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background: In recent years it became evident that several types of the luteinizing hormone/choriogonadotrophin receptor (LHCGR)

exist. In addition to the classical receptor type known in rodents, an LHCGR type containing an additional exon is present in primates and

humans. This specific exon 6A introduces a hitherto unknown regulatory pathway of the LHCGR at the transcriptional level which can lead to

the expression of an alternative protein covering the extracellular part only. Furthermore, an LHCGR type lacking exon 10 at the mRNA and

protein levels has been described in the NewWorld primate lineage, giving rise to an additional receptor type in which amino acids of the extra-

cellular hinge region connecting the leucine-rich repeat domain and transmembrane domain are missing.

methods: Topic-related information was retrieved by systematic searches using Medline/PubMed. Structural homology models were

retrieved from a glycoprotein hormone receptors web application and from recent publications.

results: In a novel approach, we combine functional aspects with three-dimensional properties of the LHCGR and the different receptor

types to deduce causative relationships between these two parameters. On this basis, the physiological impact and patho-physiological conse-

quences of the different LHCGR types are inferred.

conclusions: Thecomplex systemof different LHCGRtypes and twocorresponding hormones (LHandCG) represents amajor challenge

for future studies on selective hormone binding, signal transduction and receptor regulation. The presence of these naturally occurring LHCGR

types requires re-examining of our present view on receptor function, experimental set-ups and data interpretation, but also offers new clinical

approaches to interfere with LH/CG action in humans.
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Introduction

The luteinizing hormone/choriogonadotrophin receptor (LHCGR) is a

member of the superfamily of guanine nucleotide-binding protein

coupled receptors (GPCRs) and belongs to the glycoprotein hormone

receptors (GPHRs), a subfamily of the family A GPCRs (Ascoli et al.,

2002; Fredriksson et al., 2003). This subfamily also contains the

follicle-stimulating hormone receptor (FSHR; Simoni et al., 1997) and

the thyroid-stimulating hormone receptor (TSHR; Vassart and

Dumont, 1992). The LHCGR mediates the action of two closely

related hormones, luteinizing hormone (LH) produced by the pituitary

and chorionic gonadotrophin (CG) secreted by the placenta, which

are heterodimeric glycoproteins consisting of a common alpha-subunit

non-covalently associatedwith a hormone-specific beta-subunit defining

their individual biological properties (Pierce and Parsons, 1981). TheCG

beta-subunit (CGB) derives from duplications of the LH beta-subunit

gene and is characterized by 24 additional amino acids at the C-terminus

and a higher degree of glycosylation, resulting in an extended circulatory

half-life (Talmadge et al., 1984; Henke and Gromoll, 2008).

The crucial role of the LHCGR and the corresponding hormones in

physiological aspects of gonadal maturation and reproductive processes

is reflected by the predominant expression of the receptor in ovarian

theca, granulosa and luteal cells and in the Leydig cells of the testes

(reviewed in Ascoli et al., 2002). At female puberty, LH stimulates the

conversion of androgen from the theca cells to estradiol and thereby reg-

ulates the development of female secondary sex characteristics. Postpu-

bertally, LH promotes the production of androgen precursors in the

theca cells for aromatization to estradiol by granulosa cells during the fol-

licular phase of the menstrual cycle (reviewed in Young and McNeilly,

2010).While the theca cells constitutively express the LHCGR, the gran-

ulosa cells express the LHCGR only in the later stages of follicular devel-

opment. During its mid-cycle surge, LH induces follicular maturation and

ovulation (reviewed in Conti et al., 2012). In the luteal phase, LH regu-

lates the formationof the corpus luteumand stimulatesprogesterone se-

cretion (Benyo and Zeleznik, 1997; Niswender et al., 2000). Following

fertilization, luteal function induced by LH is maintained by the action

of placental CG. During male fetal development, the LHCGR plays a

pivotal role by mediating increased androgen synthesis of fetal testicular

Leydig cells upon stimulation by placental CG (Diez d’Aux and Pearson

Murphy, 1974; Huhtaniemi et al., 1977; Sharpe, 2006). Post-natally, LH

stimulates testicular testosterone production, triggering pubertal devel-

opment and is essential for the developmentofmale secondary sex char-

acteristics and spermatogenesis (reviewed in Grumbach, 2002). The

importance of the LHCGR function in reproduction is demonstrated

by a plethora of naturally occurring mutations and single nucleotide

polymorphisms of the LHCGR linked to reproductive disorders and

disorders of sex development, including male-limited gonadotrophin-

independent precocious puberty, Leydig cell hypoplasia and anovula-

tion/amenorrhoea (reviewed in Themmen and Huhtaniemi, 2000;

Huhtaniemi and Themmen, 2005; Piersma et al., 2007a; Arnhold et al.,

2009; Segaloff, 2009; Salvi and Pralong, 2010; Coviello et al., 2012;

Latronico and Arnhold, 2012; Wang et al., 2012).

As one of the objectives of this review is to reconsider the receptor

nomenclature currently used, it might be helpful to have a short view

on the historical evolution which led to the actual official name, i.e.

LH/CG receptor, as found today in databases (http://www.iuphar-db

.org/; LHCGR). Over decades, it was assumed that due to nearly

indistinguishable biological effects of LH andCG and the lack of a specific

CG receptor (Lee and Ryan, 1971; Huhtaniemi and Catt, 1981, Casarini

et al, 2012), the term ‘LHCGR’ would nicely describe this type of recep-

tor.However, the fact thatCGBgenes arenot found in rodents andmost

other mammals was continuously neglected (Wurzel et al., 1983;

Jameson et al, 1984; Tepper and Roberts, 1984; Maston and Ruvolo,

2002). The majority of functional receptor studies were performed in

rodents and CG was more easily available and better to handle (e.g.

radioiodation for binding studies) and even today studies are predomin-

antly done for CG and not for LH. In view of current knowledge on dif-

ferent receptor types and the LH and CG hormone system, we believe

that a revisit of the nomenclature is timely and warranted.

This review focuses on the recent discovery and characterization of

different types of the LHCGR in primates and humans, reflecting the un-

expected evolutionary plasticity of this receptor.Wewill propose a new

nomenclature of the different receptor types to facilitate more precise

communication in this area. In a novel approach, we will combine func-

tional aspects with three-dimensional properties of the LHCGR and

thedifferent receptor types topropose important causative relationships

between these two parameters and thereby update current concepts of

the structure and function of this receptor system. We discuss subse-

quent possible physiological consequences and resulting challenges,

which must be considered when studying LHCGR function in different

model systems and under clinical aspects. The general LHCGR topology

and signalling mechanisms have been extensively reviewed by others

(Ascoli et al., 2002; Puett et al., 2005, 2007; Menon and Menon, 2012)

and are not the focus of this review. Thus, wewill only briefly summarize

the basics and latest insights into different LHCGR types, according to

their significance for functional, physiological and pharmacological

aspects.

Methods
Searches were performed in Medline/PubMed to identify relevant studies

using keywords. Journal articleswere included basedonhigh quality and rele-

vance. Our journal database searches were not restricted by species;

however, we focused our review on human and primates. Structural hom-

ology models from previously published studies (Kleinau and Krause, 2009;

Heitman et al., 2012; Kossack et al., 2013) or a GPHR web application

(Kreuchwig et al., 2011)were used andmodified for visualization of particular

aspects described here.

LHCGR gene and protein
structures

The LHCGR gene

The LHCGR gene is a single-copy gene consisting of either 11 or 12 exons

and10or 11 introns and this principle genomic organization is highly con-

served between species. The human LHCGR is located on the short arm

of chromosome 2 (2p21) and consists of 11 constitutive exons which is

complemented by the primate-specific exon 6A, whereas the Lhr of the

mouse located on chromosome 17 only contains 11 exons (Fig. 1A,

Table I; Minegishi et al., 1990; Rousseau-Merck et al., 1990; Atger

et al., 1995; Kossack et al., 2008). Exon 1 of the LHCGR encodes the

signal peptide and the N-terminal cysteine-rich region (Fig. 1A, 1B;

584 Troppmann et al.
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Atger et al., 1995). The leucine-rich repeat domain (LRRD) and the

N-terminus of the hinge region, connecting the LRRD and transmem-

brane helix (TMH) 1, arise from splicing of exons 1–10. Exon 11

encodes the C-terminal segment of the hinge region and the entire

serpentine-like membrane-spanning domain constituted by the TMHs

and connecting loops, as well as the C-terminal intracellular part

(reviewed in Dufau, 1998; Ascoli et al., 2002; Puett et al., 2005). The

major transcriptional start sites of the LHCGR are located within

176 bp upstream of the ATG start codon and promoter activation is

modulated by Sp1-binding sites and an upstream inhibitory motif that

binds nuclear orphan receptors (Geng et al., 1999; Zhang and Dufau,

2003; reviewed inDufau et al., 2010). Furthermore, LHCGR gene expres-

sion is regulated via epigenetic modulations, whereby local chromatin

changes at the promoter resulting from histone acetylation andmethyla-

tion are critical (Zhang and Dufau, 2002; Zhang et al., 2005).

LHCGR protein structure and mechanisms of

signal transduction

Hormone binding and signalling at the extracellular region

Themature human LHCGRconsists of 699 amino acids (Fig. 1B). Due to

massive glycosylation, themolecularmassof themature LHCGRpresent

in the cell membrane is higher (85–95 kDa) than the predicted molecu-

lar protein mass of ≏75 kDa (reviewed in Ascoli et al., 2002).

Although the crystal structure of CG has been known for nearly two

decades (Lapthorn et al., 1994; Wu et al., 1994; Lustbader et al.,

1995), structures of the hormone bound to the extracellular region of

the LHCGR are not yet available. Models of the particular tertiary struc-

ture of proteins including details of amino acid arrangements on the level

of atoms can be determined via X-ray diffraction of well-ordered crystal-

lized molecules of interest and would allow deeper insights into the

LHCGR complexed with its ligand. However, for the homologous

FSHR, a crystal structure of FSH bound to a fragment of the extracellular

LRRD has been available since 2005 (Fan and Hendrickson, 2007). A

recent extended crystal structure shows a nearly complete FSHR extra-

cellular region in complex with FSH and reveals substantial new informa-

tion for the homologous GPHRs (Jiang et al., 2012). General

characteristics visible with this extended structure may also be

assumed for the LHCGR. The crystallized LRRD is formed by around

260 amino acids and starts with cysteine-box 1 (Cb-1) and ends at

cysteine-box 2 (Cb-2) (Fig. 2). This LRRD comprises 11 repeats in con-

trast to the 9 repeats observed in the previous, more fragmentary FSHR

structure (Fan andHendrickson, 2007). Each of the 11 repeats exhibits a

b-strand forming a concave b-sheet, where hormone binding occurs

(Fig. 2). Apart from a common general binding mode at this b-sheet

for the GPHs (Smits et al., 2003; Bogerd, 2007), specific characteristics

have also been reported in the interaction between the GPHs and

their corresponding receptors (Caltabiano et al., 2008; Angelova et al.,

2010). It has been shown by site-directed mutagenesis that repeats

two to eight of the LRRD are key players for high-affinity binding of LH

and CG (Braun et al., 1991; Bhowmick et al., 1996, 1999; Vischer

et al., 2003; Angelova et al., 2010).

One feature of the new structural extension concerns repeat 11, that

is, apart from the b-strand, which is also specifically characterized by a

short helical structure (positions 272–280). It contains two consecutive

cysteines (FSHR: Cys275, Cys276; LHCGR: Cys279, Cys280) that are

bridged to the last two extracellular cysteines of Cb-3 close to TMH

1. One of these cysteines is located at an additional short b-strand

element (FSHR: Cys346, LHCGR: Cys343) that is assembled parallel

to the concave LRRD b-strand 11 and the second cysteine is adjacent

to TMH 1 (FSHR: Cys356, LHCGR: Cys353). Thus, Cb-2 (LRRD) and

Cb-3 (close to TMH 1) are in tight spatial proximity and these disulfide

bridges have been shown to be important for the global LHCGR struc-

ture and full signalling capacity (Zhang et al., 1996).

