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Abstract

Luteinizing hormone receptor and follicle stimulating hormone receptor play a crucial role in
female and male reproduction. Significant new information has emerged about the structure,
mechanism of activation, and regulation of expression of these receptors. Here we provide an
overview of the current information on those aspects with an in-depth discussion of the recent
developments in the post-transcriptional mechanism of LH receptor expression mediated by a
specific LH receptor mRNA binding protein, designated as LRBP. LRBP was identified by
electrophoretic gel mobility shift assay using cytosolic fractions from ovaries in the down
regulated state. LRBP was purified, its binding site on LH receptor mRNA was identified and
characterized. During ligand-induced down regulation, LRBP expression is increased through the
cAMP/PKA and ERK signaling pathway, is translocated to translating ribosomes, binds LH
receptor mRNA and forms an untranslatable ribonucleoprotein complex. This complex is then
routed to the mRNA degradation machinery resulting in diminished levels of both LHR mRNA
and cell surface expression of LH receptor. The studies leading to these conclusions are presented.

1. Introduction

The LHReceptor (LHR) play a crucial role in the regulation of reproductive functions
including ovarian steroidogenesis, ovulation in the female, and testosterone production by
the Leydig cells of testis (Ascoli et al., 2002; Dufau, 1998; Menon et al., 2005; Menon et al.,
2004; Segaloff and Ascoli, 1992). Owing to its ability to bind both LH and hCG with high
affinity, LHR is designated as LH/hCG receptor. The FSH receptor (FSHR), by contrast,
binds only FSH. FSHR is also a crucial molecule in the regulation of ovarian function
through its action in follicle development and stimulation of estrogen production (Dias et al.,
2002; Richards and Hedin, 1988). In the male, FSHR regulates sertoli cell
functionsandspermatogenesis. Additionally, LHR is also expressed in a number of extra
gonadal sites (Rao and Lei, 2007) with several potential physiological and
pathophysiological manifestations (Abdallah et al., 2004; Apaja et al., 2004; Casadesus et
al., 2005; Fields and Shemesh, 2004; Horiuchi et al., 2000; Saner-Amigh et al., 2006).
FSHR and LHR belong to rhodopsin/2 adrenergic receptor-like family A of G protein
coupled receptors (GPCR) consisting of a large extracellular domain, seven membrane
spanning o helices with intracellular and extracellular loops connecting them and a short

© 2012 Elsevier Ireland Ltd. All rights reserved.

"Correspondence to K.M.J. Menon, 6428 Medical Sciences Building I, 1301 Catherine Street, Ann Arbor, MI 48109-0617; Fax: +1
734-936-8617, Tel: +1 734-764-8142; kmjmenon@umich.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Menon and Menon

Page 2

intracellular domain. Aberrations in reproductive functions in the female and male have
been reported due to naturally occurring mutations in LHR and FSHR (Ascoli and Puett,
2009; Costagliola et al., 2005; Latronico and Segaloff, 1999; Piersma et al., 2007; Segaloff,
2009; Tao and Segaloff, 2009; Themmen, 2005; Themmen and Huhtaniemi, 2000). This
review will provide a brief overview of the structure/function relationship of the two
receptors and will focus on recent advances in the molecular regulation of LHR expression
in the ovary.

2. Genomic organization and tissue expression

Human LHR and FSHR are encoded by a single copy gene on the short arm of chromosome
2 and separated by 200kb. These are the only two functional genes present in this region
(LHCGR and FSHR; www.ensembl.org). The rat LHR is encoded by a 70kb genomic DNA
and consists of 11 exons. All but the terminal 47 amino acid residues in the carboxyl
terminus are encoded by exons 1-10 and the remaining portion of the receptor is encoded by
exon 11. The transcript sizes vary among different species. For example, the rat LHR
expresses four transcripts ranging from 6.7 to 1.8 Kb while for human LHR, only two
transcripts are seen in human granulosa cells (Jia et al., 1991; McFarland et al., 1989;
Minegishi et al., 1990). The FSHR is encoded by a 190 kb genomic DNA and contains 10
exons. The majority of the amino terminal domain of the FSHR is encoded by exons 1-9 and
the remaining portion of the receptor that include stransmembrane and the carboxyl terminus
region is encoded by exon 10. Northern blot analyses of ovaries and testis in rat revealed
two predominant FSHR transcripts of 7.0 and 2.5 Kb in size (LaPolt et al., 1992; Rannikki et
al., 1995). Additionally, two minor transcripts of 4.2 and 1.8 kb in size were also identified
in rat ovaries (LaPolt et al., 1992). Multiple FSHR transcript sizes were also detected in
human testis (Gromoll et al., 1992) and bovine ovary (Houde et al., 1994).

