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ABSTRACT
Genetic variations in the genes encoding G protein-coupled receptors (GPCRs) can disrupt receptor 
structure and function, which can result in human genetic diseases. Disease-causing mutations 
have been reported in at least 55 GPCRs for more than 66 monogenic diseases in humans. The 
spectrum of pathogenic and likely pathogenic variants includes loss of function variants that 
decrease receptor signaling on one extreme and gain of function that may result in biased 
signaling or constitutive activity, originally modeled on prototypical rhodopsin GPCR variants 
identified in retinitis pigmentosa, on the other. GPCR variants disrupt ligand binding, G protein 
coupling, accessory protein function, receptor desensitization and receptor recycling. Next 
generation sequencing has made it possible to identify variants of uncertain significance (VUS). 
We discuss variants in receptors known to result in disease and in silico strategies for disambiguation 
of VUS such as sorting intolerant from tolerant and polymorphism phenotyping. Modeling of 
variants has contributed to drug development and precision medicine, including drugs that target 
the melanocortin receptor in obesity and interventions that reverse loss of gonadotropin-releasing 
hormone receptor from the cell surface in idiopathic hypogonadotropic hypogonadism. Activating 
and inactivating variants of the calcium sensing receptor (CaSR) gene that are pathogenic in 
familial hypocalciuric hypercalcemia and autosomal dominant hypocalcemia have enabled the 
development of calcimimetics and calcilytics. Next generation sequencing has continued to 
identify variants in GPCR genes, including orphan receptors, that contribute to human phenotypes 
and may have therapeutic potential. Variants of the CaSR gene, some encoding an arginine-rich 
region that promotes receptor phosphorylation and intracellular retention, have been linked to an 
idiopathic epilepsy syndrome. Agnostic strategies have identified variants of the pyroglutamylated 
RF amide peptide receptor gene in intellectual disability and G protein-coupled receptor 39 
identified in psoriatic arthropathy. Coding variants of the G protein-coupled receptor L1 (GPR37L1) 
orphan receptor gene have been identified in a rare familial progressive myoclonus epilepsy. The 
study of the role of GPCR variants in monogenic, Mendelian phenotypes has provided the basis 
of modeling the significance of more common variants of pharmacogenetic significance.

Abbreviations: ACTHR: adrenocorticotrophic hormone receptor, MC2R; ADH: autosomal dominant 
hypocalcemia; AgRP: agouti-related protein; BRET: bioluminescence resonance energy transfer; 
CAM: constitutively active mutant; Ca2+e: extracellular calcium concentration; Ca2+i: ionized calcium 
concentration; CaSR: calcium-sensing receptor; EC50: drug concentration resulting in half-maximal 
response; ECD: extracellular domain; EDN3: endothelin 3; EDNRB: endothelin-β receptor gene; EM: 
electron microscopy; ER: endoplasmic reticulum; ETA: endothelin-α; ETB: endothelin-β; FGD: familial 
glucocorticoid deficiency; FHH: familial hypocalciuric hypercalcemia; FSH: follicle stimulating 
hormone; FSHR: follicle stimulating hormone receptor; GNRH: gonadotropin releasing hormone; 
GNRHR: gonadotropin releasing hormone receptor; GOF: gain of function; GPCR: G protein-coupled 
receptor; GPR37L1: G protein-coupled receptor L1; GRK: G protein-coupled receptor kinase; ICD: 
intracellular domain; ICL: intracellular loop; IHH: idiopathic hypogonadotropic hypogonadism; JMC: 
Jansen-type metaphyseal chondrodysplasia; KS: Kallmann syndrome; LHCGR: luteinizing hormone/
choriogonadotropin receptor; LOF: loss of function; MAPK: mitogen-activated protein kinase; MCR: 
melanocortin receptor; MC1R: melanocortin 1 receptor, melanocyte-stimulating hormone receptor; 
MC4R: melanocortin 4 receptor; MSH: melanocyte-stimulating hormone; NanoBiT: NanoLuc® Binary 
Technology; NDI: nephrogenic diabetes insipidus; NGS: next generation sequencing; NPSR1: 
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neuropeptide S receptor 1; NSHPT: neonatal severe hyperparathyroidism; OHSS: ovarian 
hyper-stimulation syndrome; P2RY12: purinergic receptor 12; POMC: proopiomelanocortin; PROKR: 
prokineticin receptor; PTH: parathyroid hormone; PTH1R: parathyroid hormone 1 receptor; PTH2R: 
parathyroid hormone 1 receptor; PTHrP: PTH-related protein; RP: retinitis pigmentosa; SNV: single 
nucleotide variant; TM, transmembrane spanning helix, e.g. TM3; TMD: transmembrane domain; 
TSH: thyroid stimulating hormone; TSHR: thyroid stimulating hormone receptor; VFTD: bilobed 
Venus Flytrap domain; VUS: variant of unknown significance; WES: whole exome sequencing; WGS: 
whole genome sequencing
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Introduction