Moreover, a second hormone-binding site is constituted by Asp330

and Tyr331, which are located at the C-terminal part of the LHCGR

hinge region (Bonomi et al., 2006; Bruysters et al., 2008b). The inter-

action between the sulphated tyrosine (as exhibited in all GPHRs

(FSHR: Tyr335, LHCGR: Tyr331, TSHR: Tyr385)) at the C-terminus

of the hinge region and the hormone is now visible as a further important

feature of the new FSHR crystal structure (Jiang et al., 2012). The hinge

regionof the LHCGRandotherGPHRs is generally known tobe involved

in determinating endogenous ligand binding (Costagliola et al., 2002;

Bonomi et al., 2006; Bruysters et al., 2008b; Kleinau et al., 2011) and se-

lectivity (Bernard et al., 1998), signalling pathway regulation (Nurwaka-

gari et al., 2007) and signalling features (Moyle et al., 2004; Urizar et al.,

2005). In conclusion, the new FSHR crystal structure and several experi-

mental studies support, also for the LHCGR, two separate binding sites

of the hormones at the extracellular region of the receptor: one at the

LRRD and the other at the hinge region around Tyr331 (LHCGR

number). This interplay conveys the signal to the serpentine domain by

a yet unknownmechanism. It might be assumed that structuralmodifica-

tions inducedby hormonebinding at both the LRRDand the hinge region

finally lead to changes at the disulphide-bridged unit between the LRRD

C-terminus and Cb-3 located close to the serpentine domain. Especially

amino acids Pro276 and Ser277 at theC-terminal LRRD in repeat 11 and

transition to the hinge region should play a fundamental role for signalling

regulation as mutations at these amino acids constitutively activate the

LHCGR (Nakabayashi et al., 2000, 2003; Zeng et al., 2001; Sangkuhl

et al., 2002).

Of specific note, the new FSHR/FSH crystal structure (Jiang et al.,

2012) is a trimeric receptor/ligand complex and indeed, GPHRs are

known to form higher order complexes (Urizar et al., 2005). However,

the previous FSHR/FSH crystal structure (Fan and Hendrickson, 2007)

has a dimeric arrangementwhich does not overlapwith the recently pub-

lished structure with interactions between the receptor monomers.

Moreover, experimental studies at the previously observed LRRD

dimer contacts failed to support the significance of these interactions

(Guan et al., 2010). Therefore, the relevance of the previously dimeric

and recently observed trimeric-extracellular arrangement must be very

carefully considered because of lacking supporting experimental evi-

dence (also for the LHCGR); it might be that this observed constellation

is forced by the crystallization procedure and not due to naturally occur-

ring interaction patterns.

Signal transduction at the serpentine domain

During receptor activation, structural re-arrangements between the

extracellular loops and the hinge region likely also directly affect the intra-

molecular network of side-chain interactions at the serpentine domain.

Several amino acids are knowneither to be important to keep the recep-

tor in the inactive state (characterized by occurrence of constitutively ac-

tivatingmutations), or they are involved in switching the LHCGR into the

active-state conformation (asmutations at these positions lead to recep-

tor inactivation, collected in the GPHR information database available at

Plasticity of the LHCG receptor 585
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http://www.ssfa-gphr.de, Kleinau et al., 2007; Kreuchwig et al., 2011).

Pathogenic LHCGR mutations (Table II, Fig. 2) assign important spatial

regions for activation-related receptor components. As presented in

Fig. 2, mapping of activating mutations on the LHCGR model highlights

TMH 6 as most crucial for signal transduction at the transmembrane

region. Inactivation of the receptor by mutation can be found over the

Figure1 (A)Genomicorganizationof the human LHCGR type1 (Gene ID: 3973) and themouse Lhr gene (Gene ID: 16867).The sizeof the exons (in base

pairs) is given above and the intronic size (in kilo base pairs) is given below the genomic elements. (B) Alignment of the receptor types described in this

review. The amino acid sequence comparison (alignment) between the different receptor types reveals similarities and differences in amino acid compos-

ition and sequence length. Additionally, structural features related to specific sequence regions are annotated (LRRD, leucine-rich repeat domain; SD, ser-

pentine domain; Ctt, C-terminal tail; Cb-1, 2, 3, cysteine-boxes 1, 2, 3) and the exon 10- or exon 6A-encoded regions are boxed. Colour code of amino

acids: green/cyan, hydrophobic; orange, hydrophilic; red, negatively charged; blue, positively charged; brown, cysteines; black, prolines.

586 Troppmann et al.
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entire receptor structure, also at amino acids in the peripheral regions.

Mutations at these amino acid sites interfere with processes such as

hormone-ligand or G-protein binding or they diminish the receptor cell-

surface expression level.

Furthermore, several amino acids at each helix are key players for re-

ceptor functions. This fact is already reflectedby their high degreeof evo-

lutionary conservation among family A GPCRs. These amino acids have

been studied by several groups for different purposes such as investiga-

tion of basal activity regulation, constitutive activation or signal trans-

formation between the helices (Fernandez and Puett, 1996; Kosugi

et al., 1998; Min et al., 1998; Alvarez et al., 1999; Angelova et al., 2002;

Fanelli et al., 2004). A remarkable recent study was performed to de-

scribe information pathways (for activation) with conserved amino

acidsparticipating in structurenetworks deputed to intramolecular com-

munication (Angelova et al., 2011).

Although detailed evidence based on the combined panel of experi-

mental and structural implications of specific amino acids is available,

the particular steps leading to LHCGR activation upon hormone

binding are not yet understood in full detail. Diverse models suggest re-

ceptor activation via interactions between the ligand bound to the extra-

cellular region and the transmembrane helices (Vassart et al., 2004; Puett

et al., 2005;MenonandMenon, 2012). For theTSHRand the FSHR, func-

tional studies proposed an inhibitory effect of the extracellular region,

keeping the receptor in an inactive state unless ligand binding occurs

(Vlaeminck-Guillem et al., 2002). While this was not found for the

LHCGR (Sangkuhl et al., 2002; Nurwakagari et al., 2007), an extracellu-

larly localized intramolecular agonistic unit that becomes activated by

hormone binding is commonly assumed (reviewed in Kleinau and

Krause, 2009), which likely triggers the serpentine domain (termed

also heptahelical or transmembrane region).

In the serpentine domain spatial re-arrangements between the helices

3, 5, 7 (rotation or/and lateral movement relative to each other) and to

the greatest extent at helix 6 are significant for the transition between in-

active and active conformations (reviewed in Lebon et al., 2012). In brief,

the GPCR ligand induces, by binding, modifications of intramolecular

interactions shifting the equilibrium between the inactive and active con-

formation towards the signalling-active state of the receptor. This re-

structuring enables specific interactions with the G-protein. The TMH

6 seems to be a key for this mechanism and moves 4–14 Å towards

themembrane. This principlemechanism for family AGPCRswas previ-

ously suggested based on results from biophysical studies (reviewed in

Schwartz et al., 2006) and have been confirmed by the recent crystalliza-

tion of active-state conformations like for opsin (Scheerer et al., 2008)

and a complex betweenADRB2 andGs (Rasmussen et al., 2011). In add-

ition, the G-protein supports stabilization of the active state and simul-

taneously increases the ligand-affinity (Lebon et al., 2012). Finally, the

GPCR triggers intracellular activation of the G-protein (and other effec-

tors) by specific interactions.

One interesting evolutionary aspect of the LHCGR is linked with

the capability to bind low-molecular-weight (LMW) ligands (Moore

et al., 2006; Arey, 2008; Heitman and Ijzerman, 2008). GPCRs of

family A evolved 570–700 million years ago (reviewed in Strotmann

et al., 2011). They bind diverse ligands such as amines, purines,

lipids or peptides between the transmembrane helical bundle, with

the exception of GPHR ligand-hormone binding that occurs endogen-

ously only at the extracellular region (Fig. 3A). Since the bulky hor-

mones bind to the extracellular receptor region (orthosteric site) of

the GPHRs, a recent study of the LHCGR suggests that drug-like

LMW ligands bind alternatively to an allosteric site located in the

transmembrane helical bundle (Fig. 3A; Heitman et al., 2012).

These drug-like ligands act as allosteric agonists (activators) or signal-

ling modulators (increasing or decreasing effects on signalling of

further ligands). In addition, it is hypothesized that multiple allosteric-

binding pockets in the serpentine domain of the human LHCGR do

exist, which reveals new opportunities to achieve selectivity of drug

action. The importance of this subject is reflected by the finding

that a second allosteric LHCGR-binding site closely resembles the

orthosteric-binding site of the adenosine A3 receptor and both recep-

tors are able to bind identical molecules (Heitman et al., 2012). Of

note, LHCGR and the A3 receptor are expressed in reproductive

.............................................................................................................................................................................................

Table I Summary and nomenclature of the different LHCGR types.

Gene name Gene

structure

Full-length

receptor

encoded by

exons

Previous

nomenclature

Proposed new

nomenclature

Presence Hormones Comment

Lhcgr:Mus

musculus;

Gene ID:

16867

11 exons 1–11 Lhcgr Lhr Rodents,

probably all

mammals

(except

primates)

LH These species do not possess

CG (except horse).

LHCGR:

Homo

sapiens; Gene

ID: 3973

12 exons,

1–11 and 6a

1–11 LHCGR/LHR LHCGR type 1 Primates (except

NewWorld

monkeys)

LH and CG For the clear assignment of

counting in exon 6A one

should outline bp 1–300 and

thededucedaminoacids1–30

of exon 6A as ins6A.

LHCGR:

Callithrix

jacchus

12 exons,

1–11 and 6a

1–9 and 11 LHCGR type 2 LHCGR type 2 NewWorld

monkey lineage

CG The hinge region is 26 amino

acids shorter compared with

LHCGR type 1.

Plasticity of the LHCG receptor 587
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tissues (Rivkees, 1994; Zhang et al., 2001) and in the adrenal cortex

(Pabon et al., 1996; Atkinson et al., 1997). Finally, the capability of the

LHCGR to bind molecules allosterically at the transmembrane region

is an example of conservation of a ligand-binding sensitive region

which is not occupied by the endogenous ligand. However, activation

of the LHCGR by the hormone or by small molecules is defined as a

Figure 2 Fragmentary structural homology model of the LHCGR type 1 combined with functional information. The LHCGR type 1 (model-backbone

white) binds the hormone (CG subunits light-brown/violet, surface and backbone) at the extracellular side between the LRRD and the hinge region. In

principle, the LRRD, the hinge region and the serpentine domain are arranged sandwich like, however, the precise spatial orientation to each other is

unknown (an exemplary plot is shown). Cysteine-bridges (yellow) between the LRRD and the hinge region attach these fragments tightly together in

spatial terms. The exon 10-encoded region (red box) is located at the hinge region. (Pathogenic deletions are known for both exon 10 and an adjacent

fragment, positions 317–324; Table II). A sulphated tyrosine (blue) at the hinge region interacts with the hormone CG. The transmembrane helices

(TMHs) 1–7 spanning the membrane are connected by intra- (ICLs) and extracellular loops (ECLs). In this model, positions of naturally occurring inacti-

vating and activating single-point mutations are mapped (Table II). Activating mutations (green spheres) either disrupt the inactive state or stabilize the

active-state conformation. For the LHCGR type 1, constitutively activating mutations are cumulatively localized in the centre of the TMH core. In contrast,

inactivatingmutations (red spheres) occur throughout the entire receptor, including the LRRD. Thesemutations probably either (i) modify the capability of

the receptor to interact with the hormone (mutations located at the LRRDor hinge region) or (ii) theymight prevent signal transduction through the trans-

membrane region or (iii) they may interfere with activation of the G-protein (located intracellularly).

588 Troppmann et al.
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.............................................................................................................................................................................................

Table II Naturally occurring mutations reported for the LHCGR.

Location Mutation Amino acid change Effect Reference

Signal peptide

(exon 1)

ins c.54CTGCTGAAGCTGCTGC

TGCTGCTGCAG(CTGCAG)

ins19LLKLLLLLQ(LQ) Inactivating Wu et al. (1998);

Richter-Unruh et al.

