (Pitteloud et al.
2010) show that genetic mouse models are esteemed tools to uncover new causal
genes for HH/KS and, when combined to next-generation sequencing (NGS) tech-
niques, will help to validate the functional relevance of the novel genes in the GnRH
system.
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GnRH-Secreting Neuron Function and GnRH Secretion
Pulsatile GnRH Secretion Throughout Lifespan

The activity of human GnRH-secreting neurons is detectable in the hypothalamus by
the tenth week of gestation followed by secretion of the two gonadotropins, which
are present by the 10th—13th week of gestation when the hypophyseal portal system
has developed (Fig. 4). Their secretion continues until the mid-gestation period when
the typical surge of the placental steroids, via a negative feedback mechanism,
causes a decrease, which is maintained until delivery. Indeed, after birth, the lack
of this inhibition gives rise to a new surge in GnRH secretion. This central stimu-
lation of the HPG axis is typical of the first 12-24 or 6 months of life in girls and
boys, respectively, and it is so-called minipuberty. Subsequently and due to inhib-
itory mechanisms that are not fully understood and might involve the neurotrans-
mitters y-aminobutyric acid (GABA) and the neuropeptide Y (NPY), GnRH, LH,
and FSH levels decrease and remain suppressed until puberty (Fig. 4) (Waldhauser
et al. 1981; Blogowska et al. 2003). At puberty, GnRH and gonadotropin secretion
resumes with a typical pulsatile manner, which is controlled by the GnRH pulse
generator. The neurobiological origins and the precise location of this pulse gener-
ation are not yet fully elucidated. Recent work supports two possible hypotheses:
(1) the GnRH-secreting neurons are able to generate autonomously the secreting
pulses; (ii) the pulse generator is due to the influence of peptidergic neurons usually
positioned in the infundibular region (INF) and in the hypothalamic arcuate nucleus
(ARC) (Piet et al. 2015; Plant 2015). The pulsatile secretion of GnRH at puberty
begins first at night with a low amplitude and slow frequency, and then both
amplitude and frequency increase during pubertal development to achieve the
normal pattern in adulthood (Fig. 4) (McCartney 2010). In adult men, GnRH
secretion is characterized by pulses occurring approximately every 2 h, whereas in
the fertile female, the frequency of GnRH pulse is more complicated and is intrin-
sically dependent on the timing of the ovulatory cycle. GnRH pulsatility is crucial in
regulating the synthesis, secretion, and ratio release of the two gonadotropins from

Fetus Neonate Childhood Puberty Adulthood

Fig. 4 Representation of the GnRH pulsatile secretion variation during the male lifespan
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the pituitary (Fig. 4) (Reame et al. 1984; Nippoldt et al. 1989; Hall et al. 1992), and it
is dependent on the fine-tuned modulation of the GnRH-secreting neurons as firstly
demonstrated by Knobil and colleagues (Knobil 1992). Indeed, in patients affected
by isolated GnRH deficiency, the substitutive use of pulsatile exogenous GnRH
allows the pubertal development to occur (Marshall and Kelch 1979; Hoffman and
Crowley 1982) and reproduces the hormonal changes normally seen in the menstrual
cycle, thus stimulating the ovulation (Crowley and McArthur 1980). On the contrary,
when GnRH is infused continuously, it is inhibiting the gonadotropin secretion,
while the return to a pulsing stimulation is able to revert this negative effect. The
molecular explanation for this phenomenon resides in the downregulation of the
GnRHR (Loumaye and Catt 1982; Cheng et al. 2000; McArdle 2012), and this
characteristic is currently used in the clinic to temporarily block the HPG axis
through the administration of long-acting GnRH agonists. This downregulation of
the GnRHR on the gonadotrope cells, when continuously stimulated, gives reason of
the importance of the normal pulsatile GnRH secretion in order to induce the
synthesis and release of the two gonadotropins from the pituitary.

Regulation of GnRH Secretion

The mechanisms regulating GnRH secretion are extremely complex. Studies on
immortalized GnRH-secreting neurons (GT1) (Mellon et al. 1990), on primary
GnRH neurons (Tobet et al. 1996; Maurer and Wray 1997), and in animal models
(Negro-Vilar et al. 1982; Gore and Terasawa 1991; Levine et al. 1995) show that
GnRH secretion is modulated by a network of excitatory and inhibitory inputs that
include either a central control exerted by distinct subgroups of neurons afferent to
the GnRH-secreting neurons or the peripheral gonadal steroid feedback (Fig. 5)
(Ojeda et al. 2006; Christian and Moenter 2010; Herbison 2016).

Central Control by Kisspeptin Neuronal System

The identification of the hypothalamic kisspeptin neuronal network has deeply
changed our perceptions of the control and activation of GnRH-secreting neurons
at puberty. Indeed, kisspeptin (formerly known as metastin) is a strong activator of
the hypothalamic-pituitary-gonadal axis in humans and animal models. It is encoded
by the KISSI gene (chromosome 1q32) which consists of two untranslated and two
coding exons. KISSI gene encodes a precursor of 145 amino acid, which cleavage
generates a 54 amino acid peptide (West et al. 1998), subsequently processed in two
smaller fragments, kisspeptin-13 and kisspeptin-14. Kisspeptin binds to GPR54
(now termed KISS1R) (Gottsch et al. 2004), described both in the rat and in
human brain (Lee et al. 1999; Muir et al. 2001; Ohtaki et al. 2001). The five exons
of the KISSI receptor gene (chromosome 19p13.3) encode for a 398 amino acid
G-protein-coupled receptor (Muir et al. 2001). Kisspeptin-mediated KISSIR activa-
tion (Muir et al. 2001; Liu et al. 2008; Constantin et al. 2009) determines a biphasic
surge of cytosolic Ca** concentration with a more persistent second phase (Min et al.
2014). In order to support this second phase and to prevent receptor desensitization
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Fig. 5 Summary of the physiological mechanisms possibly involved in the control of GnRH
secretion and its action on gonadotrope cells. POA preoptic area, INF infundibular region, ARC
arcuate nucleus, Kp Kisspeptin, NKB neurokinin B, DYN dynorphin, RFRP-3 RFamide-related
peptide, E2 estradiol, GABA gamma aminobutirric acids, NPY neuropeptide Y, N4 noradrenaline,
EOP endogenous opioid peptides, NE/DA Norepinephrine/Dopamine, KISSIR Kissl receptor,
GnRHR GnRH receptor, GPR147 RFP-3 receptor, KOR kappa-opioid receptor, NKB3R neurokinin
B receptor, ERa estrogen receptor alpha, GC-R Glucocorticoid receptor.

following the first activation, an intense KISSIR trafficking is needed (Min et al.
2014).

The key role played by kisspeptin system became evident from studies performed
in a model of human disease which is represented by patients with congenital GnRH
deficiency. Indeed, patients with inactivating allelic variants of either KISS/R or
KISS]1 resulted in idiopathic hypogonadotropic hypogonadism (de Roux et al. 2003;
Seminara et al. 2003; Topaloglu et al. 2012). This evidence was supported by studies
in knockout mouse models for either the Kiss/r or the Kiss/ genes, which pheno-
copy the human GnRH congenital deficiency (d’ Anglemont de Tassigny et al. 2007,
Lapatto et al. 2007; Chan et al. 2009). Thus, the crucial importance of the kisspeptin
effect on the GnRH secretion became evident across mammalian species. Moreover,
clinical studies involving the administration of kisspeptin to both healthy controls
and patients with idiopathic hypogonadotropic hypogonadism further confirmed the
importance of the kisspeptin system in the control of the GnRH neuron activity
(Dhillo et al. 2005; Jayasena et al. 2009, 2010, 2011; George et al. 2011; Chan et al.
2012; Young et al. 2013). Indeed, the acute injection of exogenous kisspeptin is able
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to induce the rise of LH and FSH in male healthy volunteers, while its action in
female is variably dependent on the period of the menstrual cycle. Furthermore,
non-chronical administration of kisspeptin (in order to avoid the receptor desensiti-
zation) is also effective in stimulating GnRH secretion in men with acquired
hypogonadotropic hypogonadism associated with obesity and type 2 diabetes
(George et al. 2010) and in female with hypothalamic amenorrhea (Jayasena et al.
2010).

Kisspeptin Neurons

The majority of the studies on the Kisspeptin system have been performed in
rodents, but many correlations with higher mammals have been found. Kisspeptin
neurons are positioned in the infundibular (INF)/arcuate (ARC) nucleus in all
species and in the rostral preoptic area (POA) with a species-specific distribution
(Clarkson and Herbison 2006; Pompolo et al. 2006; Ramaswamy et al. 2008;
Clarkson et al. 2009; Hrabovszky et al. 2010): in rodents, they are positioned in
the periventricular nucleus (PeN) and the anteroventral periventricular nucleus
(AVPV) (Clarkson and Herbison 2006; Clarkson et al. 2009), while in humans and
ruminants, their cell bodies are more sprinkled within the POA (Pompolo et al. 2006;
Rometo et al. 2007; Oakley et al. 2009; Hrabovszky et al. 2010). Moreover, in
humans there is also a sexual dimorphism in respect to the kisspeptin neuron
distribution and numerosity. Female hypothalamus have considerably more
kisspeptin fibers and cell bodies in the INF nucleus compared to men hypothalamus
(Hrabovszky et al. 2010). Furthermore, kisspeptin cells are detected in the rostral
periventricular area only in female (Hrabovszky et al. 2010). This different hypo-
thalamic architecture of the kisspeptin system in male and female, as discussed in the
next section of the chapter, has been linked to the different effect of the sex steroids
on this cell population.

Kisspeptin neurons may act both directly or transsynaptically through neurotrans-
mitters (Skorupskaite et al. 2014). The close proximity between the kisspeptin- and
GnRH-secreting neurons seen in rodents, sheep, and monkeys was also seen in
humans, where kisspeptin axons form dense pericapillary plexus in the pituitary
stalk, engaging contacts with the GnRH neuron cell body, axons, and dendritic spine
(Hrabovszky et al. 2010) (Fig. 5). However, in humans the occurrence of these
connections seems lower, and not all GnRH neurons receive kisspeptin neuronal
contacts (Clarkson and Herbison 2006; Ramaswamy et al. 2008; Smith et al. 2008a;
Hrabovszky et al. 2010). This indicates a fine modulation of GnRH release by
kisspeptin and other neuropeptides. Indeed, in the hypothalamus an interconnected
and composite system of modulators of kisspeptin neurons has been identified,
including neuroendocrine factors and sex steroids (see below), that guarantees the
correct gonadotropic function (Fig. 5).

KNDy Neurons

Inside the hypothalamus, two kisspeptin neuron populations are present with a
differential expression of neuropeptides (Fig. 5) and distinct functions (Ojeda et al.
2010). In addition to neurons that exclusively express and secrete kisspeptin, there
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are other neurons, designated as KNDy neurons (Cheng et al. 2010), which are
co-expressing kisspeptin (KP), neurokinin B (NKB), and dynorphin (Dyn) (Lehman
et al. 2010; Hrabovszky et al. 2012; Navarro 2012; Skrapits et al. 2015). KNDy
neurons are preserved among species and are localized in the ARC nucleus of sheep
and rodents and in the corresponding INF region of humans (Burke et al. 2006;
Goodman et al. 2007; Navarro et al. 2009). The three secreted KNDy neuropeptides
shape kisspeptin secretion through paracrine/autocrine action, operating in a coor-
dinated fashion (Fig. 5). KNDy neurons in the ARC form a complex system where
individual neurons are interconnected to each other and project the median eminence
(ME) (Lehman et al. 2010). Moreover in humans it was observed that KNDy
neurons are in straight relationship with GnRH neuron cell body and dendrites
(Ciofi et al. 1994; Krajewski et al. 2005; Clarkson and Herbison 2006; Ramaswamy
et al. 2008; Dahl et al. 2009). This distribution suggests that KNDy neurons located
in ARC/INF act as a central hub for the regulation of GnRH release. They stimulated
GnRH neurons via the release of kisspeptins, but they also participate in the mutual
(auto)-regulation of kisspeptin system through the secretion of NKB and Dyn
(Navarro et al. 2009; Wakabayashi et al. 2010). NKB pathway is able to stimulate
LH release, which mirrors GnRH release (Billings et al. 2010; Navarro et al. 2011).
These stimulatory activities are in accordance with the altered reproductive defects
observed in TAC3- and TACR3-mutated patients (Topaloglu et al. 2009; Gianetti
et al. 2010; Young et al. 2010). In contrast, dynorphin, working via K-opioid
receptors (KOR), exerts its inhibitory control on pulsatile GnRH release
(Wakabayashi et al. 2010) by mediating the negative feedback of progesterone, as
discussed in the next section (Goodman et al. 2004; Foradori et al. 2005). Addition-
ally, although the principal target of kisspeptin stimulation pathway is the control of
GnRH secretion (Gottsch et al. 2004; Irwig et al. 2004; Smith et al. 2008b), the
expression of KISS/ and KISSIR genes in the gonadotropes suggests a possible
direct effect of kisspeptin on gonadotrope functionality. Indeed some studies have
demonstrated that pituitary explants stimulated with kisspeptin secrete gonadotro-
pins (Kotani et al. 2001; Navarro et al. 2005; Gutierrez-Pascual et al. 2007; Richard
et al. 2008) and that in the sheep low amount of kisspeptin is present in the pituitary
portal vessels (Smith et al. 2008b).

Gonadal Steroid Regulation

Another important mechanism that controls dynamically the GnRH synthesis and
release from the GnRH-secreting neurons is represented by the gonadal steroid
feedback. Indeed, in both sexes the severe deprivation of estrogens (E), androgens
(A), and progesterone (P), such as in human females menopause, after castration or
due to gonadal dysgenesis, triggers an increase in the secretion of GnRH and of
gonadotropins, which, in turn, is controverted by the substitutive therapy (Kalra and
Kalra 1989; Herbison 2016). The idea that sex steroids modulate the release of
GnRH and gonadotropins was postulated for the first time in the 1930s, although
several aspects concerning their precise molecular mechanisms of action are still not
fully understood. Whether the sex steroids exert their regulatory functions on the
GnRH neurons directly or through intermediate connected pathways or neurons is



1 Control of GnRH Secretion 15

still debated. Direct action of gonadal steroids on the GnRH cells would imply the
expression of specific receptors. Indeed, estrogens bind to two specific nuclear
receptors isoforms: the estrogen receptor alfa (ERa) and the estrogen receptor beta
(ERp), but the presence of the ERa on the GnRH-secreting neurons is still debated,
and only recently some studies were detecting the ERa mRNA in these cells
(Herbison and Pape 2001; Hu et al. 2008). In addition, after the discovery of a
second ER isoform, the ERP (Kuiper et al. 1996; Mosselman et al. 1996), a small
subgroup of GnRH neuron, was found to express this isoform (Butler et al. 1999;
Skynner et al. 1999; Hrabovszky et al. 2000; Kallo et al. 2001). Moreover, in vitro
studies have demonstrated the presence of ERs in the immortalized GT1 cell line.
Therefore, it is also possible that GnRH neurons are temporally expressing the ERs,
and the direct action of E on these neurons might exist only during embryogenesis
and/or during the early stages of postnatal life. This possibility could be also
extended to the A receptor, AR, which is not expressed in vivo in GnRH neurons
(Huang and Harlan 1993), while detectable in vitro in the GT1 cells (Poletti et al.
1994; Belsham et al. 1998). Nevertheless, regarding the effects of A on GnRH
secretion, we have to consider that testosterone is enzymatically converted through a
specific aromatase into E, which is mediating its principal negative effect on the
HPG axis. Lastly, even the expression of the P receptor, PR, on the GnRH neurons is
still controversial, thus keeping open the question whether the P regulatory effect is
directly exerted on GnRH neurons or indirectly through neuronal intermediates. P is
important in the regulation of the GnRH secretion at the hypothalamic level
(Ramirez et al. 1980; Kim et al. 1989), although its action occurs mainly at the
pituitary level where, acting in synergy with E, it induces a full gonadotrope
response to GnRH (Nippoldt et al. 1987; Mahesh and Brann 1998).

Following the characterization of the kisspeptin system, further important
improvements in our comprehension of the central control of reproduction became
possible, including the elucidation of the molecular mechanisms underlying the sex
steroid feedback on GnRH neuronal activity. Indeed, kisspeptin system is implicated
in the transmission of both negative and positive feedback of sex steroids on GnRH
neurons. Accordingly the majority of the hypothalamic kisspeptin-secreting cells,
including KNDy neurons, express ERa, AR, PR, and, in a small proportion, ERp,
while GnRH neurons do not (Smith et al. 2005a, b, 2006, 2007, Franceschini et al.
2006; Adachi et al. 2007; Clarkson et al. 2008, 2012). Moreover, Kiss/ mRNA
expression level in the ARC/INF is upregulated following gonadectomy, in accor-
dance with the rise of the gonadotropins levels, while this effect is prevented by the
estradiol replacement (Smith et al. 2006; Adachi et al. 2007; Clarkson et al. 2008;
Oakley et al. 2009; Lehman et al. 2010). Additionally, KissR inactivation, either as
in the KO animal model (Dungan et al. 2007) or in the presence of a specific Kissl
antagonist (Roseweir et al. 2009), mitigates the rise in circulating LH after gonad-
ectomy. The E negative feedback on the kisspeptin system is mainly dependent upon
ERa. Indeed, the administration of an ERa-selective agonist suppresses Kissl
mRNA expression and LH blood concentrations in castrated animals (Navarro
et al. 2004), while the LH increase after castration is absent only in the ERa KO
mice and still present in the ERp null mice (Dungan et al. 2007). Thus, E exerts its
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negative feedback on the kisspeptin system, mainly through the ERa, by inhibiting
kisspeptin and neurokinin B secretion, which, in turn, lowers their synergic stimu-
lation on the GnRH neurons (Fig. 5). Moreover, dynorphin, which is normally
co-secreted with kisspeptin and neurokinin B from the KNDy neurons, is able to
inhibit GnRH pulsatility following progesterone administration, while the proges-
terone receptor expression is upregulated from the E (Nippoldt et al. 1989; Soules
et al. 1984). Thus, E also mediates the inhibiting effect on the GnRH secretion by
enhancing the dynorphin secretion and action.

The E negative feedback effect so far described is dependent on constant low
levels of the hormone, since it is well known that a rapid increase in estradiol levels,
such as at the end of the follicular phase in the female menstrual cycle, accompanied
by the upregulation of the PR, characteristically switches the feedback from inhib-
itory (negative feedback) to stimulatory (positive feedback). This E positive feed-
back is a key point in the determination of the GnRH preovulatory surge which
allows the LH peak and the following ovulation. The neuroendocrine mechanisms
based on such positive feedback of E are less well characterized, compared to the
negative ones, and appear to be more site- and species-specific. Experimental data in
humans and animal models indicate that at least a subgroup of kisspeptin-secreting
neurons plays a key role in mediating the E positive feedback. Indeed, in humans, the
administration of kisspeptin, instead of hCG, was effective in generating the ovula-
tory LH surge and in triggering the oocyte maturation (Jayasena et al. 2010). A more
precise characterization of this positive feedback comes from experimental data on
female rodents (Roa et al. 2009). In these animal model, estradiol is able to enhance
the Kiss1 mRNA level in the AVPV/RPV3 nucleus (Smith et al. 2005b), and this is
associated with the observation that AVPV kisspeptin neurons are stimulated during
the preovulatory sex steroid-induced LH surge (Smith et al. 2006). Further, these
kisspeptin neurons in the AVPV are connected with the GnRH neurons (Clarkson
and Herbison 2006), and the offsetting of kisspeptin in the POA eliminates the
preovulatory LH peak (Kinoshita et al. 2005). Furthermore, the KO animal models
for Kiss/ and KissI/R genes are characterized by an anovulatory state, and specific
kisspeptin antagonists are able to markedly inhibit the gonadotropin preovulatory
surge (Pineda et al. 2010a). Altogether these data indicate a key role of the kisspeptin
neurons of the AVPV hypothalamic nucleus in mediating the positive feedback
control of the GnRH secretion in rodents. In humans, the homologous of the
AVPV kisspeptin neurons has so far not been identified (Rometo et al. 2007; Oakley
et al. 2009). Nevertheless, this sexual dimorphism, observed in the kisspeptin
pathway in the INF region, might be related to E positive feedback. Indeed, E
positive feedback occurs only in females, where the system appears more
represented and might be constituted by distinct kisspeptin neurons mediating the
negative or the positive E feedback on the GnRH secretion. As for the positive
feedback, the effect seems to be mediated by the ERa since the selective elimination
of this signaling in the kisspeptin cells in vivo is associated with a lack of the E
action on the AVPV neurons and subsequently the absence of ovulation (Mayer et al.
2010).

To summarize the data so far accumulated regarding the sexual steroid action on
the GnRH secretion, we can conclude that the negative and positive feedbacks are
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surely mediated by the kisspeptin system, although a certain direct effect through
specific receptors has to be considered and might be better characterized in the
future.

Neurotransmitters and Neuropeptide Regulation

As demonstrated either in vivo or in vitro, the GnRH secretion and pulsatility is also
modulated by local release of different neurotransmitters and neuropeptides, which
are also interrelated with other control systems such as the KNDy neurons and the
gonadal steroids.

Two of the first neurotransmitters able to stimulate the GnRH secretion are
represented by norepinephrine and dopamine (Herbison 1997). The initial evidence
came from in vitro studies of the GT1 GnRH neuron cell line that expresses
Bl-adrenergic and D1-dopaminergic receptors and whose activity is pharmacologi-
cally interfered by the treatment with specific agonists and antagonists of the so far
mentioned receptors (Martinez de la Escalera et al. 1992; Findell et al. 1993; Uemura
et al. 1997). Subsequently, experimental data in humans and primates have con-
firmed the modulation of the GnRH pulsatile secretion by norepinephrine and
dopamine also in vivo. Indeed, the a-adrenergic receptor blocking agents (i.e.,
phentolamine or prazosin) and the dopamine antagonist (i.e., metoclopramide) are
able to arrest or at least inhibit the GnRH pulse generator in ovariectomized rhesus
monkey (Kaufman et al. 1985; Gearing and Terasawa 1991). Furthermore, in
humans, while the administration of dopamine and its agonists has been shown to
be able to decrease the mean LH circulating levels, the a-adrenergic receptor
blocking agents do not alter the LH pulsatile frequency (Leblanc et al. 1976;
Lachelin et al. 1977; Pehrson et al. 1983).

Glutamate represents another important excitatory neurotransmitter in the hypo-
thalamus, and its role in the stimulation of the GnRH secretion has been demon-
strated in several species (Goldsmith et al. 1994; Dhandapani and Brann 2000; Gore
2001; Ottem et al. 2002; Lin et al. 2003; Pompolo et al. 2003). Glutamate mediates
its role by binding to the N-methyl-D-aspartate (NMDA) receptors which are
expressed on GnRH neurons (Gore 2001). Additionally, since the GABA agonists
and the opioids agents are able to act at presynaptic NMDA receptor to inhibit the
glutamate exocytosis (Potashner 1979; Weisskopf et al. 1993), an interaction
between the glutamate and the opioid neurons may occur in the regulation of the
GnRH control (Brann and Mahesh 1997). Indeed, in GT1 cells, GABA, and
GABAg NMDA receptors have been identified (Stojilkovic et al. 1994).

GABA, in contrast to the previously described stimulatory neurotransmitters,
inhibits GnRH secretion through the binding of the GABA4 receptor (Urbanski
and Ojeda 1987; Herbison 1998). This was demonstrated both in in vivo and in vitro
experimental models following the treatment with specific agonist and antagonist of
the GABA 4 receptor (Li and Pelletier 1993; Leonhardt et al. 1995; Han et al. 2004).

Among the different neuropeptides, an important inhibitory role on the GnRH
secretion is surely played by the opioids (Kalra and Kalra 1984; Grosser et al. 1993).
Indeed, in vitro experimental evidences revealed that opioids weaken the adrenergic
stimulation on GT1 cell line (Nazian et al. 1994), and this inhibitory effect can be
solved by the use of the opiate antagonist, naloxone (Ferin et al. 1982; Van Vugt
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et al. 1989; Williams et al. 1990). Moreover, the in vivo data demonstrate that the
activation of endogenous opioids mediate the suppression of the GnRH secretion
following the treatment with corticotropin-releasing hormone (CRH) (Knobil 1989;
Williams et al. 1990), although this effect was not observed in humans (Fischer et al.
1992).

Neuropeptide Y (NPY), galanin, and aspartate represent other putative
neuromodulators of the GnRH system, although only the last one stimulates directly
the GnRH pulse generator, whereas the first two are gonadal steroid dependent for
their action (Woller and Terasawa 1992; Brann et al. 1993). Indeed, studies on the
effect of NPY on the GnRH secretion reveal a complex picture. Central injection of
NPY in intact animal (or castrated animal substituted with sex steroids) leads to the
stimulation, while in castrated animal to the inhibition of the GnRH secretion. This
bimodal action of NYP on the GnRH system is then sex steroid dependent. Never-
theless, the NPY null animal models present a relatively normal reproductive func-
tion, indicating that the role played by NPY in reproduction is only one of several
inputs and it is part of a highly redundant network.

Another important peptide in regulating the GnRH secretion is leptin, a peptide
hormone secreted by the adipose tissue that helps to regulate the energy balance and
mirrors the amount of energy reserve. Thus, leptin might play a key role either by
signaling to the central nervous system the information regarding the amount of fat
stores that are present or by enabling the activation of the HPG axis through the
GnRH secretion when convenient. Specifically, it has been demonstrated that leptin
is able to stimulate the GnRH secretion either increasing the release of aspartate or
reducing the release of GABA in peri-pubertal rats, whereas in the prepubertal rats, it
increases the release of GABA (Reynoso et al. 2003). Furthermore, the exogenous
replacement therapy with leptin in leptin-deficient prepubertal girls results in a
LH/FSH secretory pattern consistent with an early puberty, thus confirming the
stimulation of the GnRH secretion (Farooqi et al. 1999).

GnlH

The neuronal network that regulates the HPG axis is additionally complicated by
gonadotropin inhibitory hormone (GnlIH), a novel neuropeptide capable of inhibiting
gonadotropin synthesis and secretion, which was first identified in birds (Tsutsui
et al. 2000). GnIH is synthetized as a 173 amino acid precursor that is proteolytically
processed into three peptides, respectively, named GnIH, GnlH-1, and GnIH-2
(Satake et al. 2001). These peptides share a carboxyl-terminal LPXRF-amide struc-
ture, in which X might be replaced by L or Q. Two perfectly conserved peptides of
the RF-amide family, RFRP-1 and RFRP-3, were also reported in mammals. Intrigu-
ingly, even if RFRP-1 peptide exhibits greater structural homology with GnlH
(Kriegsfeld et al. 2006), the RFRP-3 appears as the mammalian functional ortholog
of avian GnlH (Pineda et al. 2010b; Smith and Clarke 2010). Both RFRP-1 and
RFRP-3 act primarily by binding NPFFIR (also termed Gprl47), a G-protein-
coupled receptor. Moreover the two peptides are able to signal binding the
NPFF2R receptor (also named Gpr74) (Clarke et al. 2009). In mammals RFRP-3
neurons are principally identified in the hypothalamic dorsomedial nucleus (DMN)
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or adjacent areas, where they project to different districts of the hypothalamus, such
as the ARC, the ventromedial nucleus (VMN), the lateral hypothalamus, and the
paraventricular nucleus (PVN). It is well known that these regions play crucial
functions in the regulation of fertility and energy equilibrium (Qi et al. 2009). In
this scenario, recent experimental data suggest a possible function of GnIH/RFRP
peptide as a connecting hub, together with leptin, between reproductive and meta-
bolic homeostasis. Overall the pharmacological data so far available are in favor of
an orexigenic role for RFRP-3. Considering that orexigenic mediators are turned on
in negative energy balance conditions (e.g., to promote food intake), it is reasonable
to suppose that RFRP mediates the suppression of reproductive function during an
energy absence state (Clarke et al. 2012).

Even though the link between the GnlH/RFRP and the physiology of reproduc-
tion was described in animal models (Tsutsumi et al. 2010), a possible regulation of
human pubertal development by the RFRP-3/GPR147 system was only recently
suggested (Maggi et al. 2016). While the experimental evidences collected until now
suggest a main inhibitory effect exerted by GnIH/RFRP on LH/FSH release among
mammals, several arguments persist concerning the nature (stimulatory in some
instance), preferential area of action (pituitary vs. hypothalamic), and significance
(in relation with different neuropeptides) of the GnIH/RFRP network in the control
of the hypothalamic-pituitary-gonadal axis (Fig. 5). Equally, the relationship
between the RFRP and the other mediators with crucial roles in the physiology of
reproduction, including kisspeptins (Fig. 5), was proposed, but additional evidence
is required in order to have a complete picture of the main interaction and connec-
tions between GnIH/RFRP peptides and central/peripheral actors involved in the
regulation of the hypothalamic-pituitary-gonadal axis.

Other Factors Influence on GnRH Regulation

Other factors may influence the GnRH secretion including various stressors as
infection, malnutrition, anxiety, depression, and chronic illness. Indeed, in humans
and in animal models, acute fasting is able to induce infertility throughout the
inhibition of the GnRH secretion (Bergendahl et al. 1998). Similar effect was
demonstrated in animal models treated with intravenous lipopolysaccharide, a bac-
terial endotoxin that mimics an infectious stress (Takeuchi et al. 1997; Yoo et al.
1997; Refojo et al. 1998). Finally, men affected with prolonged critical illness
present a decrease and a blunted 24 h pulsatile profile of the LH secretion, which
causes a reduced androgen circulating levels with the settle of an acquired central
hypogonadism (Van den Berghe et al. 1994).

All these chronic stressors trigger a rise in glucocorticoids, which are the classic
endocrine response to stress. GC suppresses reproductive function at different levels
of the HPG axis (Collu et al. 1984; Rabin et al. 1988) mainly through the inhibition
of the GnRH secretion (Dubey and Plant 1985; Kamel and Kubajak 1987), which, in
turn, leads to a reduced LH release (Briski and Sylvester 1991). This is consistent
with the observation that in Cushing’s disease, a disorder characterized by hyper-
cortisolemia, the presence of an associated hypogonadism is a common aspect.
Moreover, hypothalamic neurons are known to express the glucocorticoid receptor
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(GC-R) (Chandran et al. 1994), and the treatment of the GT1 cell line with GC
results in the inhibition of both the GnRH-mRNA levels and the transcriptional
activity of transfected GnRH promoter-reporter gene vectors (Chandran et al. 1996).
Additionally, the downregulation of the GnRH secretion exerted by the GC is
mediated through the interaction with the GnlH/RFPR system (Fig. 5). Indeed,
acute and chronic stress stimulates expression of RFRP in the adult male rat
hypothalamus, where expression of RFRP and GC-R overlap (Kirby et al. 2009),
and systemic administration of RFRP combined to stress suppresses the LH release
and the sexual behavior. On the other hand, adrenalectomy prevents the stress-
induced increase of the RFPR expression in the hypothalamus and in turn also the
suppression of LH secretion.

On the opposite, in response to acute stress, endogenous GC may protect gonad-
otropin secretion (Matsuwaki et al. 2006). This is related to the secretion of prosta-
glandins (PGs) in the central nervous system, which inhibit the LH pulses, as
reported in the case of several stress factors such as infections, hypoglycemia, and
restriction (Konsman et al. 2004). The increased secretion of GC may balance the
effects of stress-induced PG synthesis in order to support, instead to inhibit, the
reproductive function in response to acute stress circumstances.

Summary

Reproduction is crucial for species survival and is fully dependent on a complex axis
involving different organs such as hypothalamus, pituitary, gonads, and genitalia.
This network is controlled by neuroendocrine mechanisms which are not fully
characterized but surely interacting at the hypothalamic level where relatively few
neurons secrete the neurohormone GnRH. In the last decades, advances have been
made to better understand the action of GnRH either in physiologic or pathologic
conditions. Researchers are progressively starting to better understand which factors
are mandatory for GnRH neuronal migration, the mechanisms involved in the
starting of the pulsatile GnRH secretion at puberty, and the maintenance of the
normal adult reproductive function.
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Abstract

Gonadotropin-releasing hormone (GnRH) mediates central control of reproduc-
tive function by activation of G-protein-coupled receptors on pituitary
gonadotropes. These Gg-coupled receptors mediate acute effects of GnRH on
the exocytotic secretion of luteinizing hormone and follicle-stimulating hormone
and also chronic regulation of the synthesis of these gonadotropin hormones.
GnRH is secreted in brief pulses and GnRH effects on its target cells are
dependent upon the characteristics of these pulses. Here we provide an overview
of GnRH receptors and their signaling network, emphasizing novel and atypical
functional features of GnRH signaling, and mechanisms mediating pulsatile
hormone signaling.
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Gonadotropin-Releasing Hormone (GnRH) and Its Receptors

Gonadotropin-releasing hormone, (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-
NH,), also known as luteinizing hormone-releasing hormone (LHRH) or GnRH-I,
is a peptide that is synthesized in hypothalamic neurons. It is secreted into the
hypothalamic-hypophyseal portal circulation in pulses each lasting for a few minutes
(Belchetz et al. 1978; Clarke and Cummins 1985; Wildt et al. 1981), with the
secretory activity of GnRH neurons being controlled largely by input from
kisspeptin-containing neuronal circuits. After secretion GnRH exits the portal cir-
culation and binds to its cognate receptors (GnRHRs) on the surface of anterior
pituitary gonadotropes. It causes them to synthesize and secrete luteinizing hormone
(LH) and follicle-stimulating hormone (FSH); these two gonadotropin hormones
then control gametogenesis and steroidogenesis in the gonads (Cheng and Leung
2005; Ciccone and Kaiser 2009; McArdle and Roberson 2015; Millar et al. 2004;
Naor 2009; Sealfon et al. 1997; Stojilkovic et al. 2010b; Wang et al. 2010). LH and
FSH are heterodimeric glycoprotein hormones with distinct f-subunits (LHP and
FSHp) and a common a-gonadotropin subunit (¢dGSU). The mature protein hor-
mones are packaged into secretory vesicles for release from gonadotropes. Acutely
GnRH regulates vesicle fusion with the plasma membrane whereas chronically, it
increases synthesis of gonadotropins and thereby influences the hormone content of
these vesicles. Together, these effects on synthesis and secretion underpin the central
control of reproduction by GnRH.

The importance of this system is illustrated by the fact that GnRH and its
receptors are both absolutely essential for mammalian reproduction (Cattanach
et al. 1977; de Roux et al. 1997; Mason et al. 1986), but comparative studies have
revealed multiple forms of GnRH and GnRHR. There are three distinct forms of the
hormone: GnRH-I (often known simply as GnRH), GnRH-II, and GnRH-III. These
have a common ancestral origin that predates vertebrates (Fernald and White 1999).
Most classes of vertebrate have GnRH-I and GnRH-II, but GnRH-III is specific for
teleosts (Cheng and Leung 2005; Millar et al. 2004; Schneider and Rissman 2008).
GnRHRs are members of the rhodopsin-like G-protein-coupled receptor (GPCR)
family and have a characteristic seven-transmembrane a-helical domain structure.
They have been cloned from multiple species and can be classified into three groups
based on sequence homology. All of the cloned mammalian GnRHRs are in groups I
or II (Millar et al. 2004; Morgan and Millar 2004), and the type I GnRHRs of
humans, rats, mice, pigs, sheep, and horses have >80% amino acid sequence
identity. Some primates (notably rhesus and green monkeys and marmosets) express
functional type I GnRHR (as well as type I GnRHR), but in humans there is a
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frameshift mutation and a premature stop codon in the GnRHR II (pseudo)gene so
that a functional type II GnRHR is not expressed (Morgan and Millar 2004; Stewart
et al. 2009; Wang et al. 2010). Accordingly, for humans, central control of repro-
duction is mediated by GnRH-I from the hypothalamus acting on type I GnRHR in
gonadotropes. Further evidence of the importance of this system lies in the fact that
GnRHRs are established therapeutic targets for manipulation with agonist and
antagonist analogues of GnRH for assisted reproduction technology (Al-Inany
et al. 2016; Siristatidis et al. 2015). In general, stimulatory effects of endogenous
GnRH pulses can be mimicked with pulsatile agonists to induce ovulation or
spermatogenesis. Alternatively, effects of endogenous GnRH can be blocked with
GnRH antagonists to reduce circulating levels of gonadotropins and gonadal steroids
and thereby treat sex hormone-dependent neoplasms such as those of the prostate,
ovary, endometrium, or mammary glands (Chengalvala et al. 2003; Conn and
Crowley 1994; Schally 1999). Paradoxically, sustained stimulation with GnRH
agonists causes stimulation followed by desensitization of GnRHR-mediated gonad-
otropin secretion, and this is also exploited to treat sex steroid-dependent cancers
(Cheng and Leung 2005; Ciccone and Kaiser 2009; McArdle and Roberson 2015;
Millar et al. 2004; Naor 2009; Sealfon et al. 1997; Stojilkovic and Catt 1995; Wang
et al. 2010).

