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Abstract

Control of gene expression following activation of membrane receptors results from the regulation
of intracellular signaling pathways and transcription factors. Accordingly, research to elucidate the
regulatory control circuits and cellular data processing mechanisms focuses on intracellular
mechanisms. While autocrine and paracrine signaling are acknowledged in endocrinology,
secreted factors are not typically recognized as fundamental components of the pathways
connecting cell surface receptors to gene control in the nucleus. Studies of the gonadotrope
suggest that extracellular regulatory loops may play a central role in the regulation of
gonadotropin gene expression by gonadotropin-releasing hormone (GnRH) receptor activation.
We review emerging evidence for this phenomenon, which we refer to as exosignaling, in
gonadotropin gene control and in other receptor-mediated signaling systems. We propose that
basic signaling circuit modules controlling gene expression can be seamlessly distributed across
intracellular and exosignaling components that together orchestrate the precise physiological
control of gene expression.

Keywords
exosignaling; GnRH; autocrine; prostaglandins; PACAP; inhibin o

1. Introduction

Gonadotropin-releasing hormone (GnRH) controls mammalian reproductive function
through the stimulation of the synthesis and production of pituitary gonadotropins
luteinizing hormone (LH) and follicle stimulating hormone (FSH). GnRH is secreted in brief
pulses of several minutes duration and the pattern of pulse secretion controls the differential
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synthesis and secretion of pituitary gonadotropins throughout the various stages of human
reproductive development, e.g. puberty, and during women’s reproductive cycle (Marshall
et al., 2001,Marshall and Kelch, 1986).

FHSB is largely constitutively secreted and its physiological control largely occurs at the
level of gene expression (Bernard et al., 2010). One salient and puzzling aspect of the
gonadotrope signaling system is the preferential induction of FSHf gene expression by low
frequency GnRH pulses. Despite detailed studies of the gonadotrope signaling pathways
(Fink et al., 2010) and various proposed mechanisms for frequency decoding (Ciccone et al.,
2010,Mistry et al., 2011,Reddy et al., 2012, Thompson et al., 2013, Tsutsumi et al., 2010), the
mechanisms by which the gonadotrope recognizes low frequency GnRH pulses and in
response augments FSHP gene synthesis are incompletely understood.

Implicit in most of the research in this area for the past several decades is the reasonable
assumption that the major pathways mediating the control of gonadotropin subunit gene
transcription in response to GnRH acting at cell surface receptors consist of intracellular and
nuclear components (Fig. 1A). This standard paradigm has largely guided research in the
field for decades and has led to detailed insight into the complex signaling pathways and
transcription factors involved in gonadotropin gene regulation (Fink et al., 2010,Naor,
2009). The GnRH receptor (GnRHR) is a member of the rhodopsin-like G protein-coupled
receptor (GPCR) family (Sealfon et al., 1997), and among its downstream components are
phospholipase CB (PLCP), with the activation of protein kinase C (PKC) and calcium/
calmodulin-dependent protein kinase Il (CaMKII) on the one hand, and the protein kinase A
(PKA)-dependent pathway on the other hand. Additionally, PKC activates mitogen-activated
protein kinase (MAPK)-dependent signaling cascades. All of these pathways are implicated
in the regulation of gonadotropin subunit gene expression (Fig. 1B). Despite decades of
intense research, however, a convincing explanation for key physiologically important
aspects of GnRH signal processing, such as the low pulse-frequency sensitivity of the FSHp
gene, has not been established.

There is now emerging evidence that extracellular regulatory loops acting in an autocrine/
paracrine fashion participate in creating the basic regulatory motifs controlling gonadotropin
gene expression, and thus may be critical in the control of reproductive functions. The role
of extracellular factors in modulating intracellular responses has previously been referred to
as “inside-out signaling” (Naor et al., 2007). Because this phrase has been used to describe
several unrelated concepts in the research literature, we introduce the term exosignaling to
refer to the extracellular location of regulatory components that behave in a fashion
analogous to that of intracellular signaling components to regulate intracellular processes.
We review several examples of exosignaling in various signaling systems and in the
gonadotrope.

2. Autoreceptors mediate negative feedback loops in the central nervous

system

The nervous system has evolved the most specialized mechanisms for complex information
transmission and processing. Local synaptic signaling, which largely relies on
neurotransmitter release, can be conceptualized as a special example of paracrine and
autocrine signaling. The release of neurotransmitters from neuronal terminals, which
regulate receptors on nearby neurons, is analogous to paracrine signaling. Many released
transmitters regulate autoreceptors located on terminals, which is similar to autocrine
signaling outside of the nervous system and is an example of exosignaling.