(2002a); Sinha et al. (2011)

Signal peptide

(exon 1)

c.59A.C Gly20Pro Inactivating Bentov et al. (2012)

LRRD hinge

(exons 1–10)

Dstarting in exon 1/ending within exon 10 Dexon1–10 Inactivating Richard et al. (2011)

LRRD (exon 4) c.340A.T Ile114Phe Inactivating Leung et al. (2006)

LRRD (exon 5) c.391T.C Cys131Arg Inactivating Misrahi et al. (1997);

Richard et al. (2011)

LRRD (exon 5) c.430G.T Val144Phe Inactivating Richter-Unruh et al. (2004)

LRRD (exon 5) c.455T.C Ile152Thr Inactivating Qiao et al. (2009)

LRRD (intron 6/

exon 7)

c.537–3C.A Dexon 7 Inactivating Qiao et al. (2009); Han

et al. (2012)

LRRD (exon 6A) ins6A c.557A.C Change in splicing pattern Inactivating Kossack et al. (2008)

LRRD (exon 6A) ins6A c.558G.C Change in splicing pattern Inactivating Kossack et al. (2008)

LRRD (exon 6A) ins6A c.580A.G Change in splicing pattern Inactivating Kossack et al. (2013)

LRRD (exon 7) c.580 T.G Phe194Val Inactivating Gromoll et al. (2002)

LRRD (exon 8) Dundefined Dexon 8 Inactivating Laue et al. (1996a)

Hinge (intron 9/

exon 10)

Dstarting in intron 9/ending within intron 10 Dexon 10 Inactivating Gromoll et al. (2000)

Hinge (intron 10/

exon 11)

c.955-1G.A DTyr317Ser324 Inactivating Bruysters et al. (2008a)

Hinge (exon 11) c.1027T.A Cys343Ser Inactivating Martens et al. (2002)

Hinge (exon 11) c.1060G.A Glu354Lys Inactivating Stavrou et al. (1998)

TMH 1 (exon 11) c.1103T.C Leu368Pro Activating Latronico et al. (2000)

TMH 1 (exon 11) c.1118C.T Ala373Val activating Gromoll et al. (1998)

TMH 1 (exon 11) c.1121T.C Ile374Thr Inactivating Pals-Rylaarsdam et al.

(2005)

TMH 2 (exon 11) c.1175C.T Thr392Ile Inactivating Pals-Rylaarsdam et al.

(2005)

TMH 2 (exon 11) c.1193T.C Met398Thr Activating Evans et al. (1996); Ignacak

et al. (2000), (2002); Mao

et al. (2010)

TMH 2 (exon 11) c.1199A.G Asn400Ser Inactivating Yariz et al. (2011)

TMH 2 (exon 11) c.1244T.C Ile415Thr Inactivating Kossack et al. (2013)

TMH 3 (exon 11) c.1370T.G Leu457Arg Activating Latronico et al. (1998a)

TMH 3 (exon 11) c.1382C.T Thr461Ile Inactivating Kossack et al. (2008)

TMH 4 (exon 11) c.1473G.A Trp491Stop Inactivating Richter-Unruh et al.

(2002a)

TMH 4 (exon 11) c.1505T.C Leu502Pro Inactivating Leung et al. (2004)

TMH 5 (exon 11) c.1624A.C Ile542Leu Activating Laue et al. (1995a)

TMH 5 (exon 11) c.1627T.C Cys543Arg Inactivating Martens et al. (2002)

TMH 5 (exon 11) c.1635C.A Cys545Stop Inactivating Laue et al. (1995b); Wu

et al. (1998)

ICL 3 (exon 11) c.1660C.T Arg554Stop Inactivating Latronico et al. (1996)

ICL 3 (exon 11) c.1691A.G Asp564Gly Activating Laue et al. (1995a)

ICL 3 (exon 11) c.1703C.T Ala568Val Activating Latronico et al. (1995)

TMH 6 (exon 11) c.1713G.A Met571Ile Activating Kremer et al. (1993);

Kosugi et al. (1995)

Continued
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timely and spatially ordered sequence of structural shifts between dif-

ferent receptor components, finally to enable activation of G-proteins.

The majority of LHCGR-dependent effects are mediated by the acti-

vation of the canonical Gas/cAMP/PKA signalling pathway. However,

the LHCGR belongs to a group of GPCRs prone to promiscuous

coupling tomultiple classes of G-proteins including inhibitoryG-proteins

(Gudermann et al., 1992; Gilchrist et al., 1996; Herrlich et al., 1996;

Kühn and Gudermann, 1999; Ascoli et al., 2002; Ulloa-Aguirre et al.,

2011). The specific recruitment of G-proteins as well as additional

LHCGR-dependent signalling pathways (e.g. ERK1/2-pathway) is cell-

type specific and differs upon stimulation with LH or CG (Ascoli et al.,

2002; Casarini et al., 2012).

Amino acids at the intracellular site and spatial properties between the

helical ends and the intracellular loops (ICLs) decipher complementary

properties for G-protein recognition and activation. For the LHCGR,

those mechanisms are only partially investigated, e.g. the contribution

of specific amino acidsof ICL2 and ICL3 inGs protein coupling (Angelova

et al., 2008), or coupling of the extreme C-terminal region of Gas

(DeMars et al., 2011). Strikingly, it was found that the transition

between the intracellular end of TMH 3 and ICL2 is important for Gs

coupling. This is in accordance with data showing that this region acts

as a regulatory element of activity states in interplay with residues of

TMH 6 (Feng et al., 2008). These general implications are complemen-

tary to insights from the TSHR/G-protein interaction process (Kleinau

et al., 2010) and are in accordance with latest insights from newly

solved complex crystal structures (Chung et al., 2011).

Dimeric receptor organization

A crucial aspect of LHCGR function is its capacity to form higher order

complexes, namely homo-dimers (LHCGR protomer—LHCGR proto-

mer) or homo-oligomers. For reasons of simplification here, we will use

the term ‘dimers’ or ‘dimerization’, although it is possible that the recep-

tor complexes containmore than two receptorswhich cannot yet clearly

be distinguished experimentally. In 1997, it was shown that

co-expression of binding-deficient (but with full signalling capacity) and

signalling-inhibited (but with diminished binding capacity) receptor frag-

ments partially restores ligand-induced signal generation (Osuga et al.,

1997). This was the first hint of a close spatial proximity and functional

interrelation between LHCGR monomers. This study guided further

approaches leading in 2002 to the description and dissection between

cis- (receptor is activated by the bound hormone) and trans- (binding

of hormone at the first receptor protomer activates a second receptor)

activation mechanisms (Jeoung et al., 2007) for the LHCGR (Ji et al.,

2002). For the FSHR, it was additionally found that trans-activation prob-

ably induces biased signalling in terms of generation of only one of two

hormone signals but not both simultaneously (Ji et al., 2004).

In 2004, constitutive and agonist-dependent self-association of the

LHCGR was shown (Tao et al., 2004; Fanelli, 2007) as well as negative

effects of inactive LHCGR mutants on wild-type receptor signalling in

dimeric constellations (Zhang et al., 2009). The main interface contact

between the protomers is suggested to be located between the trans-

membrane helices, but the extracellular portion might modulate

dimeric interrelations (Urizar et al., 2005).

.............................................................................................................................................................................................

Table II Continued

Location Mutation Amino acid change Effect Reference

TMH 6 (exon 11) c.1715C.T Ala572Val Activating Yano et al. (1995)

TMH 6 (exon 11) c.1723A.C Ile575Leu Activating Laue et al. (1996b); Kremer

et al. (1999)

TMH 6 (exon 11) c.1730C.T Thr577Ile Activating Kawate et al. (1995);

Kosugi et al. (1995); Cocco

et al. (1996)

TMH 6 (exon 11) c.1732G.T/C Asp578Tyr/His Activating Muller et al. (1998); Liu

et al. (1999);

Richter-Unruh et al.

(2002b)

TMH 6 (exon 11) c.1733A.G Asp578Gly Activating Shenker et al. (1993); Yano

et al. (1994)

TMH 6 (exon 11) c.1734T.A Asp578Glu Activating Wu et al. (1999)

TMH 6 (exon 11) c.1741T.C Cys581Arg Activating Laue et al. (1995a)

TMH 6 (exon 11) ins c.1765T Phe588fs (CHLSCLQSTSYHSNQLStop) Inactivating Richter-Unruh et al. (2005)

TMH 6 (exon 11) c.1777G.C Ala593Pro Inactivating Kremer et al. (1995);

Toledo et al. (1996)

TMH 7 (exon 11) Dc.1822–1827 DLeu608Val609 Inactivating Latronico et al. (1998b)

TMH 7 (exon 11) c.1847C.A Ser616Tyr Inactivating Laue et al. (1996a);

Latronico et al. (1996)

TMH 7 (exon 11) c.1850G.A Cys617Tyr Activating Nagasaki et al. (2010)

TMH 7 (exon 11) c.1874 T.A Ile625Lys Inactivating Martens et al. (1998)

LRRD, leucine-rich repeat domain; TMH, transmembrane helices; ICL, intracellular loop.

590 Troppmann et al.
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In 2010, an in vivo study was published that used a mouse Lhr as a

model GPCR to demonstrate that transgenic mice co-expressing for-

merly described binding-deficient and signalling-deficient forms of the

Lhr can re-establish normal LHactions through intermolecular functional

complementation of the mutant receptors (Rivero-Muller et al., 2010).

This studywas one of the first to provide in vivo evidence for cooperation

between two receptor protomers.However, this topic is still under lively

discussion as reflected by a recently published study substantively ques-

tioning the concept of functional reconstitution between Lhr mutants in

vivo (Zhang et al., 2012).

Different LHCGR subtypes

Beyond the conserved structural and functional similarities, a presumably

evolutionarydrive resulted in thedevelopmentofdiffering receptorchar-

acteristics and multiple receptor types. Despite the high degree of con-

servation of the general genomic organization of the LHCGR gene

between species, a DNA insertion of a 2.7 kbp long genomic region

between exons 6 and 7 resulted in the generation of an additional

exon present in primates and humans only (Fig. 1A). A further regulatory

genetic event, the consecutive skipping of exon 10 in the New World

monkey lineage, led to an additional primate-specific receptor type,

where exon 10 became a pseudo-exon and the receptor lacking exon

10 represents the wild-type form. For a comprehensive assignment of

the different types of receptor,we suggest a newnomenclaturedesignat-

ing the classical receptor known in rodents as Lhr, whereas the receptor

type containing exon 6A and present in species owning primordially LH

and CG as endogenous hormones should be designated as LHCGR

(Table I). The LHCGR is further split into LHCGR type 1 and type 2,

based on the constitutive presence or skipping of exon 10, respectively.

The proposed new nomenclature scheme for the receptor indicated

inTable I should facilitatemoreprecise, fact-driven communication in the

area of LHCGR research and takes into account the following considera-

tions: (i) the ‘classical’ receptor consisting of 11 exons and present in

model organisms such as mouse and rat is referred to as Lhr, since in

these species LH is the only endogenous ligand for this receptor

known so far; (ii) due to the evolutionary development of the dual

system of LH and CG mediating their effect via one receptor in

humans and primates, this receptor type is designated as LHCGR; (iii)

this receptor type is characterized by an additional primate-specific

exon, which represents a new genetic element for the regulation of re-

ceptor expression and (iv) a further differentiation of this receptor

type into LHCGR type 1 and type 2 is required due to the fact that in

the NewWorld monkey lineage, exon 10 became a pseudo-exon.

In the two following sections, the LHCGR type 1 and type 2 present in

primates and humans only are characterized in more detail.