GnRHR Signaling and Gonadotropin Secretion

In gonadotropes, GnRHR signaling (Fig. 1) is primarily mediated by activation of
the heterotrimeric G-protein G4 which, in turn, activates the effector enzyme phos-
pholipase C (PLC). PLC cleaves phosphatidylinositol (4,5)-bisphosphate to produce
the second messengers inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol
(DAG). IP; acts via its own intracellular receptors to increase Ca’" release
from intracellular stores, whereas DAG activates isozymes of protein kinase C
(PKC). Ca*" mobilization is followed by Ca®" influx via L-type voltage-gated Ca*"
channels, and it is this Ca>" entry across the plasma membrane that supports a more
sustained increase in cytoplasmic Ca>* concentration on continuous GnRH exposure
(Ciccone and Kaiser 2009; Naor 2009; Stojilkovic and Catt 1995; Stojilkovic et al.
2010b). In some models, GnRH causes oscillations in cytoplasmic Ca”*, and the
type of response depends on the model system and on GnRH concentration, with low
concentrations having subthreshold effects, intermediate concentrations causing
oscillatory responses, and high concentrations causing biphasic (spike-plateau)
responses (Leong and Thorner 1991; Stojilkovic et al. 1991). For the latter, the
initial spike phase is due to mobilization of Ca*" from intracellular stores, whereas
the plateau is dependent on Ca®" entry through voltage-gated Ca®" channels (Hansen
et al. 1987; Izumi et al. 1989). For the oscillatory responses, a cytoplasmic oscillator
model has been described, and with either response pattern, rapid effects of GnRH
on gonadotropin secretion are driven by elevation of cytoplasmic Ca®" (Hansen et al.
1987; Hille et al. 1994; Izumi et al. 1989; Stojilkovic et al. 1994).
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Fig. 1 A simplified GnRHR signaling network. GnRHR acts primarily via Gq, activating
phospholipase C (PLC) to generate IP; which drives IP3 receptor (IP;R)-mediated mobilization
of Ca®>" from intracellular stores, and diacylglycerol (DAG) which, along with Ca®"
activates conventional PKC isozymes. Additional proteins involved in the control of the
cytoplasmic Ca*" ion concentration include Ca*" sequestering sarcoplasmic and endoplasmic
reticulum Ca?" ATPase (SERCA), plasma membrane ATPase (PMCA), plasma membrane Na*/
Ca*" exchanger (NCX), Ca**-sensitive K* channels (K(Ca)), and voltage-gated Ca*" channels
(VGCC); GnRH increases cytoplasmic Ca*>" by coordinated effects on mobilization from intra-
cellular stores and entry across the plasma membrane. Ca®" is the primary driver for regulated
release of gonadotropins that are contained in secretory vesicles and secreted largely by
regulated exocytosis. Ca>" also activates calmodulin (CaM), which activates CaM-dependent
protein kinases (CaMK), which in turn phosphorylate and regulate effectors including CREB
(cAMP response element binding protein). CaM also activates the protein phosphatase
calcineurin (Cn), which activates a number of effectors including the Ca>*-dependent transcrip-
tion factor NFAT (nuclear factor of activated T-cells). Furthermore, GnRH activates MAPK
cascades, including the (largely PKC-mediated) activation of the Raf/MEK/ERK cascade shown.
NFAT, CREB, and ERK-activated transcription factors are among the many inputs to the
transcriptome mediating combinatorial control of gene expression. This includes the genes
encoding the gonadotropin subunits, so GnRH has both acute effects on the rate of vesicle
fusion with the plasma membrane and chronic effects on the gonadotropin synthesis to influence
the content of these vesicles. This is a greatly simplified view of some of the network compo-
nents and more detailed GnRH signaling models are described elsewhere (Bliss et al. 2010;
Ciccone and Kaiser 2009; Fink et al. 2010; McArdle and Roberson 2015; Millar et al. 2004;
Navratil et al. 2010; Stojilkovic and Catt 1995; Wang et al. 2010; Wurmbach et al. 2001)

The Ca®" sensors mediating this regulated exocytosis have not been explored in
detail, but early work implicated calmodulin as a mediator of GnRH-stimulated LH
secretion (Conn et al. 1981) and also showed that PKC activation can mimic and
modulate secretory effects of GnRH (McArdle et al. 1987; Stojilkovic et al. 1991,
Zhu et al. 2002). Here, it is important to recognize that although Ca®" drives



2 GnRH Action 39

regulated exocytosis, a proportion of gonadotropin secretion is via the constitutive
pathway so that physiologically, pulses of GnRH-stimulated gonadotropin secretion
overlay significant basal secretion (Pawson and McNeilly 2005). Indeed, the pro-
portion of FSH secreted constitutively exceeds that for LH and when gonadotropins
were measured in hypophyseal and peripheral blood, there was a high degree of
synchrony between pulses of GnRH and LH, whereas FSH pulses are only associ-
ated with a small proportion of GnRH pulses (Clarke et al. 2002). LH and FSH are
present in the same gonadotrope (Crawford and McNeilly 2002) so this requires
sorting of the gonadotropins into distinct vesicles. Here it is noteworthy that only
vesicles containing LH are associated with the storage protein secretogranin II and
that the amount of LH stored in the pituitary can be 10-50 times higher than that of
FSH (Pawson and McNeilly 2005). Thus, GnRH-stimulated Ca”" transients drive
regulated exocytotic release of storage vesicles containing LH, but have a less
pronounced effect on FSH secretion, because FSH is less abundant in these vesicles
and is directed largely for constitutive secretion (Pawson and McNeilly 2005).

GnRH Signaling and Gene Expression

Array studies have revealed that GnRH influences expression of many genes, several
of which encode transcription factors, including c-Fos, Egrl, and ATF-3 (Ruf et al.
2003; Yuen et al. 2009; Yuen et al. 2002), but most work in this area has focused on
transcriptional control of the gonadotrope signature genes for aGSU, LHp, FSHp,
and GnRHR. GnRH increases transcription of each of these genes, and mechanistic
studies have revealed regulatory roles for Ca*'-regulated proteins and also for
mitogen-activated protein kinase (MAPK) cascades (McArdle and Roberson
2015). The most extensively studied MAPK is ERK, which phosphorylates and
regulates numerous cytoplasmic and nuclear target proteins including Ets, ELK1,
and SAP1 transcription factors. The ERK cascade is classically engaged by growth
factors via tyrosine kinase receptors, but many other stimuli, including GPCR
agonists, feed into the cascade (Caunt et al. 2006b). The mechanisms of GnRHR-
mediated ERK activation differ between model systems, but it is largely mediated by
PKC in oT3-1 and LPT2 gonadotropes (Naor 2009), and both PKC and ERK
mediate transcriptional effects of GnRH on aGSU (Fowkes et al. 2002; Harris
et al. 2003; Roberson et al. 1995; Weck et al. 1998), as well as LHp (Call and
Wolfe 1999; Harris et al. 2002; Kanasaki et al. 2005; Liu et al. 2002a) and FSHf
(Bonfil et al. 2004; Kanasaki et al. 2005; Vasilyev et al. 2002; Wang et al. 2008)
subunits. However, other reports suggest roles for Ca* rather than ERK in GnRH-
mediated LHP (Weck et al. 1998) or aGSU expression (Ferris et al. 2007; Kowase
et al. 2007). Moreover, in some models, GnRH engages the canonical ERK activa-
tion pathway by causing a PKC-dependent proteolytic release of membrane bound
epidermal growth factor (EGF) receptor ligands, thereby activating EGF receptors
(Cheng and Leung 2005; Kraus et al. 2001), whereas in others EGF receptor
activation is not involved (Bonfil et al. 2004; Naor 2009). A particularly interesting
feature here is that gene knockouts targeting the aGSU-expressing cells of the mouse
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pituitary revealed a requirement for ERK 1 and/or ERK2 for ovulation and fertility in
females but not for fertility in males (Bliss et al. 2009). These effects were attributed
to LH insufficiency because LHp transcript levels were reduced by knockout in
females (but not in males) and levels of transcripts for other gonadotropin subunits
and for the GnRHR were indistinguishable between control and knockout animals of
either gender (Bliss et al. 2009). It is also important to recognize that GnRH can also
activate other MAPKs. Thus, in rat pituitaries, aT3-1 and LPT2 cells, GnRH
increases c-Jun N-terminal kinase (JNK) activity (Burger et al. 2004, 2009; Naor
2009), and JNK can mediate GnRH effects on aGSU expression as well as tran-
scriptional activation of LHp and FSHp expression (Bonfil et al. 2004; Burger et al.
2009; Haisenleder et al. 2008). Similarly, GnRH activates p38 (also known as stress-
activated protein kinase, SAPK) in these three model systems (Coss et al. 2007,
Roberson et al. 1999), and this has been reported to have no role in LHB, FSHp, or
aGSU subunit transcription (Haisenleder et al. 2008; Liu et al. 2002a; Roberson
et al. 1999) or to mediate GnRH effects on FSHf transcription in LBT2 cells (Bonfil
et al. 2004; Coss et al. 2007). GnRH also activates ERKS, and this is thought to
contribute to activation of FSHf transcription in LT2 cells (Lim et al. 2009).

Although G is the major mediator of GnRHR action, there is also evidence for
regulation of the adenylyl cyclase/cyclic AMP (cAMP)/protein kinase A (PKA)
pathway via G or G;. GnRH was reported to increase cAMP production by pituitary
cells (Borgeat et al. 1972), by gonadotrope-derived LPT2 cells (Lariviere et al. 2007,
Liu et al. 2002b), and in heterologous GnRHR expression systems (Arora et al.
1998). GnRHR coupling to G4 has however remained controversial, because it was
reported not to increase cAMP in some models (Conn et al. 1979; Horn et al. 1991),
and where it does, some reports emphasize mediation by G; (Liu et al. 2002b;
Stanislaus et al. 1998), whereas others show GnRHR coupling exclusively to Gq
(Grosse et al. 2000) or cAMP accumulation mediated by Ca**/calmodulin-sensitive
adenylyl cyclases (Lariviere et al. 2007). GnRHR apparently activate G; in some
cancer cell lines including JEG-3 human choriocarcinoma cells and BPH-1 human
benign prostate hyperplasia cells (Maudsley et al. 2004), but perhaps the most
compelling evidence for GnRHR coupling to multiple G-proteins comes from
work with immortalized GnRH-expressing neurons where the endogenous mouse
GnRHR of GT1-7 cells mediates the activation of Gs, Gj, and G, as revealed by
GnRH-stimulated release of G-protein subunits from membranes as well as associ-
ated functional responses (Krsmanovic et al. 2003). In LPT2 cells, a cAMP FRET
sensor study (Tsutsumi et al. 2010) revealed that GnRH pulses cause pulsatile
increases in cAMP and also that with constant stimulation, effects of GnRH on
cAMP were more transient than its effects on Ca®" or DAG (Tsutsumi et al. 2010).
Furthermore, more recent work revealed that the GnRHRs interact directly with the
proto-oncogene SET and that, in LPT2 cells, the SET protein facilitates cAMP
production while inhibiting GnRHR-mediated elevation of cytoplasmic Ca*" con-
centration (Avet et al. 2013).

Together, such studies highlight the possibility that GanRHR mediate effects on
multiple heterotrimeric G-proteins and that the balance of signaling via these
effectors varies with cell context and stimulation paradigm.
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Regulation of cAMP levels by GnRH appears to have little or no acute effect on
gonadotropin secretion but gonadotropin subunit promoters contain CREs (cAMP
response elements), providing a direct mechanism for regulation by the cAMP/PKA
pathway. In oT3-1 cells GnRH caused a 4-5-fold increase in phospho-CREB
(CRE-binding protein) binding (Duan et al. 1999), and cAMP stimulates transcrip-
tion of the mouse, rat, and human aGSU genes (Delegeane et al. 1987; Maurer et al.
1999). Moreover, a cAMP analogue increased aGSU mRNA in rat pituitary cells,
although it did not alter mRNA levels for LHP or FSHf (Haisenleder et al. 1992).
Nevertheless, it is possible that the ERK cascade mediates gonadotropin promoter
CRE activation rather than the cAMP/PKA pathway (Brown and McNeilly 1999;
Burger et al. 2004; Counis et al. 2005; Harris et al. 2002; Levi et al. 1998) as CREB
integrates multiple inputs, being regulated not only by PKA but also by MAPKs,
CaMKs, and PKC (Berridge 2012). Two known substrates of JNK (c-Jun and
ATF-2) bind the CRE domain of the aGSU promoter (Haisenleder et al. 2005).
Indeed, GnRH acts via p38 and JNK to phosphorylate ATF-2 and upon phosphor-
ylation ATF-2 binds the CRE element within the c-Jun proximal promoter. Func-
tional ATF-2 is needed for GnRH-mediated induction of both c-Jun and FSHf (Fox
et al. 2009). GnRH also increases ATF-3 expression, and ATF-3 is recruited along
with c-Jun and c-Fos to CREs on the aGSU promoter that are essential for GnRH-
stimulated aGSU gene expression (Chu et al. 2009).

In addition to the canonical G4 pathway that mediates GnRH effects on gonad-
otropin synthesis and secretion, it is important to recognize that GnRH activates
additional signaling intermediates for which physiological roles are largely
unknown. Thus, in addition to PLC, GnRH activates phospholipases D and A2
(Naor 2009), which hydrolyze phosphatidylcholine to produce phosphatidic acid
(PA) and arachidonic acid (AA), respectively. PA and AA products (prostaglandins,
thromboxanes, and leukotrienes) are thought to mediate GnRH signaling, and,
conversely, GnRHR can activate a DAG kinase that phosphorylates DAG to produce
PA (Davidson et al. 2004a). Similarly, although most work on cyclic nucleotide
signaling has focused on cAMP, gonadotropes also express neuronal nitric oxide
synthase (nNOS) which generates nitric oxide (NO), and thereby stimulates cyclic
GMP production by NO activation of soluble guanylyl cyclase. Of particular interest
here is that GnRH is not only able to increase expression of nNOS but would also be
expected to cause a Ca®*/CaM-dependent activation of nNOS and that NO (which is
membrane permeant and labile) has the potential to regulate guanylyl cyclase in
gonadotropes and in neighboring cells (Garrel et al. 1997; Lozach et al. 1998). It has
also been shown that GnRHRs mediate activation of the Wnt/p-catenin signaling
pathway (Gardner et al. 2007), as well as proline-rich tyrosine kinase-2 (Davidson
et al. 2004b) and AMP-activated protein kinase (AMPK), and the latter effect is
implicated in control of LHp gene transcription providing a potential common link
between GnRH regulation and reproductive disorders due to metabolic
dysregulation of gene expression (Andrade et al. 2013). Another particularly inter-
esting feature here is that localization within the plasma membrane is crucial for
GnRHR signaling. Indeed, GnRHRs are constitutively expressed in specialized
plasma membrane micro-domains termed rafts, where they are co-localized with
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important effectors and GnRHR signaling (at least to ERK) is dependent on the
integrity of such rafts (Bliss et al. 2007; Navratil et al. 2003; Navratil et al. 2010). A
comprehensive overview of the signaling network in LBT2 cells (Fink et al. 2010) is
available as a process diagram at http://tsb.mssm.edu/pathwayPublisher/GnRHR
Pathway/GnRHR_Pathway index.html.

Trafficking, Compartmentalization, and Desensitization of GhRHR

It has long been known that sustained agonist exposure causes activation followed
by desensitization of GnRH-stimulated gonadotropin secretion that can be avoided
with pulsatile stimulation. Indeed, early physiological studies revealed that GnRH
pulses support circulating gonadotropin levels in ovariectomized primates, whereas
sustained stimulation caused them to plummet, an effect that is reversed on return to
pulsatile stimulation (Belchetz et al. 1978). GnRH causes GnRHR internalization,
and this could certainly contribute to desensitization of GnRH-stimulated gonado-
tropin secretion. Sustained stimulation of GPCRs typically elicits a process known
as rapid homologous receptor desensitization, in which G-protein receptor kinases
phosphorylate Ser and Thr residues, most often within the receptor’s COOH-
terminal tail, facilitating binding of nonvisual arrestins (arrestins 2 and 3). The
arrestins prevent G-protein activation and also target the desensitized receptors for
internalization, most often via clathrin-coated vesicles (CCVs) (Bockaert et al. 2003;
Pierce and Lefkowitz 2001). Although GnRH was known to cause GnRHR inter-
nalization via CCVs (Hazum et al. 1980; Jennes et al. 1984), the cloning of
mammalian type I GnRHR revealed most remarkably the complete absence of a
COOH-terminal tail (Millar et al. 2004; Sealfon et al. 1997; Tsutsumi et al. 1992).
Equally remarkable is the fact that all nonmammalian GnRHRs cloned to date have
such tails, indicating that mammalian type I have undergone a period of rapidly
accelerated molecular evolution with the advent of mammals being associated with
the loss of COOH-terminal tails. In fact, it was established that type | mammalian
GnRHR (where explored) do not rapidly desensitize or undergo agonist-induced
phosphorylation or arrestin binding. Moreover, although they do show agonist-
induced internalization, the process is relatively slow and is arrestin independent
(Blomenrohr et al. 2002; Chen et al. 1995; Davidson et al. 1994; Finch et al. 2009;
Heding et al. 1998; Hislop et al. 2000, 2001; McArdle et al. 1999; Pawson et al.
1998; Vrecl et al. 1998). Conversely, nonmammalian GnRHRs or type Il mammalian
GnRHRs (with COOH-terminal tails) do undergo agonist-induced phosphorylation,
arrestin binding, and/or arrestin-dependent rapid homologous desensitization and are
desensitized and internalized more rapidly than type I mammalian GnRHR. Further-
more, fusing the COOH-terminal of various nonmammalian GnRHRs to type I
mammalian GnRHR can facilitate rapid desensitization, arrestin binding, and inter-
nalization (Finch et al. 2009; Hanyaloglu et al. 2001; Heding et al. 1998, 2000;
Hislop et al. 2005). The fact that GnRH effects do undergo homologous desensiti-
zation seems initially at odds with the lack of desensitization of type I mammalian


http://tsb.mssm.edu/pathwayPublisher/GnRHR_Pathway/GnRHR_Pathway_%20index.html
http://tsb.mssm.edu/pathwayPublisher/GnRHR_Pathway/GnRHR_Pathway_%20index.html

2 GnRH Action 43

GnRH, but in reality just points to the importance of alternative downstream
mechanisms as discussed in more detail below.

Arrestins are well known as terminators of GPCR signaling, but they can also
act as scaffolds to mediate signaling (Pierce and Lefkowitz 2001). Notably, they
bind MAPK cascade components so that some GPCRs can switch between two
distinct modes of signaling with two waves of ERK activation, the first mediated
by G-protein activation and the second reflecting G-protein-independent acti-
vation of arrestin-scaffolded ERK (Luttrell and Lefkowitz 2002; Shenoy and
Lefkowitz 2003). This raised the possibility that the latter might be selectively
engaged by GnRHR with COOH-terminal tails and consistent with this, it was
shown that heterologously expressed mouse GnRHR mediate only G-protein-
dependent ERK activation whereas a Xenopus laevis GnRHR (XGnRHR) pro-
voked both G-protein- and arrestin-mediated ERK activation (Caunt et al.
20064, c). A third area in which the absence or presence of GnRHR C-tails is
important is for cell surface GnRHR expression. Here the key observation is that
a large proportion of GnRHRs are actually intracellular (Brothers et al. 2006;
Finch et al. 2009; Finch et al. 2008; Janovick and Conn 2010a, b; Janovick et al.
2012; Sedgley et al. 2006), as shown by work with human (h)GnRHR mutants
that cause infertility and were found to be nonfunctional because of impaired
trafficking rather than impaired signaling (Conn and Janovick 2009; Conn and
Ulloa-Aguirre 2010; Janovick et al. 2009; Tao and Conn 2014; Ulloa-Aguirre
and Conn 2009). Even wild-type hGnRHRs are relatively poorly expressed at
the cell surface, and the presence of a primate specific Lys'®", the absence of a
second N-terminal glycosylation site, and the absence of a COOH-tail are all
implicated in poor cell surface expression of hGnRHR (Conn and Janovick
2009; Conn and Ulloa-Aguirre 2010; Davidson et al. 1995; Janovick et al.
2009; Tao and Conn 2014; Ulloa-Aguirre and Conn 2009). Indeed, quantitative
immunofluorescence revealed that <5% of HA-tagged GnRHRs are at the cell
surface in several heterologous expression systems and that this value can be
increased as much as 10-50-fold for GnRHR with COOH-terminal tails (Finch
etal. 2008, 2010). Cell-permeant GnRHR ligands are currently being developed
as potential orally active GnRHR antagonists (Betz et al. 2008) and the propor-
tion of hGnRHRs at the cell surface can also be increased (10-20-fold) by
non-peptide indole antagonists (Finch et al. 2008, 2010). Such compounds can
rescue signaling by trafficking-impaired GnRHR mutants, acting as pharmaco-
logical chaperones (pharmacoperones) to aid the folding of endoplasmic retic-
ulum (ER)-resident GnRHR into a suitable conformation to meet ER exit quality
control criteria, thereby facilitating GnRHR trafficking to the cell surface (Conn
and Janovick 2009; Conn and Ulloa-Aguirre 2010; Janovick and Conn 2010b;
Janovick et al. 2009; Ulloa-Aguirre and Conn 2009). Perhaps the most exciting
aspect of this work is the potential for such compounds to be used clinically to
restore function of mutant receptors with impaired trafficking, and recent
work provided proof of concept, using a knock-in mouse model with a recessive
E90K mutation in the GnRHR (Stewart et al. 2012). This mutation impairs
trafficking of GnRHR to the cell surface by causing ER retention. This causes
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hypogonadotropic hypogonadism in humans as well as in the mice, and
pharmacoperone therapy restored testis function in this misfolded GnRHR
model (Janovick et al. 2013).

Extrapituitary GnRHR, Context Dependence, and Ligand Bias

GnRHR expression is not restricted to the pituitary as they are found in many normal
and neoplastic tissues. Thus, GnRHRs have been found in the brain, placenta,
endometrium, ovary, breast, testes, and prostate, where they may be activated by
locally produced GnRH (Harrison et al. 2004). Here, some of the earliest studies
suggested a paracrine role with GnRHR expression in Leydig cells and GnRH
production by Sertoli cells as well as well as effects of GnRH agonists on steroido-
genesis in cultured testes (Bahk et al. 1995; Botte et al. 1998; Dufau et al. 1984;
Harrison et al. 2004). Interestingly, rat testes have been shown to express high-
affinity GnRHRs that mediate GnRH effects on steroidogenesis in vitro (Huhtaniemi
et al. 1985), but blockade of testicular GnRHR did not alter Leydig cell function
in vivo (Huhtaniemi et al. 1987) and early work showed that GnRHRs are not
present in human gonadal tissues (Clayton and Huhtaniemi 1982). In general,
physiological roles for extrapituitary GnRHR remain elusive, but interest in this
field is fueled by the fact that GnRH analogs can stimulate apoptosis and can inhibit
proliferation and migration, in cell lines derived from cancers of such tissues (Eidne
et al. 1987). Thus, GnRH agonists can inhibit proliferation and/or migration of
prostate cancer cell lines which together with evidence for GnRHR expression in
reproductive duct cancers suggests a local role in tumor growth and metastasis
(Cheng and Leung 2005; Cheung and Wong 2008; Franklin et al. 2003; Limonta
et al. 2012; Limonta et al. 2003; Montagnani Marelli et al. 2009; Wang et al. 2010).
There is also considerable interest in the possibility that such receptors may be
targeted with cytotoxins conjugated to GnRH analogs. Notably a cytotoxin
consisting of the agonist D-Lys®GnRH covalently coupled to doxorubicin (AEZS-
108) is undergoing clinical trials for treatment of breast, endometrial, ovarian, and
prostate cancers (Engel et al. 2012, 2016).

Interestingly, major functional differences have been reported between pitui-
tary and extrapituitary GnRHR, most notable in early work suggesting that
extrapituitary GnRHRs have lower affinity for peptide ligands than their pituitary
counterparts, signal via G;j rather than via Gy, and are unable to distinguish
agonists from antagonists in the same way as pituitary GnRHR do (Emons et al.
1998; Everest et al. 2001; Franklin et al. 2003; Grundker et al. 2001; Imai et al.
1997; Limonta et al. 2012). It was initially suspected that this reflected expression
and activation of distinct receptors in different cell types, but this seems unlikely
because, as noted above, the type II GnRHR pseudogene that does not encode
functional GnRHR (Stewart et al. 2009), and in some hormone-dependent cancer
cell line effects of GnRH (and, indeed, effects of GnRH-II), can be prevented by
knockdown of type I GnRHR (Montagnani Marelli et al. 2009). The simplest
alternative possibility is that GnRHRs are capable of activating multiple upstream
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effectors (i.e., G-proteins), that the efficiency with which they do so is dependent
on the relative amounts of such effectors in their immediate vicinity, and that this
varies from one cell type to another. Although the endogenous GnRHR of breast
cancer (MCF7) and prostate cancer (PC3) cells has been shown to mediate direct
antiproliferative effects of GnRHR ligands, in our hands these cells did not
express measurable GnRHR, as judged by binding and functional assays (Everest
et al. 2001; Finch et al. 2004; Franklin et al. 2003). However, when recombinant
adenovirus was used to express type I GnRHR in them, the heterologously
expressed GnRHR had similar binding affinity, ligand specificity, and G4 coupling
to the native GnRHR in gonadotropes. Moreover, activation of these receptors did
reduce proliferation with effects apparently mediated by G rather than G;. These
experiments are consistent with a role for extrapituitary GnRHRs as regulators of
cell fate in hormone-dependent cancer cells, but it remains unclear why the native
type  GnRHR of GnRHR-positive breast and prostate cancer cells should mediate
proliferation inhibition by a distinct mechanism to the type I GnRHR expressed
heterologously in GnRHR-negative versions of the same cells. Cell context-
dependent behavior was also seen when fluorescence microscopy was used to
explore receptor compartmentalization, however (Finch et al. 2008; Sedgley et al.
2006). This revealed that <1% of HA-tagged hGnRHRs are at the cell surface in
MCF7 and prostate cancer (DU145) cell lines and that this proportion is >5-fold
higher in gonadotrope-lineage LBT2 cells.

Receptor dimerization may also be relevant to context-dependent GnRHR sig-
naling as it is now well established that many GPCRs form dimers of higher-order
oligomers and that such oligomerization can facilitate signaling and may be either
constitutive or ligand induced. In some of the earliest work supporting this idea,
Conn’s groups showed that GnRH antagonists could be converted to agonists by
addition of bivalent antibodies to the ligand. No such effect was seen with monova-
lent antibodies so the simplest interpretation is that antibody-mediated GnRHR
cross-linking is sufficient for activation (Conn et al. 1982), presumably because
this cross-linking facilitates or mimics GnRHR dimerization. There is also now
considerable evidence that agonists (but not antagonists) cause GnRHR oligomeri-
zation or at least bring GnRHR sufficiently close to one another to mediate FRET or
BRET (Cornea et al. 2001; Horvat et al. 2001; Kroeger et al. 2003). However, the
cellular compartments in which GnRHR oligomers form and the regulation of
oligomer assembly remain poorly understood, and it has not been shown that
oligomerization is required for GnRH signaling. It is also now well established
that many GPCRs can form heterodimers (or higher-order oligomers) with other
GPCRs. For example, type V somatostatin receptors (SSTRS) form heterodimers
with type II dopamine receptors (D2R), both of which are Gi-coupled GPCRs
(Rocheville et al. 2000). Some of the best evidence for this comes from early
functional rescue studies showing, for example, that when signal dead (C-terminal
truncated) SSTRS are co-expressed with D2R, this rescues the ability of SST to
activate Gi (Rocheville et al. 2000). To our knowledge dimerization of GnRHR with
other GPCRs has not been explored, but if this were to occur, it could potentially
facilitate GnRH signaling to G-proteins activated by the partner GPCR, and this
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could confer context-dependent signaling as the repertoire of partner GPCRs avail-
able would presumably also be dependent on cell type.

Finally, ligand bias (also known as biased signaling or pluridimensional efficacy)
is another concept that may be important for cell context-dependent GnRHR signal-
ing. Here, the fundamental idea is that GPCRs actually have multiple active confor-
mations that may couple differentially to different effectors. They may also be
differentially stabilized by different ligands, such that different ligands can bias
signaling toward different effectors (Kenakin 2011; McArdle 2012). The simplest
scenario is that there are two distinct active conformations, but in reality, for any
given GPCR, there are thought to be many different tertiary structures in related
groups of preferred conformations known as receptor ensembles (Kenakin 2011). If
the effect of a given ligand on the distribution of receptors between possible
conformations differs from one cell type to another (because other features of the
receptors’ environments differ), ligand bias would itself be dependent on cell
context. For cell context-dependent GnRHR effects, some experimental data cannot
be easily explained without distinct active conformations of a single GnRHR type.
Thus, the peptide “antagonist” cetrorelix is a pure antagonist of GnRH effects on
inositol phosphate (IP) accumulation and gonadotropin secretion in pituitary cells,
but it actually mimics antiproliferative effects of GnRH in some models (Grundker
et al. 2004; Maudsley et al. 2004). Similarly, GnRH-I is more potent than GnRH-II at
stimulation of IP accumulation by type I GnRHR in pituitary cells, which is the
reverse of the situation for inhibition of proliferation in some models (Cheung and
Wong 2008; Enomoto et al. 2004; Grundker et al. 2004; Hislop et al. 2000; Wang
et al. 2010). Indeed, with only a single receptor target, ligand bias appears the most
likely explanation for much data showing differences in ligand specificity when
native GnRHR-mediated effects have been compared in different cell types
(McArdle 2012). More direct evidence for ligand bias has been obtained in a number
of models (Caunt et al. 2004; Davidson et al. 2004b; Lopez de Maturana et al. 2008;
Maudsley et al. 2004) including a study comparing effects of GnRH analogues on
different type I mammalian GnRHR-mediated responses. A series of GnRHR
ligands all inhibited proliferation in JEG-3 cells and BPH-1 cells (both with native
hGnRHR) and in SCL60 cells (which have exogenous rat GnRHR). They all
apparently activated G; and caused Gi-dependent inhibition of proliferation
(Maudsley et al. 2004), and marked ligand bias was observed because GnRH-I
stimulated IP accumulation; activated ERK, p38, and JNK; and inhibited prolifera-
tion, whereas a GnRH analogue (135-25) mimicked all other GnRH-I effects but
failed to increase IP accumulation (Maudsley et al. 2004). Ligand bias at GnRHR is
also evident in work on GnRHR localization and trafficking. As noted above,
non-peptide pharmacoperones can increase GnRHR trafficking to the cell surface
so work with these compounds provides a marked example of pluridimensional
efficacy with non-peptide ligands acting as antagonists in terms of cell surface
GnRHR signaling, but as agonists in terms of anterograde trafficking. This also
indicates that the cell surface and intracellular GnRHRs have different conforma-
tions, which is not unexpected as most GnRHRs within the cell have apparently
failed quality control criteria for ER exit, whereas those at the cell surface evidently
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have not. Experiments were performed with two peptide antagonists (antide and
cetrorelix), which, being membrane-impermeant, did not have access to intracellular
GnRHR and, as expected, had no effect on the proportion of hGnRHR at the cell
surface (Finch et al. 2008). However, when the XGnRHR COOH-tail was added to
the hGnRHR in order to increase cell surface expression, the peptide antagonists
further increased cell surface expression of the chimeric receptor. Although the effect
was modest, it raised the possibility that the peptides might act at the surface to
increase GnRHR number by slowing internalization. Indeed, a pronounced syner-
gism can occur when a non-peptide chaperone is used to increase GnRHR trafficking
to the cell surface and a peptide antagonist is used to slow internalization from the
cell surface (Finch et al. 2010). Thus, although the mechanisms are not known, this
work clearly demonstrates that the cetrorelix-occupied hGnRHR is functionally
distinct from the unoccupied receptor and that cetrorelix can be a pure antagonist
for GnRH-I-stimulated IP accumulation and Ca®" signaling and an inverse agonist
for GnRHR internalization. Importantly, this form of ligand bias was seen with a
compound that is used clinically and in gonadotropes, the only proven targets for
GnRHR-directed therapy. Ligand bias has a number of implications for understand-
ing and manipulating GnRHR signaling in pituitary and extrapituitary sites, but most
importantly, it raises the exciting possibility of developing ligands that more selec-
tively engage therapeutically beneficial responses. Here an obvious strategy would
be to develop GnRHR ligands that are antagonists for G,-mediated stimulation of
gonadotropin secretion from the pituitary and agonists for direct G;-mediated anti-
proliferative effects on hormone-dependent cancers.

Additional Hormonal and Local Regulators of Gonadotropes

In addition to GnRH, gonadotropes are targets for numerous other hormonal and
local regulators. It is well established, for example, that gonadal steroids (estrogen,
progesterone, and testosterone) mediate feedback within the hypothalamic-gonadal
axis, acting centrally to influence GnRH secretion and at the pituitary to modulate
GnRH effects on gonadotropes. In females estrogen exerts positive and negative
feedback effects with positive feedback at the pituitary level being crucial for the
preovulatory gonadotropin surge, whereas in males, testosterone exerts negative
feedback effects both centrally and at the pituitary. At the pituitary level, testosterone
influences expression of GnRHR, gonadotropin subunit expression, and GnRH
signaling (Clayton and Catt 1981; Kaiser et al. 1993; Winters et al. 1992), and
modulation of GnRH effects on cytoplasmic Ca>* was shown to be dependent on
local conversion of testosterone to dihydrotestosterone by Sa-reductase (Tobin and
Canny 1998). Interestingly, a recent study in which the male reproductive axis of
sheep was modeled mathematically incorporated regulation of GnRH pulsatility by
central testosterone-mediated negative feedback (but not feedback at the pituitary)
and illustrated the importance of a time delay that was attributed to conversion of
testosterone to estrogen (Ferasyi et al. 2016). The proteins inhibin and activin also
feedback from the gonads to inhibit and activate (respectively) FSH production but,
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in addition to this endocrine loop, are also synthesized in gonadotropes and act
locally to regulate FSH synthesis. They are members of the TGF-f family and act via
receptors with intrinsic serine/threonine kinase activity to exert effects that are
modulated by locally produced follistatin (Bilezikjian et al. 2006).