Genetic variation in G protein-coupled receptor (GPCR) 
genes has been associated with a spectrum of pheno-
types, from altered drug responses and altered suscep-
tibility to disease to Mendelian disease [1,2]. To date, 
pathogenic variants in at least 55 GPCR genes are 
known to be disease-causing (Figure 1), and missense 
variants have been identified in 108 GPCR drug tar-
gets, with many known to be of pharmacological 
importance [3]. Here we discuss recurrent pathogenic 
variants, mutations that are transmitted within families 
affected by disease, and compare them with de novo 

variants that may be very rare or lethal. Each 
naturally-occurring GPCR variant identified provides a 
window of opportunity for the study of receptor func-
tion that complements in vivo data on GPCR pharma-
cology and drug discovery. The signaling characteristics 
of mutant GPCRs can provide insight into the structure 
and function of variants associated with a phenotype 
that is primarily pharmacogenetic [2–5].

The study of variant GPCRs is of continuing rele-
vance because there are more than 84 Class A orphan 
receptors for which the endogenous activator remains 
unknown [4]. Based on data on GPCRs of known func-
tion, however, we know that recurrent variants may 
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contribute to the polygenic risk for a complex pheno-
type and are less likely to result in monogenic disor-
ders. Many variants are of pharmacogenetic relevance 
because they contribute to an altered drug response 
phenotype. For example, variants of the calcium-sensing 
receptor (CaSR) may be associated with monogenic 
disease, altered pharmacology or variants of uncertain 
significance (VUS) when they are not demonstrably 
benign [6]. By contrast with variants associated with 
monogenic disease, pharmacogenetic variants may 
result in hypermorphic (partial gain), hypomorphic 
(partial loss), or biased signaling of a receptor where 
activation results in a bias toward other pathways. 
Alterations of efficacy or potency of the variant recep-
tor compared to the wild-type receptor in 
pharmaco-genetics, therefore, suggests a continuum 
with those mutated in disease.

Pathogenic GPCR gene variants in disease

Expression of variant GPCRs in vitro has been shown 
to result in a spectrum of pathogenic and likely 
pathogenic variants. On one extreme, these include 
loss of function (LOF) variants that decrease receptor 
signaling. In some cases, LOF variants result in a dom-
inant negative phenotype in which their expression in 
heterozygous individuals serves to impair the func-
tion of the wild-type receptor [7]. A proposed and 
viable classification system for LOF variants, based on 
the life cycle of GPCRs, includes five subtypes: (1) 
defective GPCR synthesis; (2) defective trafficking to 
the cell surface, often resulting in retention within 
the endoplasmic reticulum (ER); (3) defective ligand 
binding; (4) defective receptor activation; and (5) 
mutants with no known effects or VUS [7]. We discuss 
mutant GPCRs associated with disease in the context 
of these variant classifications as well as pharmaco-
logical interventions that may target each. These 
include pharmacological chaperones, which are small 
molecules that stabilize insufficient or misfolded 
receptors that would otherwise not reach the cell 
membrane [8].