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 March 25.
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Autoreceptors are recognized to play important regulatory roles for nearly all
neurotransmitters. One particularly well characterized example is the dopamine
autoreceptor. Dopamine signaling in the central nervous system is involved in many aspects
of behavior, including locomotion and reward (for review, see (Missale et al., 1998)).
Dopamine releasing neurons express D2 type dopamine autoreceptors that exert negative
feedback regulation to reduce dopamine neuron firing and dopamine synthesis and release
and to regulate dopamine reuptake (Fig. 2A) (Bello et al., 2011,Bolan et al., 2007,Jones et
al., 1999,Zhang and Sulzer, 2012). This regulatory mechanism has been implicated in
normal and pathophysiological behaviors as well as in the effects of therapeutic drugs (Jones
et al., 1999) (Sotnikova et al., 2006).

3. Sphingosine-1-phosphate, an autocrine/paracrine mediator of the actions
of cytokines and growth factors

A number of agonists activate sphingosine kinases that catalyze the formation of
sphingosine-1-phosphate (S1P), a sphingolipid metabolite; in turn, S1P can either function
intracellularly as a second messenger, or be secreted outside the cell and act in an autocrine/
paracrine manner to activate S1P receptors present on the surface of the same cells or
adjacent neighboring cells (for reviews, see (Alvarez et al., 2007, Takabe et al., 2008)). S1P
has been implicated in a wide variety of biological responses, including cell proliferation,
survival and motility (Spiegel and Milstien, 2003). Interestingly, secreted S1P regulates the
effects of many growth factors and cytokines (for review, see (Takabe et al., 2008)).
Because S1P may be implicated in various diseases, including cancer, inflammation, and
autoimmune disorders, S1P has been proposed as a target for the treatment of these illnesses.

S1P can be released by platelet-derived growth factor (PDGF) receptor activation. PDGF
induces cell migration in human arterial smooth muscle cells (Bornfeldt et al., 1995) and in
mouse embryonic fibroblasts (Goparaju et al., 2005). The activation of S1P receptors
triggers an intracellular signaling cascade that is crucial for cell motility (Fig. 2B). Although
a role for S1P in the gonadotropes has not been described thus far, a recent study showed
that the lipid mediator activated porcine Gpr3, whose expression was detected notably in the
pituitary (Zhang et al., 2012). These intriguing results suggest that S1P could be active in the
gonadotropes.

4. Matrix metalloproteinase-dependent transactivation of epidermal growth

factor receptor by G-protein-coupled receptors: a paradigm in GhRHR

signaling

About a decade ago, GPCRs were found to transactivate receptor tyrosine kinases,
principally the epidermal growth factor receptor (EGFR) (Kalmes et al., 2001). EGFR
transactivation by GPCRs occurs in different cell types and is mediated by heparin-binding
EGF-like growth factor (HB-EGF). An example of multiple cascades of exosignaling was
described in breast cancer cells, where estradiol (E2) induced the release of S1P, which
consecutively activated its receptor, leading to EGFR transactivation in a matrix
metalloproteinase (MMP)-dependent manner (Sukocheva et al., 2006). The coordination of
multiple intracellular signaling and exosignaling processes illustrates how cellular
information processing can be distributed across intracellular and extracellular pathways
(Fig. 3A).

In pituitary gonadotropes, binding of GnRH to its receptor stimulates the PKC signaling

pathway, which induces the release of active MMP2 and MMP9, which in turn mediate
EGFR transactivation (Roelle et al., 2003) (Fig. 3B). Because EGFR transactivation leads to

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 March 25.
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engagement of the extracellular signal-regulated kinase (ERK) cascade and subsequent
induction of early genes c-Fos and c-Jun, MMPs play a role in GnRH signaling and the
regulation of reproductive functions. Similarly, in GnRH-producing hypothalamic neurons
(GT1-7 neurons), activation of ERK1/2 in response to GnRHR stimulation depends on
sequential activation of PKC, MMPs, and EGFR transactivation (for a more extensive
review, see (Shah and Catt, 2004)).

