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Abstract

G protein-coupled receptors (GPCRs) are central to the functioning of the
hypothalamic-pituitary-gonadal axis (HPG axis) and include the rhodopsin-like GPCR
family members, neurokinin 3 receptor, kappa-opioid receptor, kisspeptin 1 receptor,
gonadotropin-releasing hormone receptor, and the gonadotropin receptors, luteiniz-
ing hormone/choriogonadotropin receptor and follicle-stimulating hormone receptor.
Unsurprisingly, inactivating variants of these receptors have been implicated in a
spectrum of reproductive phenotypes, including failure to undergo puberty, and infer-
tility. Clinical induction of puberty in patients harbouring such variants is possible, but
restoration of fertility is not always a realisable outcome, particularly for those
patients suffering from primary hypogonadism. Thus, novel pharmaceuticals and/or a
fundamental change in approach to treating these patients are required. The increas-
ing wealth of data describing the effects of coding-region genetic variants on GPCR
function has highlighted that the majority appear to be dysfunctional as a result of
misfolding of the encoded receptor protein, which, in turn, results in impaired recep-
tor trafficking through the secretory pathway to the cell surface. As such, these intra-
cellularly retained receptors may be amenable to ‘rescue’ using a pharmacological
chaperone (PC)-based approach. PCs are small, cell permeant molecules hypothesised
to interact with misfolded intracellularly retained proteins, stabilising their folding and
promoting their trafficking through the secretory pathway. In support of the use of
this approach as a viable therapeutic option, it has been observed that many rescued

variant GPCRs retain at least a degree of functionality when ‘rescued’ to the cell
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1 | INTRODUCTION

The human hypothalamic-pituitary-gonadal (HPG) axis is an endocrine
signalling network responsible for gonadal development and matura-
tion, gametogenesis and sex steroid production in males and females.
Many of the hormones that co-ordinate the actions of this axis elicit
their effects via members of the G protein-coupled receptor (GPCR)
superfamily of cell surface signalling proteins. Many reproductive disor-
ders have been attributed to genetic variants of these GPCRs, at all
levels of the axis, resulting in hypogonadal phenotypes in both sexes.
These variants frequently result in misfolding of the receptor protein,
and subsequent intracellular retention as a result of detection by cellu-
lar quality control machinery. Treatment of hypogonadal patients relies
on the administration of reproductive hormone analogues, with the reg-
imen dependant on both the aetiology of the disorder and desired out-
come. In many cases of hypogonadism, the desired outcome (such as
restoration of fertility) is not achievable and there are often ramifica-
tions for the psychosocial well-being of the patients, many of whom
suffer from social, sexual, emotional and self-esteem issues.® For those
patients with inactivating GPCR variants for which current treatment
options are not effective, alternative therapeutic approaches are neces-
sary. One such approach is the use of pharmacological chaperones
(PCs; also known as pharmacoperones) which represent a natural evo-
lution to the concept of chemical chaperoning. Chemical chaperones
bind non-specifically to misfolded variant proteins and stabilise their
folding, preventing recognition by the cellular quality control machinery,
thus restoring expression and activity. PCs in contrast have target spec-
ificity and are therefore valuable within a therapeutic context. Indeed,
although there are currently no GPCR-targeting compounds licenced as
PCs, there are Food and Drug Administration (FDA)-approved PC drugs
targeting other protein families (such as migalastat and lumacaftor for
the treatment of Fabry disease and cystic fibrosis [CF], respectively)
currently in the clinic, validating this approach in the treatment of pro-
tein misfolding disorders.

The field has advanced considerably in the last decade, with many
inactivating GPCR variants now successfully rescued with compounds
displaying PC activity. Indeed, a major discovery is the significant diver-
sity of molecules that have been described with observable chaperon-
ing activity. These include both experimental and pre-clinical molecules
as well as marketed therapeutics licenced for other purposes/proper-

ties. For example cinacalcet is an FDA-approved allosteric agonist of

surface. In this review, we examine the GPCR PC research landscape, focussing on
the rescue of inactivating variant GPCRs with important roles in the HPG axis, and
describe what is known regarding the mechanisms by which PCs restore trafficking
and function. We also discuss some of the merits and obstacles associated with tak-
ing this approach forward into a clinical setting.

G protein-coupled receptor, HPG axis, pharmacological chaperone, pharmacoperone,

the calcium sensing receptor (CaSR) used to treat secondary hyperpara-
thyroidism, that has recently been observed to act as a PC for intracel-
lularly retained CaSR variants.? The field of PC research is evolving,
with research endeavours now including a focus on understanding the
mechanisms (both cellular and molecular) of PC-mediated rescue, and
more recently, in the de novo design of bona fide PC agents with no
intrinsic agonistic or antagonistic activity, in place of screening and
repurposing of existing drugs and experimental compounds.

In this review, we discuss the identification of PCs targeting inac-
tivating variants of GPCRs with important roles in the HPG axis, with
a focus on inactivating variants of the neurokinin 3 receptor (NK3R),
the Type 1 gonadotropin-releasing hormone (GnRH) receptor
(GnRHR), the luteinising hormone (LH)/chorionic gonadotropin recep-
tor (LHCGR, also known as LHR) and the follicle-stimulating hormone
(FSH) receptor (FSHR). We describe the landscape of inactivating
GPCR variants within the reproductive axis, and the rescue of these
variants in terms of cellular localisation and restoration of function, in
the context of the potential treatment of hypogonadism. We addition-
ally discuss what is known regarding the mechanisms behind rescue
of these variants, as well as the future of PC research and outstanding
questions that need addressed to facilitate the translation of some of

these exciting discoveries into tangible clinical applications.

2 | THE HPG AXIS AND THE ENDOCRINE
CONTROL OF HUMAN REPRODUCTION

21 | The HPG axis

The HPG axis has a complex regulatory network with many inputs
that regulate pulsatile release of GnRH from nerve terminals in the
hypothalamic median eminence into the hypophyseal portal system.®
These inputs include growth factors, neuropeptides, neurotransmit-
ters and other hormones. Sex steroids, in particular, play a major role
in imparting negative (and, in certain contexts, positive) feedback reg-
ulation of the axis. The discovery that GnRH neurons do not express
oestrogen receptor-alpha* implied that an upstream input to the HPG
axis network must exist to mediate the effects of sex steroids on
GnRH secretion. In the early 2000s, genetic variants of a neuropep-
tide (kisspeptin) and its cognate receptor (KISS1R) expressed in neu-

rons localised to the pre-optic area and infundibular nucleus of the
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hypothalamus were determined to be causative in reproductive disor-
ders including precocious, as well as delayed, puberty.>~” It has subse-
quently been demonstrated that kisspeptin stimulates the secretion of
GnRH from GnRH neurons, and that kisspeptin neurons are responsi-
ble for co-ordinating and integrating various environmental, nutri-
tional, metabolic, and endocrine signals that regulate GnRH secretion
and downstream HPG axis activity (including feedback regulation by
sex steroids).2 In a subset of these kisspeptin neurons (termed KNDy
neurons), localised in the infundibular nucleus, kisspeptin is co-
expressed with the neuropeptide neurokinin B (NKB) and the opioid
peptide, dynorphin A (DynA).?

NKB and DynA regulate kisspeptin secretion via autocrine/
paracrine activation of NK3Rs and kappa-opioid receptors (KORs),
respectively. A link between NKB and NK3R signalling in GnRH secre-
tion was suggested through a number of genetic association studies in
which NKB and NK3R variants were identified in hypogonadal
patients.’®=* Further evidence of a functional relationship was evi-
denced by the discovery that NKB co-localises with kisspeptin in the
hypothalamus,”*> and that KNDy neurons express NK3R but GnRH
neurons do not.*® A number of pharmacological studies have subse-
quently provided information regarding the mechanism, with adminis-
tration of NK3R antagonists and agonists inhibiting and stimulating
LH secretion, respectively.*>~2* In addition, the administration of kis-
speptin has been demonstrated to restore LH secretion in hypogona-
dal patients with NKB and NK3R inactivating variants,*®> and also in
animal models treated with NK3R antagonists, suggesting that kis-
speptin action is downstream of NKB signalling.1”??