Several alternatively spliced variants have been reported for both LHR and FSHR mRNAs,
some of which are presented here. Transcripts encoding alternatively spliced variants of the
LHR have been detected in the sheep (Bacich et al., 1994), horse (Saint-Dizier et al., 2003),
cow (Kawate and Okuda, 1998), and human (Madhra et al., 2004; Nishimori et al., 1995)
corpus luteum (CL). A splice variant of LHR that lacks exon 9 has also been reported in
human (Minegishi et al., 2007; Nakamura et al., 2004). In the case of FSHR, up to four
alternatively spliced transcripts have been described in the ovary (reviewed in
(O’Shaughnessy et al., 1996; Sairam and Babu, 2007; Simoni et al., 1997), the expression of
which varied at different stages of artificially induced ovulatory cycles (Yaron et al., 1998).
More recently,four abnormal FSHR splice variants with reduced responsiveness to FSH
have been reported in the cumulus cells surrounding the oocytes isolated from human
follicular aspirates (Gerasimova et al., 2010).

3. Receptor structure and mechanism of activation

Both LH and FSH receptors contain an N-terminal extracellular domain that binds the
respective ligands with high affinity and specificity, and seven transmembrane domains
responsible for signal transduction (Ascoli et al., 2002; Dias et al., 2002). The extracellular
domains of LHR and FSHR contain a number of irregular leucine-rich repeats (LRR)
(Ascoli and Segaloff, 1989). The LRR region is thought to contain successive -strands and -
helices that organize into a cusp-shaped structure (Bhowmick et al., 1996; Jiang et al., 1995;
Kajava et al., 1995). The -strands form a parallel -sheet along the concave surface of this
structure, which is a common feature of all the three glycoprotein hormone receptors (LHR,
FSHR and thyroid stimulating hormone receptor). Angelova et al (Angelova et al., 2010)
have recently proposed that some of the highly identical or conserved amino acid residues
present in different -strands of the LRRs of these receptors may have different
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functions.Based on the sequence similarity, it would appear that the structure of the hormone
binding domain is conserved across the glycoprotein hormone receptors. Co-crystallization
studies of deglycosylated human FSH with the ectodomain of FSHR revealed that all
glycoprotein hormones bind to their receptors in a hand clasp fashion to the concave surface
of the receptor and that the binding specificity is mediated by key interaction sites involving
the hormone specific as well as the common subunits (Fan and Hendrickson, 2005; Fan and
Hendrickson, 2008). The same group also found evidence for dimerization of FSH-FSHR
ectodomain complex in solution by chemical crosslinking, analytical centrifugation and light
scattering (Fan and Hendrickson, 2005). The hinge region between the LRR and
transmembrane domain of both LH and FSH receptors reflects shared characteristics,
including a signaling-sensitive serine residue (LHR, S277; FSHR, S273) and the sulfation
motif, emphasizing the significance of the structurally undefined hinge region for receptor
function (Mueller et al., 2010; Nakabayashi et al., 2000). Although there are no structural
data available for LHR, comparative modeling with other LRR proteins has allowed
generation of models of the ectodomain of LHR (Puett et al., 2007), which resembles the
crystal structure of truncated FSHR ectodomain with bound FSH.

LHR is thought to remain in an inactive state via extensive intra helical hydrogen bonding
network. Upon binding the ligand on the extracellular domain, the receptor is activated by
disrupting some of these hydrogen bonding interactions. The identification of a
constitutively activating mutation of rhodopsin, a member of GPCR, provided the first vital
clue to the mechanism of receptor activation. This mutation was seen in a patient with
autosomal dominant retinitis pigmentosa (Farrar et al., 1992). Since then a constitutively
activating mutation of human LHR was identified in a boy with precocious puberty (Shenker
etal., 1993). In the proband, the conserved Asp residue 578 in the sixth transmembrane
domain of LHR is found to be replaced by Gly. The mutation caused LH-independent
production of adult levels of testosterone during the prepubertal period leading to male
precocious puberty (Shenker, 2002; Shenker et al., 1993). The simplest explanation for the
constitutive activation of LHR was that the mutation caused disruption of the interaction
between Asp578 and Asn615 in the transmembrane helix 7 to mimic ligand-occupied state
of the receptor resulting in the activation of Gs protein. (Angelova et al., 2002; Bradbury
and Menon, 1999; Kawate et al., 1995; Kremer et al., 1993; Shenker et al., 1993). Using
chimeric receptors with or without a point mutation, Kudo et al demonstrated that the trans
membrane 5 to 6 region of human LH receptor is important for its constitutive activation,
whereas the corresponding domains of human FSH receptor might be more constrained and
keep it in an inactive state (Kudo et al., 1996).Since then, approaches including molecular
simulation and single amino acid substitutions of conserved residues creating activating and
inactive mutants coupled with limited crystallographic data have provided several models to
explain the mechanism of LHR and FSHR activation (Fan and Hendrickson, 2005; Lapthorn
etal., 1994). These studies led to the conclusion that transmembrane helices 3, 6 and 7 play
an important role in receptor activation (Angelova et al., 2002). The available data also show
that the extracellular domains of both LHR and FSHR are involved in ligand binding. Based
upon available evidence on structure/function studies of LHR and FSHR, Ascoli and Puett
(Ascoli and Puett, 2009; Costagliola et al., 2005; Vassart et al., 2004) have summarized
three potential models for receptor activation. The first model envisions that a portion of the
ligand bound to the extracellular domain interacts with the hinge region or the
transmembrane helices leading to receptor activation. A second possible scenario is that the
interaction of ligand on the extracellular domain would allow the extracellular domain to
interact with the transmembrane helices to cause receptor activation. The third model
proposes that the extracellular domain confers an inhibitory effect on the transmembrane
region keeping it in an inactive state, and the binding of the ligand to the extracellular
domain relieves this inhibitory effect. Further insight into the mechanism of receptor
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activation will come from advances in elucidation of the crystal structure of the receptor in
the presence and absence of ligand.

