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Abstract

Background:Gprotein-coupled receptors are a large and functionally diverse family of

membrane receptors involved in a number of biological processes. Like other proteins,

Gprotein-coupled receptors need tobeproperly folded in order to traffic to theplasma

membrane and interact with agonist.

Objective: Herein, we briefly review the process of folding and intracellular traffic

of G protein-coupled receptors, with a focus on the gonadotropin-releasing hormone

receptor and the gonadotropin receptors, whose variants can lead to misfolding, loss

of plasmamembrane trafficking and eventually to different forms of hypogonadism.

Results and Discussion: Pathogenic variants of G protein-coupled receptors may pro-

voke loss-of-function of the receptor protein, thereby leading to disease. The presence

of a stringent cellular quality control system promotes proper protein folding compat-

ible with endoplasmic reticulum export and concomitantly prevents unfolded proteins

accumulating within the cell. Molecular chaperones and companion factors are key

elements of the quality control system that maintain the integrity of the proteostasis

network by regulating, at different levels folding and assembly of nascent proteins and

by promoting degradation of defective conformers, preventing aggregation and toxic

accumulation. Due to the importance of the concept of molecular chaperoning in pro-

tein folding, pharmacoperone drugs emulating the role of endogenous chaperones as

stabilizers of protein conformation currently represent a novel therapeutic opportu-

nity for rescuing misfolded receptors and treating different diseases due to protein

misfolding.

Conclusions: In vitro and in vivo studies in experimental animals and in humans

have provided proof-of-principle of the beneficial effects of pharmacoperone drugs

in modifying the course of human disease due to misfolding of G protein-coupled

receptors.
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1 INTRODUCTION

Nascent proteins destined for membrane insertion or secretion are

synthesized in the lumen of the endoplasmic reticulum (ER)where they

undergo co- and post-translational modifications before trafficking to

other cell compartments to continue their processing and eventually

reach their final destination.1,2 Folding, assembly, and other post-

translational modifications (e.g., glycosylation) as well as dimerization

and oligomerization can also occur in the ER.3,4 If folding fails, then

the misfolded protein is targeted for degradation in proteasomes.5–7

Although some misfolded proteins may preserve function, they are

usually retained and degraded, potentially leading to protein dyshome-

ostasis and cellular stress. Variants in genes are a frequent cause of

misfolding of the encoded protein, that is, a defect in protein fold-

ing due to persistent number of non-native interactions that have an

impact on the general architecture of the protein and/or its properties,

hampering its ability to reach a minimal-energy configuration compat-

ible with ER export.8,9 Misfolding frequently results in loss-of-function

of the conformationally defective protein,9,10 which sometimes may

be transcribed and translated at normal levels, but is unable to traf-

fic to its final functional destination within the cell or to engage the

secretory/PM insertion pathway.9

G protein-coupled receptors (GPCRs) are a large and functionally

diverse family of membrane receptors involved in a number of bio-

logical processes. They are the largest class of membrane receptors

in humans (more than 800 GPCRs, encompassing ∼4% of the human

genome). Their ligands are structurally diverse and highly variable in

complexity, and include photons, odorants, lipids, enzymes, ions, pep-

tides, and proteins.11 These receptors primarily bind one or more

intracellular heterotrimeric G proteins, which are activated upon ago-

nist binding to the receptor,12 and that act as the canonical mediators

of effector activationand intracellular signaling. Fivemain families (glu-

tamate, rhodopsin, adhesion, frizzled/taste2, and secretin) form the

GPCR superfamily, with the rhodopsin family having the largest num-

ber of members.13 These membrane receptors represent important

targets for drug discovery, accounting for >30% of approved drugs in

the pharmaceutical market.14–18

A number of human diseases (∼40%) are caused by misfolding of

GPCRs (andotherproteins) anddefectiveupward intracellular traffick-

ing (for review see Refs. 10 and 19–22). These include neurodegen-

erative diseases (e.g., Parkinson’s and Alzheimer’s disease),23,24 visual

and developmental disorders (e.g., retinitis pigmentosa due to variants

in rhodopsin25), malignant neoplasias,26 and a number of endocrine

diseases (e.g., X-linked nephrogenic diabetes insipidus due to variants

in the vasopressin 2 receptor; V2R
27,28), familial hypocalciuric hyper-

calcemia (due to variants in the calcium-sensing receptor; CaSR29),

congenital hypothyroidism (due to variants in the thyroid-stimulating

hormone receptor; TSHR30), hypo- and hyper-gonadotropic hypogo-

nadism (due to variants in the gonadotropin-releasing hormone recep-

tor; GnRHR and gonadotropin receptors,31 respectively), and obesity

(due to variants in the melanocortin-3 and -4 receptors; MC3R and

MC4R, respectively32,33), among others. In each of these cases, mis-

folding leads to ER retention, and increased aggregation/degradation,

causing defective targeting of the variant receptor protein to the PM

(reviewed in Ref. 34).

This review focuses on reproductive disorders caused byGPCRmis-

folding, mainly congenital hypogonadotropic hypogonadism (HypoH)

due to variants in thehuman (h)GnRHRandhypergonadotropic hypog-

onadism (HyperH) provokedby variants in the gonadotropin receptors,

and howemergent pharmacologic strategies have been experimentally

applied to correct folding and routing of some misfolded receptors.

Let us first briefly review some fundamental aspects of protein fold-

ing and how the quality control system (QCS) of the cell works to

regulate folding of newly synthesized proteins destined for the exocy-

totic secretory pathway (which is also utilized by proteins destined for

plasmamembrane [PM] insertion, such as in the case of GPCRs).