On the other extreme, gain of function (GOF) vari-
ants can result in constitutively activating mutations 

(CAMs) with autonomous signaling. The pharmacoge-
netics of GPCRs will be discussed in the context of 
altered response to ligands, and signaling will be dis-
cussed in the context of clinical efficacy. Variants iden-
tified in class A, B, C, and F GPCR families have been 
modeled on earlier in vitro studies [1,3–5]. The first nat-
urally occurring CAM that causes disease in humans 
was discovered in rhodopsin, and it is discussed as the 
prototypical pathogenic variant of this class [9].

The extreme receptor states of LOF and GOF, 
depicted schematically in Figure 2, result in changes 
in ligand binding, coupling to G protein, GPCR desen-
sitization, and GPCR trafficking [2,7–9]. Understanding 
the role of variant GPCRs in human genetic disease 
has led to drug discovery strategies that target vari-
ant GPCRs [2–4]. Here, we discuss the wide variety of 
GPCR gene variants and signaling disruptions that 

Figure 1. number of known disease mutations in GPCrs. Data obtained from DisGenet v 7.0 on all missense variants with a level 
of evidence greater than or equal to 0.8.

Figure 2. Gain of function (GoF) and loss of function (loF) 
mutations in GPCrs. General mechanisms of GoF mutations 
in GPCrs that include altered receptor selectivity for a spe-
cific probe, a gain or change in the preferred signaling path-
way triggering constitutive activity, increased binding and/or 
signaling kinetics, a change in the ligand-modality, as well as 
increased transportation or recycling may all lead to an 
amplified receptor activity capacity. on the other hand, loF 
mutations in GPCrs may result in an overall disruption or 
decrease of binding, potency, efficacy, or expression parame-
ters including alterations in receptor stability, folding, traffick-
ing, or the ability to interact with other scaffolding or 
signaling proteins.
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have been shown to be associated with monogenic 
disease phenotypes [1–9]. Knowledge of GPCR genes 
helps to define: (1) the genomic, proteomic, and sig-
naling properties of the many GPCRs available for 
drug discovery using “reverse pharmacology”; (2) the 
signaling changes that result from pathogenic and 

likely pathogenic variants in identified GPCRs; and (3) 
the treatment implications for patients with patho-
genic variants in GPCR genes. Selected examples of 
clinically actionable pathogenic and likely pathogenic 
variants (mutations) that are associated with human 
genetic disease are presented in Table 1.

Table 1. selected G protein-coupled receptors (GPCrs) associated with human genetic disease.
receptor variant/allele Disease/phenotype Pharmacology references

rhodopsin (rHo) 3q21–q24 G90D, a292e, t4K, n15s, 
t17M, P23H

l125r, K296e, e113, and 
substitution of adjacent 
residues e134Q, e134D

retinitis pigmentosa (rP), 
congenital night blindness

Constitutively active mutant 
(CaM) receptor

ruptures the salt bridge by a 
competitive mechanism

↑ activity; ↓ activity: e134 
critical

[5, 10–23]

adhesion G Protein-Coupled 
receptor v1 (aDGrv) 5q14.3

Q5459H, D4704y, etc. Usher syndrome type iiC; ciliopathy, 
late rP Febrile seizures

loF [186,187]

Frizzled class receptor 4 (FZD4) Dominant familial exudative 
vitreoretinopathy

inactivation of FZD4 [188–191]

luteinizing hormone/chorionic 
gonadotropin (lHCGr) 2p21

truncated tM5 leydig’s cell hyperplasia Constitutively activated 
luteinizing hormone (lH)

[25,28]

Follicle-stimulating hormone 
receptor (FsHr) 2p21–p16

t398M, a568v, M571i, 
t577i, D578G

a189v D567G

association with familial male 
precocious puberty

ovarian dysgenesis normal semen 
production

↓ gonadotropins Pharmacogenetic 
variant

↓ affinity for ligand 
constitutively active

[27]

Melanocortin1 receptor (MC1r) 
16q24.3

n680s D294H
D84e v92M

redhair/fairskin
Development of melanoma
redhair/fairskin

↓ affinity for ligand
activating/inactivating

[133]

Melanocortin 4 receptor (MC4r) 
18q22

v103i, many snPs Morbid obesity, monogenic form 
of binge eating

[134–152]

endothelin receptor, type b 
(eDnrb) 13q22

Many snPs, w276C Hirschsprung’s disease (one of 
nine genes at four loci)