Pituitary adenylyl cyclase-activating polypeptide (PACAP) is another ligand
thought to mediate both endocrine and local regulation of gonadotropes. It was
isolated from hypothalamic extracts based on its ability to stimulate cAMP produc-
tion in pituitary cell cultures (Miyata et al. 1989) and has higher concentration in the
portal circulation than in the periphery, supporting a hypothalamic-hypo-
physiotrophic hormone role (Counis et al. 2007; Rawlings and Hezareh 1996;
Schomerus et al. 1994; Winters and Moore 2011). It has two major forms
(PACAP27 and PACAP38) which act via three GPCRs: VPAC; and VPAC, that
have similar affinity for PACAP and VIP (vasoactive polypeptide) and PAC; that has
higher affinity for PACAP than for VIP. PACAP causes a PAC,-mediated activation
of both G and G in gonadotropes and gonadotrope-derived cell lines and influences
gonadotropin secretion and synthesis both alone and by modulation of GnRH
effects. It also targets PAC,; receptors on folliculo-stellate cells and evidence exists
for its production by folliculo-stellate cells and gonadotropes, suggesting it to be an
autocrine regulator of both (Denef 2008; Winters and Moore 2011). Interestingly,
PACAP increases follistatin expression by folliculo-stellate cells and gonadotropes
and may thereby modulate activin signaling in the pituitary (Winters and Moore
2011). Other ligands that act via GPCRs on gonadotropes include oxytocin, endo-
thelin 1, galanin, B-endorphin, neuropeptide Y, and nucleotides (Denef 2008). The
latter are of particular interest as ATP, ADP, uridine 5’ diphosphate, and uridine 5’
triphosphate (UDP and UTP) act via purinergic receptors that include both GPCRs
and ligand-gated ion channels. P2X receptors (P2XRs) are ATP-activated ligand-
gated ion channels that are permeable to Na*, K', and Ca®" so their activation
characteristically increases Ca®" entry across the plasma membrane either directly
or as a consequence of membrane depolarization. P2Y receptors (P2YRs) and
adenosine receptors (ARs) are GPCRs that are preferentially activated by ATP and
adenosine (respectively), and since both classes include G4-coupled receptors, their
activation is also often associated with elevation of cytoplasmic Ca**. Anterior
pituitary cell expresses at least six types of P2XRs, two types of P2YR, and all
four types of AR (Stojilkovic et al. 2010a; Stojilkovic and Koshimizu 2001). Early
work revealed that ATP and UTP act via P2YRs in gonadotropes to drive a
Gg-mediated increase in cytoplasmic Ca”" (Chen et al. 1994, 1995), whereas later
work revealed expression of P2XR in gonadotropes and, indeed, in all secretory cell
types of the pituitary (Stojilkovic et al. 2010a, b; Stojilkovic and Koshimizu 2001).
Pituitary cells store ATP in secretory vesicles and co-release it with hormones during
agonist-stimulated exocytosis (Denef 2008), underlining the potential for a positive
feedback loop in which GnRH stimulates ATP secretion and ATP stimulates LH
secretion, either alone or by amplification of GnRHR-mediated LH secretion (Denef
2008). As noted above, GnRH increases nNOS expression and thereby increases
c¢GMP production mediated by NO and soluble guanylyl cyclase, but pituitary cells
are also responsive to natriuretic peptides that act via cell surface receptors with
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intrinsic guanylyl cyclase activity (Fowkes and McArdle 2000). Of particular inter-
est here is C-type natriuretic peptide (CNP) that specifically activates NPR-2 (natri-
uretic peptide receptor 2, also known as guanylyl cyclase B) to increase cGMP levels
in primary cultures of pituitary cells and in gonadotrope-derived cell lines (Fowkes
and McArdle 2000; McArdle et al. 1994a; Thompson et al. 2009). CNP is highly
expressed in the pituitary with particularly strong expression in gonadotropes where
it is located largely in secretory vesicles (McArdle et al. 1996). Deletion of genes
encoding both CNP and NPR-2 causes infertility (Chusho et al. 2001; Tamura et al.
2004), and although CNP does not stimulate LH secretion, it can stimulate the aGSU
promoter (Thompson et al. 2009). Together these data suggest that autocrine and/or
paracrine regulation of both particulate and soluble guanylyl cyclases influences
gonadotrope function.

Gonadotropes (like all cells) sense multiple chemicals in their environment, and
these different inputs act in combination. The importance of this combinatorial input
is illustrated by cyclic nucleotide signaling; although GnRH increases cAMP and
c¢GMP production in some models, its effects are much less pronounced than those of
PACAP and CNP, and in the presence of PACAP, GnRH actually inhibits cAMP
production (McArdle and Counis 1996; McArdle et al. 1994b), just as it actually
inhibits cGMP production in the presence of CNP in gonadotrope cell lines
(McArdle et al. 1994a). This raises the question of which effects predominate in
normal gonadotropes and more generally, the issue that effects of GnRH seen in
isolation and in vitro may differ from those seen in more complex and physiolog-
ically relevant extracellular environments. Furthermore, gonadotropes not only
sense and respond to their environment but also influence it, as highlighted above
for ATP, NO, CNP, PACAP, and inhibin, all of which are likely secreted in response
to GnRH (Denef 2008). Recent work has shown how GnRH-stimulated secretion of
inhibin and of growth differentiation factor 9 form incoherent feedforward loops
controlling FSH production, highlighting the fact that the extracellular space can also
mediate GnRH signaling in a concept that was termed “outside the box signaling”
(Choi et al. 2012, 2014; Pincas et al. 2014).

Pulsatile GnRH Signaling

GnRH is secreted from hypothalamic neurons in pulses that drive pulses of gonad-
otropin release and are essential for normal reproduction (Clarke and Cummins
1982; Dierschke et al. 1970). Its effects are dependent on pulse frequency, as
shown in early studies in which constant GnRH suppressed LH and FSH secretion,
whereas restoration of GnRH pulses restored gonadotropin secretion (Belchetz et al.
1978; Knobil 1980; Wildt et al. 1981). In humans and other primates, GnRH pulses
have a duration of a few minutes and intervals of 30 min to several hours, with pulse
frequency differing under different physiological conditions. For example, changes
in GnRH pulse frequency drive changes in reproductive status during development,
with an increase in pulse frequency driving the increased gametogenesis and gonadal
steroid production at puberty (Sisk and Foster 2004). Similarly, GnRH pulse
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frequency varies through the menstrual cycle, increasing before ovulation and
contributing to generation of the preovulatory gonadotropin surge (Ferris and
Shupnik 2006; Marshall et al. 1993). Moreover, stimulation paradigm is crucial for
therapeutic intervention because agonist pulses can maintain or increase circulating
gonadotropin levels whereas sustained agonist stimulation (after initial activation)
reduces them, causing the chemical castration that is exploited in treatment of breast
cancer, prostate cancer, and other sex steroid hormone-dependent conditions (Bliss
et al. 2010; Ferris and Shupnik 2006; Marshall et al. 1993; Millar et al. 2004).
Similar mechanisms mediate responses to sustained and pulsatile GnRH as for both,
GnRH activates G4 and effectors including the Ca”*/calmodulin/calcineurin/NFAT
module and ERK (Armstrong et al. 2009a, b; Bliss et al. 2009, 2010; Ciccone and
Kaiser 2009; Ferris and Shupnik 2006; Millar et al. 2004). Moreover, pituitary ERK
is essential for reproduction (Bliss et al. 2009) consistent with its role as an effector
of pulsatile GnRHR in vivo.

A fundamental question here is why GnRH is secreted in pulses, and we have
explored this by monitoring effects of pulsatile GnRH on the nuclear translocation
of ERK2-GFP as a readout for Raf/MEK/ERK activation and of NFAT-EFP as a
readout for Ca®*/calmodulin activation (Fig. 2). We found that each 5 min pulse of
GnRH elicits a rapid and transient ERK2-GFP translocation response and a
somewhat slower NFAT-EFP translocation response (Armstrong et al. 2009a,
2010). With 30 min pulse intervals, there was insufficient time for the NFAT-
EFP reporter to return to pre-stimulation values so that a cumulative or “saw-
tooth” response was observed. Indeed, the NFAT-EFP translocation response to
GnRH pulses was comparable to that seen with constant stimulation (Armstrong
et al. 2009a), whereas the ERK2-GFP translocation response was not. This
demonstrates two fundamental reasons why pulsatile signals are so prevalent in
biological systems: first, the increase in efficiency (similar system output with
pulsatile vs. constant stimulation) and, second, the possibility for selective effec-
tor activation (with 30 min pulses of GnRH causing maximal NFAT translocation
and submaximal ERK activation). To explore this further, we developed an
ordinary differential equation-based mathematical model of a GnRHR signaling
network that was trained on experimental data (Perrett et al. 2014; Tsaneva-
Atanasova et al. 2012) (Fig. 2). Model simulations were used to predict responses
with varied GnRH concentration, pulse width and pulse frequency in order to
explore system sensitivity to these distinct features of the dynamic input (Perrett
et al. 2014; Tsaneva-Atanasova et al. 2012). These simulations revealed that a
tenfold increase in GnRH concentration does not cause a tenfold increase in
responses, primarily because it does not cause a tenfold increase in GnRHR
occupancy. Moreover, increases in system outputs caused by a tenfold increase
in GnRH pulse width are less than the increases caused by a tenfold increase in
pulse frequency. Thus, the system is an integrative tracker (in that it is sensitive to
pulse amplitude, frequency, and width, all of which influence the integral of the
input), but there is certainly not a simple 1:1 relationship between integrated input
and output. Instead, the kinetics of receptor occupancy and downstream effector
activation create a system that is relatively robust to changes in pulse width and
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Fig.2 Live cell monitoring and mathematical modelling of pulsatile GnRH signaling to ERK
and NFAT. Panels A and B: Hela cells were transduced with recombinant adenovirus for expression
of ERK2-GFP or NFAT-EFP (as indicated), both of which translocate to the nucleus on activation.
Live cell imaging was used to capture responses during 5 min pulses of 1077 M GnRH at intervals
of 30 min (circles), 60 min (upright triangles) or 120 min (inverted triangles). Nuclear:cytoplasmic
ratios were calculated for each reporter. These were normalized to the value at time 0 and are offset
on the vertical axes for clarity (i.e., NFAT-EFP data are offset by 0, 1, or 2 and ERK2-GFP values
are offset by 0, 0.5 or 1). Note that each GnRH pulse caused nuclear translocation of each reporter
(although the ERK2-GFP translocation responses had more rapid onset and offset) and that with
high pulse frequencies, there was insufficient time for the NFAT-EFP to return to the pre-stimulation
value. Note also, that there was no obvious desensitization, in that amplitudes did not reduce over
time. Panels C and D: An ordinary differential equation-based model for GnRH signaling was
developed and trained against wet lab data for pulsatile GnRH signaling to ERK and NFAT. The
data shown are simulations for ERK and NFAT translocation in cells receiving 5 min pulses of
107 M GnRH offset precisely as described for panels A and B to illustrate the close agreement
between the wet lab data and the model predictions (Adapted from Tsaneva-Atanasova et al. 2012)

concentration but is highly sensitive to changes in pulse frequency, the input
variable known to vary under different physiological conditions in vivo (Perrett
et al. 2014).

Another fundamentally important feature of the system is that responses can be
maximal at submaximal pulse frequency (Bedecarrats and Kaiser 2003; Ciccone and
Kaiser 2009; Ciccone et al. 2010; Dalkin et al. 1989; Ferris and Shupnik 2006;
Haisenleder et al. 1991; Kaiser et al. 1993; Kanasaki et al. 2005; Shupnik 1990;
Weiss et al. 1990). Moreover, the frequency eliciting maximal responses is depen-
dent on the output measured, as seen in work with luciferase reporters for
gonadotrope signature genes (Bedecarrats and Kaiser 2003), where optimal GnRH
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pulse frequencies for expression of LHf, FSHp, aGSU, and GnRHR reporters differ
(maximal responses at pulse intervals of 2 h for LHp and FSHp, 0.5 h for aGSU, and
1 h for GnRHR, in LPT2 cells). In ovariectomized rhesus monkeys bearing hypo-
thalamic lesions which reduced circulating LH and FSH to undetectable levels,
hourly GnRH pulses favored LH secretion whereas pulses every 3 h favored FSH
secretion (Wildt et al. 1981). Additional in vivo studies with GnRH-deficient men
recapitulated this observation (Gross et al. 1987; Spratt et al. 1987), as do in vitro
studies using pituitary cultures (Bedecarrats and Kaiser 2003; Dalkin et al. 1989;
Ferris and Shupnik 2006; Haisenleder et al. 1991; Kaiser et al. 1993; Shupnik 1990;
Weiss et al. 1990; Yasin et al. 1995). Moreover, in polycystic ovarian syndrome, the
most common cause of infertility in women of reproductive age, there is an increase
in GnRH activity and predominance of high-frequency GnRH pulses that are
thought to drive the observed elevation of LH and suppression of FSH and the
associated disruption of reproductive cycles (Ciccone et al. 2010; Hoffman and
Ehrmann 2008).

In essence, the data above all illustrate the fact that for many GnRH effects, there
is a non-monotonic (bell-shaped) pulse frequency-response curve. This could reflect
the existence of feedback or feedforward loops (Krakauer et al. 2002), but the nature
of these loops is unclear. Rapid homologous receptor desensitization can be
excluded as a potential negative feedback loop because type I mammalian GnRHR
do not show this behavior (as discussed earlier). However, GnRH does downregulate
cell surface GnRHR, and a mathematical model of GnRH signaling predicts pulse
frequency-dependent desensitization of upstream signals as a consequence of
GnRHR downregulation (Washington et al. 2004). Alternative possible mechanisms
for desensitization to GnRH have been described, including GnRHR-mediated
induction of RGS-2 (regulator of G-protein signaling-2) which displays GTPase-
activating protein activity and is known to inhibit Ga signaling (Karakoula et al.
2008; Wurmbach et al. 2001), direct interaction of GnRHR with SET protein which
can inhibit Ga binding (Avet et al. 2013), induction of MAPK phosphatases (MKPs)
which would modulate GnRHR-mediated ERK signaling (Lim et al. 2009), down-
regulation of IP; receptors (Willars et al. 2001; Wojcikiewicz et al. 2003), induced
expression of calmodulin-dependent small G-protein Kir/Gem (kinase-inducible
Ras-like protein/GTP-binding protein overexpressed in skeletal muscle) (Ferris
and Shupnik 2006), and ERK-mediated negative feedback (Armstrong et al.
2009b; Caunt et al. 2006a). However, such responses have been explored primarily
with constant stimulation paradigms and may well have little or no effect with
pulsatile stimulation. A thorough theoretical examination of pulse frequency
decoding mechanisms also revealed how receptor dimerization can generate
non-monotonic frequency-response relationships (Fletcher et al. 2014), and this is
of particular interest in light of early studies suggesting that dimerization of GnRHR
could elicit signaling (Conn et al. 1982, 1987), as well as work showing that agonists
(but not antagonists) bring GnRHR closer to one another (Cornea et al. 2001;
Navratil et al. 2006). However, as noted above, it is not established that dimerization
of normal GnRHR is a prerequisite for signaling; the live cell imaging experiments
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described above also provide some insight here, as the ERK2-GFP and NFAT-EFP
translocation responses were both reproducible with repeated GnRH pulses (Fig. 2)
and the signals passing from the cytoplasm to the nucleus showed increasing
monotonic frequency-response relationships. In support of this, Egr-1-responsive
and NFAT-responsive luciferase reporters used as transcriptional readouts for ERK
and NFAT activation both show maximal responses at maximal GnRH pulse fre-
quency (Armstrong et al. 2009a, 2010).

If signaling inputs to the nucleus show increasing monotonic frequency-response
relationships, the obvious possibility is that feedback and/or feedforward regulatory
loops within the nucleus underlie the observed non-monotonic frequency-response
relationships for gene expression. This has been explored most extensively for the
FSHp promoter, for which a number of incoherent feedforward loops have been
described. These are signaling modules that fan out from an upstream node and
reconverge at a downstream node and for which the two divergent branches have
different overall signs (i.e., positive and negative effects). Thus, for example,
stimulation of FSHf gene expression by GnRH is, in part, mediated by its ability
to phosphorylate and activate the transcription factor CREB, but GnRH can also
increase expression of the inducible cAMP early repressor (ICER), which inhibits
the effect of CREB, providing both positive and negative inputs to the promoter
(Ciccone et al. 2010; Thompson et al. 2013). As noted above, pulsatile stimulation
provides the potential for specificity in effector activation, and the inhibitory (ICER-
mediated) loop is preferentially activated at high GnRH pulse frequency so that
transcriptional activation is greatest at submaximal pulse frequency. Similarly, it was
shown that expression of Fos and Jun (positive regulators of FSHf expression) is
increased at lower GnRH pulse frequencies than needed for expression of negative
regulators (the co-repressors SKIL, CREM, and TGIF1) suggesting regulation by an
alternative incoherent feedforward loop in which SKIL and/or TGIF1 inhibits
activation by AP-1 factors Fos and Jun (Mistry et al. 2011). In addition to these
nuclear mechanisms, incoherent feedforward loops have been described in which the
inhibitory branch is due to GnRH-stimulated protein secretion. In the first, it is
mediated by secretion of inhibin-a, which has long been known to suppress FSH
expression, and in the second, it is mediated by inhibition of the secretion of growth
differentiation factor 9, an autocrine inducer of FSHp expression in LT2 cells (Choi
et al. 2012, 2014; Pincas et al. 2014). These studies are of particular interest as they
effectively extend the GnRH signaling network to the extracellular space
(as outlined above for autocrine regulation).

We have also used mathematical modeling to explore possible frequency
decoding mechanisms, taking our model trained against NFAT-EFP and ERK2-
GFP translocation data (Figs. 2 and 3), so that these could then be used as inputs
to the transcriptome. In doing so, it was assumed that two transcription factors act at
separate sites on a common gene promoter (using NFAT as the first transcription
factor and an undefined ERK-dependent transcription factor as the second one).
Three distinct logic gates were considered: an “and-gate,” an “or-gate” or a “coop-
erative gate.” This model predicted bell-shaped frequency-response relationships
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Fig. 3 Generation of bell-shaped pulse frequency-response relationships by convergent
signaling. A previously described mathematical model for GnRH signaling (Tsaneva-Atanasova
et al. 2012) was used to simulate transcriptional responses driven by ERK and NFAT assuming that
they converge at a common promoter with one of three logic gates: an “and-gate,” an “or-gate,” or a
“cooperative” gate. Predicted transcriptional responses (area under the curve for time-course data)
are shown in panel A, as a function of pulse frequency (5 min pulses of 10”7 M GnRH) for the target
gene (here given the generic term GSU, but not indicating any particular gonadotropin subunit
gene). Such simulations always yielded increasing monotonic frequency-response relationships
when a single pathway was considered or when convergence was modelled with an and-gate or an
or-gate. Bell-shaped frequency-response relationships were only obtained with cooperative conver-
gence of these two pathways at the transcriptome (panels A and B) (Adapted from Tsaneva-
Atanasova et al. 2012)

when two transcription factors act cooperatively. The characteristic feature of max-
imal response at submaximal frequency was never seen with the and-gate or with the
or-gate, and this behavior was predicted without negative feedback (Tsaneva-
Atanasova et al. 2012). A particularly interesting feature of these simulations is
that they revealed GnRH pulse frequency-response relationship may be plastic, in
that varying rate constants for transcription factor activation and inactivation, or
varying balance of signaling via NFAT and ERK-dependent transcription factors,
influenced the frequencies at which maximal response occurred (Tsaneva-Atanasova
et al. 2012). This modelling clearly does not show that the bell-shaped frequency-
response relationships seen for transcriptional effects of GnRH are mediated by
convergence of NFAT and ERK-dependent transcription factors. In fact, multiple
pathways converge to mediate GnRH effects on transcription (Nelson et al. 1998),
and the relative importance and mechanisms of integration of these inputs are
undoubtedly promoter/enhancer specific. Moreover, the bell-shaped frequency-
response relationships seen in this model rely on a mathematical description of
cooperative convergence for which biological substrates have not been identified,
so it will be important to develop and test mathematical models for the biological
pathways described above. Nevertheless, a common feature of much work in this
field is that it highlights mechanisms for generation of non-monotonic frequency-
response relationships in the absence of upstream negative feedback. Indeed, it
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seems likely that pulsatile GnRH secretion and the resistance of type I mammalian
GnRHR to desensitization both serve to minimize negative feedback and thereby
place increasing reliance on such alternative mechanisms.

An Information Theoretic Approach to GnRH Signaling

Most work on GnRH signaling has entailed measurement of average responses
from populations of cells, and the mechanistic modelling outlined above effectively
considers the behavior of a single cell, assuming it to be representative of the
population. These approaches ignore cell-cell variation but such variation is in
fact inevitable because cell signaling is inherently stochastic. It is also crucial for
the behavior of cell populations (Bowsher and Swain 2014) because each individual
cell has to sense its environment and make appropriate decisions (to express or
suppress given genes, to survive or die, to proliferate or differentiate, etc.). Cell-cell
variation in response to GnRH has been documented for many years, from early
work on gonadotropin secretion and Ca** mobilization (Lewis et al. 1989; McArdle
et al. 1992; Stojilkovic and Catt 1995) and more recent studies using transcriptional
readouts and/or high content imaging (Armstrong et al. 2009a, b, 2010; Caunt et al.
2012; Garner et al. 2016; Ruf et al. 2006, 2007). Information theory was developed
to analyze electronic communication but can also be applied to biological systems,
where it provides tools with which the influence of cell-cell variation on the
reliability of sensing can be determined (Bowsher and Swain 2014; Bowsher
et al. 2013; Brennan et al. 2012; Cheong et al. 2011; Selimkhanov et al. 2014;
Uda et al. 2013; Voliotis et al. 2014). In this context, information is defined as the
uncertainty about the environment that is reduced by signaling and can be quanti-
fied as the mutual information (MI) between two stochastic variables (Bowsher and
Swain 2014). MI measures the quality of the inference (or “prediction”) of the
signal from the response. It is measured in bits with an M1 of 1 bit indicating that the
system can unambiguously distinguish between two equally probable states of the
environment. Importantly, estimation of MI doesn’t require knowledge of the
mechanism by which information is transferred, and MI values are unaffected by
transformations of the signal or response (Bowsher and Swain 2014). Several
groups have applied information theoretic approaches to analysis of cell signaling,
treating signaling pathways as noisy communication channels and quantifying the
information that they do (or could) carry. The value of this approach can be
illustrated by considering a signaling pathway with multiple levels, such as a
MAPK cascade. It is well established that signal amplification can occur from one
tier to the next in the cascade, but it is less well recognized that information about
the input cannot actually increase from one level in the cascade to the next. In fact
there is normally loss (and never gain) of information through signaling cascades
and any increase in numbers of activated molecules must therefore be associated
with increased variability (noise) through the cascade. There is considerable interest
in understanding how cells mitigate loss of information through signaling path-
ways, and here negative feedback loops are of particular interest because they can



56 K.L. Garner et al.

reduce information transfer (by reducing dynamic range of the output) or protect it
(by reducing cell-cell variability).

In a recent study, ppERK and nuclear translocation of NFAT-EFP were mea-
sured as activation readouts, and Egrl- and NFAT response element-driven
fluorophore expression were measured as transcription activation by ERK and
NFAT. Responses were measured in large numbers of individual GnRH-stimulated
cells (Garner et al. 2016) and used to calculate MI between GnRH concentration
and ppERK (I(ppERK;GnRH)). This revealed information transfer between
GnRHR and ERK to be <1 Bit in HeLa cells transduced with Ad-GnRHR
(Fig. 4). This is comparable to values obtained for cytokine and growth factor
signaling in other systems (Garner et al. 2016), but is still surprisingly low for two
reasons. First, the cells were typically stimulated with eight GnRH concentrations
so there was a 3 Bit input, of which <1 Bit of information was transferred. Second,
population-averaged measures consistently show responses to GnRH being graded
over a wide range of GnRH concentrations, yet an MI of <1 implies that single
cells cannot unambiguously distinguish between just two inputs (i.e., with and
without GnRH). This was not due to use of a heterologous expression system
because information transfer values were similar in HeLa cells (with exogenous
GnRHR) and LPT2 gonadotropes (with endogenous GnRHR). It was also not
restricted to the ERK pathway because information transfer from GnRHR to
NFAT was <0.5 Bits in both cell models (Garner et al. 2016). Another possible
explanation for low information transfer is that single time-point measures under-
estimate information transfer. This would be expected where cells infer inputs (i.e.,
GnRH concentrations) from trajectories of outputs (i.e., ppERK levels) over time
(Selimkhanov et al. 2014). For example, time-course experiments revealed that I
(ppERK;GnRH) is higher at 5 than at 360 min (Fig. 4), but this clearly does not
mean that a cell obtains less information over 360 min than it had over 5 min.
Instead, it shows that the 360 min snapshot underestimates information transferred
over the 360 min stimulation. Measuring MI for ERK-driven transcription is an
alternative approach that could be sensitive to ppERK trajectory, and, consistent
with this, work with imaging readouts for ERK-driven transcription revealed more
reliable sensing of PDBu than of GnRH in HeLa cells (Fig. 4), presumably because
PDBu has a more sustained effect than GnRH on ppERK and causes a more marked
increase in Egrl-driven zsGREEN expression (Garner et al. 2016). Thus the system
senses sustained stimulation more reliably and must therefore be sensitive to the
dynamics of ERK activation. This information theoretic approach was also applied
to consider possible effects of negative feedback, focusing on ERK-dependent
feedback (i.e., rapid transcription-independent and slow transcription-dependent
feedback) and on receptor desensitization (i.e., by comparison of type [ mammalian
GnRHRs that do not rapidly desensitize and XGnRHRs that do). The overriding
observation from these first statistical measures of information transfer via GnRHR
is that it is not measurably influenced by the occurrence or absence of rapid
receptor desensitization, but is influenced by downstream adaptive processes
(i.e., ERK-mediated feedback) with optimal GnRH sensing at intermediate feed-
back intensities.
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Fig. 4 MI as an information theoretic measure of GnRH sensing. Panels A and B show
concentration and time-dependent effects of GnRH and phorbol 12,13 dibutyrate (PDBu) on
ERK activity in LPT2 cells, with nuclear ppERK reported in arbitrary fluorescence units (AFU).
Single cell measures underlying these plots were also used to calculate MI between ppERK and
each of these stimuli and these values are plotted (MI in Bits on vertical axis) against time in panel
C. The cells were also transduced with recombinant adenovirus for expression of an ERK-driven
transcription reporter (Egrl-zsGREEN). Panel D shows the concentration-dependence of GnRH
and PDBu on zsGREEN expression (in AFU) at 360 min and the MI between zsGREEN and each
of these stimuli is also shown for this time (Adapted from Garner et al. 2016)

Summary

Since GnRH was isolated and sequenced in the 1970s, there have been immense
advances in our understanding of GnRH signaling. This ranges from the early work
identifying Ca®" as a mediator of stimulus-secretion coupling through subsequent
work mapping the GnRH signaling network as well as the extensive studies of gene
expression focusing on gonadotrope signature genes or using omics approaches to
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elucidate regulatory networks. The ever-increasing complexity of GnRHR signaling
networks highlights the necessity for mathematical and statistical analyses as illus-
trated by recent information theoretic work on GnRH signaling, where emphasis was
on the amount of information transferred rather than identifying components of the
paths through which it is conveyed. From the outset the system has provided
remarkable surprises. Notably, the initial paradoxical observation that a peptide
purified as a gonadotropin-releasing factor actually reduces circulating gonadotro-
pins and causes chemical castration on sustained stimulation in vivo. With receptor
cloning came the equally surprising observation that mammalian type I GnRHR lack
COOH-terminal tails and do not rapidly desensitize, so alternative mechanisms must
underlie the desensitization of GnRH-stimulated gonadotropin secretion. Compart-
mentalization has also emerged as a crucial determinant of GnRHR function, as
highlighted by the discovery that most hGnRHRs are actually intracellular as well as
the fact that GnRHR signaling is dependent upon its location within the plane of the
plasma membrane. Similarly, the importance of dynamics cannot be overestimated
because the CNS provides GnRH pulses as a frequency-encoded signal to be
decoded by gonadotropes. We still do not have a detailed understanding of how
they do so or how GnRHR compartmentalization is controlled, let alone how these
systems may be modulated by other hormonal or local inputs. Accordingly, the
authors believe that a major research challenge for future work is to overlay space
and time on existing schema for GnRH action, whereas the clinical challenge lies in
translating the large amount of mechanistic information into genuine therapeutic
benefit.
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Abstract

The gonadotropins, luteinizing hormone (LH), follicle-stimulating hormone
(FSH), and chorionic gonadotropin hormone (CG) play an essential role in
reproduction. LH and FSH are synthesized in the gonadotropes of the anterior
pituitary gland, while CG is synthesized by the placental syncytiotrophoblasts.
Gonadotropins, together with thyroid-stimulating hormone (TSH) synthesized
by the thyrotropes of the adenohypophysis, belong to the glycoprotein hor-
mone family. The glycoprotein hormones are complex heterodimers consisting
of a common a-subunit non-covalently associated with a B-subunit, which is
structurally unique in its peptide sequence to each member of the family and
that confers binding specificity at the receptor level. Both subunits are deco-
rated with oligosaccharide chains, whose number vary depending on the
particular glycoprotein hormone, and that are involved in many functional
aspects, including folding and secretion of the heterodimer, as well as plasma
half-life and bioactivity of the hormone at the target cell. The synthesis and
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secretion of gonadotropins are regulated by the concerted action of several
endocrine, paracrine, and autocrine factors of diverse chemical structure, the
main player being the hypothalamic decapeptide gonadotropin-releasing hor-
mone (GnRH). Gonadotropins interact with their cognate receptors (the FSH
receptor and the LH/CG receptor) in the ovary and the testes. In the ovary, FSH
regulates the growth and maturation of the ovarian follicles as well as estrogen
production by the granulosa cells, whereas in the testes FSH stimulates the
Sertoli cells lining the seminiferous tubules to influence spermatogenesis. The
target cells of LH are the theca cells of the ovarian follicles and the corpus
luteum, where it promotes the synthesis of sex steroid hormones and the
ovulatory process. In the testes, LH stimulates Leydig cell steroidogenesis,
mainly testosterone production, to promote sexual maturation and function,
and spermatogenesis. Mutations in the $-subunit genes of LH and FSH leading
to gonadotropin deficiency are very rare. When they occur in LHf, they are
clinically manifested by lack of pubertal maturation and infertility in men and
infertility in women, whereas mutations in FSHf may lead to azoospermia in
men and absent or partial puberty and infertility in women. Several natural and
recombinant preparations of gonadotropins are currently available for thera-
peutic purposes. Given that glycosylation is well known to vary in a cell- and
tissue-specific manner, the main difference between natural and the currently
available recombinant preparations massively produced in Chinese hamster
ovary cells for commercial purposes lies in the abundance of some of the
carbohydrates that comprise the complex glycans attached to the protein
core. Because of the functional and pharmacological similarities between
natural and recombinant compounds, both may be employed in the clinical
arena to treat diseases characterized by gonadotropin deficiency as well as
infertility.

Keywords

Luteinizing hormone ¢ Follicle-stimulating hormone ¢ Chorionic gonadotropin
hormone ¢ Glycoproteins * Gycoprotein hormones * Gonadotropins * Gonadal
function * Macroheterogeneity * Microheterogeneity * Reproductive function ¢
Ovary * Testes
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Introduction

In mammals, reproductive function is governed by the hypothalamic-pituitary-
gonadal axis, which comprises a functional unit (Fig. 1). Sexual maturation and
development of reproductive competence depend on the coordinated function of
this axis, whose components communicate with each other through endocrine
signals. Among the components of this axis are the pituitary gonadotropins,
follicle-stimulating hormone (or follitropin, FSH), and Iluteinizing hormone
(or lutropin, LH), which together with chorionic gonadotropin (CG), synthesized
by the placental trophobasts, and thyroid-stimulating hormone (or thyrotropin,
TSH), produced in the thyrotrophs, comprise the glycoprotein hormone (GPH)
family. All GPHs are heterodimeric and consist of a common «a-subunit
non-covalently associated with a unique pB-subunit, which is structurally distinct
in its peptide sequence for each member of the GPH family. Both subunits are
decorated with N- (and O-linked, in the case of CG) oligosaccharide chains,
whose number vary depending on the GPH, and that play important roles in
determining the plasma half-life of the glycoprotein as well as its bioactivity at
the target cell level. Pituitary gonadotropin production and secretion are governed
by the concerted action of hypothalamic and gonadal factors that regulate the
transcriptional regulation of their subunit genes (Bernard et al. 2010; Ulloa-
Aguirre and Timossi 2000), translation of corresponding mRNAs, posttransla-
tional processing and assembly, intracellular traffic, packaging, and secretion
(Bousfield and Dias 2011). The granulosa cells of the ovary and the Sertoli cells
lining the seminiferous tubules are the primary targets of FSH, whereas the
theca and granulosa cells and the corpus luteum of the ovary and the Leydig
cells of the testis are the primary targets of LH. In these cells, gonadotropins play
a fundamental role in regulating gonadal function and thereby control reproduc-
tion (Huhtaniemi 2015; Richards and Pangas 2010). Although receptors for
both LH and FSH also have been detected in a number of extragonadal tissues
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Fig. 1 Functional relations of the hypothalamic-pituitary-gonadal axis. Gonadotropin-releasing
hormone (GnRH) is synthesized and secreted by neurons located mainly in the arcuate nucleus of
the medial basal hypothalamus and the preoptic area of the anterior hypothalamus. The synthesis
and secretion of GnRH are under the regulation of KNDy (kisspeptin, neurokinin B, and dynorphin)
neurons located immediately above the arcuate nucleus. GnRH-producing neurons project to the
median eminence where they terminate in a plexus of boutons on the primary portal vessel that
delivers GnRH (yellow balls) to the gonadotrope of the adenohypophysis. The secretion and
interaction of GnRH with its cognate receptor occur in a pulsatile and intermittent manner; such
episodic signaling allows distinct rates and patterns of synthesis and episodic release of luteinizing
hormone (LH) and follicle-stimulating hormone (FSH). High and low pulse GnRH frequencies
favor LH and FSH synthesis and release, respectively. Gonadotropin hormones bind their target
receptors in the ovary and the testes to promote follicular development, ovulation, spermatogenesis,
and steroidogenesis. The transcriptional regulation of the gonadotropin subunit genes as well as the
secretion of both gonadotropins is controlled by GnRH as well as by positive (+) and/or negative
(—) feedback from steroid hormones and other factors produced in the gonads in response to
gonadotropins. E estrogens, P progesterone, T testosterone

(Bukovsky et al. 2003; Kumar 2014), their functional role is controversial and still
remains to be clarified.

This chapter concentrates on the structure, biosynthesis, and structure-function
correlates of the three gonadotropic hormones, LH, FSH, and CG. Although empha-
sis is given to human(h)gonadotropins, available data from other mammalian species
are also provided for informative and/or comparative purposes.
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Structural Features of the Gonadotropins
Gonadotropin Genes

The gonadotropins are encoded by several genes. In humans, these are designated
CGA, FSHB, LHB, and CGB for the common o, FSHf, LHf, and CGp subunits,
respectively (Fig. 2). All but the LHP and CGp genes reside on separate chromo-
somes. The common a-subunit CGA gene is found on human chromosome 6 at
6q14.3. According to the Ensemble database (release 84), the human CGA gene has
six transcripts with five predicted translation products consisting of 62—147 amino
acid residues (Cunningham et al. 2015). The canonical CGA translation product,
CGAO001, comprises 116 residues, of which 92 constitute the mature protein. The
longest predicted protein, CGA003, includes a 31-residue N-terminal insert between
GIn* and Cys®, which might be tolerated, as it merely extends the amino terminus.

a Gonadotropin Subunit Genes

0 — i )
FSHB ] ] T Kop
e -
CGB(CGEI) N e |
oo -
b CGp and LHpB gene organization on chromosome 19 =
e . —— L ——
Cgé? CEB-B G'G_BS GEE.H C.G_BQ CEB-S L;é

Fig. 2 Gonadotropin subunit genes. (a) Individual subunit genes: CGA, common a-subunit;
FSHB, hFSHp subunit; LHB, hLHf subunit; CGB, hCGf subunit genes, with each gene identified
by number. Exons are indicated by open or closed rectangles and introns by solid lines. Open
rectangles indicate untranslated, and closed rectangles represent translated exons or portions of
exons. (b) Map of the hLHpP and hCGf gene cluster on chromosome 19. The arrows indicate the
direction of transcription
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It is tempting to spectulate that this accounts for reports of large human a-subunit not
attributed to glycosylation (Posillico et al. 1983). The two truncated peptides,
CGA004 and CGAO00S, lack the C-terminal Cys knot motif, Cys-His-Cys, and
would not fold properly.