2 REGULATION OF PROTEIN FOLDING BY THE
QCS OF THE CELL

Synthesis of proteins is a quite complex process regulated at several

levels, and their folding, in particular, is a challenging task due to the

high amount and physical proximity of these macromolecules that are

continuously synthesized by the ER and that need to reach a distinct,

low-energy three-dimensional conformation prior to their transloca-

tion to other domains within the cell. The folded state of a protein

that occurs at co- and post-translational levels is usually the predom-

inant state, given that its free energy is lower than that exhibited by

the unfolded or intermediate states and that the ribosomes possess

efficient mechanisms for entropic destabilization of the unfolded state

(Figure 1). In addition, the cell also utilizes a QCS that, through a com-

plex network of factors and mechanisms, continuously monitors the

structural and folding states of newly synthesized proteins at different

levels including the ER, the Golgi complex, and the PM. This is achieved

by, employing a variety of strategies, ofwhich themost important is the

action of molecular chaperones (reviewed in Refs. 10 and 35).

Folding of a polypeptide chain is based on random iterations

of inherent fluctuations of stable interactions between amino acid

residues, which will progressively lead to the lowest energy confor-

mational ensemble. In fact, protein folding follows a funnel-shaped

landscape model (Figure 1) in which kinetically trapped conformations

and intermediate structures traverse free-energy barrierswith the aid,

mainly, of molecular chaperones, in order to reach the most favorable,
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ULLOA-AGUIRRE ET AL. 3

F IGURE 1 Schematic representation of the funnel-shaped free-energy surface (y-axis) of newly synthesized proteins; new proteins fold and
approach the native state. Intermediate structures and kinetically trapped conformations traverse free-energy barriers helped bymolecular
chaperones to reach a favorable, low-energy downhill funnel. Potentially toxic aggregates or ordered amyloid fibrils may be formed as a result of
overlapping between free-energy surface of folding and intermolecular aggregation (x-axis), when intermediates are folding simultaneously in the
same compartment.

low-energy downhill funnel. Consequently, the number of possible

conformations progressively decreases leading to a lownumber of con-

formations needed to be sampled. The final, three-dimensional, and

complex protein structure is stabilized by a number of interactions that

include non-covalent and covalent interactions. Although this mecha-

nism is quite fast (microseconds for someproteins), errors in folding are

frequent, given the complexity of the system; in fact, at least ∼30% of

the protein structures synthesizedmay contain errors that may poten-

tially lead to misfolding and subsequent recognition by an efficient

cellular QCS.36,37

Folding of proteins is assisted by molecular chaperones (Figure 2).

These are key components of the ER QCS that contribute to protein

homeostasis, preventing the accumulation and aggregation of mis-

folded proteins, from causing ER stress. Molecular chaperones are

ER-resident proteins that bind to and stabilize unstable conformers

to promote correct folding and assembly of the substrate polypep-

tide. Surveillance of the QCS for folding correctness and assembly of

newly synthesized proteins throughmolecular chaperones relies more

on general, non-native structural determinants of the folding protein.

These include unpaired cysteine residues (necessary to reach a three-

dimensional configuration of the protein), exposure of hydrophobic

sequences and shapes, unprocessed glycans, and specific sequence

motifs, allowing the recognition of proteins as misfolded or incom-

pletely folded structures.10 A few molecular chaperones also have

the capability to disassemble protein aggregates, thereby preventing

unproductive and potentially toxic interactions that may occur during

the stages of folding.38 The unfolded protein response (UPR) is a pro-

tective response to overcome ER stress and intracellular accumulation

of reactive oxygen species and thereby cell toxicity and death.39 The

UPR modifies the biosynthetic capacity of the secretory pathway by

upregulating ER chaperones and foldase expression and reducing the

biosynthetic load.40

Incompletely folded or misfolded proteins are retained in the ER to

attempt refolding by the chaperones or, if folding fails, to submit the

defective structures to the ubiquitin–proteasome system degradation

pathway.41,42 For example, the calnexin–calreticulin cycle involved

in glycoprotein folding relies on the action of glycosidases (I and II),

which results in mono-glycosylated oligosaccharide structures that

then associate with calnexin/calreticulin for folding, with the aid of

Erp57, Erp29, and CypB (ER function-specific chaperones that bind

to the calnexin/calreticulin chaperone system; for review, see Ref. 43).