In contrast to NKB, DynA has an inhibitory effect on kisspeptin
secretion. Indeed, chronic opioid use has been associated with a hypo-
gonadal phenotype?® and morphine administration has been shown to
cause a decrease in the biosynthesis of GnRH in rats—an effect abol-
ished by co-treatment with the opioid antagonist, naloxone.?* Several
studies using animal models have also indicated that opioid receptors
appear to mediate the negative feedback action of gonadal steroids
on GnRH and LH pulsatile secretion (reviewed by Uenoyama et al.>).
Furthermore, opioid antagonists have been shown to stimulate LH

2 restore

secretion and advance onset of puberty in a rat mode
gonadotropin pulsatility in women with hypothalamic amenorrhoea,?”
and restore normal cycles in polycystic ovarian syndrome,?® thus pro-
viding evidence that opioid signalling is inhibitory in the context of
the HPG axis. However, interestingly, to our knowledge, there are no
studies describing KOR/DynA variants linked to reproductive pheno-
types in humans.

Kisspeptin and NKB (and, to some extent, DynA) clearly play an
integral role in the regulation of GnRH secretion (and thus the regula-
tion and activity of the HPG axis). However, many other inputs and
factors also play a role in the exquisitely orchestrated functioning of
this neuroendocrine axis.

Binding of GnRH to GnRHRs on pituitary gonadotropes, drives
the biosynthesis and release of the gonadotropins, LH and FSH, into
the general circulation. These hormones bind to their cognate recep-
tors (LHCGR and FSHR, respectively) expressed in the gonads. Activa-
tion of LHCGRs and FSHRs promotes germ cell production and

DR Wi LEy- Lo

maturation and sex steroid (oestrogens, androgens and progestogens)
synthesis and secretion. In females, activation of LHCGRs on ovarian
thecal cells drives the production and secretion of androgens, while
FSHR activation in ovarian granulosa cells results in the induction of
CYP19A1 (aromatase/oestrogen synthetase) expression which con-
verts these androgens (androstenedione and testosterone) to oestra-
diol.?? FSHR activation in granulosa cells also stimulates follicular
growth. As the antral follicles develop they begin to express LHCGRs.
Oocyte maturation and release from the dominant follicle is triggered
by an ovulatory ‘LH surge’. Following ovulation, the residual follicle
forms the corpus luteum, where activation of LHCGRs by LH
(or human chorionic gonadotropin [hCG] should pregnancy occur)
stimulates secretion of progesterone that prepares the endometrium
for implantation and placental development. In males, activation of
FSHRs expressed on testicular Sertoli cells promotes spermatogene-
sis, while activation of LHCGRs on testicular Leydig cells results in the
production and secretion of androgens (which are also are important
for spermatogenesis>°).

2.2 | Reproductive dysfunction resulting from
genetic disruption of HPG axis activity

Functional disruption of the HPG axis results in a range of reproduc-
tive dysfunctions. Genetic variants that alter the function of gene
products associated with the functioning, regulation or development
of the axis, can result in gain-of-function phenotypes, such as preco-
cious puberty, or loss of function phenotypes, characterised by com-
promised or absent pubertal development and impaired adult fertility.

GnRH deficiency (also known as hypogonadotropic hypogonad-
ism [HH] or secondary hypogonadism) describes conditions in which
there are defects in the production and/or action of GnRH, and is
characterised by low gonadotropin levels and a subsequent impaired
ability to produce sex steroid hormones. Cases where GnRH defi-
ciency results from genetic abnormalities are referred to as congenital
HH (CHH). Genetic aberrations that result in failure of GhnRH neurons
to migrate from the olfactory placode to the hypothalamus during
embryonic development (Kallmann syndrome and other migratory fail-
ures), give rise to anosmic CHH,3! while inactivating genetic variants
of GnRH, GnRHR or upstream stimulators of the GnRH neuron
(including KISS1 and NKB and their cognate receptors) result in nor-
mosmic CHH>71032-34 gince the GnRH and olfactory neurones
migrate normally.

Inactivating genetic variants of HPG axis components down-
stream of the pituitary (such as the gonadotropin receptors) can also
result in hypogonadism®>~87 (referred to as primary hypogonadism or
hypergonadotropic hypogonadism). In these cases, sex steroid hor-
mone levels are low but FSH and LH levels are elevated, due to
reduced/absent negative feedback driving increased gonadotropin
secretion via a functional GnRH system. In males inactivating LHCGR
variants result in Leydig cell hypoplasia on a phenotypic spectrum,
with milder forms presenting in the form of micropenis and/or hypo-

spadias with suppression of fertility, and severe forms resulting in



RADOMSKY ET AL.

2 L wiLe Y- |

infertile males presenting with female external genitalia. Females har-
bouring inactivating LHCGR variants exhibit amenorrhea/infertility
but, in contrast to males, these patients undergo normal pubertal
development, indicating that it is possible for pubertal development in
females to occur against the backdrop of LH deficiency. Inactivating
FSHR variants in females result in amenorrhea, ovarian failure, follic-
ular arrest and infertility, while in males, inactivation of FSHR
appears to result in a spectrum of phenotypes, from mild (reduced
sperm quality, but retention of fertility), through to complete
azoospermia.88%1 Indeed, in one study, a single inactivating FSHR
variant was identified in a male cohort that had variable degrees of
fertility.”? Congenital variants that affect the secretion and/or activ-
ity of gonadotropin hormones have also been identified and result in
reproductive phenotypes.8893-105

For secondary hypogonadism, replacement sex steroid therapy
can successfully induce puberty and promote development of second-
ary sex characteristics while pulsatile GhnRH or gonadotropin adminis-
tration is a therapeutic option to restore gametogenesis.’°® However,
for primary hypogonadism, although replacement sex steroid therapy
can be used to promote sexual development, there are no effective

options to restore gametogenesis/fertility in these patients.

3 | MAJOR GPCRS OF THE HPG AXIS

3.1 | G protein-coupled receptors
GPCRs are the largest family of cell surface receptors in humans, with
approximately 800 members. Of these, approximately half modulate
sensory functions (predominantly olfaction). The remaining +400 are
activated in response to endogenous signals. Given the large number
of receptors and the broad spectrum of modulating ligands (cations,
biogenic amines, peptides, steroids, etc.), it is unsurprising that they
are responsible for regulating most physiological systems and are con-
sequently associated with a plethora of pathologies and are important
therapeutic targets. Indeed, there are currently over 700 FDA-
approved GPCR drugs and over 300 more agents in clinical
trials 107:108

GPCRs are characterised by a seven transmembrane domain
(7-TMD) architecture, consisting of seven transmembrane helices
(TMHSs 1-7) connected by intracellular loops (ICLs 1-3) and extracellu-
lar loops (ECLs 1-3) and flanked by an extracellular N-terminus and
intracellular C-terminus (although the latter is uniquely absent in mam-
malian GnRHRs%). The GPCR superfamily can be subdivided into five
subfamilies (Glutamate-like, Rhodopsin-like, Adhesion, Frizzled/Taste
and Secretin-like), based on sequence and structural homology.*'° By
far the largest of these subfamilies (comprising over 80% of all GPCRs)
is the Rhodopsin-like family, of which the KOR, KISS1R, NK3R, GnRHR,
FSHR and LHCGR are all members. Intracellular signalling by GPCRs is
mediated by interaction with their cognate ligands which induces a con-
formational change promoting their interaction with intracellular gua-
nine nucleotide-binding proteins (G proteins), which, in turn, stimulate

further downstream intracellular signalling cascades.

3.2 | GPCRs of the HPG axis

The KISS1R, KOR, NK3R and GnRHR interact with cognate peptide
ligands and, like the majority of Rhodopsin-like GPCRs, have relatively
short N-terminal regions. For these receptors, activation is generally
elicited via direct hormone interaction with extracellular and 7-TMD
regions close to the extracellular membrane surface. In contrast, the
gonadotropin receptors (LHCGR and FSHR) have large N-terminal
ectodomains (ECDs) of >300 amino acids comprising a series of
leucine-rich repeats (LRRs) responsible for specific binding of their
large dimeric glycoprotein hormone ligands (LH/hCG or FSH).'!?
These ECDs are connected to the 7-TMDs by a ‘hinge’ region which
contains a highly conserved ‘intramolecular agonist’.11211% |nteraction
of hormone is believed to induce a conformational change that allows
the hinge region to interact with, and activate, the 7-TMD, enabling G

protein association.