The FSH hormone-specific FSHp subunit FSHB is found on human chromosome
11, at 11p13. According to the Ensemble database, the FSHB has three transcripts,
which affect the size of the 5 untranslated region, but encode the same 129-residue
preprotein and 111-residue mature protein. The LH hormone-specific LH subunit is
encoded by a gene that was duplicated, mutated, and duplicated again during primate
evolution (Boorstein et al. 1982; Fiddes and Goodman 1980). In the human, the LHB
is located on chromosome 19 at the same location, 19q13.32, as the six CG B-subunit
genes. The Ensemble database lists two human LHf gene transcripts. One is
predicted to yield the classical protein sequence, while the alternative transcript
predicts a shortened signal peptide at the N-terminus, the same mature core sequence
as human LHf, with a C-terminal extension, similar to that of human CGp. In
new-world monkeys, common marmoset, squirrel, and owl monkeys (Callithrix
Jacchus, Saimiri sp., and Aotus sp.), the LHP gene is not expressed in the pituitary
gland for reasons not completely understood (Miiller et al. 2004; Scammell et al.
2008). Pituitary-expressed CGB has assumed the functions of LHB in these species.
A single LH/CGB gene is found in the equids (Sherman et al. 1992).

The chorionic gonadotropin p-subunit genes are all located on chromosome
19, the same chromosome where the LHB is located. Primates vary in the number
of CGB genes, as macaques possess three genes, orangutans four, and chimpanzees
five, while humans possess six (Maston and Ruvolo 2002; Nagirnaja et al. 2010).
The equids, horses, donkeys, and zebras possess a single LH/CGp gene, which is
expressed in both pituitary and placenta (Sherman et al. 1992). This appears to differ
from new-world monkeys in which an unexpressed LHB remains detectable, how-
ever, separated from the CGB by 20 kbp, instead of the usual 2—-3 kbp seen in other
species (Miiller et al. 2004). Perhaps this separates the LHB gene from important
promoter elements located near the CGB. In the equids it appears that the mutations
that enable 3'-read through occurred without the subsequent gene duplication events
that took place during primate CGf evolution.

Gene Sequences

The structures of the canonical gonadotropin genes are shown in Fig. 2. The CGA
gene consists of 9,650 bp comprising four exons and three introns. Mammalian
intron 1 is variable in size, ranging from 6.8 kbp in humans to 13.2 kbp in rhesus
macaque. In zebrafish, CGA4 intron 1 is 2.1 kbp.

The FSHB consists of three exons and two introns. The first intron varies in size,
although not to the same extent as CGA intron 1. Compared with other gonadotropin
genes, FSHB possesses the largest 3’-untranslated region, 509-1,477 bp. The LHB
consists of three exons and two introns. The introns are fairly small, as compared
with other gonadotropin genes. There is some variation in the size of intron 1.
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The related CGB genes possess the same three-exon, two-intron structure of the
ancestral LHB gene. However, there is a larger, 364—403 bp untranslated region at
the 5 end that is larger than the 8 bp untranslated region of LHB exon 1. The 3
untranslated region is reduced from 88 to 17 bp to accomodate the C-terminal
extension. Six CGB genes are shown, four of which are believed to be expressed
during normal pregnancy in order of expression level CGBS
> > CGBS5 > CGB3 > CGB7 (Rull and Laan 2005).

Amino Acid Sequences of the Mature Hormone Subunits

Mature human a-subunit comprises only 92 amino acid residues, due to a shift in
exon l—exon 2 splice site that eliminates four residues from the amino terminus
(Chin et al. 1983) as compared with other mammalian a-subunits (Fig. 3).
N-terminal heterogeneity is observed in a-subunits from all hormone preparations.
Pituitary human FSHa begins with Val* (Shome and Parlow 1974), human LHa
begins with Val* (Keutmann et al. 1978; Shome and Parlow 1974), and 70% of CGa
sequences begin with Ala', 10% begin with Asp®, and 30% start at Val* (Morgan
et al. 1975). In the pre-SDS-PAGE era, gonadotropin subunits seldom met the single
N-terminal residue standard of purity (Ward et al. 1989). The a-subunit possesses
quantitatively glycosylated N-glycosylation sites, —N>?VT— and -N"*HT- (Fig. 4).
The N-glycan populations differ depending on the presence or absence of a 3-subunit
and on the nature of the P-subunit. Thus, common a-subunit structural identity
applies only to the polypeptide chains (Figs. 3 and 4). The glycan populations can
be used to identify the hormone of origin (Gotschall and Bousfield 1996). The five
a-subunit disulfide bonds (Fig. 3) were not firmly established until the crystal
structures of CG and human FSH (hFSH) demonstrated identical disulfide bond
patterns (Fox et al. 2001; Lapthorn et al. 1994; Wu et al. 1994). The cystine knot ring
disulfides are formed between Cys**-Cys®* and Cys**-Cys®*. The associated
sequences, —C**MGC>2-Cys— and —C**HC®*—, are highly conserved. Only the Met
residue varies in the CMGC motif, while His is replaced with Tyr in CHC only in the
equid a-subunits (Stewart et al. 1987; Ward et al. 1982). The disulfide bond that
connects the other two strands to “tie” the knot is Cys'’-Cys®’. The remaining
disulfide bonds, Cys’-Cys*! and Cys**-Cys®’, tether the N- and C-terminal peptides,
respectively, to the alpha subunit core.

FSHp subunit N-terminal heterogeneity results from alternate cleavage by signal
peptidase (Walton et al. 2001). The initial hFSHp sequencing studies revealed two
N-termini, one at the canonical Asn' residue and the other at the Cys® residue
(Sairam et al. 1972; Shome and Parlow 1974). Subsequently, only 20% of hFSHf
chains possessed all 111 residues (Walton et al. 2001). The remaining 80% com-
prised 109 residues. Prediction of FSHf cleavage sites by SignalP 4.1 Server web
tool analysis of pre-hFSHp indicated Asn>-Cys’ as the primary cleavage site and
Cys '-Asn' as a secondary site (Petersen et al. 2011). This mechanism does not
appear to apply to a-subunit N-terminal heterogeneity because SignalP predicts a
single cleavage site at the known N-terminus. N-terminal heterogeneity encountered
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Fig. 4 Diagrammatic representation of gonadotropin glycosylation. The common a-subunits are
indicated by open bars on the left, with both N-glycosylation sites numbered. The hormone-specific
B-subunits are indicated on the right, with glycosylation sites numbered. The homologous
N-glycosylation sites are aligned. The hCGf O-glycosylation sites are indicated at the C-terminal
end. Only three are shown as glycosylation at Ser'?’ or Ser'>? which appears to be mutually
exclusive. Glycans are the most abundant species at each glycosylation site, as indicated by
percentage. Glycan abundance was determined by mass spectrometry for hFSH and by NMR for
hLH and hCG (Weisshaar et al. 1991a, b). Diagrams of each FSH glycoform are shown below. The
oligosaccharide structures use the color scheme adopted by the Consortium for Glycoscience for
monosaccharide residues (GlcNAc = blue squares, Man = green circles, Gal = yellow circles,
Neu5Ac (sialic acid) = purple diamonds, Fuc = red triangles) and the Oxford Glycobiology
Institute system for indicating linkages (Varki et al. 2015)

during protein sequence studies was considered a by-product of postmortem degra-
dation in the pituitary gland. However, recombinant hFSHP recovered from condi-
tioned tissue culture medium also exhibits the same 20/80 ratio of Asn'/Cys’
N-terminal residues as the pituitary-derived subunit (Butnev et al. 2015). Human
FSHp disulfide bonds were established by the crystal structure reported in 2001 (Fox
et al. 2001). The Cys knot ring sequences are -C**AGYC**— and —C**HC™-. The
disulfide bonds forming the ring are Cys**-Cys®* and Cys*>-Cys®. The disulfide
bond tying the knot was Cys>-Cys>'. A Cys'’-Cys®® disulfide bond linked loop BL1
to BL3 and probably accounts for the greater structural stability of the f-subunit as
compared with the a-subunit. In the latter, al.1 and aL3 loops are stabilized by
non-covalent bonds between the aAsn’® N-acetylglucosamine (GIcNAc) residues
and amino acid side chains in both loops (Lapthorn et al. 1994). The determinant
loop disulfide bond in FSH is Cys®’-Cys’*, and the seat belt latch disulfide is Cys>’-
Cys'™. FSHp possesses two potential N-glycosylated Asn residues —N'ITI— and
~N**TTW- (Figs. 3 and 4). Partial glycoslylation of FSHB occurs in several species,
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including humans (Bousfield et al. 2007, 2014b). Because both glycosylation sites
are of the NXT-type, the middle residue does not affect the efficiency of transferring
the preformed oligosaccharide to the nascent chain (Shakin-Eshleman et al. 1986).
However, the Trp residue following Thr*® may reduce oligosaccharide transfer
efficiency to Asn®* almost 20%, while the Ile residue following Thr’ may reduce
transfer to Asn’ by 10% (Mellquist et al. 1998).

The LHp subunit possesses 118 residues in the predicted mature sequence
(Talmadge et al. 1983). A C-terminal, 7-residue, hydrophobic peptide was identified
by predicting the LHB translation product. This peptide (LSGLLFL) was missed
during protein sequencing studies of hLHP as no consensus C-terminal sequence
emerged (Keutmann et al. 1979; Sairam and Li 1975; Shome and Parlow 1973).
Nevertheless, it has been shown that this peptide directs LH to the regulated
secretory pathway (Jablonka-Shariff et al. 2008; Muyan et al. 1994) (see below).
As there is no crystal structure for LHp, its disulfide bond placements are unknown,
but probably the same as those for CGf as instead of is discussed below. Human
LHP possesses a single N-glycosylation site, —N°*TT—, that differs from all other
mammalian LHP subunits, which are glycosylated at Asn'? (Bousfield et al. 2006)
(Fig. 4). An alternative LHp subunit allele is expressed in some human populations
that encodes two N-glycosylation sites, Asn'? and Asn®® (Haavisto et al. 1995).
Pituitary hLH usually is nicked in L2, which results in a 100-fold reduction in
affinity for the LH receptor (Hartree and Showkeen 1991; Ward et al. 1986);
therefore, biological and biochemical studies employed LH preparations derived
from other species.

The most obvious feature of the CGp subunit is the C-terminal extension of
25 amino acid residues. A less obvious feature is the presence of two N-glycans
rather than the usual single N-linked oligosaccharide, one attached to Asn'®, like
most LHP subunits, and the other attached to Asn’°, like hLHp. The CGp C-terminal
peptide (CTP) possesses up to four O-linked oligosaccharides attached to Ser
residues 121, 127, 132, and 138 (Birken and Canfield 1977; Kessler et al. 1979a).
Partial glycosylation at Asn'®, Ser'*', and Ser'*® has been detected by liquid
chromatography-mass spectrometry (LC-MS) and electrospray ionization-mass
spectrometry (ESI-MS) analysis of several CG preparations (Valmu et al. 2006).
As in hLH, the cysteine knot ring-forming sequences are —C*AGYC*-, at the
BL1/BL2 boundary, and —C**QC*°~ at the BL2/BL3 boundary. The ring disulfide
bonds are Cys**-Cys®® and Cys**-Cys”. The disulfide bond that “ties” the knot is
Cys’-Cys®’. The PL1-pL3 disulfide bond is Cys**-Cys’?, the determinant loop
disulfide is Cys”*-Cys', and the seat belt latch disulfide is Cys*®-Cys''® (Fig. 3).

Three-Dimensional Structures of CG and Human FSH Receptor
(FSHR)

Gonadotropin three-dimensional structure determinations provided insight
into their interactions with their cognate receptors and receptor activation
(Jiang et al. 2013). Three-dimensional structures exist for two gonadotropins,
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Fig.5 Three-dimensional structures of the gonadotropin core regions. The proteins are indicated as
cartoons using PyMol. The a-subunits are green and the B-subunits are cyan. Disulfide bonds are
shown as sticks, in which the yellow sticks indicate the sulfur atoms. The GlcNAc residues, N2,
N78, N, and N**, attached to the N-glycosylation sites in human FSH and CG are shown as spheres
with the carbon atoms colored according to the corresponding subunit. The Asn residues are shown
as sticks. The Cys knot loops, L1, L2, and L3, are identified by subunit. The FSH model was
extracted from pdb file 1xwd, the CG model from 1hen. The human LH model is a homology model
generated using Tripos Sybyl-X with CG as a template

CG (Lapthorn et al. 1994; Wu et al. 1994) and hFSH (Fox et al. 2001), which are
shown in Fig. 5. Chemically deglycosylated, urinary, or recombinant CG structures
were reported in 1994 (Lapthorn et al. 1994; Wu et al. 1994). The pregnancy urine CG
structure was determined at 3.0 A resolution (Lapthorn et al. 1994). The recombinant
CG was expressed as a selenomethionine derivative (Lustbader et al. 1995) and its
structure determined at 2.6 A resolution (Wu et al. 1994). A 3.0 A resolution structure
for recombinant, insect cell-expresssed hFSH was reported in 2001 (Fox et al. 2001).
To facilitate crystallization, the second FSHp N-glycosylation site, Asn**, was
silenced by mutating Thr*® to Ala, thereby eliminating partial glycosylation at this
site. Deglycosylation was unnecessary. In 2005, the 2.9 A resolution structure of
co-crystallized single-chain hFSH bound to the high-affinity binding site of the
FSHR extracelluar domain was reported (Fan and Hendrickson 2005). The 2.5 A
resolution structure of the entire hFSHR extracellular domain, with single-chain
FSH bound, was reported in 2012 (Jiang et al. 2012). In both FSHR structures
(Fan and Hendrickson 2005; Jiang et al. 2013), digestion with endoglycosidase
F was necessary to obtain defractable crystals. The resulting FSH in these two
hormone-receptor complexes was very similar but not identical to the fully
glycosylated FSH structure (Fox et al. 2001) as it differs from the latter particularly
in the shift in the alpha subunit C-terminus.
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The 3D structures resolved conflicting disulfide bond assignments. For the
a-subunits, all reported disulfide bond placements were incorrect. For the
[B-subunits, disulfide bond placements, 3488, 38—57, 9-90, 23-72, 93-100, and
26—110 initially proposed for ovine LHp (Tsunasawa et al. 1977) and subsequently
for CGPB (Mise and Bahl 1980), were successfully used to guide following CGf
folding studies (Huth et al. 1992). However, two disulfide bonds, 38-57 and 9-90,
differed from those in the CG crystal structures (Lapthorn et al. 1994; Wu et al.
1994). Subsequent studies supported a model in which the initial disulfide bond
assignments were correct for immature CGP. A subsequent disulfide bond
rearrangement produced the mature pattern of 9—57 and 38-90 (Ruddon et al.
1996). In both subunits, the disulfide bonds organized a structural motif called the
cystine knot.

First discovered in the nerve growth factor (NGF) crystal structure (McDonald
et al. 1991), the cystine knot motif consists of a pair of disulfide bonds between two
parallel strands, which form a ring that a third disulfide bond connected to two
different strands passes through. This motif defines an eliptical molecule with two
loops designated L1 and L3, on one side of the knot, and a single loop, L2, on the
other side. Cystine knot motifs define three protein superfamilies, the inhibitor
cystine knots, cyclic cystine knots, and cystine knot growth factor (CKGF) super-
family, including gonadotropins (Roch and Sherwood 2014). CKGF cystine knots
differ from those in the other two superfamilies by the use of Cys I and Cys IV
disulfide bond to penetrate the ring. The gonadotropins, TSH, and thyrostimulin
form one of the six groups in the CKGF superfamily. The other groups are bursicon
hormone, bone morphogenic protein antagonist family, transforming growth factor
beta family, platelet-derived growth factor family (which includes vascular endo-
telial growth factors), and the nerve growth factor family (Roch and Sherwood
2014). CKGF motifs are found in other multi-domain proteins, such as the mucins,
which employ them as dimerization domains.

Both hCG a- and p-subunits are cystine knot proteins (Fig. 3). While the
conserved arrangement of Cys residues underlies the sequence homology pointed
out by Dayhoff (Dayhoff 1976), the surrounding sequences appear to be subunit
specific. While swapping a-subunit cystine knot sequences CMGCC and CHC for
the corresponding B-subunit sequences, CAGYC and CQC, permitted subunit fold-
ing, heterodimer formation was effectively blocked (Darling et al. 2001). Cystine
knot proteins are generally dimers organized in parallel or non-parallel, homo- or
heterodimeric, non-covalently or covalently associated via intermolecular disulfide
bonds. The gonadotropins are all antiparallel heterodimers connected non-covalently
by a fourth B-subunit loop, the seat belt loop (Lapthorn et al. 1994), or cystine noose
(Arnold et al. 1998). This loop embraces the a-subunit loop, L2, and latched by an
intramolecular disulfide bond. Embedded in the seat belt loop is an octapeptide loop
between Cys residues 93—100 (CGp and presumably LHp) and 87-94 (FSH), called
the determinant loop. First proposed to distinguish LH from FSH and TSH (Moore
et al. 1980), subsequent studies confirmed it as an LH determinant. The adjacent,
C-terminal portion of the seat belt loop is the FSH determinant, which confers FSH
binding activity on chicken LH (Moyle et al. 1994). Missing from both hCG
structures was the CTP.
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The structure of hFSH confirmed the cystine knot structure for the gonadotropin
family (Fox et al. 2001). FSHa subunit disulfide bonds matched those in CGa. Those
in FSHpP were homologous to CGp. Two FSH molecules were in the asymmetric
unit, which revealed flexibility. A small difference in the angle of the p-subunits,
when the a-subunits were aligned, suggested flexibility in subunit association. Other
flexible regions were the tips of the L1 and L3 loops and subunit N- and C-termini.
Similar patterns of flexiblity were observed during molecular dynamics simulations
of FSH models (Meher et al. 2015). Co-crystalllization of FSH with portions of its
cognate receptor revealed receptor-induced conformational changes (Fan and
Hendrickson 2005; Jiang et al. 2012).

Human FSH-FSHR interaction (Jiang et al. 2013) included a progressive loss of
FSH flexibility. Binding the high-affinity site on the FSHR induced helix formation
at the FSHa C-terminus, defining the positions of the last few residues missing in the
FSH crystal structure. Fewer residues exhibited >1 A differences at the tips of loops
L1 and L3 in both subunits, and there were no significant differences in positions of
these residues between the three FSH ligands bound to the entire FSHR extracellular
domain. This is consistent with receptor binding studies in which FSH does not
dissociate from its receptor on its own (Urizar et al. 2005), even after prolonged
incubation (Cheng 1975), but requires 1,000-fold excess hormone to partially
displace it (Krishnamurthy et al. 2003).

The structure of hFSH bound to the high-affinity site of the hFSHR extracellular
domain (Fan and Hendrickson 2005) revealed an absolute requirement for hetero-
dimer structure in order to engage the high-affinity binding site. Cystine knot L2
loops in each subunit bound opposite sides of the receptor and made important
contacts with the leucine-rich repeat (LRR) connecting loops. A proteolytic nick in
L2 loops in either subunit resulted in a 100-fold reduction in receptor binding
affinity, but the critical role for both L2 loops was unknown (Bousfield and Ward
1988; Ward et al. 1986). A conformational change at the a/p interface was noted,;
however, its significance was not realized until the entire FSHR extracellular domain
was co-crystallized with FSH (Jiang et al. 2012). The FSHR hinge region was
revealed as a LRR extension plus a partially defined loop that included a highly
conserved sulfated Tyr residue, shown to be essential for glycoprotein hormone
receptor activation (Costagliola et al. 2002). The conformational change in FSH
attending high-affinity binding to the LRR domain created a pocket the sulfo-Tyr
bound. The corresponding FSHR conformational change was proposed to release
receptor inhibition when a helical region, disulfide bonded to the sulfo-Tyr-
containing loop, altered its position near the FSHR transmembrane domain (Jiang
et al. 2013).

Carbohydrate Structures Attached to Gonadotropins

Glycosylation is an important posttranslational glycoprotein hormone modification
that impacts folding, stability, clearance, receptor-binding affinity, and receptor
activation. Heterogeneity comes in two forms, macroheterogenity resulting from
the absence of one or more oligosaccharide chains from a hormone variant and
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microheterogeneity resulting from variation in the structures of glycans attached to
the hormone.

All LH N-glycosylation sites are quantitatively occupied by oligosaccharides. In
equine LH from the horse, 12, partially O-glycosylated Ser and Thr residues have
been reported (Bousfield et al. 2001). There is a variant LHB allele in the human
population (see below), in which both Asn'® and Asn® glycosylation sites are
present (Haavisto et al. 1995). This variant exhibits shortened survival in the
circulation (Suganuma et al. 1996). Macroheterogeneity in CG occurs at both the
N-glycosylated core and in the O-glycosylated CTP (Bedows et al. 1992). Structural
evaluation of CG from several sources has indicated that partial CGp
N-glycosylation occurs only at Asn'’ (Valmu et al. 2006), while partial
O-glycosylation occurs at either Ser'?” or Ser'*? (Liu and Bowers 1997; Valmu
et al. 20006). Exactly which Ser residue lacks carbohydrate is unknown because both
residues reside in the same peptide.

FSH macroheterogeneity occurs at either one or both FSHf N-glycosylation sites
(Davis et al. 2014) (Fig. 6). Two FSHf bands appear in Western blots: a 24 kDa band
that possesses both Asn’ and Asn** N-glycans (designated as fully glycosylated,
24 k-FSHp) and a 21 kDa band that lacks Asn** glycan (hypo-glycosylated, 21 k-
FSHp) (Bousfield et al. 2014b; Walton et al. 2001) (Fig. 6). The corresponding FSH
heterodimers are designated FSH** and FSH?', respectively. Purified FSH?'

« LR LN XY
B4 " /? *.\7: q.! A
24k-FSHpB % 21k-FSHpB 18k-FSHpB 15k-FSHPB
7 24 7 24 7 24 7 24
a hFSH24 b hFSH21 Cc hFSH18 d hFSH15

Fig. 6 Human FSH glycoform models. The protein moieties are indicated as cartoons, with FSHa
colored green and FSHf colored cyan. The oligosaccharide models are shown as spheres. Each
model was built by attaching the most abundant glycan at each site using the web-based tool
GLYCAM-Web (Woods Group. (2005-2016) GLYCAM Web. Complex Carbohydrate Research
Center, University of Georgia, Athens, GA. (http://glycam.org)) (See Fig. 4 and Varki et al. 2015)
for symbols)
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preparations include a second hypo-glycosylated variant, 18 k-FSHf, which lacks
the Asn’ glycan. The corresponding heterodimer is designated as FSH'S. A
completely non-glycosylated hFSHp subunit variant was detected in 21 kDa-FSHf
and 24 kDa-FSHp preparations by matrix-assisted laser desorption (MALDI)-MS
(Walton et al. 2001). A 15 kDa-FSHf subunit band was detected in pituitary extracts
from transgeneic mice that expressed a double glycosylation mutant hFSHP (Wang
et al. 2016a). This variant was designated FSH'>. Despite pituitary expression of
15 kDa-FSHp, very little FSH'® was found in the circulation. Under nonreducing
conditions, FSH' heterodimer was undetectable in FSHP Western blots, as if the
absence of carbohydrate affected heterodimer formation and/or stability. Thus, there
appear to be three physiologically relevant FSH variants, FSH**, FSH?', and FSH'®,

In vitro and in silico studies have shown that hypo-glycosylated pituitary hFSH
preparations exhibit higher FSHR binding activity and bioactivity as compared to
fully glycosylated FSH (Bousfield et al. 2014a; Jiang et al. 2015; Meher et al. 2015).
Thus, similar to the influence of microheterogeneity on the ability of the gonadotro-
pins to activate and trigger intracellular signaling, FSHf macroheterogeneity may
also contribute to its bioactivity. In fact, recent in silico studies on complexes
between the hormone-binding domain of the hFSHR (Fan and Hendrickson 2005)
and different FSH glycoforms revealed that FSHR complexed with FSH'> exhibited
greater conformational flexibility and more favorable kinetic profile than FSH**.
Greater binding free energy was indicated, due to formation of closer and more
persistent salt bridges of both variant a- and B-subunits with the receptor (Meher
et al. 2015). Thus, a more stable FSHR interaction with hypo-glycosylated FSH
relative to fully glycosylated FSH suggests mechanisms for the differences in
biological effects for fully and partially glycosylated FSH in vivo and in vitro
(Bousfield et al. 2014a; Jiang et al. 2015). Further, the recent model of the FSHR
as a functional trimer (see below) (Jiang et al. 2014b) supports in vitro data showing
that binding of bulky, fully glycosylated FSH to the FSHR is delayed and occurs at a
slower rate compared to that shown by a more compact hypo-glycosylated variant
possessing largely oligomannose glycans (Bousfield et al. 2014a). In this model,
FSH?* with 3—4-branch glycans requires more time to fit the aAsn>* glycan into the
central cavity of the receptor trimer than the hypo-glycosylated FSH variants bearing
truncated, 2-branch glycans at this position (Jiang et al. 2014b). This model may also
explain the different receptor binding activities and in vitro biological potencies of
distinct FSH glycoforms with variations in sialic acid content, internal structure of
the carbohydrate chains, and complexity of glycans (Ulloa-Aguirre et al. 1995;
Creus et al. 2001). Human FSH macroheterogenity is of physiological significance
as FSH?* represents approximately 80% of hFSH in pooled pituitary and urinary
hFSH samples from postmenopausal women, while FSH?' represents 52-70%
pituitary FSH derived from autopsies of reproductive age women (Bousfield et al.
2007, 2014a, b). Further, FSH?' abundance is correlated with the age of the donor:
FSH?' abundance is greater in pituitaries of younger women and decreases over
reproductive life. In postmenopausal women hFSH?* is the dominant glycoform
(Bousfield et al. 2014a). Recent studies showing circulating levels of hypo- and fully
glycosylated FSH and LH varying across the menstrual cycle suggest hormonal
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control of glycosylation (Wide and Eriksson 2013). Recombinant hFSH'> was found
to be cleared from the circulation faster than recombinant FSH** (Bishop et al.
1995). Studies of human pituitary extracts revealed that pituitary FSH from young,
cycling women cleared more rapidly than FSH from postmenopausal women (Wide
and Wide 1984). These findings may have important implications for the pharma-
cological treatment of infertility in assisted reproduction, particularly considering
that the relative abundance of hypoglycosylated FSH in recombinant FSH prepara-
tions produced in CHO cells is comparatively lower than that present in the pituitary
of young women.

Microheterogeneity at each N-glycosylation site has been evaluated by nuclear
magnetic resonance (NMR) for CG, hLH, and human TSH (Hiyama et al. 1992;
Weisshaar et al. 1991a, b). NMR provides quantitation and the least ambiguity in
structure determination, provided sufficient material of acceptable purity is available
for study. The same 14 bi-antennary oligosaccharides were observed at each hLH
glycosylation site (Weisshaar et al. 1991b). The relative proportion of each glycan
differed at each site, and a-subunit glycans lacked core-linked fucose, while LHf
glycans possessed it (Fig. 4). Human LH possessed significant sialic acid content, in
contrast to other mammalian LH prepartions, in which sialic acid is rare (Green and
Baenziger 1988). A novel charateristic of hLH glycans was sialic acid linked to Gal
residues by both a(2—6) and ®(2-3) linkages (Weisshaar et al. 1991b). In CG, all
sialic acids were a(2—3) linked. Sialic acid was also linked to hLH GaINAc residues
(Renwick et al. 1987), so that in this gonadotropin sialic acid is attached to both Gal
and GalNAc. In other glycoprotein hormones, GalNAc usually is sulfated. Ion
mobility mass spectrometry has identified at least 82 oligosaccharides in two
samples of LH glycans from each glycosylation site. Both BAsn®° and aAsn’® glycan
populations consisted of 6465 oligosaccharides, while aAsn’* possessed 74 gly-
cans. Oligosaccharide structures ranged from mono-antennary to either tetra-
antennary or tri-antennary with lactosamine repeats. The larger glycans were low
in abundance, rarely exceeding 1% relative abundance, with 4% the highest level
observed in the aAsn®® glycan samples. The most abundant glycans were
bi-antennary and terminated with sulfate, sialic acid, or both. Sulfated glycans
were lowest in abundance (20-30%) at «Asn’®. Sulfate decorated almost half of
BAsn3 % glycans, and these were more abundant than sialylated aAsn>? glycans. Both
glycans are located at one end of LH, while aAsn’® oligosaccharides are at the
opposite end. The most abundant glycan detected by NMR at each site was among
the more abundant, if not the most abundant, structure for the corresponding site that
was identified by mass spectrometry.

An early study of CG N-glycans reported four bi-antennary structures and one
mono-antennary (Endo et al. 1979). The bi-antennary structures differed by the
presence of core fucose in those derived from CGf, no fucose in those derived
from CGa, and either one or two sialic acid residues. Another early report of CG
N-glycans detected only a disialylated, bi-antennary N-glycan at all four sites,
with core fucose only attached to those derived from the B-subunit (Kessler et al.
1979b). In CGa, NMR identified four Asn’? N-glycans, and a sialylated, mono-
antennary glycan represented 50% of this population (Fig. 4). Two hybrid-type
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oligosaccharides accounted for 29%, while a disialylated, bi-antennary glycan
represented 18%. The latter structure represented 61% of the Asn’® glycan
population and a mono-antennary glycan the remaining 39%. For CGBp,
disialylated, bi-antennary glycans formed the majority of the glycan populations
at both sites; however 100% Asn'? and 30% Asn*° glycans were core fucosylated.
The other glycan at these sites was a mono-antennary glycan like that at Asn’>,
plus fucose. Mass spectrometry analysis confirmed the Asn*® populations (Liu
and Bowers 1997). However, seven N-glycans were found at Asn'’, including
tri-antennary glycans, like those reported previously for choriocarcinoma CG
(Endo et al. 1988; Mizuochi et al. 1983). The major N-glycan was like that at
aAsn’®, disialylated, bi-antennary, and lacking core fucose. This glycan was also
the most abundant pregnancy CGp Asn'? glycan identified by a more recent mass
spectrometry report that identified 14 N-glycans, largely lacking core fucose
(Valmu et al. 2006). Invasive mole- and testicular cancer-derived CGf Asn'?
glycans exhibited increased mono- and tri-antennary glycan abundance, along
with increased core fucosylation. At Asn’®, mass spectrometry confirmed a
reduced level of heterogeneity relative to that at Asn'’. Initially only two
fucosylated, bi-antennary glycans possessing either one or two sialic acids were
found (Liu and Bowers 1997). A subsequent study identified small amounts of
nine additional glycans (Valmu et al. 2006). These remain the most abundant in
cancer CG, despite increased mono- and tri-antennary glycan abundance.

Until the development of suitable mass spectrometry procedures, hFSH micro-
heterogeneity was only evaluated at the whole molecule level (Green and Baenziger
1988; Renwick et al. 1987). Proteinase K glycopeptide mass spectrometry studies
identified as many as 11 oligosaccharides at pAsn®* and aAsnZ, but only 2—4 at
BAsn’ and aAsn’® (Dalpathado et al. 2006). Mass spectrometry analysis of aAsn>>
oligosaccharides released from intact hFSHa with peptide-N-glycanase F
(PNGaseF) identified 109 unique glycan structures. These were sialic acid deriva-
tives of about 30 core glycan structures. Many possess the same number of sialic
acid residues, but differ by their position on the glycan branches or by linkage to the
Gal or GalNAc residues. Site-specific pituitary FSH oligosaccharide analysis
revealed core fucose in over 95% of FSHp oligosaccharides, but less than 5%
FSHa oligosaccharides. The relative abundance of each FSH glycan shown in
Fig. 4 is relatively low because of the degree of heterogeneity, as 67 glycans were
identified in the FSHf samples and 48 in the FSHa samples.

Biosynthesis of the Gonadotropins

Signaling Pathways and Transcriptional Regulation of the a-
and B-Subunit Genes

As mentioned previously, control of LH and FSH synthesis and secretion is complex
and involves a coordinated interplay between the gonads, the pituitary, and the
hypothalamus (Fig. 1). The hypothalamic component is represented by the
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decapeptide gonadotropin-releasing hormone (GnRH), synthesized by specialized
neurons predominantly located in the arcuate nucleus of the mediobasal hypothala-
mus and in the preoptic area of the anterior hypothalamus. The axons of these
neurons project either to various regions of the brain, where GnRH acts as a
neurotrasmitter or neuromodulator of reproductive behavior, or to the median emi-
nence; here, the decapeptide enters the portal circulation to reach the pituitary
gonadotropes of the adenohypophysis (Ulloa-Aguirre and Timossi 2000). The
secretion of GnRH into hypophyseal portal circulation occurs in a pulsatile manner
(Knobil 1980; Marshall et al. 1991; Wildt et al. 1981); the episodic GnRH secretion
is finely regulated by the coordinated interaction between hypothalamic neurons of
the arcuate nucleus that co-express kisspeptins, neurokinin B, and dynorphin (KNDy
neurons) and the GnRH-producing neurons. Neurokinin-B and dynorphin operate
reciprocally as major positive and negative regulators of the episodic release of
kisspeptin, which in turn is the effector of this neuronal complex for the stimulation
of the neurosecretory activity of GnRH neurons via interaction with its receptor,
KISS1R (Skorupskaite et al. 2014).

Once in the gonadotrope cells, GnRH interacts with its cognate receptor
(GnRHR) to induce gene expression as well as stimulus secretion of gonadotropins
(Ciccone and Kaiser 2009). In fact, GnRH-regulated expression of gonadotropin o-
and B-subunits provides a genomic signature unique to functional gonadotropes.
Nevertheless, many pathways need to converge to achieve the complexity and, more
importantly, the differential regulation of LH and FSH subunit expression, a first step
toward production and secretion. The activation of signaling pathways promoting
the interaction of distinct transcription factors with specific response elements,
present in the gonadotropin subunit promoters, to control differential gonadotropin
gene transcription, varies depending on the cell context and experimental conditions
(Grosse et al. 2000; Stanislaus et al. 1997, 1998; Sviridonov et al. 2013). In primary
pituitary cultures, G-GH3, and LPT2 cells, the GnRHR couples to G, and Gy,
proteins but not G;, whereas in aT3-1 pituitary precursor cells, Chinese hamster
ovary (CHO)-K1 cells, and COS-7 cells, the GnRHR appears to couple almost
exclusively to the Gy protein (Grosse et al. 2000; Han and Conn 1999; Liu et al.
2002; Tsutsumi et al. 2010). Coupling to other G proteins has also been reported
(Kraus et al. 2001; Naor and Huhtaniemi 2013). Consequently, increases in a number
of distinct second messengers including cAMP, inositol 1,4,5-trisphosphate, Ca",
and diacylglycerol (DAG), as well as activation of multiple protein kinase-mediated
signaling pathways following GnRH exposure, are important for decoding the
GnRH signal by the gonadotrope and stimulate frequency-dependent, differential
LH and FSH synthesis and secretion (Naor and Huhtaniemi 2013). Nevertheless,
some of these studies employed acute tonic treatment rather than the natural pulsatile
stimulation, which is known to be fundamental for gonadotropin gene transcription
(Ferris and Shupnik 2006; Shupnik 1990). More specifically, the gonadotrope
responds to pulsatile GnRH stimulation activating signaling cascades mediated by
MAPKs (mitogen-activated protein kinases), including ERK1/2, (extracellular
signal-regulated kinase), JNK (jun N-terminal kinase), and p38 (Kanasaki et al.
2005; Naor 2009). In particular, it seems that ERK1/2 phosphorylation and
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translocation to the nucleus are involved in differential transcriptional regulation of
LHp and FSHp genes through GnRH-provoked activation of MAPK phosphatases,
particularly DUSP1 (dual-specificity kinase), which allow for differential activation
patterns of these kinases (Purwana et al. 2011; Zhang and Roberson 2006). Addi-
tional signaling cascades involved in differential synthesis of gonadotropin
B-subunits include those dependent on either the PKA/cAMP pathway (see
below); the Ca®*/calmodulin/calcineurin pathway, which allows nuclear transloca-
tion of the nuclear factor of activated T cells (NFAT) upon cell exposure to GnRH
(Armstrong et al. 2009; Tsaneva-Atanasova et al. 2012); or the WNT/B-catenin
signaling pathway (Salisbury et al. 2008).