Since the action of these chaperones depends on substrate N-glycans

added to the nascent protein, variants within glycosylation sites will

result in proteinmisfolding and failure of this important quality control

checkpoint in the ER. Prior to translocation to the Golgi complex,

glycosidase II must remove the remaining glucose residue from the

oligosaccharide chain, so that the glycoprotein can reach its native

conformation and be directed to ER exit sites for translocation to the

Golgi. Proteins that are incompletely folded are re-glycosylated to

promote rebinding to calnexin/calreticulin and to retain the protein in

the ER to attempt refolding. If multiple refolding cycles fail, then the

misfolded protein is submitted to the ER-associated protein degrada-
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F IGURE 2 Intracellular trafficking of GPCRs belonging to the rhodopsin-like family of receptors. (A) Newly synthesized proteins fold in the
endoplasmic reticulum (ER) (step 1), wheremisfolded proteins interact withmolecular chaperones and co-chaperones (oval black andwhite
structures, respectively), which attempt to correct folding and stabilize the protein in a conformation compatible with endoplasmic reticulum
export.When correction of misfolding fails, the abnormal protein is dislocated into the cytoplasm for proteasomal degradation (step 2). Folded
GPCRs are translocated to the Golgi apparatus to complete their maturation process including, for example, glycosylation (step 3), or they are
translocated back to the ER to attempt re-folding of misfolded proteins that escaped the ER quality control system (step 1b). Mature receptors are
then exported to the plasmamembrane (step 4) where they interact with their specific ligands (steps 5 and 6). Phosphorylation and recruitment of
β-arrestins follow activation of the receptor by the ligand (step 6), which promote endocytosis (step 7), internalization of the receptor–ligand
complex, and further signaling (step 8). The receptor–ligand complex embedded in clathrin-coated vesiclesmay be either targeted to lysosomes for
degradation (step 9) or dissociate with subsequent sorting of the receptor to the recycling pathway (step 4). (B) Rescue of misfolded receptors by
pharmacoperones. Misfolded receptors that were not stabilized bymolecular chaperones are submitted to degradation (step 1). The
pharmacoperone crosses the plasmamembrane, penetrates into the cell (step 2), and specifically binds themisfolded receptor (step 3).
Pharmacoperone-stabilized receptors are then exported to the Golgi to complete processing (step 4) and finally to the plasmamembrane (step 5),
where the pharmacoperone (in the case of antagonists or agonists of the receptor) must dissociate from the rescued receptor to allow agonist
binding and the subsequent activation of the receptor (steps 6 and 7). Interaction of pharmacoperones withmisfolded receptors alsomay occur in
other compartments before degradation (step 3, left). FromRef. 22, reproducedwith permission from the authors).

tion (ERAD) pathway or to the ER lysosome-associated degradation

system. Correctly folded proteins are transported in coat complex pro-

tein (COP)II-coated vesicles to the cis-Golgi, where misfolded proteins

that escaped ER QCS retention are detected and can be retrotranslo-

cated to the ER in COPI-coated vesicles or submitted to the lysosomal

Golgi-associated degradation pathway. In the Golgi apparatus, glyco-

proteins complete processing by passing from a high mannose state,

to a hybrid state, and finally to a complex state of glycosylation (at

the cis-medial, and trans Golgi, respectively). After reaching the trans-

Golgi network, proteins such as GPCRs, are targeted to the PM via the

exocytotic–insertionpathway,where theyare available to interactwith

agonist.44

Other examples of ER-resident molecular chaperones include the

highly conserved HSP70 proteins, which are the best studied ATP-

dependent chaperones.45–47 BiP/Grp78 (chaperone Ig binding pro-

tein), which belongs to the HSP70 family, is one of the most important

folding factors in lumen of the ER48; this chaperone interacts with

a number of GPCRs, including the TSHR, the luteinizing hormone

(LH)/choriogonadotropin receptor (LHCGR), and the angiotensin II

AT1 receptor.49–52 The effects of this essential molecular chaper-

one are assisted by members of the DnaJ family of cofactors to

identify exposed hydrophobic regions, thereby keeping proteins in a

conformation compatible for folding and oligomerization.53

A third checkpoint of the QCS surveillance for folding correctness

occurs en route along the secretory and exosomal pathways (that is,

the peripheral QCS; pQCS). This checkpoint occurs at the cell surface

PM during or immediately after the insertion process.54 As in the case

of the ER QCS, chaperones, co-chaperones, and poly-ubiquitination-

promoting enzymes are members of the pQCS, and thus both QCSs

overlap in mechanisms to recognize misfolded conformers. This third

checkpoint has the task of recognizing misfolded and dysfunctional

proteins that escaped the ER and Golgi QCS. In addition, the pQCS

also promotes degradation ofmisfolded, but sometimes still functional,

proteins already expressed at the cell surface PM or that were res-

cued by pharmacological means through pharmacological chaperones

(PCs/pharmacoperones; small-molecule, peptidomimetic agents that

can aid in the folding of misfolded receptor proteins and facilitate their

traffic to the PM). Still, functional misfolded proteins represent a ther-

apeutic target for pharmacological interventions that prevent their

degradation and allow restoration of function.

In addition to the mechanisms of QCS described above, some struc-

tural factors inherent to the protein itself also are important for the

 20472927, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/andr.70018 by U

niversity O
f Pretoria, W

iley O
nline L

ibrary on [28/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ULLOA-AGUIRRE ET AL. 5

successful trafficking. These include sequence motifs that determine

N-linked glycosylation (the Asn-X-Ser/Thr sequence) and ER export of

correctly folded proteins55–57 (some of whichmay associate with com-

ponents of the COPII transport machinery [and also small GTPases]

to achieve exit from the ER58), highly conserved motifs among the

rhodopsin-like subfamily ofGPCRs (e.g., E/DRYmotif and theN/DPxxY

motif),59–62 whose alteration may lead to altered intracellular traffick-

ing, and retention sequences that restrict trafficking of the protein

from the ER for further processing.63,64,65

In summary, upward trafficking of GPCRs and other proteins from

the ER to other cell compartments is regulated by several factors,

including mechanisms of quality control that check for proper folding

of the protein molecule, presence of sequence motifs that promote

or prevent trafficking of incompletely folded or misfolded conform-

ers to the Golgi complex, and post-translational modifications such as

glycosylation, palmitoylation, and oligomerization. Once trafficked to

their final destination, GPCRs can be exposed to agonists that promote

receptor activation and intracellular signaling.

Due to the importance of the concept of molecular chaperoning

in protein folding and trafficking, PC drugs emulating the role of

endogenous chaperones as stabilizers of protein conformation but

with inherent target specificity, currently represent a unique and

novel therapeutic opportunity for rescuing retained misfolded GPCRs

and treating different diseases attributed to protein misfolding. This

approach has been used in vitro and in vivo to successfully restore

trafficking (and in many cases function) of misfolded GPCRs, includ-

ing misfolded versions of the V2R,
59,66–69 rhodopsin,70 the CaSR,29,71

the MC3R and MC4R,34,72 the gonadotropin receptors,73–75 and the

GnRHR,76–80 to name a few. The effects of some PCs associated with

rescue of misfolded GnRH and gonadotropin receptors attributed to

reproductive failure (hypogonadism) are discussed below.