4 | INACTIVATING VARIANTS OF HPG
AXIS GPCRs

41 | Inactivating GPCR variants

Gene variants can comprise insertions, frameshifts, deletions, inver-
sions and single-nucleotide variants (SNVs). These may have no effect
(silent variants) or be pathogenic, by causing inactivating (loss-of-func-
tion) or activating (gain-of-function) phenotypes. Inactivating patho-
genic GPCR variants can be further subclassified into five categories
(Classes 1-V) determined by the effect of the variant on receptor
expression/function.’* Class | variants arise from defects in
receptor biosynthesis (including variants that alter receptor expression
or cause premature truncation), Class Il variants impede trafficking of
GPCRs to the cell surface due to protein misfolding and abnormal
conformational presentation, Class Ill variants have impaired ligand
binding, Class IV variants have impaired receptor activation (and
includes both variants unable to achieve an active conformation and
those with impaired coupling to downstream signalling partners) and
Class V variants are those identified/implicated in a particular patho-
physiology but which have no known functional defects.!'#

A study examining thousands of disease-causing missense vari-
ants across a spectrum of protein families and pathophysiologies pre-
dicted that almost 30% resulted in protein instability/misfolding.1*®
Indeed, misfolding/intracellular retention and failure to traffic to the
cell surface due to disruption of intramolecular interactions (Class I
defects) appears to be a major feature of variant GPCRs, and such var-
iants have been implicated in numerous endocrine disorders.}*4116-
119 This is perhaps not unexpected since most constituent amino acids
are likely to be involved in intramolecular interactions that configure
three-dimensional receptor structure (as opposed to the relatively few
involved in ligand binding or interaction with intracellular signalling
proteins) and thus their disruption will result in protein misfolding. For
example, amino acid substitutions could disrupt TMH conformations

through disruption of charged residue interactions, substitution with
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helix breaking residues and steric disruption by substitution of amino
acids with bulky side chains.

GPCR mRNAs are translated by ribosomes on the rough endo-
plasmic reticulum (ER). The emerging GPCR nascent protein enters
the ER lumen, where it undergoes folding into its three-dimensional
conformation assisted by ER-resident chaperone proteins and a suite
of enzymes involved in glycan addition and post-translational modifi-
cations.?° The mature protein then enters the secretory pathway
for further post-translational modification and trafficking via the
Golgi apparatus to emerge on the plasma membrane as a functional
receptor. Receptor trafficking through the ER and Golgi to the cell
surface following translation is regulated by an ER quality control
system (QCS). The QCS examines newly synthesised proteins to
ensure that only correctly assembled and folded proteins are traf-
ficked through the secretory pathway to the cell surface. The pres-
ence of unpaired cysteines, exposed hydrophobic residues and other
markers of misfolding result in retention of the proteins in the ER
and activation of the unfolded protein response.*?! This process
involves upregulation of ER protein folding machinery and downre-
gulation of global translation to allow rectification of the misfolding
and prevention of an accumulation of misfolded proteins. Should the
misfolding persist (terminal misfolding), degradative pathways are
activated, whereby the misfolded proteins are retro-translocated to
the cytosol and ubiquitinated prior to degradation by the protea-
some via a process termed ER-associated degradation.?? Thus, mis-
folded GPCRs are retained intracellularly and/or degraded rather
than being trafficked to the cell surface to be available to interact
with their cognate ligands.

Although decreased cell surface expression is a common outcome
of variants located within GPCR protein-coding regions, it is interest-
ing to note that there are examples where variants have enhanced cell
surface expression. One such example is the LHCGR variant insLQ,
where an insertion results in a more efficient signal peptide (a signal
sequence that facilitiates targeting to the secretory pathway), and an
increase in cell surface expression (and thus activity) of the

receptor.!?®

4.2 | Inactivating GnRHR variants

Interestingly, with the exception of the rat and mouse receptors, wild-
type (WT) mammalian GnRHRs are poorly expressed at the cell sur-
face, and only a small proportion (variably estimated to be between
1% and 50%) of total cellular GnRHR is located at the plasma mem-
brane.'?#12> The reasons for this have not been fully elucidated, but it
has been suggested that, as the complexity of the reproductive pro-
cess among species increases, there is a concomitant decrease in the
proportion of GnRHR observed at the plasma membrane.*?¢ It is
unclear why this mechanism has been selected from an evolutionary
standpoint, although it is thought that the high concentration of
ER-localised GnRHR may provide a readily available ‘pool’ of receptor
negating the requirement for de novo synthesis, thus affording a sen-

sitive means to rapidly alter GnRH responsiveness.

DR Wi LEy- Lo

Over 40 inactivating variants of the human GnRHR have been
attributed to a CHH phenotype, with greater than 50% of those stud-
ied exhibiting an increase in intracellular receptor retention and a
decrease in plasma membrane expression (Class Il variants).*2”12% An
even greater number of GnRHR variants have been characterised
in vitro (encompassing both naturally occurring and lab-generated var-
iants) and, through these studies, a number of intra-molecular interac-
tions have been identified as important for GhnRHR-folding and ER
trafficking (in addition to those important for hormone binding and
receptor signalling functionalities). These studies highlight the role
that structural motifs play in the stability and trafficking of the GhRHR
(and GPCRs in general) and the dramatic effects that single variants
can have on receptor localisation and activity. For example, rat and
mouse GnRHRs exhibit a deletion of residue 191 (located in ECL 2)
that is present in other mammalian GnRHRs (primate receptors have a
lysine [K] located at this position, while many other mammalian
GnRHRs have glycine [G] or glutamic acid [E]). Deletion of K191 of
the human GnRHR (AK191) promotes a substantial increase in cell
surface expression.*?4?? From a mechanistic standpoint, this amino
acid appears to interfere with disulphide (cysteine; C) bridge forma-
tion between the receptor N-terminus and ECL2 (C14-C200) that is
required for efficient cell surface trafficking of human (but not rat or
mouse) GnRHR.*2? Molecular dynamics simulations suggest that dele-
tion of K191 results in a shorter and more stable distance between
the sulphur atoms of C14 and C200, promoting a trafficking compe-
tent receptor structure.r®® The distance between these residues
appears to be the important factor, rather than the bridge itself, as
substitution of C14 in the human GnRHR with a serine that disrupts
the formation of the disulphide bridge results in signalling activity
comparable to WT in the presence of the AK191 variant. In this case,
the distance between positions C14 and C200 is predicted to be short
due to an extracellular hydrogen-bond network formed by the intro-
duced serine moiety.* Another example is a naturally occurring vari-
ant, E90K located in TM2, which was first identified in siblings
with CHH.*®* E90 appears to form important intrahelical interactions,
with disruption of these interactions destabilising the receptor, result-

ing in retention and a loss of hormone responsiveness.2>:132-137

4.3 | Inactivating LHCGR variants

At least 34 naturally occurring inactivating variants of the LHCGR
have been described in patients suffering from reproductive dysfunc-
tion (primary hypogonadism).>>7¢! Extensive analyses of rodent
LHCGRs by Segaloff et al. and others, in which the importance of vari-
ous regions/features for receptor function have been examined, have
indicated that impaired cell surface trafficking is a common outcome
of the introduction of variants into this receptor.’*® Furthermore,
examination of cell surface localisation of 21 SNVs or in-frame dele-
tions of the human LHCGR has indicated that impaired cell surface
trafficking is the most common defect (Class Il variants). The majority
(90%) resulted in reduced cell surface expression, of which 71% had

severely impaired cell surface expression (<25% of WT receptor
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levels).2?¢2117 These Class Il variants are located within, and thus
affect all, regions of the LHCGR protein (ECD, hinge region
and 7-TMD).