4. Post-translational modification of the gonadotropin receptors

Both LHR and FSHRare glycosylated at asparagine residues within the consensus sequence
Asn-X-Ser/Thr, where X is any amino acid except proline (Bause and Legler, 1981; Gavel
and von Heijne, 1990) and palmitoylatedat the conserved cysteine residues in the carboxyl
terminus (Kawate et al., 1995; Kawate and Menon, 1994; Munshi et al., 2005; Zhu et al.,
1995). Glycosylation is believed to be required for the proper folding of the protein by
interaction with chaperones. Both of these post-translational modifications occur during
biosynthesis and trafficking of the mature form of the receptor to the cell surface. These post
-translational modifications have been more extensively studied for LHR. Six potential
glycosylation sites have been identified in the rat, human and porcine LHR (Davis et al.,
1997; Vu-Hai et al., 2000; Zhang et al., 1995). The extent of glycosylation appears to vary
among different species. The rat FSHR is glycosylated at two of the three glycosylation
consensus sequences (N174, N182 and N276) on the extracellular domain. Mutagenesis of
potential glycosylation sites suggested that glycosylation at one of the three sites is sufficient
for proper folding of the receptor since mutation of the other two sites produced minimal
effect on cell surface expression and ligand binding (Davis et al., 1995). The second post-
translational modification that occurs during biosynthesis is palmitoylation of the two
conserved cysteine residues (621 and 622) of the rat LHR and cysteine residues 643 and 644
of the human LHR (Kawate and Menon, 1994; Munshi et al., 2001; Zhu et al., 1995). While
palmitoylation might provide an anchoring site for the carboxyl terminus, abrogation of the
palmitoylation site by mutating to Gly or Ser does not appear to affect neither the efficiency
of cell surface expression nor the responsiveness to ligand (Kawate and Menon, 1994;
Moench et al., 1994). Further studies on Human LHR showed that palmitoylation affects the
post-endocytic trafficking of the internalized LHR since palmitoylation deficient mutants
undergo rapid internalization and impaired recycling of the receptor back to the cell surface
(Munshi et al., 2005). One explanation for this finding is that the palmitoylation deficient
mutants might undergo hyperphosphorylation and might redirect the internalized receptor
from endosomes to the degradative pathway (Charest and Bouvier, 2003). The
palmitoylation of FSHR has not been examined to the same extent as the LHR.

While glycosylation serves an essential role in LHR and FSHR folding to facilitate
intracellular trafficking for cell surface expression, phosphorylation of these receptors is
believed to occur after the interaction of the receptor with its ligand. Both LHR and FSHR
are phosphorylated in transfected cells. The major sites of phosphorylation are serine
residues located in the carboxyl terminus (Hipkin et al., 1995; Lazari et al., 1998; Min and
Ascoli, 2000; Wang et al., 1996; Wang et al., 1997) and catalyzed by GPCR kinase family
of enzymes. In the case of rat FSHR, phosphorylation has been reported to occur on residues
on the first, third and the carboxyl terminus portion (Hipkin et al., 1995; Kara et al., 2006;
Nakamura et al., 1998). While the exact role of phosphorylation has not been determined, it
is thought to facilitate internalization of the ligand-bound receptor to the intracellular sites
through the interaction of phosphorylated receptor with arrestin. However, phosphorylation
independent association of LHR with arrestin has also been reported by Lamm and
Hunzicker-Dunn (Lamm and Hunzicker-Dunn, 1994). Further studies are needed to clarify
the precise role of phosphorylation in LHR and FSHR internalization and/or recycling.

