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Abstract: Mammalian reproduction systems are largely regulated by the secretion of

two gonadotropins, that is, luteinizing hormone (LH) and follicle-stimulating hormone

(FSH). The main action of LH and FSH on the ovary is to stimulate secretion of estradiol

and progesterone, which play an important role in the ovarian function and reproductive

cycle control. FSH and LH secretions are strictly controlled by the gonadotropin-releasing
hormone (GnRH), which is secreted from the hypothalamus into the pituitary vascular system.
Maintaining normal secretion of LH and FSH is dependent on pulsatile secretion of GnRH.
Extracellular signal-regulated kinase (ERK] proteins, as the main components of mitogen-
activated protein kinase (MAPK] signaling pathways, are involved in the primary regulation of
GnRH-stimulated transcription of the gonadotropins’ a subunit in the pituitary cells. However,
GnRH-stimulated expression of the B subunit has not yet been reported. Furthermore,
GnRH-mediated stimulation of ERK1 and ERK2 leads to several important events such as cell
proliferation and differentiation. In this review, we briefly introduce the relationship between
ERK signaling and gonadotropin secretion, and its importance in female infertility.
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Introduction

Main functions of mammalian ovaries such as fol-
licular evolvement, ovulation, luteinization,
timely release of mature oocytes, and maintaining
the implanted embryos are controlled by the pitu-
itary gonadotropins follicle-stimulating hormone
(FSH) and luteinizing hormone (LLH) that are
essential extra-ovarian factors.! FSH and LH
secretion is strictly controlled by hypothalamic
gonadotropin-releasing hormone (GnRH) which
is responsible for physiological patterns of gon-
adotropin hormones and reproductive cycles.>*
FSH and LH are heterodimeric hormones con-
sisting of o and P subunits.? In both gonadotro-
pins, the o subunits (aGSU) are the same,
whereas 3 subunits are different and are responsi-
ble for distinct roles of these hormones.’ FSH and

LH signaling implement several signaling path-
ways in ovarian granulosa cells such as mitogen-
activated protein kinase/extracellular-signal-regu-
lated kinase (MAPK/ERK)?:%:7 The MAPK path-
way consists of protein kinases that are activated
in a sequential order and couples extracellular sig-
nals to intracellular appropriate responses, includ-
ing cell proliferation, inflammatory responses,
development, differentiation, and apoptosis.3°

Precise functions of MAPKSs in the regulation of
gonadotropins are not yet fully understood.
Several studies have reported that activated ERK is
involved in the primary regulation of GnRH-stimulated
transcription of gonadotropins’ o subunit.!0-12
However, other studies have reported controversial
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Figure 1. Schematic activation of extracellular-
signal-regulated kinase 1/2.

In response to extracellular stimuli, a kinase cascade is
activated which leads to ultimate activation of ERK1/2.
These central proteins can phosphorylate intracytoplasmic
or nuclear substrates, mediating distinct cellular events.
ERK 1/2, extracellular-signal-regulated kinase 1/2; Ga,

G alpha subunit; GDP, guanosine diphosphate; GPCR,
G-protein-coupled receptor; RTK, receptor tyrosine kinase;
MAPK, mitogen-activated protein kinase; SOS, Son of
Sevenless; Grb2, growth factor receptor-bound protein 2;
MEK 1/2, MAPK/ERK kinase 1/2.

results about the regulatory effects of ERK on the
f subunit.!?-14 Regarding the critical role of MAPK/
ERK signaling on the expression of essential
genes involved in the regulation of gonadotropin
hormones’ function, this study was conducted to
review the recent findings on the specific role of
ERK1/2 in female fertility, with a focus on regula-
tion of pituitary gonadotropins’ secretion.

Extracellular-signal-regulated kinase
intracellular signaling: an overview

Human ERK1 and ERK2 genes are located on
16p11.2 and 22ql1.21 chromosomes, respec-
tively. Primary protein structure of ERK1 consists
of 379 amino acids; however, this number in
ERK2 primary protein structure is 360, with an
84% degree of identity.!> Activation of ERK sign-
aling pathway is mostly initiated by cell membrane
receptors, including receptor tyrosine kinases
(RTKs), G-protein-coupled receptors (GPCRs),
and ion channels. These receptors transduce extra-
cellular signals to ERK1/2 by using adaptor pro-
teins, such as growth factor receptor-bound protein
2 (Grb2) and guanine nucleotide exchange factors
like Son of Sevenless (SOS), causing activation of
Ras kinase. Ras is then activated in guanosine
triphosphate (GTP)-bonded conformation and