Transcriptional Regulation of the Common «a-Subunit Gene («GSU)
Although the a-subunit is produced in excess of the gonadotropin B-subunits and
aGSU transcription does not appear to be tightly regulated by GnRH pulse fre-
quency, as occurs with the p-subunits, some studies have indicated that a-subunit
transcription is favored by fast-frequency (interpulse interval 8-30 min) GnRH
pulses (Haisenleder et al. 1991; Shupnik 1996) and that it can be regulated by
gonadal factors (Heckert et al. 1997). The best-characterized mechanism for tran-
scriptional activation of the a-subunit gene is the cAMP/PKA pathway (Haisenleder
et al. 1992). In the human gonadotrope, the a-subunit promoter exhibits two
tandemly repeated cAMP/PKA response elements (CRE) located at positions
—146 to —111 relative to the transcription initiation site (Jameson et al. 1986),
which binds the nuclear CRE-binding proteins, including CREB, CRE modulator,
and c-Jun/ATF2 heterodimers, to activate gene transcription. Other regulatory ele-
ments involved in basal transcription of the aGSU include the homeobox 1 (Pitx1)
response element (Jorgensen et al. 2004; Quirk et al. 2001) and GSE (gonadotrope-
specific element) (Barnhart and Mellon 1994; Horn et al. 1992; Ingraham et al.
1994), as well as the GnRH-responsive unit at the distal 5" regulatory region (which
also defines aGSU expression in a cell-specific manner) comprised by elements
PGBE, aBE1 and 2, and Ets binding sequence, which bind several factors including
members of the LIM homeodomain family aBP1 and 2, and Ets (Heckert et al. 1995;
Jorgensen et al. 2004). Meanwhile, the aGSU promoter regions implicated in GnRH-
regulated aGSU transcription mainly include PGBE, aBE, and the Ets sequence,
with CRE at the proximal promoter region interacting with the former elements.

A number of regulatory elements have a key role on the transcriptional regulation
of aGSU in trophoblasts; these include JRE (junctional regulatory element, which
binds Distal-less 3 or DIx3), TSE (trophoblast-specific element, which binds acti-
vating protein 2 or AP2), and the CCAAT box, as well as CRE and «ACT (with the
latter binding GATA-binding proteins 2 and -3) (Bokar et al. 1989; Budworth et al.
1997; Johnson et al. 1997; Knofler et al. 2000, 2001; Nilson et al. 1989; Pittman et al.
1994; Steger et al. 1994).

Transcriptional Regulation of the Specific B-Subunit Genes
Several transcription factors participate in the cell-specific activation and hormone-
regulated differential expression of the f-subunits. In the case of the FSHp, synthesis
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of this subunit represents the rate-limiting step for FSH dimer synthesis and consti-
tutive secretion from the gonadotrope. The FSHp gene promoter contains in its 5’
proximal flanking region a half cAMP-response element/AP1 site, which binds
CREB as well as c-Fos and c-Jun, both members of the AP1 family. In fact, the
CREB consensus binding sequence (TGACGTCA) is very similar to that of AP1.
This GnRH-responsive element and inducible cAMP early repressor (ICER) have
been implicated in the regulation of murine FSHf gene expression. CREB binds to
cAMP response elements on the FSHp gene promoter and could give rise to the
differential GnRH pulse effect on gonadotropin gene expression by recruiting CREB
binding protein (CBP) at slow pulse frequency of the decapeptide. In this scenario,
high pulse frequency of GnRH may increase ICER, which binds to CRE on the
FSHp gene promoter, thereby dampening gene transcription (Ciccone et al. 2010).
Thus, the induction of this, and other negative regulatory transcription factors (such
as SKIL and TGIF1 (Mistry et al. 2011)), could potentially provide a mechanism for
the differential regulation of gonadotropin gene expression under low and high
GnRH pulse frequency. Low pulse (interpulse interval 120240 min) favors and
high pulse represses FSHf gene transcription. Distal to the GnRH-responsive ele-
ment described above is a cis-eclement that binds Nur77, which seems to regulate
GnRH-induced derepression of the murine FSHf gene (Lim et al. 2007; Wurmbach
et al. 2001).

As discussed above, LHf subunit gene transcription is promoted by high fre-
quency GnRH pulses (interpulse interval ~60 min in in vitro systems (Lawson et al.
2007)), which in turn provoke MAPK activation and LHf transcription through
rapid induction of the immediate early gene Egr-1 which interacts with basal factors
to induce LHp transcription (reviewed in (Jorgensen et al. 2004)). In rodents, Egr-1
sites are located in tandem with SF-1 sites at either site of homeodomain element
(HD) that interacts with Ptx1 (Tremblay et al. 1999); these three elements act
synergistically to promote GnRH-induced LHf transcription and also interact with
[B-catenin to increase LHp transcription (Salisbury et al. 2008). Meanwhile, the
scafold protein p300 allows interaction between these proximal promoter sites and
the more distally located SP-1 and CArG elements, also involved in pulsatile LHf
transcription (Mouillet et al. 2004). Apparently, the GnRH frequency-regulated LHf
transcription is governed by the interplay between ubiquitin, which establishes
on-off cycling of SF-1 and Erg-1 factors at the LHP promoter, and the Egr repressor
proteins Nab1/2 (NGFI-A binding proteins) which are induced by low frequency
GnRH pulses (Lawson et al. 2007).

The dynamics of gonadotropin synthesis is complex and includes the interplay
among several endocrine, paracrine, and autocrine factors that may directly influence
on the gonadotrope response to the GnRH stimulus. It is known that sex steroid
hormones and glucocorticoids regulate gonadotropin synthesis and secretion by
acting at the hypothalamus and the pituitary. Estrogens exert both positive and
negative feedback on gonadotropin synthesis and secretion, with the negative
feedback occurring mainly at the hypothalamic level through inhibiting kisspeptin
and neurokinin B release from KNDy neurons, thereby reducing their stimulatory
input to GnRH neurons, which lack estrogen receptor-a (Garcia-Galiano et al. 2012;
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Shupnik and Fallest 1994; Skorupskaite et al. 2014). Although the positive feedback
of estrogens also occurs through effects at the hypothalamus KNDy neurons (Garcia-
Galiano et al. 2012), it has been demonstrated that estrogens, acting via the estrogen
receptor-a, promote LHP gene transcription either directly through binding an
imperfect estrogen response element in the distal LHf promoter of the rat gene
(Shupnik and Rosenzweig 1991) or interacting with SF-1 and Ptx1 (Luo et al. 2005)
or indirectly by influencing expression of activators (e.g., Egr-1) and repressors of
transcription (Kowase et al. 2007). Although estrogens exert a suppressive effect on
FSHp gene transcription by interaction with the estrogen receptor-a, the mechanism
through which this is effected is still unclear. Progesterone, another steroid hormone
produced by the gonads, mainly by the corpus luteum and placenta, regulates
gonadotropin synthesis and secretion through effects at the hypothalamus and the
pituitary. The effects at the gonadotrope level have been difficult to analyze due to
the need of estrogens to induce the progesterone receptor. In LPET2 cells over-
expressing the progesterone receptor, exposure to progesterone suppressed basal
and GnRH-induced LHf gene expression, an effect that required the presence of
elements within -300/-150 of the LHP promoter but not direct interaction of the
steroid-progesterone receptor B complex with the promoter (Thackray et al. 2009;
Thackray et al. 2010). By contrast, progesterone exerts facilitatory effects on FSHf
gene transcription through direct interactions of the activated progesterone receptor
with hormone response elements of the FSHP} promoter (Thackray et al. 2006). A
similar effect has been observed for androgens and glucocorticoids, which may
downregulate and upregulate, respectively, LHp and FSHp transcriptional activation
through direct interactions of the activated androgen receptor with either rat Sp1 or
bovine SF-1 factors (to repress GnRH-induced LHp gene transcriptional activation)
or with hormone response elements (to promote FSHP gene transcription)
(Jorgensen et al. 2004; Spady et al. 2004; Thackray et al. 2006). In both human
and mouse aGSU promoters, androgens suppress transcriptional activation of the
aGSU gene through interaction with CRE-binding proteins (Jorgensen et al. 2004).

Another endocrine factor that regulates gonadotropin p-subunit expression is
leptin, a protein hormone mainly synthesized in adipose tissue. In addition to
regulating appetite and metabolism, in several animal species, including humans,
leptin is also important in regulating reproductive function by acting at both the
hypothalamus and the pituitary (Clement et al. 1998; Issad et al. 1998; Strobel et al.
1998). In the pituitary, leptin increases the synthesis and secretion of LH and FSH,
and its effects on the transcriptional regulation of LHP and FSHf genes are mediated
by the LIM-homeodomain transcription factor Isl-1 gene (Wu et al. 2010). This
effect on gonadotropin synthesis may apparently be counteracted by central leptin
resistance in conditions of energy excess, such as obesity, which is frequently
associated with low serum gonadotropin levels, hypogonadism, and subfertility
(Chou and Mantzoros 2014).

There is compelling evidence that activin as well as growth differentiation factor
9 (GDF9) and bone morphogenetic proteins (BMP), all members of the transforming
growth factor B (TGFp) superfamily, act synergistically with GnRH to regulate
transcriptional activation and mRNA expression of FSHB in an autocrine manner.
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Activins are protein factors produced in multiple tissues, including the gonads and
the pituitary gland, where they act in an autocrine/paracrine manner (Bilezikjian
et al. 2004; Knight and Glister 2001). Activin, produced by the gonadotropes, binds
to type I/type II serine/threonine receptor kinases to activate the SMAD signaling
cascade (SMAD?2 and -3, which partner with the common SMAD 4 and translocate
to the nucleus) to regulate gene transcription (Gregory and Kaiser 2004). In in vitro
and in vivo murine models, activin-activated SMADs regulate transcription of at
least two genes: the FSHf gene and the follistatin gene (which binds activin, thereby
inhibiting its effects on the gonadotrope) and also probably the GnRHR gene
(reviewed in (Fortin et al. 2015)). The effect of activin on the increase in FSHf
gene transcription is exerted through binding of SMADs to SMAD-binding elements
(SBE) as well as to forkhead-binding elements (FBE) in complex with the transcrip-
tion factor forkhead box L2 (FOXL2) (Bernard and Tran 2013; Blount et al. 2009;
Lamba et al. 2009; Tran et al. 2013; Zawel et al. 1998). Meanwhile, activin regulates
follistatin gene expression apparently through binding of SMADs and FOXL2 to an
enhancer located at the 3’-end of intron 1 (Blount et al. 2008). In contrast to activin,
the structurally related hormone inhibin (which is mainly synthesized in the gonads,
but also in the pituitary) prevents activation of the activin-mediated SMAD signaling
pathway and consequently FSHP gene transcription by blocking, complexed with
the TGFp-type III receptor (betaglycan), the binding of activin to its type-II receptor
(Lewis et al. 2000; MacConell et al. 2002). Another member of the TGFp super-
family, GDF9, is also expressed in primary pituitary cultures and gonadotrope cell
lines (Wang et al. 2009). It has been shown that GDF9 is an autocrine inducer of
mouse FSHf gene transcription acting via Smad2/3 activation. Since GDF9 expres-
sion is preferentially suppressed by high frequency GnRH pulses, this particular
factor has been proposed as an additional local regulator of GnRH frequency-
dependent expression of this gonadotropin subunit (Choi et al. 2014; Pincas et al.
2014). Finally, bone morphogenetic proteins (BMPs), specifically BMP4, 6, and
7, can modify activin- as well as GnRH-mediated gonadotropin release by increasing
mRNA levels of FSHf subunits (Nicol et al. 2008; Takeda et al. 2012). Thus, there is
an important functional link between all these members of the TGFf superfamily and
GnRH stimulation, providing short-loop feedback and thereby fine-tuning FSHf
gene expression.

Pituitary adenylate cyclase-activating polypeptide (PACAP) belongs to the vaso-
active intestinal peptide-secretin-glucagon peptide superfamily and is produced in
both the hypothalamus and the pituitary. It is now recognized that PACAP acts either
alone or with GnRH to stimulate expression of each gonadotropin subunit as well as
transcription of GnRHR. In LPT3 cells, expression of PACAP and its receptor are
increased at low-frequency GnRH pulses leading to preferential increase in FSHf
expression, as opposed to cells exposed to high-frequency GnRH pulses, where
follistatin mRNA is increased without modifications in PACAP receptor expression,
provoking preferential increase in LHP gene transcription (Kanasaki et al. 2009,
2013). Like GnRH, differential regulation of gonadotropin gene expression can be
achieved by modulation of the signal frequency of PACAP; although both LHp and
FSHp genes expression may be upregulated by pulsed administration of PACAP,
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high-frequency pulses increase LHf gene expression more than FSHp gene expres-
sion, while low-frequency pulses have the opposite effect (Kanasaki et al. 2009).

The regulation of chorionic gonadotropin p-subunit transcription in the placenta
has been studied in some detail. As mentioned previously, the CGp subunit is
encoded by at least six nonallelic genes (CGB) named CGBI-2 (both pseudogenes),
CGB3,CGBS5, and CGB7-8 (Policastro et al. 1983), with CGBS and CGB)S being the
most actively transcribed in the placenta (Cocquebert et al. 2012; Nagirnaja et al.
2010; Rull and Laan 2005). Transcription of this subunit is stimulated by multiple
factors including steroid hormones (i.e., progesterone and corticoids), small peptides
(GnRH) and growth factors (EGF), cytokines (IL6), leptin, PPARS, and activators of
the cAMP signaling pathway (reviewed in (Fournier et al. 2015)). The synthesis of
the CGp subunit is mainly controlled by response elements located in the proximal
(=315 to +114) region of the promoter that bind AP2a and Sp1 and 2 transcription
factors, with AP2a binding promoted by cAMP and with distinct expression patterns
of Sp factors, depending on the stage of gestation (Knofler et al. 2004).

Gonadotropin Subunit Assembly, Processing, and Secretion

As described above, initiation of events that lead to pituitary gonadotropin gene
expression rests at the level of secretagogues and is modulated by several factors.
The biosynthesis of the gonadotropin subunits can be considered in three steps:
(a) translation involving the cytoplasm and the endoplasmic reticulum (ER),
(b) glycosylation and assembly taking place in the ER (Fig. 7), and (c) processing,
packaging, and secretion, which occurs in the the Golgi and secretory vesicles. In
GPHs, both subunits are glycosylated, and the timing of glycosylation relative to
translation and transfer to the ER, as well as protein folding and assembly, is still
incompletely understood. Since the glycoprotein hormones are heterodimeric, it
could be anticipated that expression of the genes that encode the o- and B-subunits
is coordinated; in fact, expression of the pituitary gonadotropin subunits is regulated
by GnRH frequency-determined triggering of signaling pathways in the
gonadotrope. Moreover, production of either subunit alone would be in vain without
a partner to form the active hormone heterodimer. There also appears to be an
interdependent relationship between glycosylation and dimer formation; glycosyla-
tion is essential for subunit association, and conversely, association is important for
glycan processing and maturation (Matzuk and Boime 1988a, b, 1989; Wang et al.
2016a). In fact, failure of the a-subunit to associate with the B-subunit leads to
aberrant glycosylation of the former (see below).

Gonadotropin Subunit Assembly
Folding and assembly of gonadotropin subunits occur in the ER. As discussed above,

each gonadotropin subunit is divided into three large loops by the so-called cystine
knots, which are critical for establishing subunit conformation. The crystal structures
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Fig. 7 Generation of gonadotropin oligosaccharide diversity. A preformed N-glycan precursor,
GlcNAc,MangGles, is transferred en bloc from dolichol pyrophosphate to an Asn residue in the
—Asn-Xaa-Thr— sequence found at highly conserved, homologous positions in the nascent a- or
B-subunit chain by the enzyme complex oligosaccharyl transferase. Glucose trimming leads to
calnexin- or calreticulin-mediated chaperone recruitment and subunit folding. Folded subunits lose
one Man residue, which enables them to be loaded into transfer vesicles bound for the cis Golgi.
Mannosidase trimming removes three more residues. In the medial Golgi, GlcNAc transferase 1
adds the first residue of a complex branch, and this is generally followed by a-mannosidase
trimming of two more Man residues. The precursor is decorated with additional GlcNAc residues
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of human CG and hFSH show that the subunits of the o/p heterodimer are arranged in
an antiparallel fashion, with three cystine-knot loops at opposite ends (Fox et al.
2001; Lapthorn et al. 1994; Wu et al. 1994). The a- and B-subunit cystine-knot
domains orient in a head-to-tail 2—1/1-2 manner and the p-subunit carboxy-terminal
tail is wrapped around the a-subunit; during heterodimer assembly, the a-subunit loop
L2 is surrounded by residues located in the core of the f-subunit as well as by residues
on the other side that have been likened to a seat belt, whose carboxyl-terminus is
latched by a disulfide bond to a cysteine residue in loop 1 of the B-subunit (Bousfield
and Dias 2011). The earliest model of assembly proposed that heterodimer assembly
occurred by a wraparound mechanism with the seat belt latched after subunit docking
(Ruddon et al. 1996). In this model, the folded a-subunit is ready for association,
whereas the B-subunit needs formation of a disulfide bond between residues 93—100
to limit the flexibility of its carboxyl-terminus and become dimerization competent.
Thereafter the subunits dock, forming an o/fp dimer which becomes
conformationally active upon formation of a 26—110 disulfide bridge that stabilizes
functional CG (Ruddon et al. 1996). In a series of elegant mutagenesis studies,
Moyle’s group later proposed alternative models for subunit assembly of the GPHs
CG, hFSH, and human TSH in which assembly occurs afier the seat belt is latched
(Xing et al. 2001a, b, 2004b, c), as well as for differential pathways for CG and hLH
subunit assembly (Bernard et al. 2014). Heterodimer assembly is driven by subunit
contacts that allow formation of a parallel p-sheet composed of a- and p-subunit loop
2 residues as shown by the three-dimensional structures of CG and hFSH (Fox et al.
2001; Lapthorn et al. 1994; Wu et al. 1994). In the threading mechanism proposed
(Xing et al. 2001b, 2004a;), the 26—100 seat belt loop disulfide bond in the folded
CGp has already been formed while the 93—100 disulfide bridge (which stabilizes a
small loop in the amino-terminal end of the seat belt) is disrupted (a process that will
facilitate the subsequent threading of the a-subunit) leading to enlargement of the
seat belt loop. Then the a-subunit with a compact glycan (at aAsn®?) threads through
the enlarged seat belt loop, leading to an inactive o/f dimer. Active CG conformation
in the a-subunit loop L2 is achieved when the 93—100 disulfide bridge reforms. In
contrast to CG, in the case of hLH subunit assembly, the p-subunit is incompletely
folded as it remains attached to the molecular chaperone BiP (Meunier et al. 2002;
Ulloa-Aguirre et al. 2004). Folding of the B-subunit requires the mandatory presence
of the a-subunit, which acts as a chaperone, as well as disruption of the a7-31
disulfide bridge, which then will allow assembly of the heterodimer after the
B-subunit has folded by a wraparound mechanism (Bernard et al. 2014). Thus,
assembly of hLH is different from that of CG. The more complex LH heterodimer

<
«

Fig. 7 (continued) to initiate the second, third, or fourth glycan branch. A specific GlcNAc
transferase initiates each branch. In the trans Golgi, the branches are extended by addition of Gal
or GalNAc residues and the branches terminated with Neu5Ac or sulfate, respectively, although in
LH and FSH, some GalNAc residues are sialylated. Fucose is also added in this compartment (See
Fig. 4 and (Varki et al. 2015) for symbols)
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formation, including the a-subunit dependency of p-subunit folding, explains why
unassambled, free CG may be secreted, whereas free LHf is not.

Processing

Glycosylation is the most important posttranslational modification in GPHs, since it
influences many processes and functions of the hormone before and after secretion.
In vitro studies in CHO cells expressing mutant CGa- or CGf have revealed that
glycans in the f-subunit are both important for assembly with the a-subunit and for
secretion of the hormone, whereas carbohydrates at positions «Asn’® and aAsn®
seem important for subunit stability and dimer secretion, respectively (Matzuk and
Boime 1988b, a). Further, recent studies in transgenic mice lacking glycans on FSH
B-subunit showed that N-linked glycans on this subunit are essential for both its
efficient assembly with the a-subunit to form o/fFSH heterodimer and for FSH
secretion (Wang et al. 2016a).

Glycosylation of GPHs begins in the rough ER (RER) with the co-translational
transfer of a dolichol-linked oligosaccharide precursor to asparagine residues at
Asn-X-Ser/Thr N-glycosylation consensus sites (Baenziger and Green 1988;
Helenius and Aebi 2001) (Fig. 7). While the identity of the “X” amino acid residue
in Asn-X-Ser sequences can significantly affect glycosylation efficiency (Shakin-
Eshleman et al. 1986), all gonadotropin glycosylation sites are Asn-X-Thr-type,
which are not affected by the middle residue. Further modifications by exo-
glucosidases and by a-mannosidases yield a common core composed of two
N-acetyl glucosamine (GlcNAc) residues linked to three mannose (Man) residues.
Dimer formation (discussed above) and trimming of glucose and mannose residues
to a MangGlcNAc, occur in the RER. Mannose trimming concludes in the cis-Golgi
apparatus and is followed by extensive processing of the oligosaccharides attached
to the protein core in the medial and trans-Golgi, leading to formation of mature
glycans (Helenius and Aebi 2001).

Multiple enzymes are involved in the glycosylation of glycoprotein hormones and
include glucosidases and mannosidases as well as a group of glycosyltransferases
[N-acetyl galactosamine (GalNAc)-transferases, N-acetyl glucosamine-transferases,
galactosyl- or galactose (Gal)-transferases, sialyltransferases, and sulfotransferases]
that markedly influence glycoprotein hormone glycosylation and sulfation (Damian-
Matsumura et al. 1999; Smith and Baenziger 1988, 1990, 1992) (Fig. 7). Some of these
enzymes require a specific recognition site in the primary sequence of the protein in
order to add a new carbohydrate residue to the nascent oligosaccharide chain, while
others may add it in a nonspecific manner (Smith and Baenziger 1988, 1990, 1992).
A particular GalNAc-transferase recognizes the -Pro-Xaa-Arg/Lys- motif in the
a-subunit when associated as an LHa/p dimer, adding a GaINAc residue to its glycans
yielding a terminally sulfated sequence (Smith and Baenziger 1988, 1992), which is a
characteristic feature of glycans in hLH. The particular peptide sequence for this
GalNAc-transferase is present in the a-subunit as well as in specific locations in
LHp and CGp. Human FSHf is minimally sulfated (Dalpathado et al. 2006) despite
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bearing a Pro-Leu-Arg sequence, which is ignored by the GaINAc-transferase probably
because its location differs from that of LHB and CGp. On the other hand, significantly
higher levels of sulfated glycans are associated with bovine, ovine, porcine, and equine
FSH preparations (Dalpathado et al. 2006; Green and Baenziger 1988). This specific
GalNAc-transferase has been detected in the pituitary but not in placental cells; hence,
pituitary CG differs from that synthesized by placental trophoblasts in that placental CG
does not bear terminal sulfate residues (Baenziger and Green 1988). Human LH
oligosaccharides are terminally processed by the consecutive actions of a GalNAc-
transferase and a sulfotransferase, which act as a catalyst for terminal sulfate transfer
(Dharmesh et al. 1993); since these particular enzymes are absent in CHO cells,
recombinant hLH produced by these cells is instead sialylated (Olivares et al. 2000).

The regulation of the remarkably different distribution of sialylated and sulfated
oligosaccharides in LH and FSH is of particular interest considering that both
glycoprotein hormones are synthesized within the same cell. In fact, it has been
shown that the p-subunits influence the oligosaccharide processing of the bound
a-subunit, particularly of the ®Asn’? oligosaccharide, thus accounting in part for the
differences in N-linked glycosylation between these gonadotropins (Bielinska et al.
1989; Corless et al. 1987). In this regard, it has been proposed that the presence of
the B-subunit may hinder the action of some processing enzymes or, alternatively,
that conformational changes between free and combined a-subunits may be dis-
tinctly recognized by glycosidases and glycotransferases (Bielinska et al. 1989).

In general, oligosaccharides on the B-subunits play a major role in determining
the metabolic clearance rate of gonadotropins (Bishop et al. 1995), whereas the
oligosaccharide in position aAsn>> is more important for the activation of the
receptor/signal transducer (G proteins) system and the subsequent biological
response (Matzuk et al. 1989; Sairam 1989; Sairam and Bhargavi 1985; Valove
et al. 1994). A potential role for the ®Asn’® glycan in FSH-mediated signal trans-
duction has been also proposed by two mutagenesis studies (Bishop et al. 1994;
Flack et al. 1994).

Secretion

As discussed in the preceding sections, differential regulation of LH and FSH synthesis
and secretion is modulated by GnRH pulse frequency and by changes in inhibins,
activins, follistatins, and sex steroids. The secretion of the gonadotropic hormones has
been studied in vitro by pulse-chase techniques, followed by immunoprecipitation of
the heterodimer and analysis of the labeled subunits by gel electrophoresis, as well as
in vivo by frequent sampling from the peripheral and/or hypophyseal portal circulation
(Flores et al. 1990; Jablonka-Shariff and Boime 2004; Jablonka-Shariff et al. 2002;
Padmanabhan et al. 1997). One of the first differences in secretion noted actually came
from a comparison of CG and hLH, which are very similar except for a f-subunit
carboxyl-terminal extension that is O-glycosylated in CG and is absent in LH. Using a
cell line that exhibits apical/basal secretion, it has been shown that CG is secreted
apically whereas LH is secreted basally (Jablonka-Shariff et al. 2002). Also known is
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that the apical secretion of CG is constitutive when compared to heterodimeric LH and
that the carboxyl-terminal tail of CGp, which is not present in hLH, is necessary for the
constitutive apical secretion of CG (Jablonka-Shariff and Boime 2009). When com-
pared to LH, FSH is found to sort info both apical and basolateral secretory compart-
ments, and in LH the signal for basolateral secretion is localized in the last seven amino
acids of the p-subunit (Jablonka-Shariff and Boime 2004). In contrast to LH, which is
stored in complex secretory granules, secreted in pulses, and associated with a midcycle
release from the gonadotrope upon GnRH stimulation, FSH is transported to the plasma
membrane in vesicles and then released to the portal circulation. Thus, the secretion of
FSH is constitutive, whereas that of LH is regulated by GnRH stimulation. In vitro
studies have determined that this difference is due to the hydrophobic stretch of seven
amino acids (LSGLLFL) in the LH tail described above (Jablonka-Shariff et al. 2008).
In fact, FSH secretion could be switched from the constitutive to the regulated pathway
both in vitro and in vivo by fusing that sequence to the carboxyl-terminal subunit tail of
FSH (Pearl et al. 2010; Wang et al. 2014). Further, experimentally modified FSHf
possessing this peptide sequence directed FSH to the regulated secretory pathway with
the interesting physiological consequence of inducing superovulation at every cycle
(Wang et al. 2014). Nevertheless, frequent and simultaneous sampling from peripheral
and/or hypophyseal portal circulation has found that although the constitutive (basal)
component of FSH secretion predominates, low-frequency GnRH stimulation leads to
coincident release of FSH in discrete pulses, which can not be detected in peripheral
circulation due to the low concentration of FSH and its relatively long plasma half-life
(to.5), unless deconvolution techniques are applied (Padmanabhan et al. 1997; Veldhuis
et al. 1987, 1990).

In the majority of mammalian species studied, the GnRH-dependent secretion of
LH occurs in a pulsatile manner, and the frequency of pulses detected in peripheral
circulation varies depending on the sex, age, phase of the menstrual (estrous) cycle,
and the particular method employed for pulse analysis (Evans et al. 1992; Faria et al.
1992; Filicori et al. 1986; Spratt et al. 1987; Urban et al. 1988; Veldhuis et al. 1990).
In general, LH pulses are more frequent during the late follicular phase and midcycle
(one pulse every ~60 min) than during the early follicular phase (one pulse every
90-100 min) (Adams et al. 1994; Evans et al. 1992); immediately after the LH surge,
LH pulse frequency decreases (to one pulse every ~70 min) and becomes slower, but
with high peak amplitude during the ensuing luteal phase. Finally, the LH pulse
frequency increases again during the luteal-follicular transition, paralleling the slow
increase in circulating FSH concentrations (Hall et al. 1992). In adult men, LH
pulses may be detected at frequencies of 7-16 pulses/24 h or 23-26 pulses/24 h (i.e.,
one pulse every ~55 min), depending on the method of pulse analysis applied (Spratt
et al. 1987; Urban et al. 1988; Veldhuis et al. 1990).

Pharmacokinetics of Gonadotropins
The role of carbohydrates in GPHs in the metabolic clearance rate (MCR) and the

in vivo biological potency of the gonadotropins have been studied extensively. Both
functions are highly dependent on the amount of glycans attached to the protein and
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specific type of terminal residues present in their oligosaccharide structures. As
described above, oligosaccharides present in hFSH and CG predominantly terminate
in sialic acid; this monosaccharide, and particularly the number of exposed terminal
galactose residues, are key factors in determining hormone survival in the circulation
(Morell et al. 1971). Exposure of terminal galactose residues dramatically increases
glycoprotein clearance from plasma through a mechanism that involves hepatocyte
receptors for the asialo galactose-terminated complex molecules. However, this
mechanism appears to be irrelevant for CG clearance, as blocking the hepatocyte
receptors with asialoglycoproteins has no effect on intact CG clearance (Lefort et al.
1984) and apparently kidney clearance appears to be a more important mechanism
(Nisula et al. 1989). Heavily sialylated glycoproteins circulate for longer periods
than those with less sialylated or sulfated glycans (Barrios-De-Tomasi et al. 2002;
Diaz-Cueto et al. 1996; Ulloa-Aguirre et al. 1992; Ulloa-Aguirre and Timossi 2000;
Wide 1986), whereas sulfated glycans, such as those present in hLH and minimally
in hFSH, or oligosaccharides bearing terminal mannose or GIcNAc accelerate
clearance of the molecule by specific receptors present in hepatic endothelial and
Kupffer cells (Fiete and Baenziger 1997; Fiete et al. 1991). The plasma t, 5 of hFSH
and CG is therefore longer than that of hLH (see below). Recombinant asialo-
gonadotropin variants as well as deglycosylated FSH are rapidly cleared from the
circulation and are practically inactive in vivo when compared to the corresponding
intact variants (Legardinier et al. 2005). Conversely, recombinant hFSH possessing a
hybrid B-subunit composed of the p-subunit of FSH and the hCGp carboxyl-terminal
peptide [(FSH-CTP), which possesses up to four O-linked sialylated glycans], or to
which additional glycosylation sites have been added, exhibits a prolonged plasma
to.s (approximately two to four times longer) than intact recombinant FSH (Bouloux
et al. 2001; Duijkers et al. 2002; Perlman et al. 2003; Weenen et al. 2004). The half-
life of the different charge variants of hFSH and hLH also has been analyzed in some
detail. In FSH, the more acidic/sialylated variants exhibit higher circulatory survival
than the less acidic counterparts (Ulloa-Aguirre et al. 1995; Ulloa-Aguirre and
Timossi 1998, 2000; Ulloa-Aguirre et al. 1999; Wide 1986). The plasma disappear-
ance of endogenous LH is slower in postmenopausal than in young women (Sharp-
less et al. 1999), which is likely due to the increased sialylation of the gonadotropin
that occurs after the menopause (Wide 1985a, b; Wide et al. 2007). The mechanism
for this shift is probaby more complicated than solely the addition of GalNAc instead
of Gal to partially synthesized glycans because, as discussed above, sialylated
GalNAc has been reported for hLH (Weisshaar et al. 1991b). Differences in half-
lives among the different glycosylation variants that comprise circulating FSH also
explain why in vivo and in vitro administration of a more acidic/sialylated mix of
FSH isoforms or sequential administration of more acidic/sialylated FSH followed
by a less sialylated variant more effectively stimulates follicular maturation and
17B-estradiol production than a poorly sialylated preparation (Colacurci et al. 2014;
Nayudu et al. 2002; West et al. 2002). Although gonadotropins are also degraded in
the kidney (as demonstrated for hCG), the specific structural requirements that
promote their renal uptake are still unknown. Gonadotropin molecules that have
not been metabolized by the liver are excreted in urine in forms that still are highly
bioactive. This characteristic has allowed the isolation, purification, and clinical
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application of urinary gonadotropins from postmenopausal and pregnant women for
the exogenous induction of follicular maturation and ovulation. The free subunits of
gonadotropins are more rapidly eliminated from the circulation than the desialylated
dimers or molecules with fused subunits, which suggests that alternative pathways,
different to those described above, may also determine the metabolic fate of
gonadotropins.

Several pharmacokinetic studies on human gonadotropins have been performed
(le Cotonnec et al. 1993, 1994, 1995, 1998a, b, c; Porchet et al. 1994. 1995).
However, the results vary depending on the specific preparation employed (recom-
binant vs urinary or pituitary extracts), methods of measurement of the circulating
hormone, parameters reported, and routes of administration (i.v., i.m., or s.c). In
general, the tg s of CG is longer than that exhibited by LH, whereas that of FSH is
intermediate between CG and LH. When calculated as a single exponential, the
initial plasma t, 5 of urinary FSH after its i.v. administration varies from 4.7 to 6.9 h,
whereas for biexponential kinetics the initial ty 5 ranges from 1.5 to 2 h and the slow
phase ty 5 from 15 to 17 h. Despite differences in sialylation (Timossi et al. 1998), the
pharmacokinetics of urinary FSH and recombinant FSH produced by CHO cells is
quite similar, indicating that such differences in terminal sialylation do not signifi-
cantly impact the metabolic clearance of the hormone administered (le Cotonnec
et al. 1993). Urinary and recombinant FSH is eliminated in the urine in proportions
0f 20% and 10% of the initial dose administered (renal clearances 0.1 &= 0.05 L/h and
0.07 + 0.04 L/h), respectively, and their estimated total clearance approximates
0.5 L/h (Ie Cotonnec et al. 1995). These renal clearance values, which are below the
glomerular filtration rate, suggest either hFSH is reabsorbed after filtration, the
glycosylated molecule is too large to be freely excreted, or the FSH molecule is
subject to a certain degree of metabolism by the kidney. Subcutaneous administra-
tion of highly purified preparations of urinary or recombinant hFSH (produced by
CHO cells) has yielded nearly similar elimination half-lives (around 30—40 h) and
bioavailability values (le Cotonnec et al. 1994, 1995; Porchet et al. 1993, 1995).