The phenotypes of patients harbouring LHCGR variants with
impaired cell surface expression range from mild (e.g. variant S616Y
for which 46,XY individuals presented with a micropenis and primary
hypogonadism)*#* to severe (e.g. variant A593P for which geneti-
cally XY individuals presented with female external genitalia).?” In
general, the severity of patient phenotypes correlates with degree of
retention of the variant receptors. For example, while the A593P vari-
ant has been shown to have little/no measurable cell surface expres-
sion or presence of mature receptor species, the S616Y variant
LHCGR displays some cell surface expression and presence of a small
amount of receptor in a ‘mature’ form.*3%:24° The observable pheno-
types resulting from homozygous and compound heterozygous inacti-
vating variants of LHCGR follow an autosomal recessive pattern of
inheritance. However, it is also worthy of note that the LHCGR is
known to dimerise,*** with possible ramifications for identified het-
erozygous LHCGR variants. Indeed, inactivating LHCGR variants have
been demonstrated to impact cell surface expression and possibly
function of WT LHCGR, in a number of in vitro studies, via a dominant

negative mechanism.42143

4.4 | Inactivating FSHR variants

Compared to the closely related LHCGR, fewer naturally occurring
pathogenic FSHR variants have been identified.®? Nonetheless, at
least 21 naturally occurring inactivating or partially inactivating FSHR
variants have been described and have been linked to primary
hypogonadism.®?7®7 Similar to the LHCGR, examination of the cell
surface expression of a selection of missense variants has indicated
that the majority (85%) cause reduced cell surface expression (Class Il
variants), with (70%) having severely impaired cell surface expression.
Again, similar to the LHCGR, the Class Il variants are dispersed
throughout the different receptor domains.

4.5 | Inactivating NK3R, KISS1R and KOR variants
Several pathogenic inactivating NK3R variants have also been identi-
fied, many of which have been linked to reproductive dysfunction
(CHH).1011.14.144-146 A recent study examining seven missense coding
region variants indicated that, similar to the GnRHR, LHCGR and
FSHR, the majority (71%) are Class Il and result in severely reduced
cell surface expression of <25% of WT levels.24”

To date, a number of loss-of-function KISS1R variants have been
described in patents with CHH.>”148-1¢% However, it is unclear, for
many of these variants, whether loss of cell surface expression con-
tributes to the loss-of-function phenotype due to a lack data describ-
ing the localisation of the variants. Of those for which cell surface
localisation has been examined, one variant (L148S) was found to

have no effect on localisation and had similar cell surface expression

levels as the WT receptor in vitro.>1%® Conversely, a homozygous var-
jant (F272S) identified in six related individuals with CHH, was dem-
onstrated to have significantly reduced cell surface expression in
fluorescent microscopy experiments.%*

As discussed above (Section 2.1), KOR variants have not been
associated with a reproductive phenotype in humans. However, they
have been implicated in increased stress and drug-relapse risks,16>1%¢
although the consequences of these variants in terms of receptor
expression/functionality are largely unknown. Interestingly, like the
GnRHR, only a proportion (approx. 75%) of WT KORs are expressed
at the plasma membrane in the mature form, with the remainder being

intracellularly retained in an immature form.*¢”

5 | PHARMACOLOGICAL CHAPERONE
RESCUE OF HPG AXIS GPCRs

5.1 | Pharmacological chaperones

Although many GPCR-targeting therapeutics exist, these predomi-
nantly act as agonists (which stimulate receptors) or antagonists
(which inhibit receptor activation by endogenous agonists).*%® In
these cases, activity relies on the availability and accessibility of func-
tional target receptors.

The term PCs has been coined to describe cell-permeant small-
molecule agonists and antagonists that can enter cells and engage
with nascent proteins to stabilise their folding and thus promote their
expression and intracellular trafficking. In contrast to chemical chaper-
ones that act non-specifically to aid protein folding and/or prevent
aggregation,'®® PCs have an inherent target specificity.**” Their bind-
ing is thought to aid in stabilising three-dimensional protein conforma-
tion of misfolded variant (or otherwise inherently unstable) receptor
proteins by acting as molecular scaffolds, thus preventing detection
and retention/degradation of misfolded proteins by the QCS and aid-
ing their correct processing and trafficking through the secretory
pathway.

In the case of GPCRs, PC treatment results in ‘rescued’ cell sur-
face receptor expression and localisation, restoring their availability
for interaction with exogenous/endogenous ligands. Importantly,
many intracellularly retained Class Il variant GPCRs, have been found
to maintain at least a degree of their intrinsic functionality (hormone
binding and signal transduction capacity) following PC rescue.l”®
Thus, there is potential for partial or complete rescue of function of
these misfolded receptors should their cell surface expression be
restored.

The development of PC therapeutics is still a relatively embryonic
field. However, PCs have been shown to be effective in the treatment
of various disorders caused by intracellularly retained proteins.
Indeed, PCs are currently in clinical use for several disorders in which
misfolded proteins of other (non-GPCR) families are implicated,
including CF, Fabry disease and phenylketonuria.2’*~*”” Although no
PCs targeting GPCRs are currently utilised therapeutically, a number

have been shown to enhance variant, and in some cases WT, GPCR



RADOMSKY ET AL.

cell surface expression (reviewed by Tao and Conn'’® and others).
Several studies have also translated the in vitro rescue of variant
GPCR function to in vivo studies. One such study examined variants
of the melanocortin 4 receptor (MC4R), a central regulator of energy
homeostasis, associated with familial obesity.>”® It was demonstrated
that administration of a PC, UM0130866, could successfully restore
the anorexigenic effect of an MC4R agonist, melanotan Il, in a huma-
nised mouse model harbouring a R165W MCA4R variant, thus estab-
lishing that treatment with this PC is able to partially reverse the
effects of MC4R deficiency.}”® Another study utilised a transgenic
mouse model of autosomal dominant retinitis pigmentosa (a major
cause of vision loss), harbouring a T17M variant that results in intra-
cellularly retained rhodopsin. Administration of vitamin A or an orally
active synthetic retinal analogue, SRD005825, was found to delay ret-
inal degeneration in this model.2”%° Transgenic Xenopus laevis
models of retinitis pigmentosa harbouring another rhodopsin variant,
P23H, have also demonstrated increased receptor trafficking by
11-cis retinal.’®! In the context of the HPG axis GPCRs, it has been
demonstrated that the hypogonadal phenotype of knock-in transgenic
male mice harbouring an intracellularly retained E9OK variant of the
GnRHR could be partially rescued by treatment with a small-molecule
GnRHR antagonist, IN3'82 (see Section 5.2.1 for more details). Further
to these animal studies, GPCR PC activity has also been demonstrated
in humans. Inactivating variants of renal arginine-vasopressin V,
receptor (V2R) result in congenital nephrogenic diabetes insipidus
(NDI) and a small-molecule compound (Relcovaptan; SR49059) has
been shown to decrease urine volume and increase urine osmolality
by 50% in patients harbouring NDI-associated retained variant V2Rs
(R137H, W164S and Del G185-W193).183

52 |
GPCRs

Pharmacological chaperones for HPG axis

As described previously (Section 4), naturally-occuring NK3R, GnRHR,
LHCGR and FSHR SNVs and/or deletion variants have been shown to
predominantly result in loss of receptor cell surface expression, mak-
ing them good candidates for PC rescue. Indeed, PCs have been
described for all four of these receptors and also for the KOR.
Although no KISS1R-directed PCs have been reported thus far, small-
molecule KISS1R-selective analogues have been developed'®+8> so
there is scope for future investigation into their potential as PCs for
Class Il KISS1R variants.

Due to their vital roles in reproduction, HPG axis GPCRs are
important therapeutic targets. Hormones or analogues produced
through modification of the native hormones to improve their phar-
macological parameters (half-life, stability, etc.) or to confer different
pharmacological properties (agonists vs antagonists etc.) are com-
monly utilised. However, as small-molecule (non-peptide) agents have
potential benefits with respect to administration, patient convenience,
preparation consistency, stability and dosing, there has been, and con-
tinues to be, much effort made to develop such compounds, providing

a large repository of potential cell-permeant (orally active) small-
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molecule compounds for application in PC rescue studies. In theory
any cell-permeant ligand that can interact with a GPCR will stabilise
its conformation to some extent and therefore have the potential to
act as a PC for destabilising variants of that receptor. Indeed, ‘repur-
posing’ or ‘repositioning’ of existing small molecules targeting GPCRs
has provided the vast majority of the identified PCs.