transmits signals through activation of Raf-1,
B-Raf, and A-Raf, leading to phosphorylation of
MAPK/ERK kinases 1/2 (MEK1/2).16 Subsequently,
MEKI1/2 phosphorylate their specific substrates
ERK1/2 on Thr and Tyr residues. Hence, MEK1/2
proteins are known as dual-specificity protein
kinases (DUSPs) (Figure 1).17 ERK1/2 proteins
are also identified as prodirected kinases that can
phosphorylate Ser and Thr residues in the proxim-
ity of the amino acid proline.16:17

Extracellular-signal-regulated kinase
signaling in hypothalamus-pituitary axis

and ovarian physiology

The pituitary gland is an endocrine tissue that
regulates many aspects of mammalian physiol-
ogy. The anterior pituitary consists of several hor-
mone-producing cells such as gonadotropes,
which produce LH and FSH in response to hypo-
thalamic GnRH. These gonadotropins play a
critical role in reproductive functions.!’® ERK
signaling pathway is activated following GnRH
stimulation in gonadotropes. Also, several studies
have shown the key role of ERK signaling in
expression regulation of gonadotropes’ essential
genes including aGSU, LHp, and regulatory
MAPK phosphatases (Figure 2).18

In mammalian ovaries, oocytes are located in
ovarian follicles and surrounded by granulosa
cells (GCs) and cumulus cells, which exhibit
endocrine and oocyte maturation control func-
tions. Successful fertility outcome is strongly
dependent on ovarian follicle growth, GC differen-
tiation, oocyte maturity, and ovulation process.21°
LH plays a crucial role in ovulation and has the
capability of ERK1/2 activation. LH is also con-
sidered as an intrafollicular agent for cumulus-
cell-oocyte complex (COC) expansion and
oocyte maturation.?%-22 Additionally, FSH pro-
motes proliferation and differentiation of GCs
and is a vital factor for successful fertility process
as well as a key mediator of ERK phosphorylation.23
Fan and colleagues?* showed that female ERK1~/~
and ERK2-germ-cell negative or negative (gc—/—)
mice were fertile while ERK1/2¢~/~ females could
not ovulate and were completely infertile, with ova-
ries containing pre-ovulatory follicles but without
corpora lutea (CLs). In addition, treatment of
ERK1/287~ immature females with exogenous
hormones could not recover ovulation-associated
events, including oocyte maturation, germinal
vesicle breakdown (GVBD), COC expansion,
and follicle rupture, to form CLs. This treatment
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Figure 2. Role of the mitogen-activated protein
kinase/extracellular-signal-regulated kinase pathway
in the pituitary and ovary.

(a) GnRH released from hypothalamus binds to GnRH receptor
on anterior pituitary gonadotropic cells, leading to MAPK/ERK
pathway activation. Activated ERK will regulate expression

of genes involved in gonadotropin synthesis including aGSU,
LHB and FSHB. The expression of MAPK phosphatases is also
regulated by activated ERK in order to control ERK function;
(b) pituitary-secreted LH and FSH in granulosa cell causes
ERK activation and subsequent p-ERK accumulation and
steroidogenesis. Synthesized steroids will inhibit pituitary and
hypothalamic function in a negative feedback loop.

aGSU, gonadotropin o subunit; E2; estradiol, ERK,
extracellular-signal-regulated kinase; FSH, follicle-
stimulating hormone; FSHB, FSH beta; GnRH, gonadotropin-
releasing hormone; LH, luteinizing hormone; LHB, LH

beta; MAPK, mitogen-activated protein kinase; p-ERK,
phosphorylated ERK; P4; progesterone; GNRHR,
gonadotropin-releasing hormone receptor.

showed an elevated concentration of estradiol in
serum with no increased progesterone level, rep-
resenting endocrine changes in the ovaries of a
mutant mouse. Targeted impairment of the Cebpb
gene in GCs also demonstrated Cytosine Cytosine
Adenine Adenine Thymine (CCAAT)/enhancer-
binding protein—§ (C/EBPf) as a critical down-
stream mediator of ERK1/2 activation that forms
together with an LH-regulated signaling pathway
for ovulation control and luteinization-related
processes.2*