The pharmacokinetic parameters of recombinant (CHO cell produced) and uri-
nary LH from postmenopausal women are similar, which is in agreement with the
higher sialic acid content of the former (Olivares et al. 2000). Following i.v.
administration, the initial and terminal plasma t, 5 of both preparations are approx-
imately 1.2 h and 10—12 h, respectively. The total plasma clearance rate of urinary
LH is ~1.2 L/h, whereas for the recombinant preparation is ~1.7 L/h; renal clearances
are 0.3 £ 0.2 L/h and 0.03 + 0.02 L/h, respectively (le Cotonnec et al. 1998a). The
contribution of the kidney to the total clearance of urinary LH is ~30%, a value
which is significantly higher than that for recombinant LH (~4%). Despite these
differences, the bioavailability of both preparations is quite similar (le Cotonnec
et al. 1998c¢).

The net in vivo biological potency of different gonadotropin preparations is
intimately related to their circulatory half-lives, albeit other factors such as glycan
composition, receptor binding capacity, and potency of their corresponding isoforms
to activate their cognate receptor and induce a subsequent intracellular signal trans-
duction also seem important (Barrios-De-Tomasi et al. 2002; Timossi et al. 1998).
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In fact, despite the fact that recombinant- and urinary-derived FSH preparations
exhibit similar pharmacokinetic and clinical profiles in assisted reproduction therapy
(where pharmacological doses of gonadotropins are administered to induce multiple
follicular maturation (reviewed in (Smitz et al. 2015)), sequential administration of
urinary FSH (highly sialylated) followed by recombinant FSH produced in CHO
cells (less sialylated) (Timossi et al. 1998) (to mimick what has been observed across
the natural follicular phase of the menstrual cycle (Zambrano et al. 1995)) is
associated with higher proportions of MII oocytes, implantation rate, and pregnancy
rate than recombinant FSH administered alone during the induction cycle (Colacurci
et al. 2014; Selman et al. 2010, 2013).

The plasma ty 5 of endogenous CG has been mainly anayzed by determining its
clearance from the circulation immediately after term placental extraction. Kinetic
analyses have shown that CG circulating in term pregnancies has a short (approx-
imately 5 h) initial plasma t; 5 and a terminal ty 5 of 30-36 h (Campbell 2005). In
women that underwent legal abortion during the first trimester of pregnancy, CG
showed a longer plasma t, 5, of 30 and 65 h, probably due to the presence of highly
sialylated isoforms during the early stages of pregnancy (Diaz-Cueto et al. 1996).
The plasma t( 5 of CG after its intramuscular administration is approximately 60 h.

Biological Effects of Gonadotropins
Binding to Receptors

The gonadotropin receptors, FSHR and LH/CGR, belong to the superfamily of G
protein-coupled receptors (GPCR), specifically to the so-called Rhodopsin-like
family (Ascoli et al. 2002; Simoni et al. 1997). Structural data exist only for
FSH-FSHR binding the extracelluar domain (Fan and Hendrickson 2005; Jiang
et al. 2012, 2015). FSH binding to the extracellular domain of the FSHR and how
that may result in receptor activation is comprehensively summarized by Jiang et al.
(Jiang et al. 2013). FSH engages the high-affnity binding site in the FSHR hormone
binding domain via the C-terminal regions of both subunits and the al.2 and pL2
loops in an interaction likened to a hand clasp (Fan and Hendrickson 2005). High-
affinity binding causes a conformational change at the FSHa/FSHf interface,
forming a binding pocket for a highly conserved sulfo-Tyr residue located in the
thumb loop in the FSHR hinge domain (Jiang et al. 2012). This second binding step
may alter the conformation of a helix in the hinge region to release the antagonistic
effect of the FSHR extracellular domain on the transmembrane domain. Although it
seems that the other glycoprotein hormone/glycoprotein hormone receptor pairs
follow a similar binding and activation mechanism as that characterized for the
hFSH/hFSHR pair, further studies are still required to confirm that this is
so. Nevertheless, neither Fan’s or Jiang’s model indicates how carbohydrates allow
full activation of the FSHR (Bishop et al. 1994; Calvo et al. 1986; Flack et al. 1994;
Sairam and Manjunath 1982). This is an intriguing question given that according to
the crystal structure of the FSHR ectodomain, FSH glycans play no role in the
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binding interface of the FSH/FSHR complex, but rather appear to be sequestered in
the periphery of the complex (Dias 2005; Fan and Hendrickson 2005; Jiang et al.
2014a, 2012). In this vein, the structures of FSH and the FSHR ectodomain in
complex with FSH (Dias 2005; Fan and Hendrickson 2005; Fox et al. 2001) predict
contact between the GIcNAc] residue at aAsn>? (which is indispensable for signal-
ing (Flack et al. 1994; Matzuk and Boime 1989; Matzuk et al. 1989)) and Tyr>® in
FSHp. It is thus possible that structural variations in the aAsn®® glycan may
influence the stability and/or conformation of the FSH ligand, thereby compromising
the ability of the FSH/FSHR complex to affect signal transduction. The FSHR model
as a functional trimer additionally supports a role for glycans in FSH on receptor
binding and activation (Jiang et al. 2014b). The structure and function of the
gonadotropin receptors are described in greater detail in » Chap. 4, “Gonadotropin
Receptors”.

Biological Effects

Following binding of gonadotropins, receptor-mediated activation of a number of
intracellular signaling cascades is triggered either in parallel or sequentially. The
canonical Gga/cAMP/PKA signaling pathway, which subsequently activates CREB,
thereby modulating gene transcription, has been recognized for more than two
decades as a key effector mechanism of gonadotropin biological action (Ulloa-
Aguirre and Zarinan, 2016). However, in recent years it has become evident that
the gonadotropin receptors are rather connected to a nonlinear, complex signaling
network mediated either by other G protein subtypes, including the G;, Gy/11, and Gy,
proteins, or other types of receptors (e.g., the epidermal growth factor receptor and
the insulin-like growth factor 1 receptor) (Ulloa-Aguirre et al. 2011; Ulloa-Aguirre
and Zarifian, 2016), which in concert regulate the net biological effects of the
gonadotropins at their corresponding target cells. The granulosa cells of the ovary
and the Sertoli cells lining the seminiferous tubules are the primary targets of FSH. In
the former, FSH regulates granulosa cell function, including growth and maturation
of ovarian follicles, estrogen production from theca cell-produced androgens, oocyte
maturation, and, in concert with LH, the ovulatory process (Richards et al. 2002). In
the testis, FSH regulates Sertoli cell function, thereby supporting spermatogenesis
(Huhtaniemi 2015). The precise role of FSH in spermatogenesis, particularly in
humans, is still uncertain, and apparentely its role is more related to maintain the
quality of sperm cells, being testosterone a major player necessary to achieve full
spermatogenesis and fertility potential (Huhtaniemi 2015). The primary targets of
LH are the theca cells of the ovarian follicles, as well as the corpus luteum, where
this gonadotropin regulates steroidogenesis, mainly androgen biosynthesis and
progesterone production, respectively. In the male, LH is involved in Leydig cell
survival and proliferation and stimulation of testosterone production, thereby pro-
moting spermatogenesis (Shiraishi and Ascoli 2007; Tai et al. 2009). Under gonad-
otropin stimulation, the gonads also produce nonsteroidal (polypeptide) factors,
which, together with the steroid hormones synthesized in response to gonadotropins,
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regulate the functions of the rest of the hypothalamic-gonadotropic axis (Gregory
and Kaiser 2004). CG and LH share the same receptor (the LH/CGR); CG has many
end-target tissues including the corpus luteum, syncytiotrophoblast cells, uterus,
immune system, and fetal Leydig cells (Shi et al. 1993; Ambrus and Rao 1994;
Doheny et al. 2003; Eta et al. 1994; Kane et al. 2009; Muzzio et al. 2014;
Schumacher et al. 2013; Wan et al. 2007). Characterization of multiple CG isoforms,
native CG, hyperglycosylated CG, and the p-subunit of the hyperglycosylated hCG
has allowed investigators to assign extragonadal functional roles to CG under both
normal and pathological conditions (Cole 2010; Fournier et al. 2015; Berndt et al.
2009; Herr et al. 2007; Zygmunt et al. 2002).

Chapters 4, “Gonadotropin Receptors,” » 10, “Testicular Steroidogenesis,”
and » 13, “Spermatogenesis” provide a detailed description of the biological effects
of gonadotropins.

Recombinant Gonadotropins

Recombinant gonadotropins possess the same protein moieties as their pituitary
counterparts (Fig. 3). However, as glycosylation is well known to vary in a cell-
and tissue-specific manner, differences in glycosylation occur. These have been
mentioned with regard to functional aspects in other parts of this chapter. Recombi-
nant gonadotropins used as pharmaceuticals are expressed in Chinese hamster
ovarian (CHO) cells. Using nanoES-ITMS, N-glycans of recombinant CG, hLH,
and hFSH were characterized (Gervais et al. 2003). In CG, bi-, tri-, and tetra-
antennary glycans were detected. The most abundant class was the bi-antennary
type. In hLH and hFSH, penta-antennary glycans were observed in addition to the
other three types of glycans. Seven of ten reported O-glycans (Liu and Bowers 1997,
Valmu et al. 2006) were found in recombinant CGp, along with two fucosylated
glycans not seen in either pregnancy or tumor-associated CGp. For hLH, the biggest
difference between pituitary and urinary hLH glycans and recombinant hLH glycans
is the absence of sulfate, as the enzymes required for sulfation are not expressed in
CHO cells. However, as hLH already possesses a significant amount of sialic acid, as
described above, this is not as big as the difference between recombinant ovine,
bovine, or porcine LH, which possess almost exclusively sulfated glycans. Recom-
binant hFSH glycosylation has been characterized by NMR and mass spectrometry
and compared with urinary hFSH glycosylation. Hypo-glycosylated hFSH com-
prises only 14% of urinary hFSH, but 23-27% of recombinant hFSH (Bousfield
et al. 2014b). Pituitary and urinary hFSH glycans are 33—56% bi-antennary, 26-35%
tri-antennary, and 20% tetra-antennary (Bousfield et al. 2015; Wang et al. 2016b).
Recombinant hFSH glycans were 55-72% bi-antennary, 12-30% tri-antennary,
while tetra-antennary glycans were not detected (Bousfield et al. 2015; Wang et al.
2016b). From the above discussion, it is evident that recombinant and naturally
occurring hFSH are not structurally identical. Whether recombinant preparations
produced in CHO cells are equally or less effective for infertility treatment than
novel preparations obtained from human cell lines, still remains to be more
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extensively investigated. Meanwhile CHO cell-produced recombinant FSH should
not be considered as representative of the most physiologcally relevant form of FSH.

Structural Abnormalities of Gonadotropins

Structural alterations in gonadotropins due to mutations in B-subunits leading to
gonadotropin deficiency are very rare. When they occur in LHp, they are clinically
manifested by delayed puberty and infertility in homozygous males and infertility in
affected women (Achard et al. 2009; Arnhold et al. 2009; Basciani et al. 2012;
Lofrano-Porto et al. 2007; Valdes-Socin et al. 2004, 2009; Weiss et al. 1992). The
fact that males bearing homozygous mutations in LHB exhibit a normal male
phenotype at birth illustrates the role of CG during fetal life on Leydig cell prolif-
eration, differentiation, and androgen production. FSHB mutations are also rare;
male homozygous subjects bearing mutations in FSHP present normal or impaired
puberty and azoospermia, whereas homozygous females exhibit absent or partial
puberty and infertility. The phenotype in men with mutations in F'SHB contrasts with
its counterpart in mice, in which the absence of this subunit (or the FSHR)) does not
lead to infertility (Kumar et al. 1997, 1999). It also contrasts with findings in men
bearing loss-of-function mutations in the FSHR gene, in whom fertility is variably
preserved (Tapanainen et al. 1997).

Mutations in LHB gene

Several mutations in LHP have been described. These include:

(a) The missense mutation Gly36Asp, which disrupts a five-amino acid motif
(CAGYC) important for the formation of the cystine knot (Fig. 3) (Valdes-
Socin et al. 2004, 2009). Thus, the abnormal subunit does not heterodimerize
with the common a-subunit. The male subject bearing this mutation presented
hypogonadism, delayed puberty, undetectable serum LH, low testosterone
levels, and azoospermia, despite elevated serum FSH, underlining the critical
role of intratesticular testosterone for normal spermatogenesis.

(b) In the GIn54 Arg mutation, although o/f heterodimerization occurs, the resulting
dimer does not bind to its cognate receptor (Weiss et al. 1992). The reported
adult homozygous male patient with this mutation exhibited absence of puberty
and infertility, with high concentrations of immunoactive LH, whereas in het-
erozygous males, puberty was normal but fertility reduced. Heterozygous
women with this mutation exhibited no reproductive abnormalities (Weiss
et al. 1992).

(¢) The IVS2+1G—C, which disrupts intron 2 splicing, leads to inclusion of the
entire intron and disruption of exon 3 reading frame, yielding a highly abnormal
mRNA and, theoretically, an aberrant protein with additional 79 amino acids
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inserted after the Met41 residue unable to form the seat belt loop of the subunit
(Lofrano-Porto et al. 2007). Male subjects bearing this mutation presented
delayed puberty and infertility, whereas the affected woman presented normal
puberty but secondary amenorrhea and infertility. As expected, serum LH was
undetectable, and testosterone levels were very low.

(d) The 12 nucleotide deletion (28 39del) at the LHf signal peptide leads to deletion
of four leucines at positions 10—13 (Leul0A12 bp) and thus in failure of normal
B-subunit processing (Basciani et al. 2012). This mutation was reported in a
compound heterozygous man who also had the IVS2+1G—C mutation
described above. The two sisters of the proband had the same mutations and
presented normal puberty and oligomenorrhea (Basciani et al. 2012).

(e) The nine base deletion in exon 2, which impairs cystine knot formation, leads to
a p-subunit lacking amino acids 10-12 and a LH molecule with residual activity
sufficient to permit intratesticular testosterone to reach adequate concentrations.
Thus, the affected man with this mutation exhibited normal spermatogenesis
(Achard et al. 2009).

(f) The recently reported in-frame deletion of Lys40 in the mature polypeptide was
detected in two brothers homozygous for the mutation, who exhibited pubertal
delay, hypogonadism, and undetectable LH. In vitro studies revealed that the
mutation led to intracellular retention of the gonadotropin, without affecting
either dimerization of the mutant subunit with the common-a subunit or its
ability to activate its cognate receptor. Interestingly, mutagenesis studies revealed
that the sequence 39Glu-Lys-Glu41 in LHp plays an important role in the traffic
of the gonadotropin through the secretory pathway (Potorac et al. 2016).

Mutations in FSHB gene

Mutations in FSHB occur in exon 3 and lead to impaired disulfide bond formation,
severely altered three-dimensional structure of the protein, and inability of the FSH
B-subunit to heterodimerize with the common a-subunit. The FSHB mutations
described so far are the following:

(a) The Val61X mutation, in which a two-nucleotide deletion in codon 61 affects the
amino acid sequence 61-86 followed by a premature stop codon (Val61A2 bp/
87X), eliminating amino acid residues 87—111 of the subunit (Fig. 3) (Layman
et al. 2002; Matthews et al. 1993; Phillip et al. 1998)

(b) The Cys51Gly mutation, which was reported in a compound heterozygous
woman bearing also the Val61X mutation (Layman et al. 2002)

(c) The Tyr76X nonsense mutation, which predicts a translated protein missing
amino acid residues 76—111 (Layman et al. 2002)

(d) The Ala79X, a single nucleotide deletion at codon 79 (c.289delG) leading to a
frameshift and a premature stop at codon 109 (A79fs108X) (Kottler et al.
2010)
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(e) The Cys82Arg mutation, which, similar to the Cys51Gly substitution, alters the
cystine knot structure of the p-subunit (Lindstedt et al. 1998)

(f) The Cysl122Arg (Cysl104Arg not considering the signal peptide) mutation
(Simsek et al. 2016), which disrupts a disulfide bond that is part of the “seat
belt” that wraps around the a-subunit (Fox et al. 2001)

Several polymorphisms in the f-subunit genes of the gonadotropins, associated
with potential impact in gonadotropin action, have been described. These include the
Trp8Arg/llel15Thr, Gly102Ser, and Ala-3Thr polymorphisms in the LHB and the
-211G/T polymorphism in FSHB. The most widely studied LHB polymorphism is
the Trp8Arg/Ile15Thr combination in exon 2, which is in complete linkage disequi-
librium (Furui et al. 1994; Okuda et al. 1994). This polymorphism has a wordwide
distribution and presents varying frequencies depending on the particular ethnic
group screened. The polymorphic LH molecule (named LH-V) is not recognized by
specific immunoassays (particularly those using monoclonal antibodies recognizing
the LHa/p dimer) nor is it, in general, strongly linked with fertility or endocrine
disturbances, although a few studies suggest that it might do so (Furui et al. 1994,
Lamminen and Huhtaniemi 2001; Raivio et al. 1996; Takahashi et al. 1998, 1999).
The glycosylation of this LH variant differs from that exhibited by the wild-type
variant (introduction of an additional glycosylation site at Asn13p) which leads to
differences in plasma half-life and in vitro biological activity (reviewed in
(Lamminen and Huhtaniemi 2001)). The Gly102Ser in exon 3 is a low-frequency
polymorphism that has been associated in some populations with infertility in men
and menstrual disturbanes in women (Lamminen et al. 2002; Ramanujam et al. 1999,
2000). Finally, in the Ala-3Thr variant, three residues are changed before the signal
peptide cleavage (Jiang et al. 2002); this is an interesting variant that has been
reported to behave as a biased agonist in vitro, exhibiting reduced potency for
stimulation of cAMP production and greater potency for provoking phosphatidy-
linositol turnover. Meanwhile, the -211G/T FSHB variant in the promoter region of
the subunit gene has been associated with varying levels of circulating FSH; in
several populations, TT-genotype carriers exhibit lower serum FSH, inhibin B, and
testosterone levels as well as lower testicular volume than the GG carriers, and the
former genotype has been associated with infertility in men (Simoni and Casarini
2014).

No germ line loss-of-function mutations have been reported in the common
a-subunit or CGf subunits as they yield inactive CG, which is crucial for pregnancy
and embryo survival. In fact, several rare polymorphic variants in the two most
actively transcribed loci of the four CGp-duplicate genes (CGBS5 and CGBS8) have
been identified as associated with either recurrent pregnancy loss (ValS6Leu in
CGBS5 and Pro73Arg, Arg8Trp, and T>A (located 4 bp before the transcription
start site) in CGBS) or reduction in recurrent miscarriage (1,038C>T (in intron 2),
—155G>C, —147G>del, —144T>C, and —142T>A (in the promoter region) in
CGBS5 as well as 1,045C>T (in intron 2) in CGBS) in two different European
populations (Rull et al. 2008).
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Summary

Gonadotropins are heterodimeric glycoprotein hormones synthetized by the anterior
pituitary gland and the placenta. They are composed by two disimilar subunits, the
a-subunit, which is common to all gonadotropins, and the p-subunit which is unique
for each hormone. Each gonadotropin is decorated with glycans which regulate a
variety of functions of the hormone including folding, heterodimerization, secretion,
circulatory survival, and bioactivity. Gonadotropins exert a variety of functions
when acting on the ovary and the testes, all related to gametogenesis and steroido-
genesis, and thus are essential for reproduction. Although the main regulator of the
synthesis and secretion of the pituitary gonadotropins is GnRH, other factors of
gonadal and pituitary origin play an important role in modulating the effects of
GnRH. Gonadotropin deficiency may lead to reproductive disorders, which are
amenable to treatment with either natural or recombinant gonadotropins.
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Abstract

The two gonadotrophin receptors (GnRs), luteinizing hormone receptor (LHCGR)
and follicle-stimulating receptor (FSHR), belong to the glycoprotein hormone recep-
tor subgroup of type A G protein-coupled receptors (GPCRs). LHCGR binds
specifically the two structurally similar gonadotrophins, luteinizing hormone
(LH) and human chorionic gonadotrophin (hCG), and FSHR binds follicle-
stimulating hormone (FSH). The receptors reside on plasma membrane and transmit
the gonadotrophin signal to target cells using the classical Gs/adenylyl cyclase/cyclic
AMP/protein kinase A signaling cascade. Other signaling pathways (e.g., inositol
phosphate, calcium) are activated at pharmacological hormone concentrations or at
high receptor density. LHCGR is expressed in testicular Leydig cells and in ovarian
theca, luteinizing granulosa and luteal cells. FSHR is expressed in testicular Sertoli
cells and ovarian granulosa cells. LHCGR activation stimulated Leydig cell steroido-
genesis, in particular testosterone production, while FSHR maintains Sertoli cell
metabolism, thereby indirectly stimulating spermatogenesis. Recent basic research,
using GnR, expressing cells in vitro and genetically modified mice in vivo, has
elucidated novel aspects of the molecular mechanisms of gonadotrophin receptor
function. The crystal structure of GnRs has also been partly resolved. Numerous
inactivating and activating GnR mutations that have been discovered in patients have
unraveled the molecular basis of hypogonadism and other aberrations of reproductive
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endocrine functions. The purpose of this chapter is to review the recent trends of GnR
research and how it has elucidated the molecular mechanisms of GnR function and
the role of GnR in human reproductive physiology and pathophysiology.
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Introduction

Gonadotrophins are glycoprotein hormones produced by the anterior pituitary gland
and placental trophoblast cells regulating the development and mature reproductive
functions in mammals. They act through specific receptors almost exclusively located
in the gonads and sharing high sequence similarity, suggesting that they originated
from a common ancestor gene. The similarities occurring among the genes are
reflected in the molecular structures of the cognate receptor proteins, resulting in
conserved functioning which relies on G proteins as their main intracellular signal
transduction mediators. However, evolutionary divergences do exist, especially in
primates, where species-specific receptor isoforms and additional ligands exist allo-
wing further endocrine adaptation upon reproduction and pregnancy. Recent advance-
ments in the structure-function relationships of gonadotrophin receptor mutations in
patients and genetically modified animal models have greatly advanced our knowl-
edge about the function upon normal reproduction and its disturbances.

The GPCR Superfamily (Evolution and Structure)

There are two gonadotrophin receptors (GnRs) in vertebrates: the luteinizing hor-
mone (LH)/chorionic gonadotrophin (CG) receptor (LHCGR) and the follicle-stim-
ulating hormone (FSH) receptor (FSHR). As their names indicate, they are the
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receptors for hormones that stimulate the gonads. The GnRs are G protein-coupled
receptors (GPCRs) of the class A subfamily. All GPCR members, around 800 in
humans, have a distinctive 7 serpentine-transmembrane domain (TMD). Their N-
termini are exposed to the extracellular environment, and the C-termini are located
intracellularly. Yet, the GnRs are characterized by a large extracellular domain
(ECD) (see below), and their ligands are large pituitary (or placental) glycoproteins
(see previous chapter).

The FSHR and LHCGR do not only look alike on the outside, but they are highly
similar at the structural, molecular, genetic, and genomic levels. This, together with
the similarity and, in some cases, promiscuity of their ligands, suggests that these
two receptor genes resulted from a gene duplication during evolution. Indeed, in
support of this, the LHCGR and the FSHR genes reside next to each other in most
annotated tetrapod genomes (George et al. 2011; Heckert et al. 1992), their hor-
mones share a common subunit (common glycoprotein alpha, CGA), and their
specific subunits have high similarity (LH-FSH 41% identical).

Additionally, in humans, both receptor genes are located on the short arm of
chromosome 2 as a single copy and separate by some 200 kb. Structurally the
genomic sequences are also similar; these two receptor genes have a series of short
exons (nine for FSHR and ten for LHCGR) encoding the ECDs, followed by the last
(10th or 11th, respectively) large exon which encodes the 7-transmembrane and
intracellular domains (Fig. 1).

At the protein level, both LHCGR and FSHR have large extracellular N-termini
which are responsible for ligand binding and are composed of repeats of leucine-rich
regions (LRRs). These large extracellular domains are followed by a “hinge”
sequence that seems to be partially responsible for changes in the transmembrane
region before and during activation (Agrawal and Dighe 2009; Jiang et al. 2012). As
all GPCRs, these two receptors have a 7 serpentine-transmembrane structure that is
organized as a barrel (see for more detailed information) (Fig. 2a). While both
receptors have an intracellular C-terminus, the mature LHCGR retains its entire
coded sequence, while FSHR undergoes a proteolytic step where the C-terminus is
partially chopped off (see the posttranscriptional modifications section and Fig. 2b).

As one would expect if a gene became duplicated, these receptors can be
promiscuous to their hormones, and they are more promiscuous in fish and much
less promiscuous in mammals or birds which suggest an evolution of function.
Moreover, while the extracellular domains (ECDs) of these receptors have only
46% identity, the transmembrane domains (TMDs) still share 72% identity
(Costagliola et al. 2005), which suggests the hormone binding region, at the ECD,
is the region that must evolve to selectiveness to distinct ligand, while the TMDs
only need to accommodate the ECD/ligand heterodimer complex for activation,
where one large CGA subunit is the same in both hormones. Moreover, some
LHCGR and FSHR mutants become more promiscuous to the wrong ligand, and
activating mutations of either receptor can occur at the corresponding amino acids
(see below). To add to this, two LHCGR ligands have evolved (LH and hCG) in
higher primates, including humans, which is a subject of a previous chapter in this
book (chapter 3). Yet, in equids, the family of horses, donkeys, and zebras, the LHB
gene is extraordinarily expressed in the chorion where it is differentially
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Fig. 1 Localization and structure of the LHCGR and FSHR genes. Both genes are localized in the
short arm of chromosome 2 in humans. Both GnRs are coded in the same direction; in the image
they are coded from right to left. While FSHR is coded in 10 exons (purple boxes), the LHCGR is
coded in 11 (blue boxes). In both cases, all exons but last are short and code for the extracellular
domain and part of the hinge. The last large exon codes for the rest of the hinge, TMD, and
intracellular domains. Alternative transcripts are depicted in the image as green lines, whereas dark

green areas represent exons (in many cases so thin that cannot be seen). The image has been based
from the genomic region at NCBI database

glycosylated. This chorionic LH is often referred to as pregnant mare serum gonad-
otropin (PMSG) or as equine chorionic gonadotrophin (eCG) although it has no
evolutionary relationship with that of primates. What makes PMSG most interesting
is that it can activate both the LHCGR and FSHR in most mammals (Guillou and
Combarnous 1983; Stewart and Allen 1981), except for the equids where only LH
receptor is activated, in a similar fashion as CG activates LHCGR in primates during
pregnancy (Stewart and Allen 1979). The diversity of LHCGR variants and the
peculiarity of their interaction with lineage-specific molecules, such as LH and CG,
triggered the proposal of a new nomenclature to replace that previously existing,
which used the term “LHCGR?” to define all the LH receptors (Troppmann et al.
2013). Given the existence of CG molecules only in primates (except equids),
“LHCGR type 1” should indicate the receptor of primates, while “Lhr” should be
used for the LH receptor of other mammals. “LHCGR type 2” is the receptor of new
world monkeys, as primates lacking exon 10 of the receptor gene (see below).
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Fig. 2 Structure, biosynthesis, signaling, and regulation of GnRs. A representation of the general
structure of gonadotrophin receptors (a) showing the extracellular domain (ECD), hinge,
7-transmembrane domain (TMD), and intracellular domain (ICD). (b) Post-transcriptional modifi-
cations (PTMs) of the GnRs during biosynthesis. Both receptors are glycosylated on the ECD and
palmitoylated at the ICD. The FSHR forms clusters during biosynthesis, and its C-terminal is
cleaved, while the LHCGR does not. (¢) Both GnRs transduce intracellular signaling upon ligand
activation via Gas protein. The release of Gas triggers the production of cAMP from ATP by
adenylyl cyclase, which in turn activates a series of downstream responses and the activation of
different signaling pathways (PKA, PLC, PKC) which results in cellular and metabolic changes. No
PTMs are depicted in (c¢) for clarity. The FSHR forms constitutive clusters, while the LHCGR forms
dimer/multimers in response to ligand binding. (d) After activation the GnRs are desensitized first
by phosphorylation, likely by GRKs, and then depalmitoylated. Phosphorylation induced the
binding to arrestins (p-arrestin) which might trigger other intracellular responses unrelated to G
protein signaling and then the receptors internalized in clathrin-coated vesicles together with other
receptors as well as other membrane proteins. The receptors are then either recycled to the
membrane or become ubiquitinated and degraded by the proteasome (not shown)

The reason for the need of two ligands for LHCGR in primates and equine is not
clear at the moment. Many studies have shown that although both LH and CG
activate the LHCGR, they do so with a different duration and strength. Moreover,
there are fine-tuned signaling differences between the two ligands (Casarini et al.
2012). Nevertheless, the lack of LH can be clinically (pharmacologically) compen-
sated for by hCG in patients lacking the former — and theoretically the reciprocal is
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possible although there is no report of the lack of hCG in a single patient — probably
due to its crucial role in pregnancy maintenance and due to the multiple copies of the
CGB gene in the genome. Indeed, in primates CG plays a central role in placentation
and stimulation of testosterone production by the fetal testes, a function that can be
bypassed in rodents by promiscuous stimulation of fetal Leydig cells by a number of
non-gonadotrophic hormones (see the animal model section below). There are even
cases of LHCGR mutants where the resulting receptor does not respond to LH but is
responsive to hCG (see “receptor mutants” below).

More evidence has been produced by a patient suffering from a homozygous
deletion of exon 10 of LHCGR. The resulting receptor turned out to be responsive to
hCG but not to LH (Gromoll et al. 2000). This suggests that hCG and LH act slightly
differently on the LHCGR although their responses have been thought to be equal,
except for the duration of the stimulation which is longer by hCG than LH, likely as
an effect of higher hCG binding affinity due to low dissociation rate (Huhtaniemi and
Catt 1981). Interestingly, in New World monkeys, the pituitary LH synthesis is
inactivated, and its role has been overtaken by CG, which acts both as a reproductive
and a pregnancy hormone in this primate species (Miiller et al. 2004). Accordingly,
their LHCGR mRNA lacks the coding sequence exon 10, which is totally spliced off
the transcript, although at the genomic level, at least part of exon 10 is present
(Zhang et al. 1997). In these primates, LHB gene is not transcribed, and instead CG
beta (CGB) gene is de novo secreted by the pituitary as well as by placenta thus
taking a dual role similar to that of LH in other mammals (Miiller et al. 2004).

All this together, points to duplication of the pre-LHCGR/FSHR with later
acquisition and separation of function for each receptor and their ligands. Especially,
receptor-specific functions may have driven the gonadotrophin dependence of
gametogenesis, which is primarily supported by either LH or FSH — depending on
the species (Huhtaniemi 2015). The functions of these receptors will be detailed in
the next sections.

GnR Functions: Evolutionary, Physiological, Ligand-Dependent,
Extragonadal

As mentioned above the main role of the GnRs is the induction of sexual differen-
tiation in utero, acquisition of the mature male and female phenotype at puberty, and
the maintenance of sex hormone production, spermatogenesis, and ovulation. More-
over, these receptors are expressed in several tissues other than gonads. The phys-
iological, or pathophysiological, functions of the extragonadal GnRs remain a matter
of debate. As it will be presented below, in some cases the expression of these
receptors may participate in function of the pituitary-gonadal axis, while in some
species, they clearly have functions unrelated to reproduction yet connected to
sexual dimorphism and behavior.

The expression of GnRs is tightly regulated at the transcriptional and posttran-
scriptional levels. The former is partially self-regulated by a feedback loop (see
below), the latter will be described in the next section.
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The FSHR promoter is regulated by transcription factors (TFs) such as the ste-
roidogenic factor 1 (SF1, aka NR5A1), SMAD3, E2f, USF1, USF2, POU2F1, and
GATA factors, the latter recognizing an enhancer in the large intron 1. Activation of
the FSHR by FSH results in the expression of ID2 which, in turn, reduces the binding
of TFs, USF1, and 2, to its promoter resulting in decreased F'SHR expression. Despite
two decades of studies, many of the regulatory factors of FSHR expression are still
unknown, in particular the distal regulatory sequences/elements since transgenic mice
carrying yeast artificial chromosomes (YACs) encoding the FISHR gene flanked by
over 50 Kb of promoter, and 30 Kb of 3’ sequences were not expressed in Sertoli cells
as would have been expected [reviewed in (George et al. 2011)].

Unlike FSHR, the LHCGR promoter is better understood. The minimal LHCGR
promoter is about 175 nucleotides long (—175 nucleotides), and within it there are
binding sites for Sp1 and Sp3 transactivators, complemented by histone deacetylase
complexes (HDACs) that induce transcriptional activation. Upstream of this region,
there is an almost 2,000 nucleotide-inhibitory region (—176/—2,056 nts) that regu-
lates the transcription of the LHCGR gene. In rodents this region completely inhibits
expression of the gene, while in humans it only reduces the overall expression
(Zhang and Dufau 2003). This has been further proven in animal models where
beta-galactosidase (PGal, LacZ) was placed under different lengths of the promoter
(175 bp, 2.1 Kb, and 7.4 Kb, respectively). The expression of the reporter gene in
Leydig and granulosa cells was inversely correlated to the length of the promoter
(Hamalainen et al. 2001).

LHCGR and FSHR expression thwart each other, which means that cells
expressing one receptor rarely express the other. As often in biology, there is at
least one exception: preovulatory granulosa cells, where both receptors are
co-expressed and play important physiological roles. In granulosa cells, the highest
expression of LHCGR is in preovulatory follicles just before ovulation, which is in
line with FSH stimulation of the LHCGR gene transcription, which is accompanied
by expression of the aromatase gene (CYP19A1), at the highest peak of estradiol and
progesterone production (Jeppesen et al. 2012). FSH is known to induce CYP1941
expression (Garverick et al. 2002) which is tentatively how in granulosa cells the
LHCGR is transcribed at the right time.

The GnRs have long been considered specific for gonadal somatic cells. How-
ever, there is a physiological and physical problem posing the question of how can
the large peptide hormones in plasma reach these receptors on the membrane of cells
that are not in direct contact with the bloodstream. Indeed, LH or FSH, both secreted
by the pituitary, are not able to cross the vascular endothelial barrier to find their
target receptors on the membrane of Leydig (LC), Sertoli (SC), granulosa, theca, and
luteal cells. The answer to this question involves the GnRs themselves. Endothelial
cells around the target tissues, as well as in the periphery of tumors (see “extra-
gonadal actions”), express GnRs that serve not as ordinary extracellular signaling
antennas but as highly specialized transporters of glycoprotein hormones from the
blood-face of the endothelial cell to the interstitial or intertubular regions where the
hormones are then released to bind another receptor on the farget cells (LC, SC,
granulosa, or theca) (Ghinea et al. 1994; Vu Hai et al. 2004).
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This suggests that the GnRs are not solely expressed in gonadal somatic cells
but also have other, sometimes unknown and unexpected, functions. GnRs are
normally found in the uterus, placenta, brain, endothelial cells, and adrenals at
very low expression levels (human protein atlas: http://www.proteinatlas.org/
ENSG00000138039-LHCGR/tissue). At least in some cases, we have clues of
what these receptors do in these tissues: in South African clawed frogs, for
example, the LHCGR expression in the brain seems to be a functional male-driven
factor of male behavior (Yang et al. 2007). Likewise, expression of the LHCGR in
rat brain has also been reported (Apaja et al. 2004). The physiological function of
extragonadal LHGCR remains open largely due to lack of conclusive evidence from
animal models and clinical cases (Pakarainen et al. 2007) (see below).