5. Mutations of LHR and FSHR

Several naturally occurring mutations with reproductive phenotypes have been reported for
human LHR and FSHR (reviewed in (Ascoli and Puett, 2009; Segaloff, 2009; Tao and
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Segaloff, 2009; Themmen, 2005)). As mentioned earlier, the first mutation to be identified
for the gonadotropin receptors was the constitutively active mutation of LH receptor in a
patient with precocious puberty (Shenker et al., 1993). Since then, similar mutations of LHR
involving the substitution of Asp578 by Gly,Glu, Tyr or His leading to male familial
precocious pubertyhave been reported by others (Gromoll et al., 1998; Kawate et al., 1995;
Kremer et al., 1993; Yano et al., 1994; Yano et al., 1995). It has also been shown that
Asp578Gly is the most common activating mutation of LHR (Laue et al., 1995). Asp578His,
which is the only somatic mutation identified so far (reviewed in (Segaloff, 2009)), has been
shown to be responsible for hyperplasia and leydig cell adenoma (Boot et al., 2011).
Activating mutations of LHR occur mainly on exon 11 which codes for the transmembrane
domain and the carboxyl terminus region (Ascoli et al., 2002; Ascoli and Puett, 2009;
Costagliola et al., 2005; Latronico and Segaloff, 1999; Themmen and Huhtaniemi, 2000).
These mutations are localized on the sixth transmembrane domain and the third intracellular
loop (Ascoli et al., 2002; Ascoli and Puett, 2009; Costagliola et al., 2005; Latronico and
Segaloff, 1999; Themmen and Huhtaniemi, 2000). On the other hand, several of the LHR
mutations causing loss of function occur on exon 10 leading to developmental or other
disorders of male reproductive function (Gromoll et al., 2000). Single amino acid
substitution leading to inactivating mutations of LHR have been reported to cause loss of
leydig cell function (Laue et al., 1995) and pseudohermaphroditism (Qiao et al., 2009),
hypospadias and micropenis in homozygous or compound heterozygous 46XY individuals
(Latronico and Segaloff, 1999; Qiao et al., 2009; Themmen and Huhtaniemi, 2000).
Inactivating mutations of the LH receptor have been reported in women with oligo-
amenorrhea and infertility (Arnhold et al., 2009; Latronico and Segaloff, 1999; Themmen
and Huhtaniemi, 2000). Recently, a missense mutation of LHR with impaired hCG
responsiveness has been implicated for the empty follicle syndrome (Yariz et al., 2011).
Loss of function and gain of function mutations,associated with altered reproductive
functions, have also been reported in human FSHR (Tao and Segaloff, 2009; Themmen,
2005). Specifically, mutations of FSHR have been linked to primary amenorrhea (Achrekar
et al., 2010; Nakamura et al., 2008), ovarian hyperstimulation syndrome (De Leener et al.,
2008; Dieterich et al., 2010; Montanelli et al., 2004; Rodien et al., 2010; Smits et al., 2003),
primary ovarian failure (Doherty et al., 2002) and infertility (Peltoketo et al., 2010;
Themmen and Huhtaniemi, 2000).

6. Regulation of FSHR and LHR during ovarian cycle

Expression of LHR undergoes dynamic changes during the normal ovarian cycle. Granulosa
cells from early antral follicles express FSHR and the expression increases with follicle
growth.Antral follicles also express small amounts of LHR which is mostly confined to
theca-interstitial cells. The LHR expression levels increase with follicle growth in response
to FSH, estradiol and other paracrine factors reaching maximum levels prior to ovulation
(Menon et al., 2005; Zeleznik et al., 1974; Zeleznik et al., 1981) LHR expression is
transiently down regulated in response to preovulatory LH surge during the differentiation
of estrogen producing granulosa cells to luteal cells (Hoffman et al., 1991; LaPolt et al.,
1990; Lu et al., 1993; Peegel et al., 1994; Segaloff et al., 1990). During this period, the
differentiating granulosa cells remain refractory to LH due to desensitization of the G
protein coupled responsive system (Azhar et al., 1980; Ghosh et al., 1988; Hunzicker-Dunn
etal., 1979; Sen et al., 1979). There is no evidence for similar down regulation of FSHR
during this period. This is followed byfull recovery of LHR as well as the responsiveness of
the differentiated granulosa cells to LH. LHR expression reaches maximum levels during
mid-luteal phasewith increased progesterone production. The receptor levels then
declinewith the regression of the corpus luteum (Hoffman et al., 1991; LaPolt et al., 1990;
Lu et al., 1993; Peegel et al., 1994). LHR expression appears to be regulated both through
transcriptional and more prominently via post-transcriptional mechanisms. The latter
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mechanism has been described in detail below. Although FSH receptor expression appears
to be regulated mainly atthe transcriptional level (Goetz et al., 1996; Heckert et al., 1998;
Heckert et al., 2000; Hermann et al., 2008; Xing and Sairam, 2001), there are also reports
showing that regulation can also occur through post-transcriptional processes (Tano et al.,
1997; Themmen et al., 1991). The factors that are shown to control the expression of FSHR
include FSH, members of the transforming growth factor (TGF)- family, TGF- and
epidermal growth factor (reviewed in (Findlay and Drummond, 1999)).