Extracellular-signal-regulated kinase
signaling and gonadotropins interactions

Extracellular-signal-regulated kinase

activation upon gonadotropin-releasing

hormone intracellular signaling

GnRH regulates the reproduction process
through binding to GnRH receptor in pituitary
gonadotrope cells, which produce and secrete gon-
adotropins, LH and FSH.?> The GnRH receptor

is a member of the class A G-protein-coupled
receptor (GPCR) family.?5:26 The initial phase of
GnRH intracellular signaling includes the G-
protein-mediated stimulation of phospholipase C
(PLC), which leads to formation of 1,4,5-triphos-
phate (IP3) and diacylglycerol (DAG). IP3 facili-
tates intracellular calcium release from
endoplasmic reticulum (ER), whereas DAG acti-
vates protein kinase C (PKC) causing PKC-
mediated ERK activation (Figure 3).2¢ Activation
of MAPK proteins including ERK, c-Jun
N-terminal kinase (JNK), P38 MAPK, and ERK2
has been reported as implicated in GnRH-
induced LH and FSH subunit expression.?’” In
addition, GnRH-mediated activated ERK also
increases the expression of DUSPs, which lead to
more rapid ERK-mediated negative-feedback
loops, modulating the ERK responses to GnRH.2¢

Role of extracellular-signal-regulated kinase in
gonadotropin subunit gene expression

Despite the high degree of structural homology
between these two kinases, different functions
have been reported for ERK1 and ERK2.15:28 Ag
we recently reported in our previous work,2®
ERK2 downregulation by specific siRNAs could
promote a higher chemosensitivity compared
with an ERK1 knockdown in human hepatocel-
lular carcinoma cell line. Additionally, ERK2
knockdown resulted in a higher overexpression of
ERK1 than that of ERK2 in ERK1 knockdown,
suggesting the crucial role of ERK2 in cancer.
Furthermore, it has been shown that ERKI-
mutant mouse fibroblasts sustain ERK2 activa-
tion, resulting in c-fos and zif-268 overexpression
and consequent elevated cell proliferation. These
data indicate that ERK1 elimination can facilitate
ERK2 signaling.3° For instance, the ERKI1~
mouse is viable and fertile whereas ERK2 knockout
is embryonic lethal.31:32 Accordingly, ERK2 plays
an important role in embryonic development.33
Bliss and colleagues!® reported that LHf} expres-
sion is significantly decreased in ERK1/2 double
knockout (DKO) female mice, although the
reduction in FSHf expression was not statisti-
cally significant. Furthermore, early growth
response factor-1 (egr-1) expression, a transcrip-
tional factor playing an important role in the reg-
ulation of LHp transcription, was not elevated in
DKO female mice even after GnRH stimulation.
However, little changes were observed in FSHf3
expression following endogenous GnRH stimula-
tion in male gonadotrope-specific ERK knockout
mice. In contrast, ovariectomy led to a significant
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Figure 3. Schematic summary of gonadotropin-releasing hormone intracellular signaling.

Gg-protein-mediated stimulation of phospholipase CB (PLCb)

is the initial phase of GnRH action, which leads to the

formation of inositol-3-phosphate (IP3) and diacylglycerol (DAG). The release of intracellular calcium from endoplasmic
reticulum is induced by IP3 and DAG activating protein kinase C (PKC) and ERK. GnRH also activates P38 MAPK, c-Jun
N-terminal kinase (JNKJ, and calcium-calmodulin kinase Il (CaMK I1). Not predominantly, but GnRH is also coupled to GaS
protein which are linked to adenylate cyclase and induces rapid cAMP production, which subsequently activates protein

kinase A (PKA).

cAMP, cyclic adenosine monophosphate; ERK, extracellular-signal-regulated kinase; GnRH, gonadotropin-releasing
hormone; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK kinase; PIP2, phosphatidylinositol biphosphate.

increase in FSHf messenger ribonucleic acid,
suggesting an enhancement in the function of
GnRH.

Moreover, rapid and sustained ERK1/2 phospho-
rylation and activation following slow-pulse fre-
quencies of GnRH was associated with higher
levels of phosphorylated ERK1/2 (p-ERK1/2)
compared with that following rapid GnRH fre-
quencies. Distinct effects of GnRH pulses on pat-
terns of ERK activation or deactivation may be
responsible for different LHf and FSHf subunit
expression levels.3* Armstrong and colleagues®
also reported ERK nuclear translocation after
pulsatile treatment of GnRH in Hela cells.
Although they concluded that ERK is not a
GnRH signaling decoder, effects of ERK down-
stream translocation that may take a longer time

to reach basal levels after each pulse can provide
an explanation for differential response of gon-
adotropins to GnRH.