3 REPRODUCTIVE DISORDERS CAUSED BY
GPCR MISFOLDING

Variants with inactivating mutations (inactivating variants) leading

to misfolding and misrouting of GPCRs involved in reproductive

function, include the neurokinin 3 receptor (NK3R, also known as

TACR3), the prokineticin receptor 2 (PROKR2), and the GnRHR,

which lead to HypoH,81,82 as well as variants in the LHCGR and

the follicle-stimulating hormone (FSH) receptor (FSHR), which cause

HyperH.83–87 Let us now briefly review how variants in the human

GnRHR and the gonadotropín receptorsmay provokemisfolding of the

receptor proteins and failure to traffic to the PM and describe novel

pharmacologic strategies to rescue expression and function of these

receptors.

3.1 Misfolding and rescue of variant hGnRHRs

The GnRHR is the cognate receptor for the hypothalamic decapep-

tide GnRH. Gonadotropin-releasing hormone is secreted in a pulsatile

manner through the hypothalamic–pituitary portal system and binds

the GnRHR located in the PM of pituitary gonadotropes to stimulate

synthesis and release of the gonadotropins, LH and FSH. Unlike other

members of the rhodopsin-like family of GPCRs, the hGnRHR exhibits

a number of unique features, including the absence of the carboxyl-

terminal tail, which is present in GnRHRs from non-mammalian verte-

bral species such as avian and fish GnRHRs, and that is unique among

the thousands of members of mammalian GPCRs.82,88,89 Another fea-

ture of the hGnRHR is the presence of a lysine residue at position

191 (K191) in the extracellular loop (EL) 2, which is replaced by glu-

tamic acid or glycine in non-primate mammals. Interestingly, in rodent

(rat and mice) GnRHRs, K191 is absent, yielding a structure that is

one residue smaller (327 amino acid residues) than the hGnRHR.90

The absence of lysine in this position confers the rodent GnRHRs

with an increased PM expression, whereas its presence in the hGn-

RHR limits the amount of receptor protein that reaches the PM after

synthesis.90,91 In fact, deletion of this lysine residue in primate GnRHR

increases expression at the cell surface PM of a number of misfolded

variants (see below) as well as the wild-type (WT) receptor, suggest-

ing that a portion ofWT GnRHR is normally inefficiently folded.91 The

mechanism(s) underlying the effect of K191 on PM expression of the

primate receptor includes interfering with the formation of a disulfide

bridgebetween residues14and200,which is necessary to stabilize the

hGnRHR in a conformation compatiblewith ER export. In fact, this par-

ticular disulfide bridge is not essential for rat GnRHR expression, as its

disruption does not affect PM expression of the receptor.92

Resistance to GnRH by loss-of-function variants in the hGnRHR

is the most common known genetic cause of normosmic congen-

ital HypoH and leads to distinct forms of autosomal recessive

HypoH.82,93,94 Nevertheless, GNRHR variants may also occur in

individuals with sporadic HypoH, but with a lower frequency.93

Interestingly, patients harboring some hGnRHR variants also present

alterations in other genes associated with HypoH, including the

PROKR2 or the fibroblast growth factor receptor 1.95–98 Nearly 55

loss-of-function variants (including deletions of large sequences and

synonymous mutations) distributed along the entire coding sequence

(except the intracellular loop [IL]-1 and the EL-3] of the hGnRHR have

been described as a cause of partial or complete forms of congenital

HypoH with variable phenotypes from complete to partial, depending

on the particular variant. in vitro expression of variant hGnRH recep-

tors in heterologous cell systemshas shown that someof these variants

may have an impact on ligand binding and/or intracellular signaling;

these findings initially suggested that such variants altered motifs

important for GnRH binding, receptor activation and/or interaction

with effectors. However, studies on several variants showed that the

loss-of-functionwas rather due tomisfolding andmislocalization of the

receptor protein that led to impaired PMexpression76 (termedClass II

GPCR variants according to the classification system of Tao et al.99).

For a number of variant hGnRHRs, the function may be partially

or completely restored in vitro and in vivo by genetic manipulation

(e.g., deletion of K191 or addition of a carboxyl-terminal tail from fish

GnRHR) and/or pharmacologic means, namely employing PCs,100–102

whichmay be effectivewhenever the variant does not replace residues

essential for receptor function.77 Several small molecule PCs able
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6 ULLOA-AGUIRRE ET AL.

F IGURE 3 Mechanism of action of GnRHR pharmacoperones (right). Predictedmolecule of the hGnRHR showing the seven transmembrane
(TM) helices (displayed as rods) connected by the extracellular and intracellular loops. The C14–C200 and C114–196 disulfide bridges are shown
as yellow sticks; K191 is represented by green sticks. E90 (at the TM helix 2; orange spheres) forms a salt bridge with K121 (at the TM helix 3;
green spheres) (discontinuous red line), which in the case of the inactivating E90Kmutation is eliminated (×) (magnified imagen). Pharmacoperones
act to stabilize themisfoldedmutant by bridging residues D98 (at the extracellular face of TM2; blue spheres) and K121 (discontinuous red line).

to correct trafficking of misfolded hGnRHRs leading to HypoH have

been described. The peptidomimetics assessed as potential PCs came

from four different chemical classes (indoles and quinolones [IN3 and

Q89, respectively; Merck and Company], the erythromycin macrolide

A177775 [Abbott Laboratories, Abbott Park, IL, USA], and TAK-013,

which is a thienopyrimidine developed by Takeda Medical Industries,

Ltd, Osaka, Japan)80 (Figure 3). Originally designed as GnRH pep-

tidomimetic antagonists identified through screening already existing

chemical archives, these peptidomimetic molecules were selected

as potential PCs considering both their permeability to the PM and

specific binding to the hGnRHR with a known affinity, rather than for

their original effect as antagonists.