7. Post-transcriptional regulation of LHR expression

The downregulation of LH receptor in response to preovulatory LH surge canbe mimicked
by the administration of a pharmacological dose of hCGto PMSG-hCG primed rats
(Hoffman et al., 1991; Lu et al., 1993; Peegel et al., 1994). The ligand-induced down
regulation ofLHR is not confined to rodent ovaries, since this phenomenon has also been
observed in human.For example, granulosa cells isolated from the follicular aspirates
derived from women undergoing ovulation induction for in vitro fertilization show a sharp
decline in the levels of LH receptor mRNA transcriptsdue to treatment with high doses of
hCG prior to oocyte retrieval. When the cells are cultured for 48 hours, the receptor levels
return to normallevels, a phenomenon similar to that seen in rodent ovaries (Nair et al.,
2006).

The mechanism of regulation of LHR has been extensively studied in our laboratory by
employing the ligand-induced downregulation as a model system. Administration of a single
dose of hCG to PMSG-hCG primed rats resulted in a loss of mMRNA transcripts starting at 6
hours, persisting upto 48 hours (Fig 1A) (Hoffman et al., 1991). Although there was a
dramatic decline in the steady state levels of LHR mRNA expression by 24 hours,
surprisingly, the transcription rates remained unchanged (Lu et al., 1993). A comparison of
the half-life of the LHR mRNA between the control and down regulated ovaries showed a
threefold decline in the down regulated group suggesting that the decrease in steady state
levels of LHR mRNA occurs through its increased degradation (Fig 1B) (Lu et al., 1993). It
is now recognized thatmany highly regulated mRNAs are controlled by regulating their
stability by post-transcriptional mechanisms (Ross, 1995). In a majority of instances these
changes in stability are caused by RNA binding proteinsthat bind to specific sequences or
structures in the target mMRNA. These trans-factors can bind to the coding region (c-fos, c-
myc, thymidylate synthase and dihydrofolate reductase), 3’ untranslated region (beta
adrenergic receptor mRNA and Granulocyte Macrophage Colony Stimulating Factor (GM-
CSF) mRNA) or 5’ untranslated region(ferritin mRNA) (Bernstein et al., 1992; Iwai et al.,
1991; Leibold and Munro, 1988; Lin et al., 2000; Shyu et al., 1991; Tai et al., 2004;
Tholanikunnel and Malbon, 1997) of the corresponding mRNAs,thereby increasing or
decreasing their stability. Further studies were therefore focused onexamining if the post-
transcriptional regulation of LHR mRNA involves the participation of an RNA binding
protein.

Cytosolic fractions from control and downregulated ovaries were subjected to RNA
electrophoretic mobility shift assay using [32P] labeled LHR mRNA that was prepared by
transcribing the full length cDNA encoding LHR in the presence of [32P] UTP (Kash and
Menon, 1998). Two LHR mRNA bound protein complexes of approximately 50 and 45
kDawere identified. The 50 kDa bandwas induced in response to hCG treatment while the
shorter form showed no increase. This 50kDa form was designated as LHR mRNA binding
protein (LRBP). Further studies revealed that the expression of LRBP showed a reciprocal
relationship with LHR mRNA expression during different physiological states in the ovary
as well as during the life span of corpus luteum (Nair et al., 2002). These results suggested
that LRBP is a negative regulator of LHR mRNA expression. Hydroxyl radical foot printing
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analysis identified an 18 nucleotide polypyrimidine-rich bipartite sequence between
nucleotides 203 and 220 in the coding region of LHR mRNA as the sequence that interacted
with LRBP with high affinity and specificity (Kash and Menon, 1999). This region of the rat
LHR mRNA was designated as the LHR mRNA binding site (LBS).