Previous studies have also introduced MAPK
phosphatases (MKP) as critical mediators for dif-
ferent phosphorylation patterns of ERK1/2 fol-
lowing GnRH pulsatile stimulation.3® Donaubauer
and colleagues??> in an animal model study
reported that both MAPK/ERK kinase (MEK)
and protein kinase A (PKA) are required for
FSH-mediated ERK phosphorylation (Thr202/
Tyr204) in rat GCs. Additionally, FSH causes
ERK phosphatase’s inactivation through PKA,
leading to cellular p-ERK accumulation.?3
Evaluation of specific phosphatase inhibitors also
revealed that MKP3 (DUSP6) is the main active
phosphatase in GCs in the absence of FSH.23
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According to other studies, MKP1 and MKP2
gene expressions are elevated in response to
GnRH in gonadotrope cell lines and in vivo
models.?” However, Hela cells transfected with
GnRH and ERK-green-fluorescent protein
(GFP) showed only a 10-20% increase in MKPs
after continuous GnRH stimulation compared with
controls.?® Studies on LBT?2 cells have revealed a
significant increase in expression of DUSP1 after
fast GnRH pulses compared with its slow pulses.
MAP3K1 overexpression causes overactivation of
FSHp and LHf promoters in these cells, an effect
that is inhibited in cotransfection of DUSPI1
expression vectors.3® DUSP1 can also inhibit the
expression of FSHf and LHf after GnRH pulsa-
tile expression, indicating the role of this phos-
phatase and other MKPs in gonadotropins’
transcription.38

The role of mitogen-activated protein kinase

and mitogen-activated protein kinase
phosphorylation status in the action of
gonadotropins on steroidogenesis

The ERK1/2 signaling pathway is involved in ster-
oidogenesis by regulation of steroidogenic acute
regulatory protein (StAR) expression. However,
several inconsistencies have been reported in dif-
ferent steroidogenic tissues.?® For instance,
ERK1/2 activation by human chorionic gonado-
tropin (hCGQG) increases StAR and testosterone
production in primary cultured rat Leydig cells.
Meanwhile, ERK1/2 inhibition by MEKI1/2-
specific inhibitor U0126 reduces the mentioned
parameters.#! In contrast, it has been demon-
strated that LH-induced steroidogenesis is
reduced in rat primary Leydig cells and mouse
tumoral Leydig cell line following increased StAR
expression after ERK1/2 inhibition by U0126 and
PD98059.42 Reports obtained from women par-
ticipating in an i vitro fertilization (IVF) program
indicated that granulosa cells are highly steroido-
genic because of previous gonadotropin hor-
mones’ stimulation.*? Freshly prepared granulosa
cells failed to exhibit a consistent response to
hCG/LH and no response to FSH in short-term
cultures. However, in prolonged cultures with
media containing no gonadotropins, FSH response
was reestablished.4> Tajima and colleagues®3
showed that LH, FSH, and forskolin stimulation
of human and rat granulosa cells leads to elevated
production and expression of progesterone and
StAR, respectively. In this regard, these effects
were augmented in the presence of ERK1/2-specific

inhibitors, PD98059 and U0126. No significant
changes were observed in P450 side-chain cleav-
ing (P450scc) expression levels following described
treatments. Additionally, LH or forskolin treat-
ment significantly increased phosphorylation level
of ERK1 and ERK2, which were apparently sup-
pressed in the presence of ERK1/2 inhibitors.

Conclusion

Successful mammalian fertility is determined by
a variety of parameters including oocyte matu-
rity, ovulation, embryo formation, and implan-
tation. MAPK/ERK is considered one of the
most important intracellular signaling pathways
that plays critical roles in different cellular pro-
cesses. ERK1/2 activation following pulsatile
secretion of GnRH mediates distinct reproduc-
tive-related events including regulation of LHf
and FSHf expression, oocyte maturation,
GVBD, CLs formation, and expansion of COCs.
Therefore, activity regulation of ERKI1 and
ERK2 by their related upstream kinases and
phosphatases can be considered an important
process in gonadotropin production and
secretion.

In this review, we summarized the recent findings
on the quickly developing field of the MAPK
roles in female reproduction. Considering the
failure of current knowledge for managing female
infertility, the present review will probably facili-
tate future study designs.
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