LHCGR type 1-containing exon 6A

LHCGR type 1was first identified in 2008 by Kossack et al., who analysed

unusual LHCGR mRNA variants consisting of exons 1–6 and additional

unknown sequences either terminated by a poly(A) tail or continuing

with exons 7–11. The unknown sequences revealed a perfect match

with the intronic region between exons 6 and 7 of the human LHCGR

type 1 gene. Comparable sequences are only present in other primates

and are completely lacking in all other investigated species so far,

leading to the speculation that the appearance of exon 6A in the

primate LHCGR gene is related to the evolutionary appearance of CG

inprimates. Furthermore, thehigh level of conservationof exon6A inpri-

mates indicates strong functional constraints of this element, thereby

forming the framework of critical biological functions across species. A

3′ splice acceptor site (AG) and two internal 5′ splice sites were

detected, giving rise to a novel internal exon of 159 bp (short) or

207 bp (long). Additionally, a 3′ polyadenylation signal (AATAAA) was

identified and, in cooperationwith the 3′ splice acceptor site, yields a ter-

minal exon.The newly identified internal or terminal exonwithin intron6

was designated ‘exon 6A’ and established the new type of the LHCGR

present in the human (Kossack et al., 2008). The presence of exon 6A

gives rise to a number of different LHCGR mRNAs, which are present

in varying ratios under normal physiological or patho-physiological cir-

cumstances. More precisely, the primary transcript of the LHCGR type

1 gene can give rise to the full-length LHCGR type 1 mRNA containing

exons 1–11. Additionally, exon 6A can be spliced into the mature tran-

script as a terminal or internal exon (Fig. 3C). The three variants, LHCGR

type 1exon6a short, long and terminal, arepresent in human tissues such

as adult and fetal testes, granulosa cells and adrenal gland (Kossack et al.,

2008; Fowler et al., 2009). The internal variants are both expressed at

relative low levels, due to the presence of premature stop codons

whichdesignate these variants asputative targets for nonsense-mediated

mRNA decay (NMD), while the terminal variant is highly abundant

Figure 3 The allosteric ligand-binding pocket and the LHCGR type 1 terminal exon 6A variant. (A) A remarkable aspect of the LHCGR is an allosteric-

binding region,which is different fromtheextracellular binding site of the endogenous hormone ligand (Fig. 2). It has been shown that LMWligands (here the

LMWagonistOrg43553) canoccupy this transmembranepocket,which is thepreferredbinding region in familyAGPCRs (clipped sideview,pocketas inner

surface). This binding-sensitive region is located between the transmembrane helices towards the extracellular side, including the ECL2. This binding site is

conserved among the family AGPCRs, although not always used by the endogenous ligand as in case of the LHCGR. (B) The structural homologymodel of

the LHCGR type 1 exon 6A terminal variant (white-blue backbone ribbon) is based on a modified FSHR LRRD crystal structure. Repeats one to six are

identical to the full-length receptor. The amino acid sequence alignment (Fig. 1B) predicts that exon 6A might encode structural repeats and b-strands

7 and 8 (blue). The resulting LRRD of LHCGR type 1 exon 6A is formed by repeats 1–8 instead of 11, as in the full-length LHCGR type 1 (Fig. 2). Of

note, amino acids (numbers 180 and 182) in the putative b-strand 7 which are oriented to the concave LRRD site (hormone-binding site) are different

in their biophysical properties compared with the full-length receptor (Fig. 1B). (C) Hypothetical model of the transcriptional network of the LHCGR

type 1 gene (modified according to Kossack et al., 2008). The primary transcript of the LHCGR type 1 gene can, in the mature mRNA, give rise to the full-

length LHCGR type 1 containing 11 exons. Additionally, exon 6A can be spliced into the terminal or internal LHCGR type 1 exon 6A variants. The terminal

variant is translated into a truncatedLHCGRprotein consistingof sevenexons,which couldhypothetically be secreted and interact eitherwith the full-length

LHCGR type 1 protein or serve as a hormone scavenger via binding to LH and/or CG. The premature stop codon (red circle) in exon 6A designates the

internal LHCGR type 1 exon 6Avariants as putative targets for theNMDpathway since on the first round of translation any premature in-frame stop codon

found more than 50 nucleotides upstream of the splice junction triggers NMD.

592 Troppmann et al.
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expressed in amounts comparable to the full-length transcript or even

higher (Fig. 3C; Kossack et al., 2008; Fowler et al., 2009).

The incorporation of exon 6A as a terminal exon inserts a stop codon

and a polyadenylation site, thereby resulting in a truncated LHCGR type

1 protein of 209 amino acids, wherein exon 6A only encodes 30 amino

acids (Figs 1B and 3B). The LHCGR type 1 exon 6A terminal variant,

therefore, encodes a sequenceof exons 1–6which is identical to the full-

length LHCGR type 1 and forms structural repeats one to six of the

LRRD. The amino acids encoded by exon 6A also contain typical

residue motifs constituting b-strands in the hormone-binding site,

which suggests a continued typical fold of this short LRRDvariant. There-

fore, the LHCGR type 1exon6A terminal variant can behypothesized to

encode 8 repeats, instead of 10, as postulated for the full-length LHCGR

LRRD (Kossack et al., 2013). Moreover, residues at b-strands 2–8 are

experimentally evidenced as most relevant for hormone binding at

LRRDs of the GPHRs (Caltabiano et al., 2008; Angelova et al., 2010),

which might be a hint that the LHCGR type 1 exon 6A terminal variant

should be capable of hormone binding to an unknown extent and speci-

ficity, but without any signalling activity. This scenario would support the

concept of a hormone scavenger which modulates the active serum

hormone levels by binding.

Thephysiological importance of exon6A is highlighted by naturally oc-

curring mutations within this exon leading to severe disorders of sexual

differentiation (Kossack et al., 2008, 2013). In patients with the clinical

phenotype of Leydig cell hypoplasia, where no causative mutations

have been identified in routine clinical screening of the LHCGR type 1,

mutationswere identified in exon6A, indicating the necessityof including

the sequencingof theentire LHCGR-coding region, also coveringexon6A

with its splicing sites, in the screening. The mutations identified in exon

6A led to a dramatically increased inclusion rate of exon 6A into the

primary transcript and thereby toadecreasednumberof transcripts con-

tributing to generation of the full-length receptor protein. Thus, these

mutations highlight the important role of exon 6A as an additional regu-

latory element of the LHCGR type 1 gene and of mutations not causing

alterations at the protein level, but at the transcriptional level. Themuta-

tions locatedwithin exon 6Awhich thereby alter the ratios of the LHCGR

type 1 variant transcripts with and without exon 6A additionally demon-

strated that a distinct ratio of these variants is required for proper

LHCGR type 1 function. Further evidence that these ratios between

the different exon 6A variants and the full-length receptor are of physio-

logical relevance has been provided by a study investigating developmen-

tal changes in fetal expressionof testicular LHCGR type1 and theeffectsof

maternal cigarette smoking (Fowler et al., 2009). In testes of morpho-

logically normal human male fetuses of women undergoing termination,

they measured hormone levels and testicular LHCGR type 1 expression.

Firstly, theydemonstrated that theproportionof LHCGR type1 transcript

variants encoding functional LHCGR type 1 is different between fetal

human testis and adult human testis, with fetal testes containing higher

proportions of functional variants (Kossack et al., 2008; Fowler et al.,

2009). Furthermore, maternal smoking resulted in a reduced amount

of fetal CG and revealed slight effects on the ratio of different LHCGR

type 1 variants. Functional LHCGR type 1 transcripts were increased in

mothers who smoked, which might indicate an adaptive mechanism

maintaining the vital output of testosterone in these fetuses (Fowler

et al., 2009).

The putative biological relevance of exon6Aas a regulatory element is

additionally underscored by high amounts of transcripts containing this

exon in native tissues (Kossack et al., 2008; Fowler et al., 2009). Future

studies are necessary to unravel the putative role of the LHCGR type

1 terminal exon 6A variant as a hormone modulator. The LHCGR

type 1 terminal exon 6A variant might be secreted by cells expressing

the LHCGR type 1 and thereby play a role by interacting with circulating

hormone molecules (Fig. 3C). The concept that the extracellular part of

the LHCGR type1 could function as a hormonemodulator by interacting

with the hormone is supported by the observedmassive alternative spli-

cing of the LHCGR gene, giving rise to variants bearing only the extracel-

lular hormone-binding domain (Zhang et al., 1994; Kossack et al., 2008).

Furthermore, experimental evidence that a soluble form of the Lhr as

well as the LHCGR type 1 exists has accumulated over recent

decades. First, the existence of Lhr outside of cells was described in

CG-affinity purified follicular fluid from porcine (Kolena and Sebokova,

1986; Kolena et al., 1986). Later, an LH-Lhr complex from Leydig cell

culturemedia anda soluble protein acting as anLHCGRtype1antagonist

in serum from uraemic boys suffering from hypogonadism were

described (West and Cooke, 1991; Dunkel et al., 1997). Recently, the

release of soluble LHCGR type 1 from transfected cells into the

culture medium and from placental explants into the bloodstream of

pregnant women was demonstrated (Chambers et al., 2011a). This

soluble LHCGR type 1 also exists in a complexwith LH and can bemea-

sured under both conditions in human serum and follicular fluid (Cham-

bers et al., 2011b). The specific shape and structure of this cell-free

receptor as well as the species-specificity, physiological function and

the clinical significance remains elusive. However, it was reported that

the separated extracellular region of GPHRs is capable of binding their

corresponding hormones (Osuga et al., 1997).

In addition, ancientGPH subunits have been found to be distributed in

the central nervous system, stomach, pancreas, testis and other repro-

ductive tissues of different animals (Hsu et al., 2002; Li et al., 2004; Sun

et al., 2010) andmight also be considered (as single subunits or as hetero-

dimeric hormone) (Dos Santos et al., 2009) as a potential hormone-

ligand, beside LH and CG, for those N-terminal LHCGR variants with

unknown ligand specificity. Another putative function of truncated re-

ceptor variants has been demonstrated for common splice variants of

the rat Lhr as well as the human LHCGR type 1, which regulate cell-

surface expression and/or receptor functionality of the full-length

receptor in heterologous expression systems via dimerization with the

full-length receptor (Nakamura et al., 2004; Apaja et al., 2006;Dickinson

et al., 2009). Thus, regulation of the LHCGR by its corresponding splice

variants may be a more common mechanism than anticipated so far, in-

dicating the possibility that the LHCGR type 1 exon 6A terminal variant

could have a functional role in LH/CG target cells of humans and

primates by regulating the number of functional receptors via intra- or

extracellular di-/oligomerization (Fig. 3C).

LHCGR type 2-lacking exon 10 at the mRNA and protein levels

Evolutionary divergent developments resulted in different types of the

LHCGR and diversified functions of LH and/or CG in primates. The

LHCGR type 1, as described above, is present in ancestral primate sub-

orders aswell as in evolutionarily advancedprimate species. Evolutionary

events altering the splicing mechanism regarding exon 10 resulted in the

emergence of an additional receptor type, LHCGR type 2, which is

present in the New World monkey lineage. In the New World

monkey lineage, the LHCGRmRNA lacking exon 10 represents thewild-

type form and exon 10 acts as a pseudo-exon (Gromoll et al., 2003). In

Plasticity of the LHCG receptor 593
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the LHCGR type 1, exon 10 encodes 27 amino acids in the putative hinge

region of the extracellular region (Fig. 1B). First, constitutive skipping of

exon 10 was reported in the LHCGR of the commonmarmoset Callithrix

jacchus (Zhang et al., 1997; Gromoll et al., 2003). In splicing studies, 11

different LHCGR type 2 isoforms were identified in testis and ovary

tissues of marmoset monkeys; exon 10 was absent in all variants, dem-

onstrating that exon 10 has the characteristics of a pseudo-exon in this

species (Michel et al., 2007). The constitutive skipping of exon 10 was

confirmed in four different monkey species from Platyrrhini and was pro-

posed for the completeNewWorldmonkey lineage (Zhang et al., 1997;

Gromoll et al., 2003). Despite extensive attempts, no transcript variant

of the LHCGR type 1 with exon 10 skipped was detected in the human

(Madhra et al., 2004), indicating a crucial impact of the presence of this

exon for the biological functionality of the receptor. However, variants

of the Lhr lacking exon 10 have been described in other species such as

bovine (Kawate and Okuda, 1998; Robert et al., 2003) and sheep

(Bacich et al., 1994; Abdennebi et al., 2002). These species- and/or

lineage-specific events of alternative or constitutive splicing regarding

exon10 illustrate aputativepathof diversified receptoractivity regulation

in species with differing hormonal reproductive mechanisms of the hor-

mones LH and CG.