5.21 | GnRHR pharmacological chaperones

The human GnRHR can perhaps be considered paradigmatic in the
study of inactivating GPCR variants and their rescue by PCs. Indeed,
much of the knowledge regarding the action of GPCR PCs has been
derived from an extensive body of work studying variants of this
receptor. There are also a substantial number of small-molecule mod-
ulators of the GnRHR in development due to the importance of
GnRHR signalling at the level of the gonadotrope and indirectly in
hormone-dependent diseases. GnRH analogues are administered ther-
apeutically in several settings, including assisted reproduction proto-
cols, as well as for the inhibition of sex steroid secretion for the
treatment of hormone-dependent disease such as prostatic cancer
(androgen-deprivation therapy) and endometriosis. Many different
chemical classes of compounds have been developed as non-peptide
GnRH antagonists (reviewed by Heitman and ljzerman'®®), although,

until very recently,*®”

no non-peptide GnRHR agonists had been
developed.

A number of Class Il naturally occurring and lab-generated
GnRHR variants have been shown to be amenable to PC rescue. The
WT human GnRHR has also been demonstrated to be receptive to PC
activity with substantial increases in plasma membrane expression
(and signalling) observed following treatment with various small-
molecule antagonists.lzs’*“&l35 Notably, WT rat and mouse GnRHR
do not display increased plasma membrane expression in response to
PC treatment, likely due to their inherently increased stability (due
to the lack of a K191 residue) and resultant increased trafficking effi-
ciency.'?” One of the first examples of PC rescue of inactivating vari-
ants of the GnRHR was a study looking at five naturally occurring
Class Il variants implicated in CHH. In response to treatment with a
small-molecule indole antagonist, IN3, all five intracellularly retained
variants showed an increase in radiolabelled GnRHR agonist ([*2°1]-
Buserelin) binding.*3* Subsequently, a large number of Class Il GnRHR
variants (naturally-occurring, and lab-generated) have been shown to
be ‘rescuable’, and several antagonists derived from four non-peptide
chemical subclasses (indoles, quinolones, erythromycin macrolides and
pyrimidinones) have demonstrated PC activity for variant and WT
GnRHRs variant.*33188-191 Remarkably, of the Class || GhnRHR vari-
ants treated with PCs, approximately three quarters demonstrate
observable rescue to the cell surface 133188192193

It is important to note that rescue of cell surface expression of
variant receptors does not assure rescue of function, as this would
assume that the variants do not impair binding/signalling capability of
the receptor in addition to affecting their trafficking. However, in

many cases, rescue of function (signalling response), in addition to cell
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surface localisation, of rescued GnRHR variants has been demon-
strated. Indeed, functional rescue of a GnRHR variant by a PC has
been demonstrated in vivo. The Class Il E90K variant was introduced
into mice by homologous recombination, with the male mice homozy-
gous for E9OK displaying reduced testes size but retaining fertility,
while female homozygotes generated antral follicles, but did not ovu-
late.X®2 |nterestingly, the targeting strategy left a loxP-flanked neomy-
cin resistance gene expression cassette in intron 1, and when this was
not removed (E90Kneo) the phenotypes were more severe, due to
effects of the cassette on transciption of the gene encoding GnRHR.*8?
The males homozygous for E?90Kneo had reduced testes weight and
infertility, while the females were infertile with no follicular develop-
ment past the secondary follicle stage. When the PC antagonist, IN3,
was administered in a pulsatile manner for 30 days to E90Kneo male
homozygotes, testes morphology and a number of metrics of testes
function were improved including increased testes weight, increased
seminiferous tubule diameter and the presence of elongated sperma-
tids*®? (Figure 1). Sperm morphology also began to approximate that
of WT mice, with less apparent defects, and increased motility.*?
Sperm isolated from the IN3-infused animals was successfully used
in an in vitro fertilisation protocol and resulted in a live birth. On a
biochemical level, IN3 infusion also increased the expression of ste-
roidogenic markers in the testes. 152

Interestingly, as mentioned above, individual inactivating GhnRHR
variants can be rescued by a spectrum of PCs from different chemical
classes. While the exact mechanisms have yet to be elucidated, it is
thought that this is due, at least in part, to the small-molecule GhnRHR
modulators having similar modes of receptor interaction. For example,
it has been demonstrated that the indole and quinolone classes of PC
dock in a similar binding pocket, facilitating stabilisation of TM2/TM3
interactions by utilising an acidic residue, D98, in TM2 as an anchor

HOM

HOM + IN3

point.*”* Therefore, compounds from these different classes appear
to orientate in a similar manner within the 7-TMD and form several
conserved interactions, thus stabilising a trafficking-competent struc-
ture, and providing a mechanism by which multiple structurally dis-
tinct PCs could rescue a single variant. Indeed, structure-function
analyses have revealed that the binding sites of small-molecule
GnRHR-interactive compounds are similar and partially overlap with
the orthosteric-binding site of GnRH within the 7-TMD

bundle 195-197

5.2.2 | LHCGR pharmacological chaperones

Gonadotropins are commonly administered exogenously to females
undergoing assisted reproductive therapy, whereby folliculogenesis is
induced by daily administration of FSH and, upon follicle maturation,
ovulation is stimulated by the administration of LH/hCG for oocyte
harvesting. There have been significant advances in developing non-
peptide gonadotropin therapeutics and a number of compounds com-
prising a range of structural scaffolds have been developed targeting
the LHCGR (reviewed in 198,199), although none have yet made it
into clinical use.

The most advanced series of LHCGR-targeting small-molecule
agonists to be developed are the thienopyrimidines. One of these,
LHR-Chap (also known as Org42599 or as Org43553 in its hydrochlo-
ride salt form) has high affinity for the LHCGR?° and has also been

shown to act as an LHCGR PC able to restore cell surface expression

140,201 (

(and function) to several Class Il LHCGR variants Figure 2).

Interestingly, like the majority of small-molecule gonadotropin ana-
logues identified thus far, LHR-Chap is an ‘allosteric’ agonist, referring
to the fact that they interact with the receptors at an allosteric

FIGURE 1 Pharmacological
chaperone rescue in an in vivo mouse
model of hypogonadotropic
hypogonadism. Mouse testes from wild-
type (WT) or homozygous E90Kneo/
E90Kneo mice (HOM) were imaged with a
stereomicroscope, and histology was
examined by haematoxylin and eosin
staining. The testes of HOM males were
smaller in size compared to WT and
contained few to no eosin-stained Leydig
cells or elongated spermatids. Treatment
of HOM males with the pharmacological
chaperone IN3 for 30 days (HOM -+ IN3)
resulted in increased testis size, sperm
concentration and various metrics of
sperm morphology and viability.
Reproduced with permission from
Janovick et al.*®?
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FIGURE 2 Cell surface expression of
A593P and S616Y variant LHCGRs is
altered after incubation with

LHR-Chap. Cells expressing wild-type,
A593P or S616Y variant LHCGRs were
incubated in the presence of vehicle (left
column) or 1 uM LHR-Chap (Org 42599);
right column) for 24 h before fixation,
fluorescent labelling, and confocal
imaging. LHCGRs (myc-tagged) are
labelled in green and cell nuclei in blue.
Scale bar: 10 um. Reproduced with
permission from Newton et al.**® LHCGR,
luteinizing hormone/choriogonadotropin
receptor, also known as LHR.