5. Crosstalk between GnRHR and prostaglandin receptors

The release of prostaglandins (PGs) following GnRHR activation is an exosignaling
gonadotrope pathway identified several years earlier. GhRH was shown to stimulate PG
synthesis in the gonadotrope via induction of COX-2 by the PKC/MAPK-dependent
pathway. In turn, the released PGs inhibited GnRHR gene expression and selectively
reduced GnRH-induced LHp gene expression in an autocrine/paracrine fashion (Fig. 3B;
(Naor et al., 2007,Naidich et al., 2010). The transcriptional regulation of GhnRHR and
gonadotropin subunit genes was analyzed by transfecting immaortalized gonadotropes with
the corresponding promoter constructs. The inhibitory effects of PGs on LH (but not FSH)
secretion were confirmed ex-vivo in rat pituitaries. Additionally, PGs inhibited GhRHR
gene expression through inhibition of phosphoinositide turnover. Hence, locally produced
PGs may contribute to the differential expression of gonadotropin subunit genes.

6. PACAP, an autocrine factor potentially involved in GnRH pulse
frequency-induced FSHf expression

An important and puzzling aspect of gonadotrope signaling is the differential induction of
the gonadotropin genes by different pulse frequencies of GnRH stimulation. GnRH is
released in brief pulses by the hypothalamus. Increasing GnRH pulse frequency stimulation
leads to increasing levels of LHB mRNA expression. FSHB mRNA, in contrast, is
preferentially induced by low frequency GnRH pulses, at an interval of about one pulse
every 2 h in mouse and rat gonadotrope cells (Bedecarrats and Kaiser, 2003,Kaiser et al.,
1997). This pattern of gene control is important for maintaining normal reproductive

physiology.

Several signaling components and transcription factors have been identified as possibly
contributing to the GnRH frequency-dependent gene regulation. The GnRHR can activate
both Gag/11 (Grosse et al., 2000,Hsieh and Martin, 1992,Naor et al., 1986) and Gas
(Tsutsumi et al., 2010,Liu et al., 2002) in response to GnRH stimulation. While Gag
pathway undergoes desensitization in response to pulse stimulation, the Gas-cyclic
adenosine monophosphate (CAMP)-PKA-dependent pathway is more sensitive to high
GnRH pulse frequency (Tsutsumi et al., 2010). Differential expression of AP1 factors at
slow GnRH pulses and of corepressors SKIL and TGIF1 at faster pulses has been proposed
to mediate the sensitivity of FSHp gene to GnRH pulse frequency (Mistry et al., 2011). On
the other hand, the PKA-dependent signaling cascade has been shown to mediate GhRH
activation of cCAMP responsive element binding protein (CREB) at low pulse frequency,
thus resulting in the stimulation of FSHp transcription (Thompson et al., 2013). Data from
the same group suggest that cAMP early repressor (ICER) counteracts the preferential
stimulation of FSHp gene expression at high GnRH pulse frequency by reducing CREB
occupation of the rat FSHp promoter (Ciccone et al., 2010). Another study reports that
during low GnRH pulse frequency stimulation, GhnRH induces c-Fos phosphorylation, which
prolongs c-Fos half-life and increases its transcriptional activity, thereby causing stronger
activation of FSHp expression (Reddy et al., 2012).

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 March 25.
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According to other studies, differences in ERK phosphorylation pattern in response to
distinct GnRH pulse regimes are linked to different expression patterns of the MAPK
phosphatase MKP1 following high vs. low frequencies of GhRH pulse stimulation; this
mechanism may also contribute to the differential control of gonadotropin subunit
expression. Initial observations by Kanasaki et al. revealed distinct patterns of ERK1/2
phosphorylation in response to slow vs. fast GhnRH pulses, suggesting the involvement of an
ERK dephosphorylation enzyme working in a different way under each condition (Kanasaki
et al., 2005). Later, the feedback activity of MKP1, which inactivates ERK by
dephosphorylation, was shown to modulate GnRH-induced ERK activation and
gonadotropin response to GnRH (Lim et al., 2009,Nguyen et al., 2010). MKP1 was mainly
expressed following high frequency GnRH pulses, suggesting its implication in the GnRH
pulse frequency-dependent regulation of gonadotropin subunit genes (Purwana et al., 2011).

Although these studies have been enlightening, most have not established a clear link
between sensitivity of the endogenous FSHf gene to GnRH pulse frequency and the various
candidates. Notably, several exosignaling regulatory mechanisms have been implicated in
gonadotropin gene regulation and GnRH frequency-sensitivity.