Sinceexon10 is present in the genomic sequencesof the LHCGR type2

in the New World monkey lineage, the general lack of exon 10 at the

mRNA and protein levels is due to aberrant transcriptional events in

which exon 10 splicing is prevented. The genomic organization of exon

10 in themarmoset is characterized by expansion of the circumjacent in-

tronic regions mainly due to the presence of LINE-1 elements while the

sequence of exon 10 is highly conserved and the splice sites are intact

(Gromoll et al., 2007). However, the LINE-1 elements found in the in-

tronic regions of the marmoset LHCGR type 2 gene do not obviously in-

fluence exon inclusion or exclusion. The molecular mechanism

underlying constitutive exon 10 inclusion in the human and exon 10 skip-

ping in the marmoset LHCGRwas attributed to nucleotides at the intron

9/exon 10 boundary. By sequence comparison of primate sequences of

this genomic region, the nucleotides at positions 210, 219 and +26

were shown to differ in the NewWorld monkey lineage and to navigate

exon 10 skipping or splicing of the LHCGR by alterations in the secondary

RNA structure (Gromoll et al., 2007). Changes within this secondary

structure context prevent the identification of selected sequences by

splicing factors and result in general skipping of exon 10, which could

be experimentally reversed by interchanging the responsible nucleotides

present in the New World monkey lineage via mutagenesis into the

human sequence (Gromoll et al., 2007).

The species-specific constitutive skipping of exon 10 in the New

World monkey lineage leads to functional novelty of the LHCGR type

2protein in the affected species and causes fundamental functional differ-

ences in comparison with orthologous receptors, reflected by an add-

itional distinctive feature of the New World monkey lineage, the

functional replacement of LHB by CGB, which is therefore the only go-

nadotrophin with luteinizing function in this species (Müller et al., 2004;

reviewed in Henke and Gromoll, 2008).

Functional and clinical characteristics of exon 10 in terms of specific

ligand binding and signalling become evident by analysing genetic altera-

tions present in this region. It has been shown that the 291Asn/Ser SNP

(rs12470652) in exon 10 of the human LHCGR type 1 results in increased

receptor sensitivity and affects the response of the receptor to CG as

well as LH, probably due to the presence or absence of glycan side

chains at this position (Piersma et al., 2007b). A further SNP in exon

10, 312Ser/Asn (rs2293275), was identified as a risk allele for breast

cancer, probably acting in linkage with a functional polymorphism,

since no effect of this SNP on any receptor function could be demon-

strated (Piersma et al., 2007b). Important clinical and functional insights

illuminating the role of exon 10 in the differential action of LH and CG

were derived from a patient with a homozygous deletion of ≏5 kb

encompassing exon 10 of the LHCGR type 1 gene (Gromoll et al.,

2000). The patient displayed a normal male phenotype associated with

delayed pubertal development and hypogonadism. Normal testoster-

one production and complete spermatogenesis was induced by CG ad-

ministration. The LHCGR type 1 lacking exon 10 (LHCGR type 1 D10)

showed normal CG binding and CG-induced cAMP and inositol trispho-

sphate signal transduction in vitro (Müller et al., 2003). In addition, dis-

placement experiments demonstrated comparable binding of LH to

the wild-type LHCGR type 1 or the LHCGR type 1 D10 (Müller et al.,

2003); while in the LHCGR type 1 D10 cAMP production was impaired

significantly when stimulated by LH, although CG stimulation was not

affected. Therefore, exon 10 of the LHCGR type 1 does not seem to

be important for binding ofCGand LH, but plays a pivotal role in differing

responsiveness of the receptor to LH and CG (Müller et al., 2003). This

conclusion was confirmed by a study on the functional role of the hinge

region of the LHCGR type 1 (Bruysters et al., 2008a). In the LHCGR type

1 lacking exon 10, the EC50 value for LH was 15-fold higher, while the

EC50 for CG was only slightly increased. The function of exon 10

encoded amino acids for LH and CG induced signalling seems rather

to be attributed to the overall length of the entire hinge region and is

not dependent on the biophysical properties of the particular residues

within exon 10. This conclusion is supported by chimeric and LHCGR

type 1 deletion-mutant studies (Bruysters et al., 2008a).

Based on the crystal structure of the FSHR (Jiang et al., 2012) a hom-

ology model for the LHCGR hinge region can be generated, especially

concerning the repeat 11 helix that contains the two cysteines

(LHCGR:Cys279 andCys280) linking the LRRD towards the transmem-

brane domain and also the sulphated tyrosin 331 (hinge region) that

forms a second binding site to the hormones. However, the middle of

the hinge region is not provided in the FSHR crystal structure. Unfortu-

nately, the sequence of exon 10 in LHCGR comprises this missing part

and therefore the molecular details of this portion prevent a structural

description without further experimental input. Nevertheless, it is con-

ceivable that deletion of exon 10 in the LHCGR shortens and modifies

the hinge region of the LHCGR considerably due to the missing amino

acid sequence itself (Fig. 1B). Furthermore, this is supported by the hom-

ologous model, although the structure of the hinge region is only pre-

sented fragmentarily (Fig. 2). As a consequence, the residues upstream

are joined to thedownstreamresiduesofexon10. Sucha radical reduction

very likely leads to a spatial displacement of the downstreampart contain-

ing the sulphated tyrosin 331, the second hormone binding site. This

seems to be sensitive for LH signalling but can obviously be tolerated by

CG as it might interact with the hinge region differently from LH.

Cumulating evidence suggests that LH and CG, although binding and

activating the same receptor, can cause distinct responses in their

target cells, supposedly due to different binding sites for CG and LH,

which might result in the activation of different target proteins (Guder-

mann et al., 1992; Gilchrist et al., 1996; Galet and Ascoli, 2005; Gupta

et al., 2012). Recently, the first report dealing directly with quantitative

and qualitative differences of LH and CG action on LHCGR type 1
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signalling revealed unequal activity of both hormones at the receptor and

the activation of different signal transduction pathways (Casarini et al.,

2012). It was reported that CG actsmore potently on cAMP production

than LH, while LH is more potent for ERK and AKT activation, and that

theexpressionof LHandCGtarget genes partly involves the activationof

different pathways, depending on the ligand. These results point to an

induced biased agonism signalling cascade related to the particular

hormone subtype. Of note, biased agonism at the LHCGR was also

reported for a small molecule that only induces activation of Gs-related

pathways (van Koppen et al., 2008), which further supports differential

regulation of signalling at the LHCGR.

Moreover, the non-equivalence of the two hormones in terms of re-

ceptor function requires further detailed analyses starting at the level of

molecular events with differing binding and activation processes and in-

cluding in vivo studies unravelling the complete physiological impact of sig-

nalling differences. The humanLHCGR type1,where a genomic deletion

led to the loss of exon 10, where the functional differences between LH

andCGbecamefirst apparent, turnedout tobe a suitable tool for further

investigation of this topic. The detailed analysis of the molecular and

mechanical reasons for differences between LH and CG binding and sig-

nalling for LHCGR type 1 D10 may reveal which parts of exon 10 are

involved in hormone selectivity of LH and CG, and whether the

C-terminal part of the extracellular domain of the receptor can be

used in the design and development of hormone-specific analogues.

Evolution and plasticity
of the LHCGR

A comprehensive understanding in terms of the differing receptor char-

acteristics seen todayalso requires insight into theevolutionarydynamics

of the ancestral receptor towards the Lhr and LHCGR as well as into the

evolution of the corresponding hormones. SpecificGPCR signatures can

be found in all eukaryotic species, demonstrating the ancient origin of

GPCRs (Schoneberg et al., 2007). Studies regarding the molecular evo-

lution of leucine-rich repeat-containing GPCRs (LGRs) encoding genes

hypothesized that the common ancestor of these genes emerged early

during evolution, before the radiation of metazoan phyla, since different

types of LGRs can already be identified in molluscs, nematodes, cnidaria

and insects, representing ancient homologs ofmammalianGPHRs (Kudo

et al., 2000; Hsu et al., 2002; Park et al., 2005; Van Loy et al., 2008). Evo-

lutionary events of sequential duplications led froman ancestral LGR that

regulated physiological functions in the common ancestral metazoan to

the three GPHRs (Oba et al., 2001; Park et al., 2005). New insights

into the molecular structure and function of GPHRs of lampreys, one

of the most ancient lineages of vertebrates, demonstrated that the

genetic structure as well as functionality of the GPHRs was highly con-

served during the long period of divergent evolution (Freamat and

Sower, 2008, 2010). The appearance of LHCGR and FSHR is hypothe-

sized to be the result of duplication processes before the emergence

ofGnathostomata (Oba et al., 2001). As proposed for the cognate recep-

tors, the duplication events leading to the presence of different GPH

beta-subunits took place prior to radiation of the Gnathostomata (Dos

Santos et al., 2011). The duality of the LH/FSH signalling system is con-

served throughout vertebrates, and it is assumed that duplication of an

ancestral gene in Agnatha gave rise to LH and FSH in the Gnathostomata

(Kawauchi and Sower, 2006). Parallel expansion of the GPH alpha- and

beta-subunits and their corresponding receptors through gene duplica-

tion of common molecular ancestors enabled a process of divergence

leading to the development of new and sub-functions of the ligand–re-

ceptor pairs in the endocrine systems in vertebrates.

The diverse plasticity of this hormone-receptor complex is thereby

expanded by evolutionary divergent developments concerning the func-

tion of LH and/or CG in primates, based on different types of the

LHCGR. This two hormone/one receptor system is exclusive to the

human and certain primates, indicating a very recent evolutionary

event resulting in the formation of these two reproductive hormones

(Hallast et al., 2008). Sequence comparisons of the human LHB and

CGB genes displayed high levels of homology and founded the concept

of a common evolutionary origin by duplication of CGB from LHB

≏55–30 million years ago, after splitting of the Strepsirrhini from the an-

thropoid line but before splitting of Platyrrhini and Catarrhini (Talmadge

et al., 1984; reviewed in Henke and Gromoll, 2008; Nagirnaja et al.,

2010). During evolution, new and sub-functionalization of duplicated

proteins enabled divergent expression of duplicated paralogous GPHs

and their receptors in selected tissues. Further gene duplications of the

LHB and CGB genes occurred in the Old World monkey and great ape

lineages, which have resulted in variable numbers of gene copies and di-

versification of this genomic region among species (Maston and Ruvolo,

2002; reviewed inHenke andGromoll, 2008). TheNewWorldmonkey

lineageoriginallymust havepossessedboth genes, LHB andCGB, but LHB

became pseudogenized and the CGB adopted the functions of LHB

(Müller et al., 2004; Scammell et al., 2008). As a functional consequence,

CGB is highly expressed in the pituitary of the common marmoset to

display and coordinate functions beyond pregnancy formerly performed

by LH. Therefore, in the common marmoset a system evolved for the

tissue-specific expression of the single-copy CGB gene (Henke et al.,

2007; Adams et al., 2011).

The primate LHCGR type 1 is present, on the one hand, in very ances-

tral primate suborders such as the Strepsirrhini, and, on the other hand, in

evolutionarily advanced primate species (Fig. 4). Possibly as a conse-

quence of the hormone inactivation of LHB in the New World

monkey lineage, the LHCGR type 2 lacking exon 10 on the mRNA

level developed as a new subclass of LHCGR, revealing distinct

hormone selectivity (Henke and Gromoll, 2008). In the LHCGR type 2

of the NewWorld monkey lineage, exon 10 is a pseudo-exon resulting

in anmRNAvariant lacking exon10 as thewild-type formof the receptor

(Gromoll et al., 2003). Since LHCGR mRNA including exon 10 exists in

Strepsirrhini species, the molecular event resulting in the phenomenon

of splicing out exon 10 took place after splitting of the Platyrrhini but

before splitting of the suborders within the New World monkeys, ap-

proximately between 40 and 35million years ago (Gromoll et al., 2003).