In patients a subclass of adrenal tumors shows ectopic expression of LHCGR,
usually after chronically elevated gonadotrophin levels, e.g., after gonadectomy or
menopause, which results in LH-/hCG-dependent adrenal hyperplasia. This sug-
gests that the low constitutive expression of LHCGR in adrenals increases after
chronic stimulation and due to autocrine factors such as Wnt signaling (Teo et al.
2015), and/or the LHCGR-positive cells proliferate under high gonadotrophin
stimulation to become the main cell type in the hyperplastic tissue. An additional
mechanism could well be the lack of gonadal factors such as inhibin or activin that
normally work as repressors of gonadotrophin action. Also cases of pregnancy-
associated adrenal hyperplasia have been described, where the hCG is the stimulus
causing the adrenal overgrowth (Monticone et al. 2012). Ectopic expression of
several GPCRs is a phenomenon whose mechanism and significance are still
poorly understood.

Moreover, the FSHR has been found in the perivascular endothelium of several
tumor types (Radu et al. 2010), although its function, if any, has not been discov-
ered. One could suggest that if FSHR is expressed in tumor cells, and there is some
evidence for breast and prostate cancer cells (Hong et al. 2015), then in order to be
activated by FSH, the expression of the FSHR is essential around tumor vascula-
ture. An interesting question with therapeutic potential would be whether blockage
of FSHR would suppress growth of such tumors. More important, however, would
be to understand how this process is regulated at molecular level as implanted
human tumors into mice also result in such perivascular expression of FSHR,
where normal mouse vasculature, indirectly related to the tumor, responds to tumor
growth and probably hypoxia (Radu et al. 2010).

The LHCGR has been found in the uterus in several species (Agrawal et al. 2012;
Ziecik et al. 1992), including humans (Bukovsky et al. 2003), as well as in the
placenta (Minegishi et al. 1997), where it has been suggested to receptor play an
essential role in placentation and/or maintenance of pregnancy. This hypothesis been
recently been challenged by a case of a woman suffering from primary infertility
who successfully underwent full-term pregnancy with a donor oocyte. She was later
found to be a composite heterozygote where both LHCGR alleles had inactivating
LHCGR mutations (Mitri et al. 2014). Nevertheless, the presence of wild-type
(WT) LHCGR in the donor embryo and thus in the placenta in addition to maternal
hCG was sufficient to maintain pregnancy and embryo development.
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Structure of the Human FSHR and LHCGR Genes and Proteins

As mentioned above, the GnRs are likely derived from a common ancestor gene, and
thus they share similar amino acid coding sequences and protein structures (Ascoli
et al. 2002; Simoni et al. 1997). The first isolation of an F'SHR cDNA was obtained
using a rat Sertoli cell cDNA library, as a specific target cells of FSH action, by
cDNA probes of the LH receptor (Sprengel et al. 1990). The molecular cloning of the
human receptor was performed in the year 1990, and an overall 89% sequence
identity to the rat receptor was found (Minegishi et al. 1991). The human FSHR was
characterized as a molecule structurally similar to other GPCRs, featured by a
359 amino acid extracellular domain containing four N-linked glycosylation sites
and seven highly conserved transmembrane regions. The functional characterization
of the receptor was done in transfected human embryonic kidney (HEK) cells by
FSH dose-response experiments, demonstrating hormone-dependent intracellular
cAMP increase.

The FSHR gene promoter was identified within about 2,000 bp upstream to the
transcriptional starting site and is characterized by core cAMP regulatory elements with
basal activity in the absence of hormone. In contrast to the LHCGR, the FSHR gene
promoter has no CG-islands. The FSHR protein consists of 695 amino acids resulting in
a molecular mass of about 76 KDa. The ECD is fundamental for ligand binding; it
spans 349 amino acids enclosing a 12 LRR region forming the hydrophobic core,
similar to that of the LHCGR and TSHR. The ECD is connected to the transmembrane
domains by a hinge region. The LRRs are structured in alternating a-helices and
parallel B-sheets involved in strong protein-protein interactions (Kobe and Deisenhofer
1993), with the highest binding specificity probably localized between repeats 5 and
10, while the hinge region is essential for the transmission of conformational changes to
the TMD upon hormone binding, as well as ligand recognition. Several cysteine
residues are located at the ECD, of which eight are conserved in the LHCGR and
TSHR likely to preserve the complex conformational structure of the glycoprotein
hormone receptors. Moreover, three of the four phylogenetically conserved sites for N-
linked glycosylation fall at positions 191, 199, and 293, as essential requirement for
protein folding and receptor trafficking to the membrane.

The 7-transmembrane a-helices span 20-25 amino acids, hydrophobic stretches
connected by intra- and extracellular loops to follow the typical structure of the
GPCRs. Several cytoplasmic interactors coupling to multiple domains contact the
intracellular loops and the C-terminus of the receptor, contributing to modulate
intracellular signaling cascades (Jiang et al. 2014a). Especially, the second intracel-
lular loop is fundamental in maintaining the receptor in an inactive conformation and
for Gas protein coupling (Timossi et al. 2002) and subsequent intracellular cAMP
increase, as major modulator of steroidogenesis.

The first purification of a target cDNA of LHCGR occurred in 1989 (Ascoli and
Segaloff 1989; McFarland et al. 1989). Using an affinity chromatography and PCR
approach, the rat LH receptor (LAr) was cloned from an ovarian cDNA library and
inserted in a cell system engineered to induce its expression. The receptor showed
high binding affinity for hCG and increased intracellular cAMP upon exposure to
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hormone. The cloning of the human LH/CG receptor occurred the subsequent year,
demonstrating an overall 85-87% sequence identity with the previously cloned rat
and porcine receptors and a 335 amino acid extracellular domain featured by six N-
linked glycosylation sites (Minegishi et al. 1990). The transcriptional regulatory
elements Spl and Sp3 binding sites were identified about 200 bp upstream the
transcription start triplet, while an inhibitory region at about 2,000 bp upstream
(Geng et al. 1999; Huhtaniemi et al. 1992). The human LHCGR gene is characterized
by 11 exons and 10 introns spanning a total genomic region of about 70 Kb at
position 2p21 (Ascoli et al. 2002). Exons 1-10 encode for the ECD and the N-
terminal portion of the hinge region, while the TMD and the C-terminus tail arise
from exon 11. Especially, exon 10 is unique in LHCGR, in spite of overall similarity
among the glycoprotein hormone receptor genes, and confers high binding affinity
for LH rather than CG (Zhang et al. 1997). The amino acid sequence encoded by
exon 10 falls to the hinge region, between the LRR and the TMD domains, and is
crucial for the LH-, but not the CG-induced signaling (Grzesik et al. 2015). Curi-
ously, exon 10 is spliced out of the mature mRNA in the New World monkey lineage
(Platyrrhini), who use pituitary CG as a single multitasking hormone (Gromoll et al.
2003).

Moreover, a cryptic exon localized between exons 6 and 7, named 6A, has been
identified in primates and produces transcripts triggering nonsense-mediated mRNA
decay (NMD) (Kossack et al. 2008). Mutations in exon 6A may be associated to
Leydig cell hypoplasia in men, revealing the importance of these transcript variants
despite overall unknown physiological functions. The LHCGR TMD encompasses
the classical structure of the rhodopsin-like GPCRs and conserves two sites of
palmitoylation and phosphorylation at the C-terminus tail, which are involved in
internalization of the receptor (Kawate and Menon 1994) (see below). The intracel-
lular domain of LHCGR overlaps, in large part, with the FSHR molecular structure,
resulting in similar intracellular signaling, although each receptor also generates
specific second messengers, and results in differential gene expression and steroid
synthesis (Lee et al. 2002b).

Ligand-Receptor Binding (and Relationship with Structures)

The first step toward the comprehension of the molecular features and functioning of
GPCRs consisted of characterization of the tridimensional structure of rhodopsin by
crystallography (Palczewski et al. 2000). Due to high structural similarity among the
GPCRs, the rhodopsin structure served as template for modeling FSHR (Fig. 3) and
LHCGR structures and allowed to derive parallels to other receptors from the same
superfamily. This discovery was a milestone in understanding the biophysical
properties and mechanisms of signal transduction of other GPCRs and was followed
by crystallographic structures of the active conformation of several other GPCRs as
ligand-receptor complexes.

The structures of FSH bound to the ECD of FSHR and to the entire ECD were
finally determined in the years 2005 (Fan and Hendrickson 2005) and 2012 (Jiang
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Fig. 3 Mutations and polymorphisms in the FSHR and LHCGR proteins. (a) Representative image
of the FSHR protein chain indicating the position of the most common SNPs and mutations.
Legend: blue = ligand-specific LRRs domain, green = hinge region, orange = intra- and extra-
cellular loops and 7-TMD domains, red = C-terminal region. (b) LHCGR protein chain. (c)
Modeling of the FSHR inferred by the rhodopsin receptor using the online database SwissModel
(http://swissmodel.expasy.org) and visually represented by the PyMOL software (https:/www.
pymol.org). The three-dimensional structure of this receptor is similar to that of the other GPCRs,
such as LHCGR and TSHR. Legend: blue/light blue = ligand-specific LRRs domain, green = hinge
region, yellow/orange = intra- and extracellular loops and 7-TMD domains, red = C-terminal
region

et al. 2012), respectively, providing new insights into GnR functioning. The ligand
specificity of FSHR is mainly determined by residues at positions 55, 76, 101, 179,
and 222, which join noncovalently to the hormone. Especially, the residues at
positions 55 and 179 interact with the discriminating “seat-belt” region of FSH,
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distinguishing the binding to FSH versus LH/hCG, while those at positions 76, 101,
and 222 establish the selectivity of the receptor for the natural ligand against TSH.
As expected, the common, nonspecific a subunit (CGA) of the gonadotrophins plays
arole in hormone binding and signal transduction. Since the CGA is common for all
the glycoprotein hormones, one could assume that key contact residues are con-
served within the receptor ECDs. Indeed, nine amino acid residues falling in
B-strands 2, 4, and 5 of FSHR, highly conserved in LHCGR and TSHR, are the
main contact sites for CGA. However, mutagenesis of six of these residues (Lys74,
Tyr124, Asn129, Thr130, Asp150, Asp153) did not affect FSH binding but still
resulted in a significant decrease of cAMP production (Angelova et al. 2010)
revealing the role of CGA in cell signaling activation. Moreover, the extracellular
loops 1 and 3 may serve as secondary binding sites for CGA (Dupakuntla and
Mabhale 2010).

Although some data suggest that GPCRs may exist in several, functionally
distinct conformations, the classical biophysical view indicates a two-state mecha-
nism of receptor inactivation and activation. The inactive state is stably maintained
by N- and C-terminal cysteine-rich regions until hormone binding to the receptor
ECD, which triggers a conformational change resulting in G protein activation at the
intracellular level. The inner concave area of LRRs 1-8 is involved in the initial FSH
recruitment through high-affinity interaction, resulting in the LRR 2 f-sheet folding
and exposure of a further hydrophobic interaction site to the hormone (Jiang et al.
2012). The hinge region is a key player of the receptor conformational change. It is a
structurally integral part of the ECD, participating in hormone binding, likely via a
sulfated tyrosine residue as an additional interaction site, and contributing to stabi-
lization of the active state of the receptor. This tyrosine residue is highly conserved
among the glycoprotein hormone receptors, and it is fundamental for their function
(Costagliola et al. 2002). Thereafter follows signal transmission of the ligand-
receptor complex to the TMD through mechanisms involving the extracellular
loops. Extracellular loop 2 of the TMD in particular is crucial for the ligand-
mediated signaling and FSHR internalization (Dupakuntla et al. 2012), as well as
to discriminate between LH and hCG binding to LHCGR (Grzesik et al. 2015).

Since the specificity for the ligand binding is determined by a few key amino acid
residues within the pB-strands of the glycoprotein hormone receptors, mutated resi-
dues at the fifth and seventh LRRs of the FSHR and TSHR result in relaxed
sensitivity toward hCG and loss of sensitivity for their natural ligands (Smits et al.
2003a). However, naturally occurring cross interactions between glycoprotein hor-
mones and their receptors have been described. Firstly, the case of LH and hCG, both
acting on the same receptor, depicts an interesting example of versatility of the
GPCRs and supports the historical inaccurate concept that the two hormones are
equivalent despite molecular, physiological, and evolutionary issues (Choi and
Smitz 2014; Grzesik et al. 2014). Some experimental evidence suggested that hCG
may have higher binding affinity and lower dissociation rate constant than LH for the
rat receptor (Huhtaniemi and Catt 1981), although this point should be revisited
using news experimental techniques. However, the hormone-specific interaction
sites of LHCGR have been identified, supporting the fact that LH and hCG activate
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the intracellular signaling cascades in vitro differently despite binding to the same
receptor (Casarini et al. 2012). This observation reflects the different physiological
roles of LH and hCG, which regulate sex steroid production and gametogenesis
during the fertile age of males and females and support the pregnancy, respectively.
The production of hCG progressively increases during the first trimester of preg-
nancy, inducing a dramatic drop of the serum TSH levels and subsequent rise of the
thyroid hormones T3 and T4, and occasional transient hyperthyroidism, as a result of
the TSH-like activity of choriogonadotrophin on TSHR. Both TSHR and FSHR are
cross activated in vitro by high hCG concentrations, which mimics the natural ligand
of the receptors (Schubert et al. 2003).

Several groups have focused on the hCG glycosylation isoforms as an interesting
model of ligand-receptor cross interaction. It was hypothesized that hyper-
glycosylated hCG isoforms produced by trophoblast cells during the first 2 weeks
of pregnancy may exert angiogenic actions by acting through the transforming
growth factor § receptor type II (TGFBRII), rather than LHCGR (Cole 2012).
Since TGFPRII does not belong to the superfamily of GPCRs and is structurally
different to LHCGR, a high rate of glycosylation should confer a severe shift of the
biochemical properties of the ligand and radically change their binding affinity.
Although further experimental evidence is required to confirm this issue, it is
indicative of the growing interest toward the role of glycosylation on receptor
binding, which has been studied for long time (Butnev et al. 1996). As mentioned
above, the existence of eCG which is able to activate both LHCGR and FSHR in
other mammals provides another example of the potential promiscuity of the GnRs
for their ligands. The binding affinity of the equine CG depends on the rate of O-
linked oligosaccharides, which negatively impact on receptor binding. Similar
observations arose using differently glycosylated FSH isoforms, which induced
intracellular cAMP increase and steroid synthesis in vitro in an inverse,
glycosylation-dependent manner (Jiang et al. 2015). Radioligand assays revealed
that hypo-glycosylated FSH has greater activity in vitro than fully glycosylated FSH,
due to the higher availability of binding sites, even resulting in more rapid receptor
binding (Bousfield et al. 2014).

Increasing interest exists in allosteric modulators of the glycoprotein hormone
receptors. They are molecules with low molecular weight capable to modulate the
specific gonadotrophin-mediated signaling by selective interaction with the recep-
tors at sites distinct from that of the natural agonist. In human granulosa cells, which
naturally express FSHR, allosteric modulators may amplify the FSH-induced intra-
cellular cAMP response and steroid synthesis, but not other signaling pathways
simultaneously activated by the receptor (van Koppen et al. 2013), resulting in
unbalanced (biased) signal transduction. Due to their interference with the hormone
system, several allosteric compounds are also known to be endocrine disruptors, but
they could be used in clinical practice for hormone replacement. An example of how
allosteric modulators may modify the cell response to gonadotrophin has been
recently provided in vitro (Munier et al. 2016). In FSHR-transfected CHO cells,
the endocrine disruptor p,p’DDT amplified the maximal cAMP response to FSH
treatment and increase the FSHR sensitivity to hCG by interacting with the TMD.
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Interestingly, the action of this endocrine disruptor is receptor specific, since it did
not interfere with LHCGR activity.

Ligand-Specific Signal Transduction (and Surface Expression)

FSHR and LHCGR activate multiple signaling pathways simultaneously. Translated
receptors are anchored within the cell membrane, as a rate-limiting step for hormone
functions, by specific signal peptides located at the N-terminal portion (Fig. 2b) and
identified within the first 17 and 24 amino acid residues of FSHR and LHCGR,
respectively. Receptors at the cell membrane are activated upon ligand binding, and
several intracytoplasmic interactors mediate the gonadotrophin-specific signaling
(Gloaguen et al. 2011). Overall, FSHR and LHCGR retain a huge potential to
regulate greatly different, sometimes opposite physiologic effects, and the
gonadotrophin-mediated signaling may be summarized as focused in steroid syn-
thesis and cell growth, closely connected by complex intracellular cross talks.
Therefore, the proliferative response to gonadotrophins characterizing the gameto-
genesis is the net result of a balance between life and death signals arising
simultaneously.

The classical knowledge provides that G proteins are primarily involved in FSHR
and LHCGR signal transduction as heterotrimeric complexes coupled to the recep-
tors. These proteins consist the stable -y dimeric complex and an a subunit, existing
in several isoforms. G proteins are activated in response to a conformational change
of the FSHR or LHCGR at the TMD, inducing the replacement of the intracellularly
bound guanosine diphosphate (GDP) with a guanosine triphosphate (GTP). It leads
to the dissociation of the GTP/Ga from the negative regulator f-y complex and
subsequent activation of different signaling cascades (Ulloa-Aguirre et al. 2013).
Among the different classes of Ga proteins, the Gas is best known and classically the
most studied because of its relationship with the gonadotrophin and other hormones
signaling through cAMP. The Gas protein action is exerted through direct activation
of the membrane-associated enzyme adenylyl cyclase, which, in turn, catalyzes the
conversion of ATP to the second messenger cAMP and pyrophosphate. The increase
in intracellular cAMP is rapid, within 2—5 min, and mediates various events, such as
the activation of protein kinase A (PKA) and the exchange protein directly activated
by cAMP (EPAC). cAMP production is counterbalanced by the activity of phos-
phodiesterases (PDEs) catalyzing the conversion of cAMP to AMP. Interestingly, the
FSHR-mediated intracellular cAMP increase is biphasic and featured by a first rapid
cAMP response and a second wave occurring after several hours from ligand
binding, while that specific LHCGR-mediated is a unique, large stimulation
followed by cAMP downregulation (Conti 2002).

Since PKA has a wide range of targets, such as the stress-related P38 mitogen-
activated protein kinases (p38 MAPK), the activation of this kinase is a key step of
the gonadotrophin signal transduction. Especially, the activation of the GTPase ras
and the subsequent mitogen-activated kinase (MEK) cascades by sequential phos-
phorylations occur in both FSH- and LH-responsive cells and lead to the activation
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of extracellular signal-regulated kinases (ERK1/2). Since this signaling pathway,
known as “MAPK/ERK,” regulates the activity of transcription factors modulating
the cell cycle (e.g., c-Myc), it is traditionally associated to cell growth, including
cancer development and tumor progression. The cAMP response element-binding
protein (CREB) is a further transcription factor activated through ERK1/2 by
phosphorylation and, at least in part, directly through PKA, as an important
cAMP-dependent downstream event. It is involved in the transcription of gonado-
trophin target genes, such as STARD1, as key mediators of steroidogenesis and, in
turn, of gametogenesis. The function of the cAMP/PKA pathway is parallel to that
mediated by EPAC, which triggers anti-apoptotic events exerted via protein kinase B
(AKT), in the modulation of pro-apoptotic stimuli through the p38 MAPK pathway
and the regulation of steroid secretion (Aivatiadou et al. 2009). Especially, the
phosphorylation of AKT occurs even in a cAMP-independent manner (Meroni
et al. 2002), through the activation of phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K) via Gas protein, and results in the regulation of steroid synthesis,
cell cycle, and proliferation, further demonstrating the complexity of the pathways
simultaneously activated by G proteins. PI3K indirectly mediates the activation
mammalian target of rapamycin (mTOR), a protein kinase regulating cell growth
and motility, proliferation, and survival and therefore involved in aging and cancer.
In addition to the canonical G protein signal transduction, AKT- and ERK1/2-
pathways are activated by DCC-interacting protein 13-alpha (APPL1) through
interaction with intracellular loops 1 and 2, which are alternative sites for G protein
docking and mediate the FSH-dependent signaling (Thomas et al. 2011).

Beside the canonical Gas-mediated signaling, the -y dimeric complex triggers
the activation of the phospholipase C  (PLC) enzymes, which, in turn, catalyze the
formation of inositol 1,4,5-trisphosphate (IP5) and diacylglycerol (DAG) using Ca*"
ions as a cofactor. Protein kinase C (PKC) activation occurs as a downstream event
of the p-y-mediated signaling and exerts an inhibitory role on cAMP formation
(Eikvar et al. 1993) despite supporting the basal PKA-independent steroidogenic
activity (Jo et al. 2005) (Fig. 2). Finally, the positive modulation of growth and
migration of certain cancer cells by gonadotrophins (Mertens-Walker et al. 2010) is
exerted via ERK1/2-mediated mechanisms requiring the activation of PKC,
highlighting the role of this kinase in cell cycle regulation.

The stimulatory role of the Gas protein, mainly exerted by the potent increase in
intracellular cAMP, is counterbalanced by the inhibitory action mediated through the
Gai protein. Together with the downregulation of the cAMP/PKA pathway, Gai
protein triggers the phosphorylation of ERK1/2 and is accompanied by rapid
depolarization of the cell membrane and Ca®" ion uptake (Loss et al. 2011). The
intracellular Ca®" increase is a signal for PDE recruitment, as a mechanism of cAMP/
PKA-pathway desensitization. However, Ca®" is an additional LHCGR-specific
second messenger, rather than FSHR-specific second messenger, revealing that the
two receptors utilize similar, but not identical intracellular signal transduction
pathways. Moreover, a further LHCGR-specific inhibitory mechanism has been
described, where ERK1/2 mediates an increase of LHCGR mRNA binding protein
(LRBP) which induces the degradation of receptor mRNA (Menon et al. 2011).
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Therefore, ERK1/2 exerts a dual role on steroid synthesis; it is fundamental to attain
CREB phosphorylation and StAR expression (Manna and Stocco 2011), as a rate-
limiting step for steroid synthesis, although it triggers GPCR downregulation by
phosphorylation through recruitment of G protein-coupled receptor kinases (GRKs)
on the other side (Pitcher et al. 1999). After all, intracellular mechanisms “turning
off” the steroidogenic signals may be required to counteract the negative impact of
high intracellular cAMP levels on cell viability (Insel et al. 2012).

Besides G proteins, other molecular players interact with FSHR and LHCGR at
the intracellular level. Most remarkable are the p-arrestins that belong to a family of
proteins classically associated with GPCRs desensitization, internalization, and
recycling (Lohse et al. 1990) and more recently described as signal transducers
(Reiter and Lefkowitz 2006) (Fig. 2d).

B-Arrestins are recruited to the GRK-phosphorylated receptor, as a consequence
of GPCR occupancy by the ligand. However, p-arrestins directly activate a slower
but more prolonged ERK1/2 signaling pathway than the G proteins. The positive
effect on ERK1/2 phosphorylation triggered by these molecules reveals their inhib-
itory role on the steroidogenic cAMP/post-meiotic and the shift of the signaling
cascade toward proliferative events. Interestingly, the receptor density at the cell
membrane is the determinant for preferential recruitment of p-arrestins against G
proteins signaling (Tranchant et al. 2011), suggesting that proliferative or steroido-
genic gonadotrophin-mediated signals may be differently predominant during game-
togenesis, depending on the receptor number.

Post-Endocytotic Trafficking and Signaling

Both GnRs undergo a series of receptor-specificl modifications (PTM), at the mRNA
and protein levels. The first PTM occurring to the GnRs is alternative splicing, where
in some cases, some exons are skipped or alternative exons are used instead (Fig. 1).
This results in receptors lacking small fragments (see the next section “receptor
variants”). RNA splicing allows several gene products from one (genomic) gene, and
although in some cases it is unclear why “nonfunctional” splice variants, those
producing truncated proteins, serve the organism.

The level of expression of the GnRs is directly regulated by extracellular and
intracellular factors, which include cAMP and hormones such as activin and inhibin.
Activin, for example, regulates the stabilization of FSHR s mRNA which results in
higher receptor number (Tano et al. 1997). As mentioned above a similar mechanism
on LHCGR mRNA is exerted by LRBP.

At protein level, the most frequent PTMs in GnRs is glycosylation, and this PTM
allows the receptor to be transported to the cell membrane and be functional.
Glycosylation takes place during biosynthesis at the endoplasmic reticulum and
seems to be important for folding and interacting with chaperones (Menon and
Menon 2012). Although all vertebrate GnRs seem to have six putative glycosylation
sites, their glycosylation seems to be species specific. There is no consensus in the
effect of these glycosylation sites; on one hand in most cases, mutagenesis of the
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glycosylation sites results in lower ligand binding, although in most cases, a single
glycosylation site is sufficient for proper biosynthesis (Zhang et al. 1995).

One very clear difference between the two GnRs is that during biosynthesis, the
FSHR’s C-terminal is proteolytically cleaved, while the LHCGR is expressed in full
length. A chimeric receptor of the FSHR and the C-terminal of the LHCGR —
FSHR’s first 611 amino acids fused to the C-terminal of the LHCGR (amino acids
604-674) — is able to retain its C-terminus without affecting its signaling functions
(Mazurkiewicz et al. 2015).

The C-termini tails of LHCGR and FSHR are palmitoylated at 2 and 3 cysteines,
respectively. While in FSHR the ablation of one palmitoylated residue results in
lower membrane expression (Uribe et al. 2008), palmitoylation does not aid anchor-
ing of LHCGR to the plasma membrane. Additional research has shown that
mutagenesis of these cysteines had no effect on ligand binding and signaling.
However, ligand-induced internalization is enhanced in palmitoylation-free
LHCGRs, a common feature among several GPCRs (Qanbar and Bouvier 2003),
which suggests that depalmitoylation might be a step in the internalization process.
This is supported by constitutively activated LHCGR mutants that are less readily
palmitoylated than WT receptors and have a tendency for rapid internalization
(reviewed in Menon et al. 2004) (Fig. 2b).

Upon ligand binding the receptor activation involves rearrangement of the barrel
structure of the GnRs, as is the case in most GPCRs, by dissociation of interbonding
of the seven helices (Fig. 2c). Particularly important bonds are present within the
sixth helix, and thus disruption of this structure can result in inactivating or activat-
ing mutations; indeed, most activating mutants are found within this region in both
receptors (Fig. 3).

As mentioned above, ligand activation of the GnRs primarily induces the gener-
ation of cAMP via adenylyl cyclases. The cAMP-dependent pathways could be
divided in short-term and longer-term effects. Short-term effects are, e.g., activation
of ion channels and protein kinase A (PKA) which then further phosphorylates a
number of protein targets and morphological changes. Long(er)-term effects involve
activation of transcription factors, such as cAMP response element-binding protein
(CREB) and cAMP response element-binding modulator (CREM), and gene tran-
scription regulation (Fig. 2¢).

Both LHCGR and FSHR can be found phosphorylated at serine residues at their
C-termini in several cell lines after ligand activation (reviewed in Menon and Menon
2012). Phosphorylation results in receptor inactivation and internalization probably
due to interaction with arrestins. G protein-coupled kinases (GRKs) are able to
phosphorylate a variety of GPCRs including LHCGR and FSHR. The GRK family
has several members, and it is under discussion which one(s) act on the GnRs in
physiological conditions as most GRK studies have been conducted in vitro using
exogenous GnRs and/or GRKs (Premont et al. 1996) (Fig. 2d).

Ubiquitination, the addition of one or several ubiquitin residues by ubiquitin
ligases, is a PTM that either targets the tagged protein for proteasomal degradation
(polyubiquitination) or changes its localization, interactions, or activity of a tagged
protein (monoubiquitination). LHCGR is found ubiquitinated already at the
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endoplasmic reticulum of rat cells, a tag that directs the receptor to the proteasome
for degradation, in a quality- and quantity-controlled manner (Pietild et al. 2005).
Ubiquitination plays an important mechanism to avoid protein misfolding in the
endoplasmic reticulum to congest biosynthesis causing endoplasmic reticulum
stress, transcription blockade, and cell death. A mutation that causes intracellular
retention of LHCGR can also cause retention of the WT counterpart, and thus
ubiquitination of the misfolded receptors as an endoplasmic reticulum quality
control is essential for proper function of the cell (Apaja et al. 2006; Richter-
Unruh et al. 2004; Rivero-Miiller et al. 2015). After activation, the FSHR either
internalizes and recycles to the cell membrane or becomes ubiquitinated and routed
to the proteasome for degradation. The intracellular third loop regulates
ubiquitination, although it is not the sole location where this tagging occurs, as
shown using a mutant (K555R) where the only lysine (K) in this loop was replaced
for arginine (R), yet this did not completely block ubiquitination of the receptor
(Cohen et al. 2011). Receptor ubiquitination does not seem to affect internalization
or signaling. It is rather a control for membrane expression at the pre- and post-
activation time.

Additional factors can influence the downstream responses of LHCGR. For
example, epidermal growth factor receptor (EGFR) plays a supportive role to the
LHCGR-induced steroidogenesis. When the EGFR is blocked, or its ligand
amphiregulin (AREG) is knocked down, LHCGR is unable to induce steroidogenic
acute regulatory protein (StAR) expression and the production of progesterone
(Fang et al. 2016).

While both GnRs trigger cAMP generation, the downstream cascades are signif-
icantly different (Donadeu and Ascoli 2005), in particular the activation of inositol
phosphate and the downstream activation of CREB/CREM. These latter two tran-
scription factors have several spliced isoforms that define their function as transcrip-
tional activators/repressors. Their target genes, not fully mapped to date, include the
genes for protamines and other components of postmeiotic spermiocytes.
FSH/FSHR seems to regulate CREM expression via activation of alternative
polyA of the CREM’s mRNA which results in higher stability and thus more
translated protein (Foulkes et al. 1992; Walker and Habener 2016). The responses
of the GnRs can also be influenced by other receptors on the cell membrane,
receptor-receptor interactions, clustering, and dimerization.

Receptor Di/Oligomerization: Cis/Transactivation

Most GPCRs can function as monomers, i.e., as single ligand-single receptor pairs,
and thus for a long time, di/oligomerization of these receptors was considered an
artefact found in immunoblots. This view has slowly been changing following early
observations by Watanabe and collaborators where the presence of a second type of
receptor influenced the ligand-binding abilities of the first type (Watanabe et al.
1978). Such an effect prompted Nigel Birdsall to suggest that a ligand to one receptor
can allosterically affect a second receptor by changing the latter receptor’s ability to
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bind its own ligand (Birdsall 1982). This indicates that di/oligomerization is not just
an oddity, but it also has a physiological function. In fact, many, if not most, GPCRs
dimerize with other GPCRs, of the same or different kind, and/or with other
membrane proteins. The effects of these interactions result in either positive or
negative cooperativity, which means that ligand binding by one protomer increases
the affinity for a ligand (positive) or it reduces the ligand’s affinity for the second
protomer.

With the advance of biochemical techniques in the 1990s, GPCRs were found
more often than not in complexes that corresponded to their double, triple, quadruple
size suggesting di/oligomers. GnRs were no exception, because dimers of both
receptors have been found by a plethora of groups (Lei et al. 2007; Roess et al.
2000; Tao et al. 2004; Urizar et al. 2005). LHCGR in particular has been shown to
cluster during LH and hCG activation (Hunzicker-Dunn et al. 2003; Jonas et al.
2015), but it also constitutively multimerizes in constitutively active mutants D578Y
and D578H in contrast to the unliganded WT receptor (Lei et al. 2007). This suggests
that dimerization, or clustering, plays a role in signaling, signal termination, desen-
sitization, and/or internalization of these receptors.

FSHR also dimerizes, although its consequences remain unclear. In fact the
crystal structure of the extracellular domain — bound by ligand, the first gonadotro-
phin receptor crystal structure — shows a dimer of FSHR molecules intertwined like
shaking hands (Fan and Hendrickson 2005). The FSHR is found in clusters of
receptors at the cell membrane in unbound and bound states as well as already at
the endoplasmic reticulum (Thomas et al. 2007; Urizar et al. 2005). Thomas and
colleagues further suggested that the effect of FSHR mutants with trafficking defects
could be ameliorated by WT FSHR as they will multimerize and be transported as a
group to the membrane (Fig. 2b, c). Recent crystallographic and mutagenesis data
suggested that FSHR may act as a functional trimer, increasing their capacity to bind
deglycosylated FSH and resulting in quantitatively different signaling activities
(Jiang et al. 2014b).

One limitation to observe the ligand-induced FSHR clustering is due to the
tagging problems using fluorescent proteins due to the C-terminal cleavage (Thomas
et al. 2007). Using a different approach, Thomas and collaborators used antibodies
against FSHRs differentially tagged to N-termini, and by FRET they could deter-
mine that this receptor is found as di/oligomers. Surprisingly, the addition of ligand
did not increase the rate of di/oligomerization nor induced dissociation (Thomas
et al. 2007).

Dimerization seems to occur early in the biosynthesis process, so already in the
endoplasmic reticulum FSHR, LHCGR, and FSHR/LHCGR can be found by a
variety of techniques such as immunoprecipitation, FRET, BRET, florescent
protein-tagged receptors, and co-localization using immunocytochemistry or immu-
nofluorescence (Jonas et al. 2012). Yet, as mentioned above the LHCGR polymer-
izes further after ligand activation and desensitization, while clusters of FSHRs do
not seem to be affected by ligand activation or desensitization.

Elegantly, Ji and collaborators have shown that the extracellular domain of an
FSHR anchored to the cell membrane via a transmembrane protein, or to glycosyl
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phosphatidyl inositol, was able to bind FSH and transactivate a ligand-deficient
FSHR (Jeoung et al. 2007). Interestingly enough, depending on the inactivating
mutation of the ligand-binding-deficient FSHR, such mutants were located at the
extracellular domain (e.g., D26A and L27A), resulting in either cAMP generation or
phospholipase C activation, respectively (Ji et al. 2004). This suggests that a single
receptor-ligand moiety can cause the activation of multiple receptors in its proximity.
In support of this view, Ji and collaborators also showed that a signaling-deficient
mutant of the LHCGR can transactivate a ligand-deficient one (Lee et al. 2002a).

Additionally, an LHCGR patient mutation, truncated at TMS5, can partially rescue
the signaling by a ligand-deficient LHCGR, in this particular case a FSHR-LHCGR
chimera which is unable to bind hCG but has intact TM domains and C-terminal
(Osuga et al. 1997). Such transactivation, we prefer to call it intermolecular coop-
eration, might have a physiological role in GnRs signaling. It reveals that these
receptors are highly flexible and amicable to other molecules in their vicinity. An
important note is that dimerization might mean transient interactions (kiss and run)
rather than covalent ones, which is probably one of the reasons for the heated debate
and controversy about dimerization of GnRs.

Instead of trying to study intermolecular cooperation in cells expressing mutant
receptors, we took the challenge to tackle the physiological relevance of this
phenomenon. In our approach a ligand-deficient LHCGR (LHCGR™™") and a
signal-deficient LHCGR (LHCGR*“*M™) were generated using bacterial artificial
chromosomes (BACs) carrying the mouse genomic LHCGR flanked by >50 Kb at
both 5’ and 3’ ends, in order to achieve the spatiotemporal expression of the
endogenous gene. These transgenic lines were crossed with the LHCGR knockout
mouse (LuRKO) to obtain mice having either mutant receptor or both expressed in
the LHCGR-null background. While neither LHCGR""" nor LHCGR**™"" expres-
sion alone had any effect on the hypogonadal LuRKO phenotype, when both
receptors were expressed together, intermolecular cooperation could rescue the
eugonadal and fertile phenotype of male mice (Rivero-Miiller et al. 2010). This
was not only the first physiologically functional example of a GnRs dimer but the
first in vivo proof of dimerization of any class A GPCR. Further research has
corroborated that complementary LHCGRs form dimers, as evidenced by tracking
single receptor molecules and signal upon ligand binding (Jonas et al. 2015).