(‘other’) site within the 7-TMD of the receptor distinct from the ECD-
located orthosteric binding site of the native gonadotropin hormones.
Examination of 14 Class Il LHCGR variants with severely reduced
cell surface expression has indicated that treatment with LHR-Chap
can significantly increase cell surface expression of 5 (36%).61:140,201
The cell surface expression of the variant LHCGRs was increased to
varying degrees by LHR-Chap, with some demonstrating no response,
some only marginal increases (to 13%-17% of WT), and others much
larger increases (to 53%-68% of WT), as measured by number of
hormone-binding sites on intact cells.?°? Rescue of cell surface
expression of LHCGR variants by LHR-Chap has also been shown to
be time and dose-dependent, with maximal effects seen after 24 h of
incubation with 1-10 uM of the PC.}*° In addition to increasing cell
surface expression, total cellular levels of LHCGR variant receptor
expression and the proportion that presented with ‘mature’ post-
translational glycosylation was also increased upon PC treatment.*°
It is interesting that, in comparison to the GnRHR variants, the
cell surface expression of a smaller proportion of LHCGR variants
appear to be rescued by PC treatment. However, unlike the GnRHR,
the LHCGR (and FSHR) contains a large ECD region distinct from their
7-TMD. As mentioned above (Section 4.3), Class Il LHCGR variants

Vehicle

Org 42599

are distributed throughout the LHCGR structure, in both the ECD,
hinge and 7-TMD regions. While none of the ECD-located variants
could be rescued, the majority (63%) of 7-TMD variants demonstrated
increased cell surface expression following LHR-Chap incubation.
LHR-Chap interacts within an allosteric binding pocket located within
the 7-TMD comeprising residues from TM3, TM5, TMé and TM7,
ECL2, ECL3 and the hinge region202 (Figure 3); therefore, it is not sur-
prising that its binding is able to stabilise variants located in the
7-TMD but not the ECD region (either by directly interacting with
the variant residues or indirectly stabilising delocalised TMHSs that
harbour the variants).

In addition to increased cell surface trafficking, an increase in
functionality (hormone-induced signalling) has been demonstrated for
many of the rescued LHCGR variants. Indeed, following pre-
incubation of cells with LHR-Chap, hCG-induced signalling was signifi-
cantly increased for the majority (3/5; 60%) of rescued variants.2°!
However, it is important to note that, although hormone-induced
responses were increased, these were lower than would be expected
based on LHR-Chap effects on cell surface expression, presumably
due to some perturbation of the signal transduction capabilities of

these variant receptors. Despite the curtailed signalling responses
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of the rescued variants, these data provide a proof of principle for the
functional rescue of pathogenic LHCGR variants with PCs and it will
be interesting to see if/how these in vitro findings translate into ani-
mal or clinical studies. LHR-Chap (and a related thioenopyrimidine
Org 43902; also known as Org 41841) have already successfully navi-
gated Phase | toxicology and safety studies and have shown in vivo
activity (in inducing ovulation in healthy female volunteers)?°® further
supporting their potential therapeutic development as PCs.

Due to the high degree of similarity between the gonadotropin
hormone receptors, a potential concern regarding the use of LHR-
Chap as a PC therapeutic may be its lack of selectivity. LHR-Chap is
also able to activate the FSHR, at an approximately 10-fold lower
potency than observed at the LHCGR.?%° Thus, treatment may result
in concomitant nonspecific activation and possible densensitisation of
FSHRs. One possible means to circumvent this issue could be the use
of bivalent ligands whereby compounds with different properties are
conjugated to produce a single compound that selectively activates
one receptor while antagonising another. Production of such com-
pounds targeting gonadotropin receptors have been explored with
varying degrees of success.2%*

Unlike the GnRHR, cell surface expression of the WT LHCGR was
not increased by PC treatment.'#%2°? This is not unexpected as the
WT human GnRHR is expressed at low levels at the cell surface rela-
tive to the total cellular pool, while the WT human LHCGR is
expressed predominantly at the cell surface in a mature form when

expressed endogenously or exogenously.14%205

5.2.3 | FSHR pharmacological chaperones

Based on its agonist activity at the FSHR and effectiveness as an
LHCGR PC, the ability of LHR-Chap to rescue cell surface expression
of a range of naturally occurring and laboratory-generated Class |l
FSHR variants has been examined. These data have indicated that
LHR-Chap is also able to act as an FSHR PC, with the potency of res-
cue being proportional to the potency of activation at both of the
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FIGURE 3 Cryo-electron microscopy
derived structures of LHR-Chap docked
to LHCGR. A. Structural interactions

and B, Schematic representation of LHR-
Chap-LHCGR interactions within the
LHCGR 7-TMD. Hydrogen bonds are
shown as black dashed lines and
hydrophobic interactions are shown in
green. Amino acid residues are numbered
using the Ballesteros-Weinstein
system.?%3 Reproduced with permission
from Duan et al.?°2 LHCGR, luteinizing
hormone/choriogonadotropin receptor,
also known as LHR.
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gonadotropin receptors (our unpublished data). Likewise, a related
thienopyrimidine LHCGR agonist, Org 41841, has also been proposed
to act as an FSHR PC?%¢ although, in this case, the functional effect
was limited, and only one variant (of several tested) displayed rescue.
In a therapeutic setting, rescue of variant FSHRs with an LHCGR ago-
nist would be impractical due to the concomitant nonspecific LHCGR
activation and possible desensitisation. Therefore, attempts have also
been made to identify FSHR-selective PCs.

Like LH/hCG, FSH is used clinically for assisted reproductive ther-
apies and there have been substantial efforts to identify small-
molecule FSH-selective analogues. The potential use of orally active
FSHR analogues as novel oral contraceptives, with greater specificity
and reduced risk of side effects, compared to current steroidal contra-
ceptive drugs has further fuelled these efforts. Compounds of differ-
ent chemical scaffolds have been identified as FSHR-selective ligands
but despite several promising lead compounds emerging2®” none
have yet made it into clinical use.

When a selection of FSHR selective small-molecule compounds
from different chemical classes were tested for PC activity, an
increase in cell surface expression of 6 of 11 Class Il FSHR variants
was observed. Of the compounds tested, a dihydrobenzoindazole
agonist, CAN 1404 (originally described in the published patent
W02011/012674%°® and which has 400-fold greater potency at the
FSHR than the LHCGR??) was most effective. Like LHR-Chap, CAN
1404 binds allosterically within the 7-TMD of the FSHR and thus,
unsurprisingly, only variants located in the 7-TMD were rescued. Of
the variants tested, seven were located in the 7-TMD and the cell sur-
face expression of 86% (6/7) of these was significantly increased
(to 57%-89% of WT levels) following CAN 1404 incubation.?%?
Importantly, a concurrent increase in FSH-induced responsiveness
was also observed for 67% (4/6) of the rescued variants.2°?

As seen with the LHCGR, no increase in WT FSHR expression
was observed upon PC (CAN 1404) treatment (again, likely reflecting
the high efficiency of WT receptor trafficking). Interestingly, contrary
to these observations, when treated with Org 41841, an increase in

the number of FSH binding sites present on cells expressing WT FSHR
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was observed. In the same study, Org 41841 treatment was also
found to increase FSH-induced responses in cells expressing the
ECD-located Class Il A189V variant FSHR.2%¢ Not discounting factors
relating to differences in cell lines or methodologies utilised in these
studies, these observations are somewhat surprising as the A189V
variant is located within the FSHR ECD distant from the 7-TMD allo-
steric binding site. Furthermore, Org 41841 is only able to induce
FSHR activation at very high (millimolar) concentrations,?'° but the
increases in WT and A198V variant receptor binding sites were

observed at much lower (micromolar) concentrations.