In conclusion, the Lhr consisting of 11 exons on the genomic level is

present in evolutionary lower species, while at the onset of primate

evolution, the event of a DNA insertion containing exon 6A led to

the formation of the modified receptor type LHCGR, which then con-

tains 12 exons and is present in all primate lineages. In the NewWorld

monkey lineage, an LHCGR subtype evolved by changes in the splicing

mechanism regarding exon 10, resulting in the exclusion of exon 10 on

the mRNA and therefore the protein level. It is believed that the evo-

lutionary development of this LH/CG/LHCGR system is dynamically

ongoing.
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Challenges of studying LHCGR
functions

Today, we are facing the complex situation that three different receptor

types (Lhr, LHCGR type 1 and 2) and two corresponding hormones (LH

and CG) exist. While fundamental insights unravelling central questions

on receptor activation and signalling due to high structural conservation

andoverall similarities couldbe transferablebetween thedifferent recep-

tor types, investigators must keep in mind the existing differences in

structure and in endocrine functions (Malassine et al., 2003). The multi-

faceted setting of receptor types and function therefore represents a

major challenge for future studies on selective hormone binding, signal

transduction and receptor regulation. Beyond this challenge, the exist-

ence of these three receptor types might also have hitherto unknown

major physiological implications. Awareness of differences between

the endocrine setting in animal models and humans is of paramount im-

portance. Forexample, studieson thehumanLHCGRtype1 shouldbear

in mind the existence of exon 6A and studies in New World monkeys

should consider that only CG is endogenously present and not LH. Con-

sequently, limitations of model systems need to be considered. The ex-

trapolation of results conducted in rodent studies to humans or vice

versa might be limited as well. The design and development of efficient

gonadotropic drugs and optimal clinical protocols for fertility treatment

can only be achieved by the use of appropriate model systems or at least

using homologous cell line systems, e.g. human granulosa cells for studies

on the human LHCGR.

A further challenge is the difference in signalling mechanisms between

the two hormones LH andCG at the same receptor type (Casarini et al.,

2012). The molecular details of these differing activation mechanisms

have to be thoroughly clarified before drawing any conclusions regarding

the physiological and patho-physiological consequences with respect to

envisaged novel therapeutical strategies.

Although LH and not CG is the physiological hormone in men and in

non-pregnant women, the vast majority of our current knowledge of in

Figure 4 Phylogenetic tree of the LHCGR of primates. The deduced LHCGR amino acid sequences of nine primate species were analysed using the

Clustal method (Larkin et al., 2007) and displayed with TreeView (Page, 1996) using the LHCGR of Mus musculus (NP_038610.1) as an outgroup.

LHCGR used: Pan paniscus (XP_003822738.1), Pan troglodytes (XP_003309053.1), Homo sapiens (NP_000224), Pongo abelii (XP_002812087.1), Papio

anubis (XP_003908693.1), Macaca mulatta (XP_001114090.1), Callithrix jacchus (AAB53698.1), Saimiri boliviensis (XP_003922921.1), Otolemur garnettii

(XP_003787958.1). Dots, LHCGR containing exon 6A; broken lines, LHCGR lacking exon 10 on the protein level.
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vitro actions mediated by the LHCGR on Leydig and ovarian cells was

obtained using CG due to its facile availability by urinary extraction and

its comparable longer half-life. Moreover, these properties also led to

the use of CG asmedication of choice in clinical applications including in-

duction of ovulation in assisted reproductive technologies as well as in-

duction of spermatogenesis in men with hypogonadotrophic

hypogonadism. With the advent of recombinant gonadotrophins, the

development from native hormones to recombinant medications was

introduced and now opens the possibility of using recombinant LH

instead of urinary or recombinant CG. Some studies have indicated

that recombinant LH, due to its shorter half-life, might be safer and

equally as effective comparedwith urinaryCG forovulation induction re-

ducing the incidence of ovarian hyperstimulation syndrome (European

Recombinant LH Study Group, 2001; Ludwig et al., 2003), while

others have claimed that there is no evidence of differences in clinical

outcome and therefore recommend the continuation of the use of

urinary CG because of availability and cost-effectiveness (Al-Inany

et al., 2005; Youssef et al., 2011). The treatment of male infertility in

cases of hypogonadotropic hypogonadism attempts to mimic the

normal physiological secretionof gonadotrophins by intramuscular injec-

tions of CG, as a replacement for LH, and human menopausal gonado-

trophin for FSH. To our knowledge, no studies on recombinant LH as

surrogate for CG in the clinical treatment of hypogonadotropic hypo-

gonadism are available yet. A study in healthy men demonstrated differ-

ences in both bioavailability and time courses of action of recombinant

LH and CG; nevertheless the response of testicular Leydig cells to re-

combinant LH is comparable to CG (Cailleux-Bounacer et al., 2008). Al-

though so far no clear superior action of LH over CG in terms of clinical

parameters has been demonstrated, recent data on quantitative as well

as qualitativedifferences in signalling propertiesof bothhormones should

lead to a reassessment of both hormones in clinical regimens.

The potential interaction between receptors, their variants and the func-

tional consequences of homo- and hetero di/oligomerization as well as

trans- or cis-activation (Osuga et al., 1997; Jeoung et al., 2007) is another

emerging and challenging field for future receptor studies. This complex

three-facet relationship between structural (oligomeric receptor), function-

al (signalling pathway(s)), andmechanical (activation by different hormones

in cis- and/or trans-modes) properties, however, also opens new avenues

for system regulation and therefore also pharmaceutical interventions.

The fact that the expression of different receptor variants is not only

developmentally specific but also tissue specific might be another

aspect of extra-gonadal Lhr and LHCGR function and physiology. Nu-

merous studies have revealed that the receptors are also present in non-

gonadal tissues andboth gonadal andextra-gonadal tumours, indicating a

putative extra-gonadal and tumorigenic role for LH andCG (reviewed in

Ziecik et al., 1992; Fields and Shemesh, 2004; Huhtaniemi, 2010). This

growing body of evidence has led to a number of suggestions and con-

cepts for the physiological functions of extra-gonadal expressed Lhr

and LHCGR (Toth et al., 2001; Ziecik et al., 2007; Banerjee and Fazlea-

bas, 2011), however, functional data and implied physiological actions

are not fully elucidated and remain controversial (reviewed in Ziecik

et al., 1992; Pakarainen et al., 2007).
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KühnB,GudermannT.The luteinizing hormone receptoractivates phospholipaseCvia

preferential coupling to Gi2. Biochemistry 1999;38:12490–12498.

LapthornAJ,HarrisDC, LittlejohnA, Lustbader JW,Canfield RE,MachinKJ,Morgan FJ,

Isaacs NW. Crystal structure of human chorionic gonadotropin. Nature 1994;

369:455–461.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H,

Valentin F, Wallace IM, Wilm A, Lopez R et al. Clustal W and Clustal X version

2.0. Bioinformatics 2007;23:2947–2948.

Plasticity of the LHCG receptor 599

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
u
m

u
p
d
/a

rtic
le

/1
9
/5

/5
8
3
/6

1
3
3
9
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Latronico AC, Arnhold IJ. Inactivating mutations of the human luteinizing hormone

receptor in both sexes. Semin Reprod Med 2012;30:382–386.

Latronico AC, Anasti J, Arnhold IJ, Mendonca BB, Domenice S, Albano MC,

Zachman K, Wajchenberg BL, Tsigos C. A novel mutation of the luteinizing

hormone receptor gene causing male gonadotropin-independent precocious

puberty. J Clin Endocrinol Metab 1995;80:2490–2494.

Latronico AC, Anasti J, Arnhold IJ, Rapaport R, Mendonca BB, Bloise W, Castro M,

Tsigos C, Chrousos GP. Brief report: testicular and ovarian resistance to

luteinizing hormone caused by inactivating mutations of the luteinizing

hormone-receptor gene. N Engl J Med 1996;334:507–512.

Latronico AC, Abell AN, Arnhold IJ, Liu X, Lins TS, Brito VN, Billerbeck AE, Segaloff DL,

MendoncaBB.Aunique constitutively activatingmutation in third transmembranehelix

of luteinizing hormone receptor causes sporadic male gonadotropin-independent

precocious puberty. J Clin Endocrinol Metab 1998a;83:2435–2440.

Latronico AC, Chai Y, Arnhold IJ, Liu X, Mendonca BB, Segaloff DL. A homozygous

microdeletion in helix 7 of the luteinizing hormone receptor associated with

familial testicular and ovarian resistance is due to both decreased cell surface

expression and impaired effector activation by the cell surface receptor. Mol

Endocrinol 1998b;12:442–450.

Latronico AC, Shinozaki H, Guerra G Jr, Pereira MA, Lemos Marini SH, Baptista MT,

Arnhold IJ, Fanelli F, Mendonca BB, Segaloff DL. Gonadotropin-independent

precocious puberty due to luteinizing hormone receptor mutations in Brazilian

boys: a novel constitutively activating mutation in the first transmembrane helix.

J Clin Endocrinol Metab 2000;85:4799–4805.

Laue L, Chan WY, Hsueh AJ, Kudo M, Hsu SY, Wu SM, Blomberg L, Cutler GB Jr.

Genetic heterogeneity of constitutively activating mutations of the human

luteinizing hormone receptor in familial male-limited precocious puberty. Proc Natl

Acad Sci USA 1995a;92:1906–1910.

Laue L, Wu SM, Kudo M, Hsueh AJ, Cutler GB Jr, Griffin JE, Wilson JD, Brain C,

Berry AC, Grant DB. A nonsense mutation of the human luteinizing hormone

receptor gene in Leydig cell hypoplasia. Hum Mol Genet 1995b;4:1429–1433.

Laue LL,WuSM,KudoM,BourdonyCJ,CutlerGB Jr,HsuehAJ,ChanWY.Compound

heterozygous mutations of the luteinizing hormone receptor gene in Leydig cell

hypoplasia.Mol Endocrinol 1996a;10:987–997.

Laue L, Wu SM, Kudo M, Hsueh AJ, Cutler GB Jr, Jelly DH, Diamond FB, Chan WY.

Heterogeneity of activating mutations of the human luteinizing hormone receptor

in male-limited precocious puberty. Biochem Mol Med 1996b;58:192–198.

Lebon G, Warne T, Tate CG. Agonist-bound structures of G protein-coupled

receptors. Curr Opin Struct Biol 2012;22:482–490.

LeeCY, Ryan RJ. The uptake of human luteinizing hormone (hLH) by slices of luteinized

rat ovaries. Endocrinology 1971;89:1515–1523.

LeungMY, Al-MuslimO,Wu SM, Aziz A, Inam S, AwadhM, RennertOM,ChanWY. A

novelmissensehomozygous inactivatingmutation in the fourth transmembranehelix

of the luteinizing hormone receptor in leydig cell hypoplasia. Am JMed Genet A 2004;

130A:146–153.

Leung MY, Steinbach PJ, Bear D, Baxendale V, Fechner PY, Rennert OM, Chan WY.

Biological effect of a novel mutation in the third leucine-rich repeat of human

luteinizing hormone receptor.Mol Endocrinol 2006;20:2493–2503.

LiC,HirookaY,Habu S, Takagi J, GotohM,Nogimori T.Distributionof thyrostimulin in

the rat: an immunohistochemical study. Endocr Regul 2004;38:131–142.

Liu G, Duranteau L, Carel JC, Monroe J, Doyle DA, Shenker A. Leydig-cell tumors

caused by an activating mutation of the gene encoding the luteinizing hormone

receptor. N Engl J Med 1999;341:1731–1736.

Ludwig M, Doody KJ, Doody KM. Use of recombinant human chorionic gonadotropin

in ovulation induction. Fertil Steril 2003;79:1051–1059.

Lustbader JW,WuH, Birken S, Pollak S, Gawinowicz Kolks MA, PoundAM, AustenD,

HendricksonWA, Canfield RE. The expression, characterization, and crystallization

of wild-type and selenomethionyl human chorionic gonadotropin. Endocrinology

1995;136:640–650.

MadhraM, Gay E, Fraser HM, DuncanWC. Alternative splicing of the human luteal LH

receptor during luteolysis and maternal recognition of pregnancy.Mol Hum Reprod

2004;10:599–603.

Malassine A, Frendo JL, Evain-Brion D. A comparison of placental development and

endocrine functions between the human and mouse model. Hum Reprod Update

2003;9:531–539.