The misfolded E90K variant, which has served as a paradigm to

study the features of misfolded GnRHRs, severely affects PM expres-

sion as a consequence of misfolding and disruption of trafficking.91

Apparently, the glutamic acid → lysine substitution at this position

in transmembrane domain (TM) 2 prevents the formation of an

E90-K121 salt bridge, leading to destabilization of the interaction

between the TMs 2 and 3, which is essential to pass the ER QCS

of the cell.103 Consequently, the E90K variant GnRHR is retained

intracellularly. However, either deletion of K191 or exposure to

PCs, efficiently restored membrane expression and agonist-induced,

receptor-mediated intracellular signaling of this variant in vitro and

in vivo.76,78,91,104 Exposure of cells expressing this variant to small

molecule, peptidomimetic antagonists of GnRH creates a surrogate

salt bridge between D98 (at the extracellular face of the TM1) and

K121 (at the TM3), allowing stabilization of the receptor molecule

and correcting its trafficking to the PM (Figure 3).103 Further studies

on knock-in male homozygous hypogonadal mice expressing the

E90K GnRHR variant showed that homozygous E90K mice exhibited

small testes and few or no Leydig cells or elongated spermatids.78,79

However, when exposed to intermittent intravenous administration of

the indole IN3 for 30 days, animals bearing the GnRHR E90K variant

showed increased testis size and seminiferous tubules diameter,

restored spermatogenesis, presence of nests of interstitial cells,

and increased expression of the 17-β HSD mRNA and serum testos-

terone levels, whereas those treated with placebo did not show any

effect.78,79

Gaining or losing a disulfide bridge also may result in misfolded

GnRHRs, which is the case of the C200Y GnRHR variant, which

prevents formation of the C14–C200 bridge. This particular bridge

is required in the hGnRHR to pass the ER QCS. In the case of the

Y108C variant, formation of an aberrant disulfide bridge between

C108 and C200 occurs, leading to gross receptor distortion, thereby

severely impairing its PM expression.105 The function of the Y108C

variant can be partially rescued by deleting K191 or by PC expo-

sure, and complete rescue is attained only when both deletion of

K191 and PC treatment are simultaneously applied.105,106 Inter-

estingly, not all variants are responsive to these approaches. In the

particular case of the S168R and S217R variants, both abnormal

GnRHRs are almost completely refractory to genetic (e.g., deletion of

K191) or PC approaches76 due to the thermodynamically unfavored

 20472927, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/andr.70018 by U

niversity O
f Pretoria, W

iley O
nline L

ibrary on [28/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ULLOA-AGUIRRE ET AL. 7

substitutions that lead to twisting of the corresponding α-helices
moving the EL-2 away from the NH2-terminal domain, interfering

with the formation of the C14–C200 bridge essential for correct

folding of the GnRHR protein and thereby for export to the ER to

the PM.107

The observation that the PM expression of misfolded, but poten-

tially functional variants of the hGnRHR and other GPCRs21,22,108 may

be rescued by pharmacological strategies and that the WT hGnRHR

as well as other receptors with decreased expression in normal condi-

tionsmay also respond to PCs, offers a unique therapeutic opportunity

formanipulating the ERQCS of the cell to correctmisfolding caused by

sequence variants and to improve PMexpression ofWT receptors that

may, in turn, allow increased interaction with agonist. Development

of high throughput screening assay techniques to identify allosteric

molecules that bind and rescue misfolded hGnRHRs will undoubtedly

facilitate translation of pharmacological strategies based on PCs to the

clinical arena.80,102,109,110

3.2 Misfolding and pharmacological rescue of
gonadotropin receptors

The gonadotropin receptors (LHCGR and FSHR) are members of

the glycoprotein hormone receptor subfamily of GPCRs. The gly-

coprotein hormone receptors are characterized by large (>300

amino acid) N-terminal ectodomains (ECDs) comprising a series

of leucine-rich repeats (LRRs), that provide an interface for dock-

ing of their large dimeric glycoprotein hormone ligands.111 A

“hinge” region links the ECDs to the 7-TM domain, and appears to

play an important role in receptor activation following hormone

binding.112,113

The cognate gonadotropin ligand for the FSHR is pituitary FSH,

while the LHCGR interacts with both pituitary LH and placental

human chorionic gonadotropin (hCG). Gonadotropin receptor signal-

ing is essential to gonadal function, with the co-ordinated activities of

LHCGR and FSHR and their cognate ligands stimulating sex steroid

production in addition to trophic effects important for gonadal devel-

opment and gamete production and maturation, and, in the case of

hCG, maintenance of early pregnancy.114 Inactivating genetic variants

of the gonadotropin receptors can result in primary hypogonadism

(HyperH) and infertility, usually characterized by low circulating lev-

els of sex steroid hormones, with elevated gonadotropin secretion.115

While puberty and the development of secondary sexual charac-

teristics can be induced by administration of sex steroids, game-

togenesis requires the co-ordinated non-steroidogenic activities of

gonadotropins in addition to sex steroids, and thus these patients

often (with the exception of males bearing inactivating FSHR variants)

remain infertile with limited treatment options. The identification and

development of gonadotropin receptor PCs able to restore function

to these receptors may therefore offer a novel approach to inducing

fertility in these patients, with the added benefit of restoring spatial

and temporal receptor activation profiles in response to secretion of

endogenous gonadotropin hormones.