5.24 | NK3R pharmacological chaperones

In addition to its important roles within the HPG axis, the NK3R is a
pleiotropic receptor associated with a number of (patho)physiological
processes, including hot flushing in post-menopausal women, mood
disorders, chronic pain, and neurodegenerative disorders.?**?*? Con-
sequently, there has been considerable endeavour in developing NKB
peptide and small-molecule analogues for central nervous system indi-
cations (e.g. anxiety, schizophrenia and pain), gastrointestinal tract
indications (e.g. irritable bowel syndrome) or menopausal vasomotor
symptoms (hot flushes). Small-molecule NK3R-targeting compounds
fall into two main structural classes: dichlorophenylalkylpiperidines
and quinolones. Such small-molecule modulators of NK3R activity
have been shown to utilise a binding pocket deep within the 7-TMD
bundle that is distinct from, but overlaps with, the NKB interaction
site. 218

Two quinolone antagonists, talnetant (also known as SB
2234122 and M8 (also known as 8m?'%), have been shown to

have PC activity and M8 was able to significantly increase cell
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surface expression of 80% (4/5) of a selection of severely retained
Class Il NK3R variants to levels similar to that of the WT NK3R.24”
As with the LHCGR, rescue of the NK3R variants to the cell surface
was concurrent with an increase in the mature glycosylation status
of the receptors.**” Furthermore, all the M8-rescued variant recep-
tors displayed robust increases in hormone responsiveness
(Figure 4).*%7 Like the gonadotropin hormone receptors, no effect on
cell surface expression of WT NK3R was observed following PC

treatment.*”

5.2.5 | Kappa opioid receptor pharmacological
chaperones

A large number of peptidic and small-molecule opiate-like compounds
with KOR activity have been developed, many of which have been
licenced for clinical use. KOR-selective agonists have primarily
been developed as analgesics and KOR antagonists for use in the
treatment of opioid overdose and alcohol dependence.?*® Thus, there
is a spectrum of small-molecule compounds available with potential
KOR PC activity. Although rescue of cell surface expression of KOR
variants has yet to be demonstrated, several compounds have been
tested for PC activity at the WT KOR. One such non-peptide non-
selective opioid receptor antagonist, naloxone, has been shown to
enhance receptor maturation status in vitro, resulting in increased
KOR trafficking and cell surface expression.?'” Furthermore, variants
of other members of the opioid receptor family have been shown to
be responsive to PCs. For example, the &-opioid (DOR)-selective
antagonist/weak partial agonist naltrexone has been found to act as a
PC able to promote the maturation and ER export of both WT DOR
and an intracellularly retained DOR variant, D95A, increasing their
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FIGURE 4 M8-mediated trafficking of intracellularly retained inactivating NK3R variants to the cell membrane restores neurokinin
B-mediated stimulation. Receptor signalling was measured using an inositol phosphate accumulation assay. HEK 293-T cells expressing wild-type
(WT) NK3Rs or intracellularly retained inactivating NK3R variants were pre-treated in the absence (Veh; black and striped bars) or presence (M8;
grey and white bars) of 1 uM M8 for 24 h. Following washing, cells were then incubated for one hour in the absence (Veh; black and grey bars) or
presence (NKB; striped and white bars) of 100 nM neurokinin B. Data are expressed as percentage of WT NK3R in the absence of M8 and
stimulated with NKB ***p < .001, Student's t-test for comparison of NKB response with/without M8 pre-treatment. Modified and reproduced
with permission from Anderson et al.**” NKB, neurokinin B; NK3R, neurokinin 3 receptor.
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expression at the cell surface.?'® Thus, it is predicted that KOR vari-

ants will also be responsive to PC treatment.

5.3 | Mechanistic observations of pharmacological
chaperone action

While the PC studies described above have identified a large number
of variants of different HPG axis GPCRs amenable to PC rescue, they
have also served to highlight some fundamental principles underlying
reduced cell surface expression of variant GPCRs and the ability of
PCs to ‘rescue’ GPCR variants.

Visualisation of the cellular localisation of variants with poor cell
surface expression has confirmed that their reduced cell surface
expression is due to intracellular retention of the receptors
(as opposed to other factors such as increased turnover or internalisa-

140,147,209

tion at the cell surface) and that they co-localise with fluo-

201 Western blotting analyses of cells

rescently labelled ER markers.
transfected with WT and variant receptors has also demonstrated that
the predominant forms of variants with poor cell surface expression
are endoglycosidase-sensitive, indicative of the receptors remaining in
an ‘immature’ state (prior to ER exit/further processing within the
secretory pathway).**%14” Furthermore, total receptor content of cells
expressing intracellularly retained receptors was not reduced, or was
reduced only marginally, compared to cell surface expression,1”:147
indicating that, although in some cases reduced receptor synthesis/
increased degradation may be playing a role, the major contributor to
poor cell surface expression of the variant receptors is a failure to traf-
fic to the cell surface.

Pre-treatment of cells expressing variant GnRHRs?*? or LHCGRs
(our unpublished data) with cycloheximide (to inhibit de novo protein
synthesis) does not affect the ability of PCs to increase receptor cell
surface expression. This suggests that PCs act post-translationally to
rescue a pool of previously synthesised misfolded receptors retained
within the ER, thereby increasing the trafficking of receptor protein to
the cell surface and reducing the amount of receptor targeted to deg-
radation pathways. From studies examining LHR-Chap rescue of
LHCGR variants, it has also been shown that washing out LHR-Chap
does not affect rescue of cell surface localisation of the variants in the
short term,2°! indicating that the PC interaction is only required for
successful trafficking from the ER and not for maintaining cell surface
expression following plasma membrane insertion. However, over a
longer time period (18 h) removal of the PC led to a reduction in cell
surface expression of ‘rescued’ variant LHCGRs back to pre-
treatment levels,** likely reflecting turnover of the receptor protein
at the cell surface, and a failure to replenish from the ER. Thus,
depending on the turnover rate of the specific receptor of interest,
repeated dosing may be required in order to maintain increased recep-
tor activity in a clinical setting.

Variants with reduced cell surface expression appear to fall
broadly into two categories, namely those that are not rescuable by
any PC, and those that are rescuable by many/all tested PCs. The
observation that certain variants appear to be ‘unrescuable’ implies

that the affected residues are directly involved in the binding of
small-molecule compounds/PCs; and/or the variants result in major
re-orientation/positioning of fundamental determinants of receptor
structure, and that these variant receptors are thus ‘terminally mis-
folded’. For example, molecular modelling of the “unrescuable” human
GnRHR variants S168R (located in TM4), and S217R (located in TM5)
has shown that the exchange of serine (S) with the hydrophilic argi-
nine (R) results in rotation of TM4 and TM5 and a concomitant reor-
ientation of ECL2 which severely impedes the formation of the C14-
C200 bridge, preventing ER release presumably due to unsurmounta-
ble conformational disruption.??° In other cases such 'unrescuable'
variants could affect specific motifs/regions of the receptor that are
critical for trafficking. For example, a frameshift variant, in which the
last 83 amino acids of the LHCGR are replaced with 21 different
amino acids, ablates a highly conserved F(X)4LL trafficking motif
within helix 8 of the C-terminal tail that is important for ER exit, ren-
dering the variant non-responsive to LHR-Chap rescue.®?

Further evidence that different Class Il LHCGR variants may be
handled differently by cellular quality control processes comes from
the observation that LHCGR variants A593P (severe loss of cell sur-
face expression) and S616Y (moderate loss of cell surface expression)
associate with different ER-resident molecular chaperone proteins.*>?
Unlike the WT receptor, coimmunoprecipitation studies demonstrated
that the S616Y and A593P variant receptors interact with binding
immunoglobulin protein (BiP), a heat shock protein that aids folding
and translocation within the ER and in transporting misfolded proteins
to the proteasome. Both the WT LHCGR and S616Y variant also
interact with protein disulphide isomerase (PDI), an enzyme involved
in protein folding in the ER through catalysis of disulphide bonds,
while only the A593P variant interacted with the ER stress protein,
94 kDa glucose-regulated protein (Grp94).1*? These observations
(in addition to unpublished data from our own studies) suggest that
variants may be able to progress to different stages of the folding/
maturation pathway, and thus have different degrees/‘types’ of
misfolding.