8. Identification and characterization of LRBP

LRBP was purified and subjected to both N-terminal analysis and determination of partial
sequences using MALDI-TOF (Nair and Menon, 2004). The LHR mRNA binding protein
was identified as mevalonate kinase, a metabolic enzyme involved in cholesterol
biosynthesis. The identity of LRBP as being mevalonate kinase is not surprising since many
mMRNA binding proteins identified so far are multifunctional proteins (Nagy and Rigby,
1995; Pioli et al., 2002; Rouault et al., 1991). We have chosen to refer the LHR mRNA
binding protein as LRBP rather than mevalonate kinase in the context of its function in
binding LHR mRNA. The identity of LRBP was further confirmed by immunoblotting the
partially purified and the gel purified protein with anti-mevalonate kinase antibody (Nair
and Menon, 2004), by the ability of the purified protein to bind LHR mRNAusing
electrophoretic mobility shift assay and by molecular cloning and overexpression in 293
cells (Nair and Menon 2004). The LHRmRNA binding characteristics of the overexpressed
protein were consistent with the results obtained using cytosolic fractions from
downregulated ovary as well as the gel purified protein (Nair and Menon, 2004).
Endogenous association of LHR mRNA with LRBP was assessed by immunoprecipitation
of the ribonucleoprotein complex from the cytosolic fraction with antibody against
mevalonate kinase followed by reverse transcription-PCR of the RNA associated from the
immune complexand amplification using LHR specific primers (Nair and Menon, 2005).
The role of LRBP in the regulation of LHR mRNA expression was independently confirmed
by Ikeda et al (Ikeda et al., 2008) by demonstrating that overexpression of LRBP in
granulosa cells inhibited the FSH-induced increase in LHR mRNA expression in the
cultured rat granulosa cells. (Ikeda et al., 2008).

The functional role of LRBP was established by depleting LRBP levels by treating human
granulosa cells with 25-hydroxycholesterol (Wang et al., 2007). It has been established that
treatment with25 hydroxycholesterol will deplete mevalonate kinase (LRBP) (Adams et al.,
2004). Accordingly, cultured human granulosa cells were treated with 25-hydroxy
cholesterol. Thistreatment resulted in the suppression of both mRNA and protein expression
of LRBP (Wang et al., 2007). The ability of LRBP-depleted granulosa cells to undergo
down regulation was then examined by incubating the cultured cells with hCG in the
presence and absence of 25-hydroxycholesterol. In the absence of 25 hydroxycholesterol,
hCG produced down regulation of LHR mRNA expression, as expected. Most interestingly,
the hCG-induced down-regulation of LHR mRNA was abrogated by treatment with 25-
hydroxy cholesterol (Wang et al., 2007) (fig 2). These results show that the hCG-induced
down-regulation of LHR mRNA was abolished when LRBP was depleted from the cells.
These results together with the findings of lkeda et al provide convincing evidence for the
role of LRBP as a negative regulator of LHR mRNA expression in the ovary (lkeda et al.,
2008).

9. Translational suppression of LHR mRNA by LRBP

Since post-transcriptional regulation of mMRNA mediated by RNA binding protein is
believed to be coupled to translation, the possibility of LRBP acting as inhibitor of LHR
MRNA translation was examined. A full-length FLAG-tagged rat LHR mRNA was
synthesized and translated in vitro in a rabbit reticulocyte lysate system using [3°S]
methionine in the presence and absence of LRBP. The translation products were
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immunoprecipitated and analyzed on SDS-PAGE. The results showed that LHR mRNA
translation was suppressed by LRBP (fig 3) (Nair and Menon, 2005). To confirm the
specificity of translation inhibition by LRBP, in vitrotranslation reactions were performed in
the presence of wild type and mutated LHR mRNA fragments (LBS) to test whether
sequestration of LRBP might reverse the translational suppression by LRBP (Kash and
Menon, 1999). As expected, excess LBS was able to reverse translation inhibition by
LRBPwhile the mutant LBS was not able to reverse the inhibition. Addition of mevalonate,
the endogenous substrate for LRBPwas also found toreduce the extent of translation
inhibition by LRBP (Nair and Menon, 2004). These studies provide strong evidence that the
LRBP-mediated translational suppression of LHR mRNA is indeed due to the binding of
LRBP to LHR mRNA.

The translocation of LRBP to translating ribosomes was then demonstrated by showingthat
this translocation occurs during hCG-induced LHR mRNA downregulation (Menon et al.,
2009). Immunoprecipitation of polysomes with antibody against LRBP followed by the
analysis of LHR mRNA levels in the immunoprecipitates confirmed that direct interaction
of LRBP with LHR mRNA occurs in the ribosomes during downregulation. The functional
role of this association was established by demonstrating that translational suppression of
LHR mRNA can be induced by LRBP-rich polysomes isolated from downregulated ovaries
(Menon et al., 2009). These studies suggest that accelerated degradation of LHR mRNA
occurs during down regulation by the binding of LRBP to LHR mRNA in the ribosomes
resulting in the formation of an untranslatable complex which is then targeted for
degradation.This is consistent with the notion that translational arrest/inhibition or aberrant
termination can lead to the degradation of eukaryotic mRNA (Blume and Shapiro, 1989;
Jacobson and Peltz, 1996; Pachter et al., 1987; Ross, 1995).