Many non-peptide, low molecular weight (LMW) gonadotropin

receptor analogues spanning a wide range of chemical scaffolds have

been developed, primarily in response to the enormous increase in use

of assisted reproductive technologies.116 Although none have yet been

approved for clinical application, there are an abundance of molecules

that could potentially be repurposed/repositioned for application as

gonadotropin receptor-targeted PCs.

3.2.1 LHCGR dysfunction and rescue

Inactivating variants of the LHCGR result in reduced or absent fertil-

ity across a phenotypic spectrum in both males and females, although

the effects on pubertal induction appear sexually dimorphic, with

females harboring inactivating LHCGR variants usually undergoing

normal pubertal development, followed by oligomenorrhea and infer-

tility, in contrast to males who can often have altered primary sexual

development and fail to undergo puberty.117

At least 40 naturally occurring inactivating variants of the LHCGR

gene coding region have been associated with primary hypogonadism

(HyperH).84 These variants are located throughout all structural

domains of the LHCGR protein, with intracellular retention being the

most commonmechanism contributing to their loss of function (Class II

variants).81,83,84,118–121 For example, one study that examined 20 mis-

sense, small deletion and frame-shift LHCGR variants indicated that

70% displayed some reduction in cell surface expression relative to

total cellular expression.83 Of these, 14 had severe loss of cell surface

expression (<25% ofWT levels)83 and co-localized with ERmarkers.74

Not surprisingly, the degree of intracellular retention often correlates

with severity of the patient phenotype with those having moderately

decreased cell surface expression (such as the homozygous variant

I625K) often being associated with “milder” phenotypes (micropenis,

hypospadias), and those with severely reduced cell surface expres-

sion (such as the homozygous variant A593P) associated with more

complex disorders of sexual development.51,75,122

Many non-peptide compounds comprising a range of different

chemical scaffolds have been identified that target the gonadotropin

receptors, including pyrazoles and thienopyrimidines (reviewed in

Refs. 123 and 124), primarily for use in assisted reproductive ther-

apies to replace hCG/LH injections. While none have entered the

clinic, some have reached advanced stages of development with

the best characterized series of LHCGR-targeting small-molecules

being the thienopyrimidines. One of these, LHR–Chap (also known

as Org42599/Org43553; Figure 4A) is an allosteric agonist that has

been extensively examined in vitro, where it displays high affinity and

nanomolar potency at the LHCGR and, in a small cohort clinical study,

was able to induce ovulation in GnRH suppressed, FSH-primed healthy

females when administered orally.125,126

LHR–Chap was shown to act as an LHCGR PC able to restore cell

surface expression to two intracellularly retained LHCGR variants

(A593P and S616Y) in a time- and dose-dependent manner.75 A

subsequent study extended these observations to demonstrate rescue

of cell surface expression (and function) of a number of intracellularly
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8 ULLOA-AGUIRRE ET AL.

F IGURE 4 Small molecule structures that act as pharmacological chaperones at the LHCGR (A) or FSHR (B and C).

retained LHRCR variants.74 Not all retained variants responded to

treatment, and those variants that were rescuable had increased cell

surface expression that spanned a continuum from marginal (13–17%

of WT) to substantial increases (53–68% of WT)74,75 and correlated

with an increase in “mature” fully glycosylated LHCGR (a phenomenon

also observed for PC-rescued FSHR variants87). Pertinently, a sig-

nificant proportion (60%) of the rescued receptors were functional

following rescue with LHR–Chap and stimulation with hCG. Although

it should be noted that the hormone responses did not fully correlate

with degree of rescue, presumably due to additional defects in ligand

bindingor signal transduction, or alternatively, thatPC-bound receptor

adopts a conformation that elicits sub-maximal hormone responses.74

Variant location-specific differences in PC responsiveness were

observed. No ECD-located variants were rescuable, yet >60% of

variants located in the TM helices showed increased cell surface

expression. Together, these observations suggest that localized inter-

actions between the PC and the receptor are important determinants

of whether a variant can be rescued. The binding pocket for LHR–Chap

is buried deep within the transmembrane bundle where interactions

with residues from TM3, TM5, TM6, TM7, EL2, EL3, and the hinge

region form a relatively stable binding interaction.127 LHCGR TM

variants T461I (at TM7), L502P (TM4), A593P (TM6), Del L608-V609

(TM7), and S616Y (TM7) have been shown to be severely retained and,

following treatment with LHR–Chap, exhibited significantly increased

cell surface trafficking, as determined by increased hCG-binding.74

Molecularmodeling studies indicate that LHR–Chap-induced stabiliza-

tion could occur either through direct interactions of the chaperone

with variant side chains, or via indirect stabilization of the TM helices

harboring the variants.74 Interestingly, indirect stabilization of TMs

that harbor variants appear to result in more effective rescue when

compared with the residues predicted to interact directly with LHR–

Chap. This possibly indicates that disruption of the allosteric pocket is

affecting LHR–Chap rescue potency. This would suggest that some TM

variants located close to, or forming part of the allosteric pocket may

be unrescuable, as they could possibly result in attenuation/ablation of

LHR–Chap binding. Furthermore, variants located in the ECD or other

locations distant from the allosteric pocket could simply be located

too far from the LHR–Chap binding site for effective conformational

stabilization (e.g., LHCGR variants C543R, T392I, and I374T).74 Thus,

screening libraries of small molecules for rescue of misfolded LHCGR

variants may identify more efficacious LHR chaperones that engage

with the receptor through different interaction sites.