It would be tempting to hypothesise that more severely misfolded
variants may be less responsive to PC rescue, as this may provide a
plausible explanation for why some GPCR variants appear to be more
receptive to PC rescue than others, despite their locations within the
receptor structure being similar. However, it has been observed that
intracellularly retained rat LHCGR variants with some degree of cell
surface expression (and are thus presumably less severely misfolded)
had a greater ability to be rescued by non-selective means (incubation
of cells at reduced temperatures to facilitate protein folding) than
those that are more profoundly retained (presumably due to more
severe misfolding).??* This is in contrast to the rescue of LHCGR vari-
ants with LHR-Chap, where there does not appear to be a correlation
between degree of retention and the degree of rescue by PCs.2°! Fur-
thermore, there does not appear to be a correlation between variants
with reduced total cellular expression, which may be indicative of a
greater degree of misfolding resulting in increased variant receptor
degradation (although this is speculative and requires conformation),

and their responsiveness to PC rescue.?®? Thus, it is likely that PC



RADOMSKY ET AL.

responsiveness is dependent on the specific binding interactions
between a PC and receptor variant and how this results in conforma-
tional stabilisation rather than the degree of misfolding of the variant
receptor. However, further detailed examination of additional variants
and cellular quality control processes would be required to elucidate
the precise intracellular mechanisms.

The ‘rescue efficacy’ of most PCs appears to correlate with their
binding affinity, which is not surprising as a higher binding affinity
would suggest stronger ligand-receptor interactions and thus a
greater stabilising effect. As observed previously for other GPCRs/
proteins,??? PC activity appears to require doses higher than the
ECso observed in signalling assays for the HPG axis GPCRs. For
example the LHCGR agonist and PC, LHR-Chap, exhibited a potency
(ECs0) of approximately 10 nM for activation of the WT LHCGR
(when measuring CRE-luciferase reporter activity), but ‘rescue
potency’ of LHR-Chap at variant LHCGRs was >300 nM.*#° Like-
wise, CAN 1404 exhibited a potency of 2-6 nM for activation of the
WT FSHR (when measured by CRE-luciferase reporter activity or
Gay4-linked inositol phosphate accumulation), but had a rescue
potency of 100-300 nM.2%? However, some exceptions to this rule
have been noted. For example, when a panel of different small-
molecule ligands were tested for FSHR PC activity, LHR-Chap (which
does not induce potent activation of the FSHR) exhibited potent
FSHR PC activity, while a thiazolidinone compound, CAN 1403, had
reasonable potency as an FSHR agonist, but was unable to act as a
PC for any of a range of FSHR variants examined (our unpublished

observations).

6 | FUNCTIONAL RESCUE OF HORMONE-
BINDING/RECEPTOR-SIGNALLING
DEFICIENT LHCGR VARIANTS

Thus far, the focus of this review has been on the ‘cell surface rescue’
of Class Il variants of the HPG axis GPCRs. However, functional res-
cue of gonadotropin receptor variants that have little/no deleterious
effect on receptor cell surface localisation but have impairments in
hormone-binding (Class Il variants) or receptor-signalling (Class IV
variants) has also been described. The rationale underlying ‘rescue’ of
these variants hinges on the allosteric agonist property of gonadotro-
pin receptor-targeting small-molecule ligands. The principle behind
this rescue is that allosteric agonists can bind to an allosteric site in
the GPCR to induce/stabilise an active conformation which over-
comes the loss of binding/activation mediated through the orthosteric
binding site. With respect to the LHCGR, no stimulation was elicited
upon hormone activation of variants C131R and 1152T, both of which
are located within the LRR region of the ECD and affect hormone
binding to the receptor, but the LHCGR allosteric agonist LHR-Chap
stimulated a robust response.?°? Likewise, hormone stimulation of the
LHCGR variant E354K, which is located in the intramolecular agonist
motif of the hinge region critical for transduction of hormone binding
in the ECD to activation of the 7-TMD, was severely impaired
(reduced potency and a low maximal response). LHR-Chap treatment

_ RWIECEE

was able to elicit a greater maximal response at a potency not differ-
ent from that at the WT receptor.2°!

7 | CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Inactivating variants of GPCRs have been demonstrated to be causa-
tive in a range of reproductive disorders, with many variants resulting
in reduced receptor expression at the cell surface. Although gene edit-
ing could potentially be utilised to ‘correct’ such variants, these
approaches are costly, and specific targeting of variant GPCRs in
human patients has not yet been achieved. PCs provide a pharmaco-
logical means to restore cell surface expression and function of such
retained variants. That several variants of each receptor exhibit
increased functionality (hormone responsiveness) following PC res-

cue140,147,182,201,209

indicates that many Class Il variant receptors
retain intrinsic functionality (hormone binding/receptor signalling),
which is critical for the therapeutic potential of PCs.

In primary hypogonadism resulting from inactivating LHCGR
and FSHR variants, puberty and secondary sexual characteristics
can be induced by treatment with sex steroid hormones, yet no
effective therapeutic options for promoting fertility currently exist
as gametogenesis requires the co-ordinated activities of gonado-
tropins in addition to sex steroids. The development of PC thera-
peutics that can restore both sex hormone production and
gametogenesis in patients harbouring LHCGR/FSHR variants is
promising. However, PC therapy may not be effective at restoring
reproductive competence in patients harbouring variants that cause
severe loss-of-function resulting in extreme phenotypes (such as
complete pseudohermaphroditism). That being said, these com-
pounds still have potential for the therapeutic treatment of females
and male patients suffering from milder reproductive dysfunction
caused by ‘PC responsive’ variants. In addition, utilising PCs to
restore receptor function (in both primary and secondary hypogo-
nadism) could have the benefit of maintaining the spatial and tem-
poral receptor activation profiles governed by the secretion of
endogenous hormones.

An interesting observation to arise from the multiple studies
devoted to PC identification is the sheer number of different core
scaffolds and functional classes of the small molecules with PC
activity. However, this is perhaps not surprising as any cell permeant
small-molecule ligand that can interact with a GPCR should stabilise
its conformation to some extent and therefore have the potential to
act as a PC for destabilising variants of that receptor. Both antagonists
and agonists have been utilised as PCs and there are pros and cons to
the utilisation of both. Agonists can concurrently activate the variant
receptors in addition to restoring their cell surface expression and do
not require ‘washing out’ as with antagonists. However, at the rela-
tively high doses required for PC rescue, they have the potential to
induce agonist-mediated desensitisation/downregulation. Thererfore,
perhaps a class of pharmacological agent that would make effective

PCs would be positive allosteric modulators, which interact with a
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receptor and have no effect in isolation, but rather enhance the phar-
macodynamic profile of an endogenous hormone ligand. Such an
agent could potentially restore variant receptor cell surface expression
while simultaneously enhancing and maintaining the spatial and tem-
poral pattern of endogenous hormone responses. Recently there have
also been dedicated efforts to synthesise PCs with no intrinsic agonist
or antagonist properties.??>?2* These “pure PC” molecules would
have discernible advantages in the clinical setting and thus reflect an
interesting advancement in the field of PC rescue.

Variants in many of the genes encoding HPG axis receptors fol-
low an autosomal recessive pattern of inheritance. However, in sev-
eral cases only one variant allele has been detected, suggesting
additional unreported variants in other genes or in non-coding por-
tions of the genes that contribute to the patient phenotype. Alterna-
tively, as many GPCRs including the gonadotropin receptors,4322°
GnRHR,??¢ KISS1R??7 and KOR??%227 are capable of forming homo-
mers and/or heteromers (indeed, in the case of the LHCGR, it has
been estimated that only approximately half of plasma membrane

239) it is possible that intra-

localised receptors are in monomeric form
cellularly retained variants may act in a dominant negative manner,
resulting in concurrent retention of the WT receptor. Indeed, domi-
nant negative effects of intracellularly retained variants on WT
FSHRs, LHCGRs and GnRHRs have been reported.'#2231:232 Thijs
could therefore have major implications regarding the frequency of
incidence of reproductive dysfunction as a result of variants in these
receptors and thus the potential therapeutic scope for PC
therapeutics.

In summary, despite multiple studies exploring GPCR-targeting
PCs, only a small number of in vivo studies have elaborated upon their
potential in the clinical setting. One potential issue is the relative rarity
of the identified variants within the population, stifling significant
investment in research. However, for many GPCRs multiple small-
molecule agonists and antagonists already exist, with many in various
stages of clinical development for other indications. Repurposing/
repositioning of those molecules that have proven safe and effica-
cious in human studies could therefore represent a viable repository
of potentially effective PCs.
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