Pituitary adenylate cyclase-activating polypeptide (PACAP) was originally isolated from
ovine hypothalami as a stimulator of cAMP in pituitary cells (Miyata et al., 1989). The
peptide was later shown to be produced in pituitary gonadotropes (Koves et al., 1998,Moore
et al., 2005). PACAP acts alone or in synergy with GnRH to stimulate LH and FSH gene
expression and secretion in rat pituitary cells (Culler and Paschall, 1991). In LBT2 pituitary
gonadotropes, GnRH stimulates PACAP and PACAP type 1 receptor (PAC1R) expression
(Grafer et al., 2009) (Fig. 3B), and lower frequencies of GnRH pulses stimulate higher
expression levels of PACAP and its receptor than higher frequencies (Kanasaki et al., 2011).
Additionally, a PACAP antagonist inhibits GnRH-induced FSHF mRNA expression,
suggesting that PACAP acts as an autocrine regulator of GnRH pulse frequency-dependent
gonadotropin expression (Kanasaki et al., 2011,Kanasaki et al., 2012). Therefore, locally
produced PACAP may be involved in the fine-tuning of gonadotrope function, which is
necessary for normal reproductive function.

7. Feedback suppression of FSHB expression by inhibin ain response to

GnRH

An additional member of the exosignaling network implicated in the regulation of
gonadotropin expression is inhibin a (INHA) (Bilezikjian et al., 2004,Choi et al., 2012).
Gas activation by GnRH was recently reported to promote LHp expression and to suppress
FSHp expression in LBT2 cells (Choi et al., 2012). The differential effects of Gas activation
on gonadotropin subunit expression were mediated via the secretion of autocrine/paracrine
factors that included INHA (Fig. 3B). Notably, the induction of INHA expression showed a
GnRH pulse frequency sensitivity that was opposite to that of FSHp. Whereas FSHf was
preferentially induced by low frequency GnRH pulses of ~ one 5-min pulse every 2 h, INHA
was preferentially induced by high frequency pulses. Thus, at higher frequencies the
inhibitory autocrine suppression of FSHp by INHA would be increased, and this could
contribute to the lower frequency preference for maximizing FSHp expression. This study
also demonstrated that conditioned media from LBT2 gonadotrope cells in which Gas had
been reduced by siRNA had a stimulatory effect on FSHf expression. Exosignaling
pathways involving MMPs, PGs, PACAP, and INHA likely represent only part of the
complex extracellular signaling systems contributing to gonadotrope function. We
hypothesize that this exosignaling network and intracellular components form the regulatory
signaling modules underlying the characteristic gene regulatory responses of the
gonadotrope.

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 March 25.
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8. Conclusions and future perspectives

Overall, the literature suggests that exosignaling is an important component of gonadotrope
signaling. Many of the regulatory pathways needed to understand GnRH frequency
decoding and gonadotropin gene regulation may be outside the cell. Emerging studies in
gonadotropes reveal a surprisingly dense exosignaling network comprising MMPs, PGs,
PACAP, INHA and other factors that are beginning to rival the intracellular pathways in
complexity. In transmitting information from the cell surface GnRHR to the regulatory
apparatus of gonadotropin genes, the cell is not restricted by cell membrane boundaries and
uses a data processing network that is distributed across both the intracellular and
extracellular space.

There are potential advantages in the use of exosignaling mechanisms to regulate
gonadotropin genes. Exosignaling may help coordinate responses across cells. Exosignaling
may also increase the robustness of the gonadotrope responses in the presence of random
fluctuations in the GnRH secretion pattern. Intriguingly, exosignaling may act in concert
with steroid regulation of gonadotropins. For instance, activins and androgens
synergistically regulate FSHp gene expression, presumably via an interaction between
SMAD3 and the androgen receptor (Hayes et al., 2001, Thackray and Mellon, 2008).