3.2.2 FSHR dysfunction and rescue

Approximately 30 naturally occurring inactivating coding-region

variants of the FSHR have been described.84 The vast majority of

these have been identified in hypogonadal infertile female patients

with primary ovarian insufficiency and HyperH, with a smaller number

described inmales. This discrepancy is possibly the result of themilder

phenotypes described in males, where inactivating FSHR variants

frequently result in reduced sperm quantity and quality, but retention

of fertility.128,129

In vitro studies have, again, demonstrated that the majority of

these inactivating variants result in trafficking defects (Class II

variants).81,85–87 For example, Hanyroup et al.86 examined 17 mis-

sense FSHR variants, and 15 were determined to have trafficking

defects (approximately 90%), with 11 having severe reductions in

PM expression (≤18% of WT receptor cell surface expression). The

intracellular retention of several of these variants has been corrobo-

rated in additional studies.87 Another variant, I160T,130 has also been

demonstrated to have reduced cell surface expression.

Ovarian stimulation for promotion of follicular development dur-

ing assisted reproduction protocols requires multiple FSH injections

prior to oocyte retrieval. Blocking FSHR stimulation with antagonists

also has potential novel non-steroidal contraceptive application.131

Therefore, much effort has been dedicated to developing LMW

orally bioavailable analogues targeting the FSHR, and multiple chem-

ical classes have been shown to have activity, including thiazolidi-

nones, diketopiperazines, hexahydroquinolines and isoquinolinones

(reviewed in Ref. 132).

The LHCGR thienopyrimidine allosteric agonist, LHR–Chap, and the

related Org 41841, both have agonist activity at the FSHR, albeit at a

lower potency than at the LHCGR.126,133 Our unpublished data have

indicated that LHR–Chap can rescue intracellularly retained FSHR

variants, with the potency of rescue being proportional to the potency

of activation at bothof the gonadotropin receptors.Org41841has also

been proposed to act as an FSHR PC.73 When a panel of intracellularly

retained FSHRvariantswere tested, one (A189V) displayed partial res-

cue. However, this is perhaps surprising as A189 is located in the FSHR

ECD, and the closely related thienopyrimidine, LHR–Chap was unable

to rescue ECD-located variants in either LHCGR74 or FSHR (unpub-

lished data). Indeed, this study represents the first (and only) example

of an intracellularly retained gonadotropin receptor ECD variant that

is rescuable using a PC approach. This observation possibly relates to
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ULLOA-AGUIRRE ET AL. 9

interactions between the two receptor domains (i.e., ECD–TM), and

further examination of the Org 41841–FSHR interaction may be able

to shed additional light.

The low potency of rescue of FSHR variants and high potency acti-

vation of the LHCGR by LHR–Chap and Org 41841 possibly preclude

their application in a therapeutic context and utilization of FSHR-

specific LMW agonists and antagonists would thus be preferable.

Indeed, two FSHR-selective allosteric agonists, a dihydrobenzoinda-

zole, CAN 1404 (Figure 4B),134 and a benzoindazolmethanone, CAN

1405 (Figure 4C), have been shown to be highly effective at res-

cuing FSHR TM variants.86,87 For CAN 1404, six out of seven TM

variants with severely reduced cell surface expression showed signif-

icant increases in receptor PM expression with a concurrent increase

in FSH-induced responsiveness for four of these (A419T [at TM2],

P519T [ECL2], A575V [TM6], and F591S [TM6]).86 However, again,

the FSH response of the rescued variants did not always correlate

with the degree of rescue, implying additional functional deficits in

receptor activation/signaling, or ligand-binding, or alternatively, that

CAN 1404 stabilizes a differential conformation through which sub-

maximal FSH responses are elicited. In a panel of seven FSHR variants,

all four of the TM-located variants and none of the three ECD-located

variants showed an increase in the ratio of mature (PM-expressed)

to immature (intracellular) receptor forms following incubation with

CAN 1405.87 Again, the increase in PM expression was concomitant

with an increase in hormone-induced signaling, demonstrating variant

receptor functionality.

4 GENERAL OBSERVATIONS REGARDING PC
EFFECTS ON THE hGnRH AND GONADOTROPIN
RECEPTORS

As described above for many other GPCRs (e.g., NK3R, V2R, CaSR, and

MC4R, among others27–29,33,135–137), the hGnRHR and gonadotropin

receptors have been demonstrated to be amenable to PC rescue, and

in the case of the hGnRHR and FSHR, by multiple LMW compounds

across different chemical scaffolds. Dose–response analyses have indi-

cated that, in general, the potency of rescue of cell surface expression

of gonadotropin receptor variants is lower than the potency of recep-

tor activation.75,86 This is in agreement with previous observations

that PC activity usually requires a dose of at least 100-fold higher than

the EC50 observed in signaling assays,138 which is not surprising con-

sidering that upward trafficking through the secretory pathway to the

PM (which depends on the presence of a stable conformation compat-

ible with ER export) and receptor activation (which is associated with

rearrangement of TMs in response to agonist) are independent events.

Although PCs have now been identified for many GPCRs, the mech-

anism(s) of variant intracellular retention and PC rescue remain to

be fully elucidated. Studies with the LHCGR (our unpublished data)

and hGnRHR139 have demonstrated that PC rescue occurs at a post-

translational level, as pre-treatment with cycloheximide to inhibit de

novo protein synthesis does not affect the rescue. Taken together

with the observation that retained gonadotropin receptor variants co-

localize with ER markers,74 it is tempting to speculate that this is the

cellular compartment where PCs exert their effects. However, it has

been noted that misfolded, retained GPCR variants can be shuttled

from the ER to the Golgi apparatus and back, possibly to prevent ER

stress due to accumulation of misfolded proteins140,141 or to attempt

refolding when misfolded proteins escaped the ER QCS when ERAD

is saturated.142 Therefore, whether PCs rescue misfolded, retained

GPCR variants from ER or non-ER compartments of the secretory

pathway remains to be conclusively determined.