Gonadotrophin Receptor Mutations and Polymorphisms
Common Single-Nucleotide Polymorphisms

Both the FSHR and LHCGR genes carry several single-nucleotide polymorphisms
(SNPs) (Casarini et al. 2011). SNPs originated as point mutations which were fixed
as genetic variants achieving a frequency >1% among the human populations.
Although most of these SNPs are synonymous, not implying an amino acid change
at the protein level, some of these genetic variants affect the receptor functioning
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(Fig. 3a, b). In few cases, SNPs modulate the physiological response to gonadotro-
phins, resulting in receptor isoforms differing for sensitivity to hormone stimulation.

Due to their relevance for clinical practice, in particular during the ovarian
stimulation protocols for assisted reproduction, polymorphisms within the FSHR
gene have been extensively studied. The most common FSHR SNP is registered as
rs6166 in the National Center for Biotechnology Information (NCBI) database
(http://www.ncbi.nlm.nih.gov/pubmed) and falls within exon 10 of the receptor
gene. It is featured by nucleotide change A to G at position 2039 of the receptor
gene (c.2039A>Q@), leading to an asparagine (N) to serine (S) change at position
680 of the amino acid chain (p.N680S). The N amino acid is considered the ancestral
allele due to its overall higher frequency than the S allele worldwide. In fact, the
polymorphism p.N680S is evolutionarily recent, and the N allele is present in almost
all other mammals, while the S allele likely appeared in Homo sapiens and Homo
neanderthalensis. However, the two receptor variants are differently distributed
within populations, where higher prevalence of the N allele in people of African,
European, and East Asian ancestry (about 60% of prevalence), while in Oceania and
South-Central Asia, the S variant achieves about 50% prevalence (Simoni and
Casarini 2014). The FSHR p.N680S N variants achieve 60—75% of prevalence in
some ethnic groups, such as Kalash from Pakistan, Yakuts from East Siberia, and
Melanesians from South Pacific Islands. Interestingly, p.N680S S homozygous
women have slightly higher serum FSH levels and menstrual cycle length than the
N homozygous carriers, revealing that the S amino acid makes the receptor less
sensitive to endogenous FSH than N (Greb et al. 2005). This is observed during
assisted reproduction, when women homozygous for p.N680S S require higher
doses of exogenous FSH than the N homozygous carriers, to achieve equal ovarian
stimulation. In fact, these two receptor variants display different short-term kinetics
in the response to FSH in vitro, in terms of cAMP/PKA- and ERK1/2-pathway
activation, and progesterone production over 24 h (Casarini et al. 2014). The amino
acid change from asparagine to serine at position 680 creates an additional phos-
phorylation site at the C-terminal portion of the receptor, conferring higher potential
for basal receptor desensitization via GRK enzymes. The FSHR p.N680S S variant
evokes slower cAMP response and downstream signaling than the N variant,
although this difference is flattened at saturation, and is reflected in progesterone
synthesis. Therefore, the rs6166 SNP affects FSHR signaling which implies conse-
quences at the physiological level. For instance, FSHR p.N680S N homozygous
genotype is linked to higher testes volume than S homozygous in Baltic men
(Grigorova et al. 2013). Interestingly, a recent multicentric study demonstrated that
the polymorphism p.N680S is a marker of DNA fragmentation index in men
undergoing clinical FSH treatment for idiopathic infertility, leading to a better
outcome for N than S homozygous carriers (Simoni et al. 2016). The polymorphism
p-N680S is in strong linkage disequilibrium with another common FSHR SNP in
exon 10 (rs6165), characterized by the nucleotide change ¢.919G>A, resulting in
amino acid change from alanine to threonine (p.A307T) in the ECD (Simoni et al.
1999). Linkage disequilibrium defines the monrandom association of alleles at
different Joci to be higher than what expected from independent alleles. Therefore,
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FSHR exists in two main discrete isoforms resulting in the receptor phenotypes
T307-N680 and A307-S680 featured by different in vivo and in vitro activities.
Recently meta-analyzed data indeed revealed increased risk of infertility resulting to
a combinatory effects of these two polymorphisms in men (Wu et al. 2015).

A third common FSHR polymorphism is located in the promoter region
(rs1394205; ¢.-29G>A). The minor allele frequency ranges from about 50-70% in
East Asia and Europe, respectively, reflecting the wide distribution of this SNP
among humans. Homozygous c.-29G>A women undergoing assisted reproduction
display poorer ovarian response to exogenous FSH, due to lower levels of FSHR
mRNA (and protein) expression (Desai et al. 2011), while male homozygous A
carriers have smaller testicular volume than G homozygotes (Lend et al. 2010).

To date, the most severe impact on human phenotype may result from the
combination of FSHR SNPs linked to “FSH-resistant” phenotypes. For instance,
c.-29G>A together with c.2039A>G homozygosity should be a genotype associ-
ated with poorer response to FSH, compared to other genotype carriers, due to the
additive effect of low expression levels and response to hormone. The combined
effect of FSHR haplotype, together with a FSHB promoter polymorphism
(-211G>T; rs10835638) resulting in the modulation of the gene transcription, is
evaluated in men, where specific SNP combinations affect male parameters, i.e.,
serum FSH and LH levels, and bitesticular volume (Grigorova et al. 2014;
Tiittelmann et al. 2012).

The most common polymorphism of the LHCGR gene is the addition of the two
amino acids, leucine (L) and glutamine (Q), within exon 1 at codons 19-20 (Piersma
et al. 2006), which originates from a CTCCAG insertion at positions 55-60 of the
LHCGR gene. This receptor variant, known as “ins18LQ,” is common among
Caucasians but absent in Japan. The two-amino acid insertion does not severely
affect the sensitivity to LH and hCG, in terms of cAMP production (Rodien et al.
1998). However, when present as homozygous, it is related to the age of onset, risk,
and phenotype of ovarian and testicular germ cell cancers (Brokken et al. 2012;
Powell et al. 2003), revealing a role for LHCGR function in endocrine malignancies.
However, the molecular mechanism by which the polymorphism affects the receptor
functioning is still unknown.

Another SNP in exon 10 of the LHCGR gene, p.N312S (rs2293275), is associated
with spermatogenic damage due to its high prevalence among male infertile patients
(Simoni et al. 2008). The molecular mechanisms behind this SNP are under
investigation.

Overall, the contribution of LHCGR SNPs to characteristic phenotypes is still
weak, and clear phenotypic markers within this gene and impact on the male
reproductive functions are still lacking. Rather, genetic hot spots for polycystic
ovary syndrome (PCOS) within the LHCGR and FSHR genes were found by
genome-wide association studies (GWAS) in Han Chinese as sample population
(Chen et al. 2011; Shi et al. 2012). PCOS is a common endocrine disorder affecting
the 4-12% of women worldwide, depending on ethnicity and lifestyle, which are
characterized by some phenotypic features identified as hyperandrogenism, poly-
cystic ovaries, and/or metabolic dysfunctions (low insulin sensitivity). The
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evidences emerged from GWAS were further confirmed in non-Chinese populations,
emphasizing the importance of LHCGR and FSHR signaling networks in granulosa
and theca cells in the pathogenesis of PCOS (McAllister et al. 2015).

Receptor Mutations

Differing from SNPs, a mutation occurs when its frequency is <1% in the popula-
tion, due to relatively recent appearance or deleterious, often dominant phenotypic
effects. Although point mutations may be linked to pathologic conditions, they
provide useful information on the structure-function relationships of the receptor.
Several activating or inactivating mutations have been described for FSHR and
LHCGR, resulting in a wide range of phenotypes. In general, activating mutations
of FSHR are rare and mainly consist in different grades of severity of pregnancy-
associated ovarian hyperstimulation syndrome (OHSS) in females, due to FSHR
acquiring hCG binding, while their effects in males are not completely understood,
due to only two reported cases (Casas-Gonzalez et al. 2012; Gromoll et al. 1996¢).
Especially, some of these mutations are linked to constitutive activity of the receptor
through a molecular mechanism affecting the interaction ability between transmem-
brane domains 3, 5, 6 and the highly conserved E/DRY/W amino acid sequence
(Ulloa-Aguirre et al. 2014). Indeed, the first activating mutation of FSHR was an
aspartic acid (D) to glycine (G) amino acid change at position 567 (D567G) found in
a hypogonadotropic man (due to hypophysectomy because of acromegaly) subjected
to testosterone treatment (Gromoll et al. 1996¢). Although he had normal testes
volume and semen parameters, his mutant receptor displayed constitutive activity
in vitro. The finding was confirmed by studying the effects of the FSHR D567G
mutation in a woman with pregnancy-associated ovarian hyperstimulation syndrome
(OHSS) due to high basal activity of the receptor (Smits et al. 2003b). In that case,
mutant FSHR responded also to hCG or TSH treatment. Although the mutant FSHR
displayed marginal constitutive activity, the phenotype was apparently caused by the
responsiveness of the mutant receptor to hCG, explaining the pregnancy association
of the ovarian hyperstimulation in the patient. The mutation falls within the third
intracellular loop and involves the amino acid aspartic acid present also in LHCGR
and TSHR, which plays an important role in glycoprotein receptor function. Muta-
tion analysis of LHCGR and TSHR revealed that this amino acid residue also results
in constitutive activity and is linked to gonadotrophin-independent male-limited
precocious puberty and thyroid adenomas, respectively.

Other mutations falling within the TMD of FSHR have been associated with
OHSS in women (Desai et al. 2013). Especially, the substitution 1545T results in
constitutive activity and cross activation of the receptor by hCG and TSH in vitro
and was detected in a woman affected by OHSS during pregnancy, when hCG levels
are almost 1,000 times higher. Similar FSHR-mediated basal activity and cross
interaction with hCG and TSH were described for the T4491 and T449A mutations,
although the FSHR T4491 mutant did not mediate TSH-dependent signaling. OHSS
was also found in association with the mutation S128Y in the ECD of the receptor
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(De Leener et al. 2008), once again resulting in increased sensitivity to hCG.
Therefore, the amino acid tyrosine, instead of serine at position 128, determines
high binding affinity of FSHR for hCG, while the affinity for TSH was increased by
replacing serine 128 with isoleucine or valine in mutagenesis experiments. Curi-
ously, activating mutations may also be asymptomatic. In vitro functional analysis of
FSHR carrying the amino acid replacement asparagine to isoleucine at position
431 (N431I) revealed that the constitutive activity of the mutant receptor
counterbalanced the potential deleterious effects of decreased cell surface expres-
sion. Therefore, the male carrier of the FSHR mutation had normal spermatogenesis
and testicular functions in spite of suppressed serum FSH level (Casas-Gonzalez
et al. 2012).

FSHR-inactivating mutations have also been described. They have negative
impact on ligand binding especially when they occur at the ECD. Mutations falling
within other domains of the receptor may affect trafficking or signal transduction
capability, resulting in the impairment of FSH-dependent signals. The C566T
transition at the exon 7 of the FSHR gene provides an example of inactivating
mutations. It results in the substitution of amino acid alanine to valine within the
ECD, at position 189, which causes hypergonadotropic hypogonadism and infertility
in homozygous women (Aittoméki et al. 1995). High serum levels of FSH occur as a
consequences of the absence of negative feedback on pituitary gonadotrophin
production. The mutant receptor retains normal binding affinity for FSH but reduced
binding capacity and cAMP production due to low trafficking and receptor density at
the cell membrane. Amino acids 189—-193 in FSHR, known as the “AFNGT motif,”
are highly conserved in all species and in other glycoprotein hormone receptors.
Curiously, the A189V mutation has an unexpected high frequency among the
Finnish population. The AFNGT sequence carries a putative glycosylation site and
is fundamental for the trafficking of the mature receptor and its structural integrity.
Another mutation within this sequence (N1911) leads to failure of FSH-dependent
cAMP production (Gromoll et al. 1996¢). However, homozygous men carrying the
A189V mutated receptor show phenotypes with variable suppression of testis weight
and spermatogenesis, and surprisingly none on the five men homozygous for the
mutation were azoospermic, and two of them had fathered two children each
(Tapanainen et al. 1997). It remains a conundrum why the three men identified
with inactivating FSHB mutation are all azoospermic, whereas the five men with
inactivating FSHR mutation, as well as knockout mice for fshb or fshr
(Krishnamurthy et al. 2000; Shetty et al. 2006), are oligo- or normozoospermic.

Interestingly, inactivating mutations at the hinge region of FSHR ECD, such as
the proline to arginine substitution at position 348 (Allen et al. 2003), potentially
abolish both the receptor binding and signaling, reflecting the involvement of this
region in the regulation of several properties of receptor function.

Inactivating mutations within the transmembrane domain of FSHR result in a
wide spectrum of alterations, depending on the type and position of the amino acid
change. The FSHR A419T substitution was found in a Finnish female patient with
primary amenorrhea (Doherty et al. 2002). The mutation localized to the second
transmembrane stretch of the receptor and resulted in normal hormone binding in the
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face of absent cAMP response. Several other mutations within the transmembrane
regions have been described, confirming that the TMD is fundamental for signal
transduction. However, some of these mutations are partially inactivating, i.e.,
decreasing of cAMP production or ligand selectivity (Montanelli et al. 2004),
resulting in a variety of phenotypes, ranging from primary ovarian failure (Bramble
et al. 2016) to ovarian hyperstimulation syndrome (Chauhan et al. 2015), FSH
resistance, primary amenorrhea, or disturbed folliculogenesis (Kuechler et al. 2010).

Several LHCGR mutations have been described, and they lead to a variety of
phenotypes and pathologies. In general, activating germline mutations are involved
in male-limited gonadotrophin-independent precocious puberty (testotoxicosis)
(Kawate et al. 1995), while no phenotypes were associated with LHCGR-activating
mutations in females. In addition, testicular Leydig cell tumors have been detected
due to somatic mutations (Sangkhathat et al. 2010). A well-known activating
LHCGR mutation is the G to C substitution at position 1732 of the receptor gene,
resulting in the amino acid change D578H of the protein falling within the sixth
transmembrane stretch. It was found in the tumor cells of three boys with early
pubertal development (Liu et al. 1999) and independently confirmed by the discov-
ery of the same somatic mutation in two boys affected by Leydig cell adenoma
hypersecreting testosterone (Canto et al. 2002). These findings reveal that the main-
tenance of the intact sixth transmembrane region of the receptor is important for the
control of the cAMP production, and mutations within this area result in constitutive
activation of the Gas protein/adenylyl cyclase signaling. Interestingly, no phenotype
has been detected in women carriers of activating LHCGR mutations, for reasons not
understood. A likely explanation is that the ovaries do not express LHCGR before the
onset of puberty, when their expression is induced by FSH and estradiol. An activating
receptor mutation cannot induce phenotype before it is expressed.

In males, inactivating mutations of the LHCGR are linked to well-established
LH/hCG unresponsive phenotypes featured by primary hypogonadism, the absence
of Leydig cells, and disorder of sexual differentiation (Latronico et al. 1996). The
typical clinical picture of these patients includes complete lack of masculinization
with female external genitalia and lack of pubertal maturation, today referred to as
Leydig cell hypoplasia type 1 (LHC1). As well as for FSHR, the loss of Leydig cell
functioning is amenable to mutations affecting hormone binding, receptor transport
at the cell membrane, and G protein activation (Kremer et al. 1995).

Clinical Studies and In Vitro Analyses to Study Receptor Activity
and Function

Both LHCGR and FSHR respond upon ligand binding by G protein activation,
which further activates a cascade of intracellular events, most notably the production
of cAMP. In fact, measuring cAMP is still considered the most useful functional
assay in GPCR studies. There are many practical ways to measure cAMP, starting
from classical immunoassays such as enzyme-linked immunoassay (ELISA) and
radioimmunoassays (RIA). More recently, molecular biology has taken over the
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field, and the discovery of cAMP-binding proteins allowed the engineering of
sensor-chimeric proteins that change function upon cAMP binding resulting in
measuring signals such as fluorescence or luminescence readouts [reviewed in
(Paramonov et al. 2015)]. A limitation of this modern assays is that cells need to
be transfected with the genetic probes, particularly limiting their use to cell lines.
Trehan et al. and Klarenbeek et al. solved this by hypothesizing that cAMP can be
transferred between cells through gap junctions, and thus having cells expressing a
reporter system could detect cAMP produced in neighboring cells (Klarenbeek et al.
2011; Trehan et al. 2014). Additionally, it was shown that cAMP can be transferred
between different cell types and more strikingly, cells of different animal species
(Trehan et al. 2014).

In clinical diagnostics the activation of the LHCGR is usually measured as
testosterone response in male patients, which is a rather accurate way to measure
the bioactivity of Leydig cells expressing this receptor. Since FSH contributes to the
stimulation of spermatogenesis by acting on Sertoli cells, sperm quality may give
some indication of FSHR activity, as well as serum inhibin B levels. Clinical
suspicion of gonadotrophin receptor dysfunction arises usually in patients with
disturbances in sexual development or maturation, or hypogonadism and infertility.
In these cases, hormonal levels are measured (testosterone, estradiol, LH, FSH,
inhibin, anti-Miillerian hormone). If the testosterone levels are low, the first test is
to stimulate the release of LH and testosterone by using GnRH or its agonist,
followed by LH and testosterone measurements. Thereafter (or before the GnRH
test), the patient should be challenged with hCG to stimulate directly Leydig cells,
and the testosterone response is measured. If both tests yield negative responses,
then the problem can be in nonfunctional LHCGR, which, however, is extremely
rare. The next step is to sequence the patient’s DNA for mutations in the LHCGR
gene. If the receptor has inactivating mutation, then the diagnosis is Leydig cell
hypoplasia type 1 (LCH1) which is characterized by disorders of sex development
(DSD) and lack of pubertal sexual development (Reviewed in (Furtado et al. 2012)).
Partially responsive LHCGR mutants, for example, those responding the hCG but
not to LH, will result in Leydig cell hypoplasia type 2 (LCH2) with a variable
phenotype including hypospadia, cryptorchidism, micropenis, and/or hypo-
gonadism, like those having mutation of the LHB gene resulting in a
nonfunctional LH.

Mutational analysis of FSHR and LHCGR has been traditionally performed by
measuring the second messenger cAMP by ELISA or RIA in cell lines transfected
with the mutant receptor. It was due to the relatively easy-to-handle detection
methods used in the practice of research laboratories and incomplete knowledge of
the GPCR-mediated cell signaling. Thus, cAMP is the standard parameter of recep-
tor functionality in almost all in vitro studies from the 1990s and, in large part, even
in the subsequent decade (Boot et al. 2011; Doherty et al. 2002;Gromoll et al. 1996c,
2002). The discovery of alternative GPCR signaling mediators as indicator of
receptor functionality, such as p-arrestins (Lohse et al. 1990), provided new targets
for mutational analysis. For example, FSHR A189V mutation was characterized in
the year 1995 (Aittomaki et al. 1995) and was linked to lower spermatogenesis in
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homozygous than WT males and impaired cAMP production in vitro; however, the
discovery of an association between the mutation and cAMP/PKA-independent
phosphorylation of ERK1/2 through p-arrestins occurred much more recently
(Tranchant et al. 2011). Cell-based assays, such as BRET-/FRET-based methods,
are promising tools for the improvement of GnR mutational studies (Ayoub et al.
2015), allowing the detection of several intracellular mediators in the same trans-
fected cell system.

New insights in mutational analysis may be provided by whole exome sequenc-
ing, as primary method for detection of naturally occurring mutations, followed by
in vitro validation of signal transduction and/or flow cytometry. This procedure was
used to detect a FSHR mutation (c.1222G>T; p.Asp408Tyr) in two Turkish sisters
with hypergonadotropic primary amenorrhea. Using transfected HEK293 cells,
in vitro analysis of the mutant receptor revealed an approximate 50% reduction of
the cell surface expression and cAMP production upon FSH treatment, providing the
validation of the finding by experimental evidence (Bramble et al. 2016).

The first step to study in more detail, a receptor mutant is to clone or generate the
receptor mutant by in vitro mutagenesis. For this there is a variety of methods,
including commercial mutagenesis kits. Alternatively, a simplified protocol to gen-
erate mutants has been created by Trehan and collaborators, which has been used in
reports on the mutagenesis of multiple FSHR and LHCGR mutants (Trehan et al.
2015).

As the complexity of signaling and interactions are beyond mere cAMP gener-
ation, there are a variety of other functional assays depending on what is the desired
phenomenon to be studied. For example, receptor dimerization is often studied by
FRET or BRET assays, while internalization is often studied by p-arrestin binding
assays, receptor localization is studied by flow cytometry and immunocytochemis-
try, and other signaling pathways are often studied by Western blot analyses,
phospho-arrays, ELISA, metabolomics, or cell-based assays (reviewed in (Jonas
et al. 2012)). Below we describe some of the most common assays in more detail.

In the case of signaling cascades, there is no assay that covers them all; instead
single assay per pathway is the usual manner to study them, although there are new
approaches using “omics” (metabolomics, proteomics, transcriptomics) trying to
cover as many cellular changes as possible [reviewed in (Yao et al. 2015)]. There
is a whole suite of them, most of them immunoassays, although some biosensors
have been recently developed for some of them. A common approach are calcium
measurements, which are an indirect way to measure GPCR activation popular due
to their simplicity. Yet, these assays often result in rapid changes that do not
represent the kinetics of receptor activation. For further reading on this subject,
refer to Jonas et al. (2012) and Zhang and Xie (2012).

As there are only few good antibodies recognizing the extracellular domain of the
WT LHCGR or FSHR, localization studies are often performed using tagged
receptors. The tag, a small peptide sequence for which good antibodies are available
(HA, FLAG, V5, and Myc are the most commonly used), needs to be placed after the
membrane localization signal as this signal peptide is removed during receptor
biosynthesis (see Fig. 2b). The tag is then left fused to the mature receptor, and so
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far there are no reports suggesting that such short tags might have any effect on
ligand binding or receptor activation. The living cells are often “fed” with the
primary antibody against the tag, then incubated for an hour, and washed with
PBS. In some cases, the cells are fixed, while in most cases, the secondary fluores-
cently tagged antibody is added just after resuspending the cells and then washed and
run in flow cytometer. The fluorescent intensity is directly proportional to the
number of receptor molecules on the surface, and thus this method does not only
show that the receptor is located on the cell membrane but also provides an
approximate number of molecules per cell. If no receptor is found on the membrane,
the cells are resuspended, fixed, permeabilized, and then incubated with the primary
and secondary antibodies (as before). This will determine if the mutant receptor is
normally expressed but has problems during biosynthesis and localization. For
example, a mutant LHCGR having misfunctional transmembrane domain 7 and
C-termini (cT) is retained in the endoplasmic reticulum, which further triggers
endoplasmic reticulum stress. This is a cellular response to misfolded proteins
jamming the endoplasmic reticulum machinery and reducing gene expression as a
survival mechanism (Rivero-Miiller et al. 2015).

Another modern approach to detect receptor expression and localization is the use
of intracellular fluorescent protein tags such as green fluorescent protein (GFP) or
far-red fluorescent protein mCherry. Tagging of the LHCGR using FPs has been
performed, and the receptor does not seem to be affected by such carryover (Smith
et al. 2006). Yet FSHR was unable to be tagged using fluorescent proteins, some-
thing that was later found due to proteolysis of the c¢T. This has been recently solved
by swapping its intracellular domain for that of the LHCGR. While the FSHR-cT-
LHCGR chimera retains FSHR functionality, fluorescent protein tags can be used for
tracking the receptor, a technique that also allowed the tracking of single molecules
and observing LHCGR/FSHR heterodimers (Mazurkiewicz et al. 2015).

One additional approach to measure receptor activation is the visualization or
quantification of the arrestins recruited upon activation (Fig. 2d). There are academic
as well as commercial systems to perform this, although in most cases, they require
the modification of the C-terminal of the receptor under study. This limits such
assays to cell cultures and exogenous receptors, and in some cases, as with FSHR,
they would require the use of chimeric proteins. Aggregation of fluorescently tagged
arrestins is also used even if it is not optimal for quantification, although it allows
confocal microscopy and visualization of internalization complexes.

Transgenic Models for Receptor Functional Studies

In order to study the physiological roles of proteins, we are left with two options, the
serendipitous discovery of mutations in human patients or the engineered generation
of organisms lacking or overexpressing certain components such as the ligand or the
receptor. This also includes the generation of mutant receptors or downstream
components in order to elucidate the function and interactions between the different
players.
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While we always have to remember that animal models are just models that in
some cases only distantly resemble the human condition and thus the results gained
from animal models have to be carefully analyzed before translated into human
conditions, yet more often than not, the results obtained in animal models faithfully
phenocopy those in humans, and this is no exception in the GnR field.

Transgenic mice overexpressing either the #CGB gene or the former plus the
CGA subunit under ubiquitin promoter were expected to model the phenotype of
humans with activating mutations of the LHCGR. Surprisingly, these mice resulted
in the opposite phenotype: while in human females are asymptomatic to constitu-
tively active LHCGR mutations, men develop precocious puberty and tumorigenesis
(testotoxicosis). Unexpectedly, male mice overexpressing hCG presented with nor-
mal phenotypes, while female mice presented precocious puberty, became obese
(twice the weight of WT at 4 months of age), and had luteinized ovaries with
luteomas and hemorrhagic cysts (Rulli et al. 2002). These mice also developed a
series of non-gonadal problems such as prolactin-secreting pituitary adenomas,
mammary tumors, pseudopregnacy, and uterine hyperstimulation (reviewed in
Peltoketo et al. 2010). Female mice overexpressing a chimeric LHB and carboxyl
terminal peptide (CTP) of hCG (LHB-CTP), to increase the half-life of this moiety,
presented polycystic ovaries and high estradiol and testosterone and developed
granulosa cell tumors (Clay et al. 1995). In contrast, overexpression of the FSHB
gene resulted in indistinguishable phenotypes of male or females to WT littermates
(Kumar 2007).

The first gonadotrophin-related gene to be knocked out was the common CGA
subunit. The phenotypes matched well the expectations, as the mice were hypo-
gonadal and presented hypothyroidism due to lack of LH, FSH, and TSH hormones
(Kendall et al. 1995). Because mice do not have choriogonadotrophin (i.e., a dimer
of CGA and CGB), pregnancy of the knockout mice was not compromised. In order
to identify the physiological roles of each beta subunit, they were knocked out one
by one, starting with the FSHB which was performed by Kumar and collaborators
(1997) who found that male mice have smaller testes, yet they were fertile. Female
KO mice were infertile due to lack of preantral stimulation, and probably
FSH-dependent LHCGR expression.

The LHB knockout mouse model was also generated by the same lab (Kumar and
Matzuk), although this time the model recapitulated the human condition more
faithfully. LHB KO mice presented with hypogonadism, with very few hypoplastic
Leydig cells and thus very low testosterone levels but normal serum FSH. Females
likewise were infertile due to, among other issues, anovulation and degeneration of
antral follicles (Ma et al. 2004).

The knockout models of FSHR or LHCGR showed identical phenotypes with the
cognate ligand KOs. The LHCGR KO (LuRKO) did not fully mirror the human
condition where the fully inactivated LHCGR results in LCH1 and hermaphroditism,
while in rodents, there is a gonadotrophin-independent pathway for the production of
testosterone during fetal life (O’Shaughnessy et al. 2003). Namely, numerous endo-
crine and paracrine non-gonadotrophic factors are able to stimulate fetal Leydig cell
testosterone production in the absence of LH or LHCGR (EI-Gehani et al. 1998).
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Thus the knockout mice are born similar to WT but lack postnatal sexual maturation
in the absence of LH-stimulated testosterone production. Interestingly, in old age
(12-month old), these mice develop qualitatively full, though quantitatively minor,
spermatogenesis, as a sign of biological effect of the residual LH-independent
testosterone production of their testes (Zhang et al. 2003).

In teleosts, the group including most fish, the Lhr and Fshr are promiscuous to
their ligands. Surprisingly in many species of fish, e.g., African catfish and zebra
fish, Fshr binds indiscriminately to FSH and LH, whereas the Lhr binds only LH
(So et al. 2005; Vischer et al. 2003), while in other fish species, Fshr binds only to
FSH, but Lhr binds strongly to LH and weakly to Fsh (Oba et al. 1999). The GnRs
have also less stringent expression pattern as in mammals, as the Fshr and Lhr are
both expressed in Leydig cells (Garcia-Lopez et al. 2010).

Using gene editing techniques, two research groups generated zebra fish lacking
either the LhB or the FshB. Zebra fish depleted of FSH had a clear delay in
folliculogenesis and spermatogenesis, yet LH is able to rescue the phenotype,
probably due to the promiscuity of this fish’s Fshr (Zhang et al. 2015b). On the
other hand, lack of LH resulted in no changes in gonadal growth, despite this female
fish rendered infertile due to a blockade in oocyte maturation as well as ovulation
(Chu et al. 2014; Zhang et al. 2015b). The same groups generated KOs of the GnRs
as well, in one of the studies, they showed that Fsir KO female fish fails in the first
wave of follicular activation and responds by reversing the males, surprisingly these
males were fertile. In males Fshr depletion resulted in a delay in the initiation of
spermatogenesis, but once started they were fully fertile. Since Lar KO fish had no
effect on either gender (Chu et al. 2014), these fishes were crossed with Fshr KO,
double KO fish of both GnRs, resulting in infertile male offspring (Zhang et al. 2015a).

Potential constitutively active mutants of LHCGR and FSHR found in the clinic
need to be tested in vitro and eventually in vivo, in particular FSHR mutations since
FSHR constitutively active mutations usually have a low baseline activity (cCAMP
generation), while mutant LHCGRs have a much higher baseline. For example, in
order to study the functional role of the FSHR-D567G in vivo, Haywood and
colleagues took a very elegant approach. Knockout mouse embryos for the
gonadotrophin-releasing hormone (4pg mice) were microinjected with a transgene
for the expression of the FSHR-D567G mutant under a Sertoli cell-specific promoter
(anti-Miillerian hormone). Since the hpg mice have neither LH nor FSH production,
their testes are underdeveloped, and spermatogenesis is arrested at the premeiotic
stage, yet hpg mice also carrying the FSHR-D567G transgene showed an increase in
testes weight and postmeiotic germ cells demonstrating the constitutive activity of
this mutant receptor. Moreover, isolated Sertoli cells from these mice had twice
higher cAMP basal activity (Haywood et al. 2002). Further studies where FSHR-
D567G receptor was expressed in the Apg- and LHCGR-nul/l mice demonstrated
that, in rodents, FSHR activity alone is able to accomplish Sertoli cell proliferation,
further demonstrated by injecting FSH in /pg mice achieving a similar effect (Allan
et al. 2004). Female mice expressing the FSHR D567H mutation responded with
increase fertility (litter size), which is in agreement with other data showing that
folliculogenesis requires FSH/FSHR signaling. Activating FSHR mutations in males
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apparently have marginal phenotype in the WT background, and therefore their
functionality can only be demonstrated in the gonadotrophin-deficient background
like hpg. Apparently for the same reason, the only activating FSHR mutation
detected in a human male was in a hypophysectomized man maintaining normal
spermatogenesis in the absence of circulating gonadotrophins (Casas-Gonzalez et al.
2012; Gromoll et al. 1996Db).

While in men the LHCGR-dependent testosterone production is essential to
spermatogenesis, lack of either FSH or FSHR can still be compensated for as long
as testosterone levels are sufficient. Despite smaller testicular volume, this very same
finding has been made by using knockout rodent models of F'SHR or FSHB (Abel
et al. 2000; Kumar et al. 1997).

Very little evidence exists on the extragonadal role of GnRs, at least in mammals.
One of the very few animal models showing the importance of a GnRs in
non-gonadal tissues was a study on adrenal glands. Experimental mice over-
expressing transcription factor GATA4 under the 2I-hydroxylase (Cyp2lal,
21-OH) promoter developed adrenal hyperplasia after gonadectomy. There were
clearly two types of cells within the lesions: A cells that were steroidogenically silent
and B cells that were LHCGR positive and, as expected, steroidogenically active
(Chrusciel et al. 2013). These data support clinical and experimental data suggesting
that lack of gonadal factors and increased LH levels result in the hyperproliferation
of LHCGR-positive cells (B cells) and that secreted factors produced by these cells
support the proliferation and survival of neighboring A cells. As described above,
the overexpression of hCG alone does not result in adrenal tumors. On the other
hand, orthotopic transplantation of WT ovarian tissue to LuURKO mice allowed them
to attain fertility, which indicates that extragonadal LHR expression is not needed for
female mouse fertility (Pakarainen et al. 2005). Similarly, ovum donation to a female
with inactivating LHCGR mutation allowed her to foster the donated embryo to
term, also in the absence of extragonadal LHCGR (Mitri et al. 2014).

Understanding the physiological roles of gonadotrophin actions requires animal
models, which, in most cases, phenocopy the human health and disease conditions.
However, interspecies differences are fascinating in their own right and could well
teach us how to bypass or circumvent clinical problems for which medications are
nonexisting.

Conclusive Remarks

The GnRs play essential role in the communication between the pituitary gland and
gonadal cells and forward to pregnancy, sex development, and gametogenesis.
Several decades of studies have not yet provided a complete picture of the GnR
molecular features, which go far beyond the classical view of the cAMP-mediated
stimulation of gonadal-limited steroidogenesis. GnRs activate numerous signaling
cascades modulating a wide range of effects at the cellular level and resulting in a
complex regulation of the reproductive endocrine functions. These receptors specif-
ically recognize the ligand through highly conserved interaction sites; thus,
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artificially induced or naturally occurring mutations can dramatically affect such
binding. Unique signaling cascades are likewise activated upon recognition of the
ligand by peculiar, species-specific residues located at the hinge region and TMD of
the receptors. Moreover, recently discovered GnR features have revealed that these
molecules act, besides monomers, as functional homo-/heterodimers or oligomers,
as well as other GPCRs, suggesting that the modulation of the intracellular signaling
may occur at different levels and is physiologically relevant, as confirmed by
transgenic mouse models in vivo. Thus, GnRs regulate a wide spectrum of physio-
logical functions, likely not exclusively exerted at the gonadal level, which may be
individually modulated by widespread SNPs among human populations and
resulting in various endocrine ethnic backgrounds. Yet GnRs have also clearly
defined additional roles in physiology or pathological conditions. Numerous acti-
vating and inactivating GnR mutations have been described in humans, resulting in
pathological, often sex-limited, phenotypes with differing range of severity,
depending on the location and entity of the alteration. Thanks to carefully detailed
studies on the molecular biology of these molecules as well as clinical cases and
animal models, a clearer picture of the similarities and differences between these
receptors, their hormones, and regulation has emerged. New insights in the under-
standing of the functional complexity of GnRs may provide new pharmacological
approaches for personalized treatment of hypogonadism and infertility, as well as
effective tools to be used for health care of endocrine and cancer patients.
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Abstract

In mammals, the decision to become male or female is initiated in the gonad by
the sex determination pathway, which drives and instructs the differentiation of
the gonad into a testis or ovary. The gonad develops as an undifferentiated
primordium that is initially indistinguishable between XX (female) and XY
(male) embryos; the gonad is a uniquely bipotential organ in its ability to give
rise to a testis or ovary. Prior to sex determination, the establishment of the
gonadal anlage (i.e., the setup of genetic and cellular programs promoting its
identity) by a set of specification factors is critical. The master switch of mam-
malian sex determination, the Sry gene on the Y chromosome, is the genetic
trigger that sets sex determination in motion and launches the testis program in
the gonad. Sry is necessary and sufficient for male development, while the
ovarian pathway (under the control of a female-specific program) ensues in the
absence of Sry expression during a critical developmental time window. In this
chapter, we will cover the processes of gonad specification and sex determination,
focusing on major factors and signaling pathways involved in the male-versus-
female decision and the establishment of sexual dimorphism in the gonad.
Additionally, we will briefly discuss evolutionarily conserved aspects of chromo-
somal sex determination mechanisms and environmental influences that poten-
tially impact sex determination and sex ratio in mammals.
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