Exosignaling regulatory pathways are not restricted to the gonadotrope and may prove to be
important in various endocrine systems. The evolution of this distributed signaling system
provides useful benefits in coordinating behavior across cells. The paradigm that cell
signaling occurs inside and outside the cell may lead to an improved understanding of how
cells process information and to the identification of new therapeutic targets. In the
gonadotrope, much work remains to characterize more components of this extracellular
network, to determine which intracellular and extracellular elements are most important for
particular aspects of gonadotropin gene regulation and to establish an experimentally
validated model of the control of gonadotropin gene expression via intracellular and
extracellular regulatory pathways.
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MMP matrix metalloproteinase
PACAP pituitary adenylate cyclase-activating polypeptide
PGs prostaglandins
PKA protein kinase A
PKC protein kinase C
S1P sphingosine-1-phosphate
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Fig. 1. Model of plasma membrane receptor-mediated intracellular signaling

A, General schematic of the classical view of cell surface receptor-mediated intracellular
signaling. Following the binding of an agonist to its cell surface receptor, the receptor
activates several cytoplasmic signaling cascades (A, B, C, and X, Y, Z, respectively) that
lead to the activation of transcription factors (TFq and TF,, respectively), which in turn
stimulate the transcription of target gene(s) in the nucleus. B, Schematic representation of
the GnRH receptor intracellular signaling network. This simplified view illustrates the
activation of multiple intracellular signaling cascades by the GnRH receptor (GnRHR) in
response to GnRH stimulus, ultimately resulting in the induction of gonadotropin subunit
gene expression in the nucleus via various transcription factors, as shown. The GnRHR is
coupled to Gaq and Gas proteins, which subsequently activate phospholipase Cj (PLCP)
and adenylate cyclase (AC), respectively. Stimulation of AC leads to protein kinase A
(PKA) activation, which notably phosphorylates CAMP responsive element binding protein
(CREB). Stimulation of PLC leads to activation of the calcium/calmodulin-dependent
protein kinase 11 (CaMKII)-dependent pathway and of protein kinase C (PKC), which itself
mediates the activation of various mitogen-activated protein kinase (MAPK) cascades:
extracellular signal-regulated kinase (ERK), jun-N-terminal kinase (JNK), and p38. Caln,
calcineurin; CBP, CREB-binding protein; CGA, common a- glycoprotein subunit; EGR1,
early growth response 1; FSHp, follicle-stimulating hormone $-subunit; LHp, luteinizing
hormone B-subunit; NFAT, nuclear factor of activated T cells; SF1, steroidogenic factor 1.
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Fig. 2. Examples of other exosignaling systems

A, Dopamine D2 autoreceptor (D2R)-mediated negative feedback loop. Following its
presynaptic release through exocytosis, dopamine (DA) binds to D2R, which in turn inhibits
the synthesis and release of DA as well as stimulates DA reuptake by plasma membrane DA
transporters (DAT). B, Sphingosine-1-phosphate (S1P) secretion as a mediator of growth
factors’ actions. Platelet-derived growth factor receptor (PDGFR) stimulates sphingosine
kinase (SphK1), which promotes the formation and secretion of S1P. Secreted S1P binds to
its receptor, S1P4 in an autocrine/paracrine manner, which leads to activation of the small
GTPase Rac and subsequent increased cell motility.
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Fig. 3. Model of plasma membrane receptor-mediated exosignaling

A, General schematic of the concept of exosignaling. In addition to intracellular signaling
pathways activated by a cell surface receptor in response to agonist stimulation (see Fig.
1A), the receptor promotes the secretion of autocrine/paracrine factors, e.g. activator(s) and
inhibitor(s), which regulate the transcription of target gene(s) in the nucleus via specific cell
membrane receptors and the downstream activation of intracellular signaling mediators and
transcription factor(s) (e.g. TF3). B, Schematic view of GnRHR exosignaling mechanisms.
Besides the intracellular signaling pathways activated by the GnRHR in response to GnRH
stimulation (see Fig. 1B), the receptor promotes the secretion of matrix metalloproteinases
2/9 (MMP2/9), pituitary adenylate cyclase-activating polypeptide (PACAP), prostaglandins
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(PGs), and inhibin a(INHA), which in turn regulate the transcription of gonadotropin
subunit genes and the GnRHR gene in an autocrine/paracrine fashion. MMPs mediate the
transactivation of epidermal growth factor receptor (EGFR) by the GnRHR, which may
result in the modulation of gonadotropin subunit genes (dashed line); PACAP stimulates
LHp and FSHp gene expression via its receptor PAC1R. PGs inhibit GhRHR and LHpgene
expression via their receptors (PG Rc). INHA, which is activated by the GnRHR via Gas,
prevents activin from binding to its activin type 11 receptor (ActRII), thereby inhibiting
FSHp gene expression. HB-EGF, heparin-binding EGF-like growth factor.
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