10. Signaling pathways in LH/hCG-induced LRBP expression

Evidence presented so far showsthat increased expression of LRBP in response to hCG
treatment sets the stage for LHR mRNA down regulation. What regulates LRBP expression
is an intriguing question. To address this, the signaling pathways involved in the
upregulation of LRBP in response to hCG treatment were examined. It is well established
that the interaction of LH/hCG with its receptor leads to activation of adenylate cyclase
through stimulatory guanine nucleotide regulatory protein (Gs protein), leading to an
increase in cyclic AMP levels (Marsh, 1975; Menon and Gunaga, 1974). Initial studies were
conducted to determine whether the LRBP-mediated down-regulation of the LH receptor
MRNA expression is mediated by cAMP. This was done by increasing the intracellular
levels of cyclic AMP using rolipram, an inhibitor of type 1V phosphodiesterase in the ovary
(Conti, 2000). The results showed that chronic elevation of cyclic AMP in the corpus luteum
by roliprammimicked LH/hCG-induced down regulation ofLHR mRNA expression (Peegel
et al., 2005). LHRmRNA binding activity of LRBP in the ovarian cytosolic fractions was
also found to be elevated by rolipram treatment, confirming the role of cCAMP in LRBP-
mediated LHR mRNA downregulation (Peegel et al., 2005). Further studies using cultured
human granulosa cells revealed that inhibition of PKA resulted in the inhibition of hCG-
induced increase in LRBP expression as well as LHR mRNA downregulation (Menon et al.,
2011). PKA inhibition also abolished the LHR mRNA binding activity of LRBP in these
cells (Menon et al., 2011). The ERK family, consisting mainly of ERK1 (p44 MAPK) and
ERK2 (p42 MAPK), has been known to exert a broad regulatory influence over a wide
range of processes, including LH-induced regulation of ovarian function (Fan et al., 2009;
Pearson et al., 2001). LH/hCG has also been shown to stimulate the ERK pathway through
PKA activation (Salvador et al., 2002; Seger et al., 2001). Therefore the role of ERK in
LRBP-mediated down regulation of LHR mRNA was examined in human granulosa cells.
The results showed that sSiRNA-mediated inhibition of ERK expression completely
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abolished the hCG-induced downregulation of LHR mRNA (fig 4) (Menon et al., 2011).
This was accompanied by a decrease in LRBP expression as well as its LHR mRNA binding
activity (fig 4) (Menon et al., 2011). ERK1/2 was also shown to undergo translocation to the
nucleus during LH/hCG induced downregulation,suggesting the role of nuclear events in the
induction of LRBP preceding LHR mRNA downregulation (Menon et al., 2011). These
studies provide evidence that PKA-dependent ERK activation plays a pivotal role in the
hCG-mediated post-transcriptional regulation of LH receptor mRNA expression by
regulating the expression of LRBP.This increase in the expression of LRBP and the
subsequent increase in its LHR mRNA binding activity lead to the formation of an
untranslatable ribonucleoprotein complex resulting in LHR mRNA decay.

11. Conclusion

The studies presented here show the post-transcriptional mechanism involved in the changes
in the steady state levels of LHR mRNA expression during the ovarian cycle. In addition to
the expected transcriptional control, the ovarian cells utilize an efficient mechanism to
regulate the steady state levels of LHR in the ovary in response to a constantly changing
pituitary hormone environment. This allowsa means to control the steady state levels
without the necessity to continuously alter the complex transcriptional assembly. As
summarized in Fig 5, in response to preovulatory surge of LH, the down regulation of LHR
MRNA expression is initiated by cyclic AMP-ERK mediated induction of LRBP. Since the
ovary remains refractory during this period, steroidogenesis is transiently suppressed.
During this period, LRBP functions as an LHR mRNA binding protein and binds LHR
MRNA tosuppress translation. The untranslatable LHR mRNA-LRBP complex is then
targeted to p-bodies where it undergoes decapping and degradation. Our recent finding,using
yeast 2 cell hybrid screening (Wang et al., 2010) that LRBP interacts with proteins involved
in mRNA degradation further supports this notion. LHR mRNA degradation causes a
depletion of cell surface LHR expression preventing ovarian hyperstimulation in the
presence of high levels of LH seen during this period. With the resumption of steroidogenic
activity, LRBP switches its function as an enzyme involved in cholesterol biosynthesis
terminating its role as LHR mRNA binding protein.
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Fig 1.

Hormonal control of LHR mRNA expression in the ovary.