Mao JF, Wu XY, Nie M, Lu SY, Gong FY, Dai YF. A report of familial male-limited

precocious puberty caused by a germ-line heterozygous mutation (M398T) in

luteinizing hormone receptor gene. Zhonghua Nei Ke Za Zhi 2010;49:1024–1027.

Martens JW, Verhoef-Post M, Abelin N, Ezabella M, Toledo SP, Brunner HG,

Themmen AP. A homozygous mutation in the luteinizing hormone receptor

causes partial Leydig cell hypoplasia: correlation between receptor activity and

phenotype.Mol Endocrinol 1998;12:775–784.

Martens JW, Lumbroso S, Verhoef-Post M, Georget V, Richter-Unruh A,

Szarras-Czapnik M, Romer TE, Brunner HG, Themmen AP, Sultan C. Mutant

luteinizing hormone receptors in a compound heterozygous patient with

complete Leydig cell hypoplasia: abnormal processing causes signaling deficiency.

J Clin Endocrinol Metab 2002;87:2506–2513.

MastonGA, RuvoloM.Chorionic gonadotropin has a recent origin within primates and

an evolutionary history of selection.Mol Biol Evol 2002;19:320–335.

MenonKM,MenonB. Structure, function and regulation of gonadotropin receptors—a

perspective.Mol Cell Endocrinol 2012;356:88–97.

MichelC,Gromoll J,ChandoliaR, LuetjensCM,Wistuba J, SimoniM. LHRsplicingvariants

and gene expression in the marmoset monkey.Mol Cell Endocrinol 2007;279:9–15.

Min KS, Liu X, Fabritz J, Jaquette J, Abell AN, Ascoli M. Mutations that induce

constitutive activation and mutations that impair signal transduction modulate the

basal and/or agonist-stimulated internalization of the lutropin/

choriogonadotropin receptor. J Biol Chem 1998;273:34911–34919.

Minegishi T, Nakamura K, Takakura Y, Miyamoto K, Hasegawa Y, Ibuki Y, Igarashi M,

Minegish T, Minegishi T. Cloning and sequencing of human LH/hCG receptor

cDNA. Biochem Biophys Res Commun 1990;172:1049–1054.

Misrahi M, Meduri G, Pissard S, Bouvattier C, Beau I, Loosfelt H, Jolivet A, Rappaport R,

MilgromE, BougneresP.Comparisonof immunocytochemical andmolecular features

with the phenotype in a case of incomplete male pseudohermaphroditism associated

with a mutation of the luteinizing hormone receptor. J Clin Endocrinol Metab 1997;

82:2159–2165.

MooreS, JaeschkeH,KleinauG,NeumannS,Costanzi S, Jiang JK,Childress J, RaakaBM,

ColsonA, PaschkeR et al. Evaluation of small-moleculemodulators of the luteinizing

hormone/choriogonadotropin and thyroid stimulating hormone receptors:

structure-activity relationships and selective binding patterns. J Med Chem 2006;

49:3888–3896.

Moyle WR, Xing Y, Lin W, Cao D, Myers RV, Kerrigan JE, Bernard MP. Model of

glycoprotein hormone receptor ligand binding and signaling. J Biol Chem 2004;

279:44442–44459.

Muller J, Gondos B, Kosugi S, Mori T, Shenker A. Severe testotoxicosis phenotype

associated with Asp578–.Tyr mutation of the lutrophin/choriogonadotrophin

receptor gene. J Med Genet 1998;35:340–341.

Müller T, Gromoll J, Simoni M. Absence of exon 10 of the human luteinizing hormone

(LH) receptor impairs LH, but not human chorionic gonadotropin action. J Clin

Endocrinol Metab 2003;88:2242–2249.

MüllerT, SimoniM,Pekel E, LuetjensCM,ChandoliaR,AmatoF,NormanRJ,Gromoll J.

Chorionic gonadotrophin beta subunit mRNA but not luteinising hormone beta

subunit mRNA is expressed in the pituitary of the common marmoset (Callithrix

jacchus). J Mol Endocrinol 2004;32:115–128.

Nagasaki K, KatsumataN,OgawaY, Kikuchi T, UchiyamaM.Novel C617Ymutation in

the 7th transmembrane segment of luteinizing hormone/choriogonadotropin

receptor in a Japanese boy with peripheral precocious puberty. Endocr J 2010;

57:1055–1060.

Nagirnaja L,Rull K,Uuskula L,Hallast P,GrigorovaM, LaanM.Genomics andgenetics of

gonadotropin beta-subunit genes: Unique FSHB and duplicated LHB/CGB loci.Mol

Cell Endocrinol 2010;329:4–16.

Nakabayashi K, Kudo M, Kobilka B, Hsueh AJ. Activation of the luteinizing hormone

receptor following substitution of Ser-277 with selective hydrophobic residues in

the ectodomain hinge region. J Biol Chem 2000;275:30264–30271.

Nakabayashi K, Kudo M, Hsueh AJ, Maruo T. Activation of the luteinizing hormone

receptor in the extracellular domain.Mol Cell Endocrinol 2003;202:139–144.

Nakamura K, Yamashita S, Omori Y, Minegishi T. A splice variant of the human

luteinizing hormone (LH) receptor modulates the expression of wild-type human

LH receptor.Mol Endocrinol 2004;18:1461–1470.

NiswenderGD, Juengel JL, Silva PJ, RollysonMK,McIntush EW.Mechanisms controlling

the function and life span of the corpus luteum. Physiol Rev 2000;80:1–29.

Nurwakagari P, Breit A, Hess C, Salman-Livny H, Ben-Menahem D, Gudermann T. A

conformational contribution of the luteinizing hormone-receptor ectodomain to

receptor activation. J Mol Endocrinol 2007;38:259–275.

Oba Y, Hirai T, Yoshiura Y, Kobayashi T, Nagahama Y. Fish gonadotropin and

thyrotropin receptors: the evolution of glycoprotein hormone receptors in

vertebrates. Comp Biochem Physiol B Biochem Mol Biol 2001;129:441–448.

600 Troppmann et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
u
m

u
p
d
/a

rtic
le

/1
9
/5

/5
8
3
/6

1
3
3
9
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Osuga Y, Kudo M, Kaipia A, Kobilka B, Hsueh AJ. Derivation of functional antagonists

using N-terminal extracellular domain of gonadotropin and thyrotropin receptors.

Mol Endocrinol 1997;11:1659–1668.

Pabon JE, Li X, Lei ZM, Sanfilippo JS, Yussman MA, Rao CV. Novel presence of

luteinizing hormone/chorionic gonadotropin receptors in human adrenal glands.

J Clin Endocrinol Metab 1996;81:2397–2400.

Page RD. TreeView: an application to display phylogenetic trees on personal

computers. Comput Appl Biosci 1996;12:357–358.

Pakarainen T, Ahtiainen P, Zhang FP, Rulli S, Poutanen M, Huhtaniemi I. Extragonadal

LH/hCG action-not yet time to rewrite textbooks. Mol Cell Endocrinol 2007;

269:9–16.

Pals-RylaarsdamR, LiuG, BrickmanW,Duranteau L,Monroe J, El-AwadyMK,GadYZ,

ShenkerA.Anovel doublemutation in the luteinizing hormone receptor in a kindred

with familial Leydig cell hypoplasia and male pseudohermaphroditism. Endocr Res

2005;31:307–323.

Park JI, Semyonov J,ChangCL,HsuSY.Conservationof theheterodimeric glycoprotein

hormone subunit family proteins and the LGR signaling system from nematodes to

humans. Endocrine 2005;26:267–276.

Pierce JG, Parsons TF. Glycoprotein hormones: structure and function. Annu Rev

Biochem 1981;50:465–495.

PiersmaD, Verhoef-PostM, Berns EM, ThemmenAP. LH receptor genemutations and

polymorphisms: an overview.Mol Cell Endocrinol 2007a;260–262:282–286.

Piersma D, Verhoef-Post M, Look MP, Uitterlinden AG, Pols HA, Berns EM,

Themmen AP. Polymorphic variations in exon 10 of the luteinizing hormone

receptor: functional consequences and associations with breast cancer. Mol Cell

Endocrinol 2007b;276:63–70.

Puett D, Li Y, Angelova K, Demars G, Meehan TP, Fanelli F, Narayan P. Structure–

function relationships of the luteinizing hormone receptor. Ann N Y Acad Sci 2005;

1061:41–54.

Puett D, Li Y, DeMars G, Angelova K, Fanelli F. A functional transmembrane complex:

the luteinizing hormone receptor with bound ligand and G protein. Mol Cell

Endocrinol 2007;260–262:126–136.

Qiao J,HanB, LiuBL,ChenX,RuY,ChengKX,ChenFG,ZhaoSX, Liang J, LuYL et al.A

splice sitemutation combinedwith a novelmissensemutationof LHCGRcausemale

pseudohermaphroditism. Hum Mutat 2009;30:E855–65.

Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, Thian FS,

Chae PS, Pardon E, Calinski D et al. Crystal structure of the beta2 adrenergic

receptor-Gs protein complex. Nature 2011;477:549–555.

Richard N, Leprince C, Gruchy N, Pigny P, Andrieux J, Mittre H, Manouvrier S,

Lahlou N, Weill J, Kottler ML. Identification by array-CGH of a large deletion of

luteinizing hormone receptor gene combined with a missense mutation in a

patient diagnosed with a 46,XY disorder of sex development and application to

prenatal diagnosis. Endocr J 2011;58:769–776.

Richter-UnruhA,Martens JW,Verhoef-PostM,WesselsHT, KorsWA, SinneckerGH,

BoehmerA,DropSL, Toledo SP, BrunnerHG et al. Leydig cell hypoplasia: caseswith

new mutations, new polymorphisms and cases without mutations in the luteinizing

hormone receptor gene. Clin Endocrinol (Oxf) 2002a;56:103–112.

Richter-Unruh A, Wessels HT, Menken U, Bergmann M, Schmittmann-Ohters K,

Schaper J, Tappeser S, Hauffa BP. Male LH-independent sexual precocity in a

3.5-year-old boy caused by a somatic activating mutation of the LH receptor in a

Leydig cell tumor. J Clin Endocrinol Metab 2002b;87:1052–1056.

Richter-UnruhA, Verhoef-PostM,Malak S, Homoki J, Hauffa BP, ThemmenAP. Leydig

cell hypoplasia: absent luteinizing hormone receptor cell surface expression caused

by a novel homozygous mutation in the extracellular domain. J Clin Endocrinol Metab

2004;89:5161–5167.

Richter-Unruh A, Korsch E, Hiort O, Holterhus PM, Themmen AP, Wudy SA. Novel

insertion frameshift mutation of the LH receptor gene: problematic clinical

distinction of Leydig cell hypoplasia from enzyme defects primarily affecting

testosterone biosynthesis. Eur J Endocrinol 2005;152:255–259.

Rivero-Muller A, Chou YY, Ji I, Lajic S, Hanyaloglu AC, Jonas K, Rahman N, Ji TH,

Huhtaniemi I. Rescue of defective G protein-coupled receptor function in vivo by

intermolecular cooperation. Proc Natl Acad Sci USA 2010;107:2319–2324.

Rivkees SA. Localization and characterization of adenosine receptor expression in rat

testis. Endocrinology 1994;135:2307–2313.

Robert C, Gagne D, Lussier JG, Bousquet D, Barnes FL, Sirard MA. Presence of LH

receptor mRNA in granulosa cells as a potential marker of oocyte developmental

competence and characterization of the bovine splicing isoforms. Reproduction

2003;125:437–446.

Rousseau-MerckMF,MisrahiM, AtgerM, Loosfelt H,MilgromE, Berger R. Localization

of the human luteinizing hormone/choriogonadotropin receptor gene (LHCGR) to

chromosome 2p21. Cytogenet Cell Genet 1990;54:77–79.

Salvi R, Pralong FP.Molecular characterization and phenotypic expression ofmutations

in genes for gonadotropins and their receptors in humans. Front Horm Res 2010;

39:1–12.