It is interesting to note that, while the WT hGnRHR demonstrates

a relatively large increase in cell surface expression in response to PC

treatment,143 the effect of PCs on the WT gonadotropin receptors

appears to be minor in comparison. Some studies have demonstrated

no effect on WT LHCGR74,75 or FSHR86 surface expression, with

other studies indicating marginal increases in WT FSHR cell surface

expression.73,87 This possibly reflects either a higher inherent stabil-

ity of theWT gonadotropin receptors comparedwith the hGnRHR (for

which a limited proportion ofWT receptor reaches the cell surface144),

that the allosteric PCs employed do not disrupt the trimeric configu-

ration of the gonadotropin receptor, thereby preventing detection of

an increase in binding sites,145 or alternatively that PC-rescued WT

gonadotropin receptors internalize faster, masking the actual rescuing

effect of the PC. In fact, following PM insertion of rescued variants,

removal of the PC ultimately results in loss of receptor at the cell

surface75,87 presumably through turnover, and a failure to replenish

from the ER, although the kinetics of this effect are yet to be fully eluci-

dated. Interestingly, LHR–Chapappears toprevent loss of LHCGR from

the cell surface at high concentrations of hCG, which cause desensiti-

zation of LHCGR in non-PC-treated cells (unpublished data). Whether

this is LHR–Chap preventing LHCGR desensitization, driving rapid

LHCGR recycling, or simply reflects increased ER trafficking of the

LHCGR to replenish desensitized receptor remains to be determined.

It also remains to be established why some variants are not

amenable to rescue by PCs despite being located in, or near, the

allosteric or orthosteric binding pocket of thePC. It is tempting to spec-

ulate that some amino acid substitutions, or small deletions/insertions

result in such major reorientations of the allosteric or orthosteric

pocket that the PC cannot bind, or cannot stabilize receptor folding

to a degree that permits evasion of the ER QCS.60,76 If this were true,

it might be expected that severity of retention might correlate with

propensity for rescue, but some gonadotropin and hGnRHR variants

contradict this theory, as some severely retained variants demonstrate

significant rescue whereas others not.74,76,86 In a similar vein, it is not

clear why some LMW compounds cannot rescue retained variants,

despite being predicted to bind in the same allosteric pocket as effec-

tive PCs with a similar binding affinity (Ref. 146 and our unpublished

observations on FSHR variants), which may depend on the varying

ability of the LMW compound to stabilize the receptor variant in

a conformation compatible with ER export. Future molecular dock-

ing studies may prove useful in better understanding the interactions

between PCs and variant receptors.
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10 ULLOA-AGUIRRE ET AL.

5 FUNCTION OF CELL SURFACE EXPRESSION
RESCUED VARIANTS

Itmaybeexpected that if domains important for agonist binding, recep-

tor activation and coupling to effectors are compromised by a change

in the structure of a variant, functional rescue would not be possi-

ble despite good PM expression. However, this is not necessarily the

case. For example, loss-of-function LHCGR variants C131R and I152T,

both of which are located within the LRR region of the ECD and affect

hormone binding to the receptor, do not respond to hormone, yet

exhibit a robust response to LHR–Chap.74 This is presumably due to

LHR–Chaps’ mechanism of activation of the receptor not involving the

defective ECD region. Similarly, the variant E354K, which is located in

the intramolecular agonist motif of the hinge region, has poor respon-

siveness to hormone, but in the presence of LHR–Chap, there is a

significant increase in signal.74 From a mechanistic standpoint, in this

case, LHR–Chap appears to promote stabilization of the active confor-

mation, in the absence of LH/hCG-induced unveiling of the tethered

agonist. Thus, the repurposing of an allosteric agonist as aPChas utility

beyond simply restoring PM trafficking.

6 CONCLUSIONS

It is clear that misfolding and misrouting of pathogenic variant G

protein-coupled receptors is more common than previously consid-

ered, and that pharmacological chaperones represent a promising

therapeutic strategy to restore function of such misfolded receptors,

as experimentally demonstrated for the hGnRHR and gonadotropin

receptors. Identification of new pharmacological chaperone com-

pounds that exhibit optimized properties (e.g., increased receptor

selectivity and/or biased effects), by high-throughput screening assays

and pharmacologic studies, is still necessary in order to translate this

therapeutic strategy to the clinical setting. Furthermore, coupling such

assays with in silico computer-aided structural approaches and arti-

ficial intelligence tools may provide useful information regarding the

mechanism of action of pharmacological chaperones and how they

interact with defective proteins to rescue expression and function.

Pharmacoperones that correct trafficking-defective G protein-

coupled receptors via allosteric interactions are particularly attractive

as they do not interfere with the orthosteric, active site of the recep-

tor, permitting restoration of the spatial and temporal stimulation

profile of the native hormone and to provide better therapeutic

treatment at the lowest effective dose of the compound to pre-

vent potential side effects.102 It should, however, be noted that,

as some of these compounds might stabilize the conformation of

the receptor protein in an inactive state (antagonists), they would

need to be removed to allow the receptor to become activated by

hormone (although, in the case of allosteric biased antagonists, it

has been shown that binding to the receptor may still allow for

certain pathways of hormone activation147). In contrast, devel-

opment of agonist pharmacological chaperones that concurrently

rescue and activate the receptor may be complicated if the phar-

macological chaperone causes rapid receptor internalization and

turnover (as seen with many G protein-coupled receptor agonists).

Thus, use of compounds that limit receptor internalization would be

desirable.

In conclusion, in vivo studies on experimental animals78 and in

humans59 have provided proof-of-principle of the beneficial effects of

pharmacological chaperone drugs in modifying the course of human

disease and set the scene for the potential future clinical use of

pharmacological chaperones targeting G protein-coupled receptors,

including the hGnRHR and gonadotropin receptors.
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