A. Northern blot hybridization analysis of steady state LHR mRNA levels during hCG-
induced down-regulation. Autoradiogram of Northern blot hybridization analysis of total
RNA isolated at the indicated times from the ovaries of saline-injected (control) (lanes 1-6)
or hCG-injected (down-regulated) (lanes 7-11) rats. Blots were probed using a labeled
cDNA encoding the LHR carboxyl terminus and a portion of the 3-UTR (nucleotides
1936-2682). B. LHR mRNA half-life determination in control and 12-h downregulated rat
ovaries. Cell suspensions were incubated with 10 g/ml actinomycin D for 2h. Duplicate
aliquots of 20 x 10° cells were removed at the indicated times. Total RNA was isolated and
assayed for LHR mRNA by solution hybridization. Each data point represents the average of
duplicate determinations. m Contol, A downregulated. A-“This research was originally
published in J Biol Chem. Kash JC, Menon KM. Identification of a hormonally regulated
luteinizing hormone/human chorionic gonadotropin receptor mRNA binding protein.
Increased mMRNA binding during receptor down-regulation. J Biol Chem. 1998.
273:10658-64. © the American Society for Biochemistry and Molecular Biology”. B-
Copyright 1998, Endocrine Society 1993.
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Fig 2.

Suppression of LRBP Expression abrogates LHR mRNA downregulation.

After culture in serum free medium for 48 h, human granulosa cells were treated with serum
free medium alone, 10 1U/ml hCG, 10 1U/ml hCG plus 5 g/ml 25-OHC or 10 IU/ml hCG
plus 10 g/ml 25-OHC, and harvested at 12 h. Steady-state levels of LRBP (A) and LHR
mRNA (B) were measured by real-time PCR. Mean values + SE (n = 3) were normalized to
18S rRNA and graphed as percent of control (time 0 h). *P< 0.05 vs. Control, # P< 0.05 vs.

10 1U/ml hCG.
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Fig 3.

Translation of LHR mRNA in vitro; effect of LRBP.

A. 200 ng of FLAG-tagged rat LHR mRNA was in vitro translated using 15 pCi of
[3°S]methionine in the presence or absence of partially purified rat LRBP from the ovary or
fatty acid-free bovine serum albumin (BSA) at different concentrations (2.5 and 5.0 pg). The
translated LHR protein was immunoprecipitated, separated on 10% SDS-PAGE, and
developed for autoradiogram. B. 200 ng of FLAG-tagged rat LHR mRNA was in vitro
translated using 15 uCi of [3°S]methionine in the absence and presence of purified rat LRBP
at different concentrations (1, 2, and 3 pg).The translated LHR protein was
immunoprecipitated and processed for developing the autoradiogram.*“This research was
originally published in J Biol Chem. Regulation of luteinizing hormone receptor expression:
evidence of translational suppression in vitro by a hormonally regulated mMRNA-binding
protein and its endogenous association with luteinizing hormone receptor mRNA in the
ovary. Nair AK, Menon KM. J Biol Chem. 2005. 280. 42809-16. © the American Society
for Biochemistry and Molecular Biology”.
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Fig 4.

ERKZ1/2 silencing inhibits hCG-induced decrease in LHR mRNA levels and increases in
LRBP protein expression and binding activity.

Granulosa cells were transfected with either control siRNA (CTLsi) or ERK 1/2siRNA
(ERKSsi) and cultured for 48 h. After serum-starving for another 24 h, cells were treated with
hCG (10 1U/ml) for 12 h and processed for total RNA isolation, for Western blot analysis, or
for REMSA. A, ERK1/2 silencing was confirmed by the Western Blot analysis of cell
lysates using total ERK2 antibody. B, Total RNAs were reverse transcribed, and the
resulting cDNAs were subjected to real-time PCR quantitation using LHR-specific primers
and probes. The graph represents changes in mRNA levels normalized to 18S rRNA and are
shown as fold change vs. control. Error bars, mean + se. *, P< 0.05 vs. CTL; #, P< 0.05 vs.
hCG; n = 3. C, Cell lysates were subjected to Western blot analysis to detect LRBP using
specific antibody. The same membranes were then stripped and reprobed for ERK2 and B-
tubulin. The blot shown is a representative of three independent experiments. D, Gel
mobility shift analysis was performed with [32P]-labeled rat LBS (1.5 x 10° c.p.m) and S100
fractions containing equal amounts of total protein extracted from the different treatment
groups. The autoradiogram shown is representative of three independent experiments.
Copyright 2011, The Endocrine Society.
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Fig 5.

Schematic model depicting the proposed signaling pathway in LH/hCG-induced LHR
mRNA down-regulation.

Binding of ligand to LH receptor induces activation of ERK1/2 through the cAMP/PKA
pathway. This leads to an increase in the expression of LRBP and thereby its’ LHR mRNA
binding activity, which ultimately results in LHR mRNA degradation. Copyright 2011, The
Endocrine Society.
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