Sangkuhl K, Schulz A, Schultz G, Schoneberg T. Structural requirements for mutational

lutropin/choriogonadotropin receptor activation. J Biol Chem 2002;277:

47748–47755.

Scammell JG, Funkhouser JD, Moyer FS, Gibson SV, Willis DL. Molecular cloning of

pituitary glycoprotein alpha-subunit and follicle stimulating hormone and chorionic

gonadotropin beta-subunits from New World squirrel monkey and owl monkey.

Gen Comp Endocrinol 2008;155:534–541.

Scheerer P, Park JH, Hildebrand PW, Kim YJ, Krauss N, Choe HW, Hofmann KP,

Ernst OP. Crystal structure of opsin in its G-protein-interacting conformation.

Nature 2008;455:497–502.

Schoneberg T, Hofreiter M, Schulz A, Rompler H. Learning from the past: evolution of

GPCR functions. Trends Pharmacol Sci 2007;28:117–121.

Schwartz TW, Frimurer TM, Holst B, Rosenkilde MM, Elling CE. Molecular mechanism

of 7TM receptor activation—a global toggle switch model. Annu Rev Pharmacol

Toxicol 2006;46:481–519.

Segaloff DL. Diseases associated with mutations of the human lutropin receptor. Prog

Mol Biol Transl Sci 2009;89:97–114.

Sharpe RM. Pathways of endocrine disruption during male sexual differentiation and

masculinization. Best Pract Res Clin Endocrinol Metab 2006;20:91–110.

Shenker A, Laue L, Kosugi S, Merendino JJ Jr, Minegishi T, Cutler GB Jr. A constitutively

activating mutation of the luteinizing hormone receptor in familial male precocious

puberty. Nature 1993;365:652–654.

Simoni M, Gromoll J, Nieschlag E. The follicle-stimulating hormone receptor:

biochemistry, molecular biology, physiology, and pathophysiology. Endocr Rev

1997;18:739–773.

Sinha SK, Bhangoo A, Ten S, Gromoll J. Leydig cell hypoplasia due to inactivating

luteinizing hormone/chorionic gonadotropin receptor gene mutation presenting

as a 46,XY DSD. Adv Exp Med Biol 2011;707:147–148.

Smits G, Campillo M, Govaerts C, Janssens V, Richter C, Vassart G, Pardo L,

Costagliola S. Glycoprotein hormone receptors: determinants in leucine-rich

repeats responsible for ligand specificity. EMBO J 2003;22:2692–2703.

Stavrou SS, Zhu YS, Cai LQ, Katz MD, Herrera C, Defillo-Ricart M,

Imperato-McGinley J. A novel mutation of the human luteinizing hormone

receptor in 46XY and 46XX sisters. J Clin Endocrinol Metab 1998;83:2091–2098.

Strotmann R, Schrock K, Boselt I, Staubert C, Russ A, Schoneberg T. Evolution of

GPCR: change and continuity.Mol Cell Endocrinol 2011;331:170–178.

Sun SC, Hsu PJ, Wu FJ, Li SH, Lu CH, Luo CW. Thyrostimulin, but not

thyroid-stimulating hormone (TSH), acts as a paracrine regulator to activate the

TSH receptor in mammalian ovary. J Biol Chem 2010;285:3758–3765.

Talmadge K, Vamvakopoulos NC, Fiddes JC. Evolution of the genes for the beta

subunits of human chorionic gonadotropin and luteinizing hormone. Nature 1984;

307:37–40.

TaoYX, JohnsonNB, Segaloff DL. Constitutive and agonist-dependent self-association

of the cell surface human lutropin receptor. J Biol Chem 2004;279:5904–5914.

Tepper MA, Roberts JL. Evidence for only one beta-luteinizing hormone and no

beta-chorionic gonadotropin gene in the rat. Endocrinology 1984;115:385–391.

Themmen APN, Huhtaniemi IT. Mutations of gonadotropins and gonadotropin

receptors: elucidating the physiology and pathophysiology of pituitary-gonadal

function. Endocr Rev 2000;21:551–583.

Toledo SP, Brunner HG, Kraaij R, Post M, Dahia PL, Hayashida CY, Kremer H,

Themmen AP. An inactivating mutation of the luteinizing hormone receptor

causes amenorrhea in a 46,XX female. J Clin Endocrinol Metab 1996;81:3850–3854.

Toth P, Lukacs H, Gimes G, Sebestyen A, Pasztor N, Paulin F, Rao CV. Clinical

importance of vascular LH/hCG receptors—a review. Reprod Biol 2001;1:5–11.

Ulloa-Aguirre A, Crepieux P, Poupon A, Maurel MC, Reiter E. Novel pathways in

gonadotropin receptor signaling and biased agonism. Rev Endocr Metab Disord

2011;12:259–274.

Urizar E, Montanelli L, Loy T, Bonomi M, Swillens S, Gales C, Bouvier M, Smits G,

Vassart G, Costagliola S. Glycoprotein hormone receptors: link between receptor

homodimerization and negative cooperativity. EMBO J 2005;24:1954–1964.

Van Koppen CJ, Zaman GJ, Timmers CM, Kelder J, Mosselman S, van de Lagemaat R,

Smit MJ, Hanssen RG. A signaling-selective, nanomolar potent allosteric low

Plasticity of the LHCG receptor 601

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
u
m

u
p
d
/a

rtic
le

/1
9
/5

/5
8
3
/6

1
3
3
9
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



molecular weight agonist for the human luteinizing hormone receptor. Naunyn

Schmiedebergs Arch Pharmacol 2008;378:503–514.

Van Loy T, VandersmissenHP, VanHiel MB, Poels J, VerlindenH, Badisco L, Vassart G,

Vanden Broeck J. Comparative genomics of leucine-rich repeats containing G

protein-coupled receptors and their ligands.Gen Comp Endocrinol 2008;155:14–21.

Vassart G, Dumont JE. The thyrotropin receptor and the regulation of thyrocyte

function and growth. Endocr Rev 1992;13:596–611.

Vassart G, Pardo L, Costagliola S. Amolecular dissection of the glycoprotein hormone

receptors. Trends Biochem Sci 2004;29:119–126.

Vischer HF, Granneman JC, NoordamMJ, Mosselman S, Bogerd J. Ligand selectivity of

gonadotropin receptors. Role of the beta-strands of extracellular leucine-rich

repeats 3 and 6 of the human luteinizing hormone receptor. J Biol Chem 2003;

278:15505–15513.

Vlaeminck-Guillem V, Ho SC, Rodien P, Vassart G, Costagliola S. Activation of the

cAMP pathway by the TSH receptor involves switching of the ectodomain from a

tethered inverse agonist to an agonist.Mol Endocrinol 2002;16:736–746.

Wang Z, Li T, Zhang W, You L, Zhao Y, Xia M, Zhao H, Chen ZJ. Variants in

DENND1A and LHCGR are associated with endometrioid adenocarcinoma.

Gynecol Oncol 2012;127:403–405.

West AP, Cooke BA. Regulation of the truncation of luteinizing hormone receptors at

the plasma membrane is different in rat and mouse Leydig cells. Endocrinology 1991;

128:363–370.

Wu H, Lustbader JW, Liu Y, Canfield RE, Hendrickson WA. Structure of human

chorionic gonadotropin at 2.6 A resolution from MAD analysis of the

selenomethionyl protein. Structure 1994;2:545–558.

Wu SM, Jose M, Hallermeier K, Rennert OM, ChanWY. Polymorphisms in the coding

exons of the human luteinizing hormone receptor gene. Mutations in brief no. 124.

Online. Hum Mutat 1998;11:333–334.

Wu SM, Leschek EW, Brain C, Chan WY. A novel luteinizing hormone receptor

mutation in a patient with familial male-limited precocious puberty: effect of

the size of a critical amino acid on receptor activity. Mol Genet Metab 1999;66:

68–73.

Wurzel JM, Curatola LM, Gurr JA, Goldschmidt AM, Kourides IA. The luteotropic

activity of rat placenta is not due to a chorionic gonadotropin. Endocrinology 1983;

113:1854–1857.

Yano K, Hidaka A, Saji M, Polymeropoulos MH, Okuno A, Kohn LD, Cutler GB Jr. A

sporadic case of male-limited precocious puberty has the same constitutively

activating point mutation in luteinizing hormone/choriogonadotropin receptor

gene as familial cases. J Clin Endocrinol Metab 1994;79:1818–1823.

Yano K, Saji M, Hidaka A, Moriya N, Okuno A, Kohn LD, Cutler GB Jr. A new

constitutively activating point mutation in the luteinizing hormone/

choriogonadotropin receptor gene in cases of male-limited precocious puberty.

J Clin Endocrinol Metab 1995;80:1162–1168.

Yariz KO, Walsh T, Uzak A, Spiliopoulos M, Duman D, Onalan G, King MC, Tekin M.

Inherited mutation of the luteinizing hormone/choriogonadotropin receptor

(LHCGR) in empty follicle syndrome. Fertil Steril 2011;96:e125–e130.

Young JM, McNeilly AS. Theca: the forgotten cell of the ovarian follicle. Reproduction

2010;140:489–504.

Youssef MA, Al-Inany HG, Aboulghar M, Mansour R, Abou-Setta AM. Recombinant

versus urinary human chorionic gonadotrophin for final oocyte maturation

triggering in IVF and ICSI cycles. Cochrane Database Syst Rev 2011;4:CD003719.

Zeng H, Phang T, Song YS, Ji I, Ji TH. The role of the hinge region of the luteinizing

hormone receptor in hormone interaction and signal generation. J Biol Chem 2001;

276:3451–3458.

Zhang Y, Dufau ML. Silencing of transcription of the human luteinizing hormone

receptor gene by histone deacetylase-mSin3A complex. J Biol Chem 2002;

277:33431–33438.

Zhang Y, Dufau ML. Dual mechanisms of regulation of transcription of luteinizing

hormone receptor gene by nuclear orphan receptors and histone deacetylase

complexes. J Steroid Biochem Mol Biol 2003;85:401–414.

Zhang FP, Hamalainen T, Kaipia A, Pakarinen P, Huhtaniemi I. Ontogeny of luteinizing

hormone receptor gene expression in the rat testis. Endocrinology 1994;

134:2206–2213.

Zhang R, Buczko E, Dufau ML. Requirement of cysteine residues in exons 1–6 of the

extracellular domain of the luteinizing hormone receptor for gonadotropin

binding. J Biol Chem 1996;271:5755–5760.

Zhang FP, Rannikko AS, Manna PR, Fraser HM, Huhtaniemi IT. Cloning and functional

expression of the luteinizing hormone receptor complementary deoxyribonucleic

acid from the marmoset monkey testis: absence of sequences encoding exon 10

in other species. Endocrinology 1997;138:2481–2490.

Zhang M, Shi H, Segaloff DL, Van Voorhis BJ. Expression and localization of luteinizing

hormone receptor in the female mouse reproductive tract. Biol Reprod 2001;

64:179–187.

Zhang Y, Fatima N, Dufau ML. Coordinated changes in DNAmethylation and histone

modifications regulate silencing/derepression of luteinizing hormone receptor gene

transcription.Mol Cell Biol 2005;25:7929–7939.

ZhangM, FengX, Guan R, Hebert TE, Segaloff DL. A cell surface inactivemutant of the

human lutropin receptor (hLHR) attenuates signaling of wild-type or constitutively

active receptors via heterodimerization. Cell Signal 2009;21:1663–1671.

Zhang M, Guan R, Segaloff DL. Revisiting and Questioning Functional Rescue between

Dimerized LH Receptor Mutants.Mol Endocrinol 2012;26:655–668.

Ziecik AJ, Derecka-Reszka K, Rzucidlo SJ. Extragonadal gonadotropin receptors, their

distribution and function. J Physiol Pharmacol 1992;43:33–49.

Ziecik AJ, KaczmarekMM, Blitek A, Kowalczyk AE, Li X, RahmanNA.Novel biological

and possible applicable roles of LH/hCG receptor. Mol Cell Endocrinol 2007;

269:51–60.

602 Troppmann et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
u
m

u
p
d
/a

rtic
le

/1
9
/5

/5
8
3
/6

1
3
3
9
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