↓ Gq coupling in vitro [103–105]

adrenocorticotropin receptor 
(aCtHr/ MC2r) 18p11.2

s120r, r201stop, s74i, 
v254C, C360G Promoter 
polymorphism

isolated glucocorticoid deficiency 
adrenocortical tumors

altered/loss of function
↓ expression; loss of 

heterozygosity in tumors

[156,157]

Gonadotrophin releasing 
Hormone receptor (GnrHr) 
4q21.2

n10K, n10r, e90K, r139H 
s217r, t321i

idiopathic hypogonadotropic 
hypogonadism (iHH)

reduced or loss of function [29,66–69,159,185]

Prokineticin receptor 2 (ProKr2) 
20p12.3

y113H, v115M etc. Kallmann syndrome; defective 
olfactory bulb, ↓Gonadotropins 
and testosterone

↓ G coupling in vitro [30]

Parathyroid hormone receptor 
(PtHr1) 3p22-21.1

H223r, t410P, i458r
P132l, Delete. bp 1122 

(frame shift), 1176 G/a
r150C

Jansen’s metaphyseal 
chondrodysplasia

blomstrand’s chondrodysplasia
enchondromatosis

Constitutively active receptor
inactivating mutations

[130,146,147]

thyroid-stimulating hormone 
receptor (tsHr) 14q31

P52t, G431s, v509a,
C672y
D727e
D619G, a623i (somatic)

autoimmune thyroid disease 
Grave’s disease
toxic multinodular goiter
Hyperfunctioning thyroid 

adenomas

altered receptor 
function/conformation

Population studies
Constitutive activation of 

adenylyl cyclase

[52–65]

arginine vasopressin receptor 2 
(avPr2) Xq28

w71 truncation and many 
snPs

nephrogenic diabetes insipidus ↓ ligand binding/reduced 
expression of receptor

[70–101]

G protein-coupled receptor 
(GPr154)

GPra-b isoform asthma bronchial epithelia Unidentified ligand suggests 
potential drug target

[176–178]

Chemokine, C-C motif, receptor 
5(CCr5) 3p21

Δccr5(32-bp deletion) 
59029 a/G

Homozygous Heterozygous

Partial resistance to Hiv infection
↓ aiDs progression
↓ non-Hodgkin’s lymphoma

altered binding affinity [191,192]

Purinergic receptor, P2y, 
G- protein coupled, 
12(P2ry12) 7p13

2-nt deletion bleeding disorder Disrupted Gi/Go inhibition of 
caMP accumulation

[102]

Calcium-sensing receptor (Casr) 
3q13.3–q21

r185Q, e297K, r795w, 
arg185Q, r220w

0.9-kbalu insertion in 
exon7 a116t, n118K, 
etc. a986s, r990G.

Familial hypocalciuric 
hypercalcemia (FHH)/ neonatal 
severe hyper parathyroidism

adenylyl cyclase
Familial hypocalcemia Common 

polymorphisms

loss of function
↑ iP3 response predictive of 

serum Ca2+

[106–128]
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Genetic variants contributing to diseases of the 
retina

Studies of GPCR variants began with examining the 
properties of the prototypical GPCR, rhodopsin, in 
diseases of the retina. The study of rhodopsin 
sequence variants in diseases of the retina is nearing 
its fifth decade. The most common causes of retinitis 
pigmentosa (RP) are the more than 150 rhodopsin 
variants that have been identified in autosomal dom-
inant RP, and less frequently, in autosomal recessive 
RP, because the rhodopsin p.Pro23His substitution 
was found to be pathogenic in disease [10–12]. 
Subsequently, pathogenic rhodopsin variants have 
been identified in dominant congenital stationary 
night blindness [11].

While recessive RP tends to be associated with LOF, 
the dominant form of RP results from constitutive 
activity and/or dominant negative pathology. Molecular 
studies have identified distinct consequences to rho-
dopsin structure and function that are associated with 
different variants [10–19].

In addition to rhodopsin, variants in at least fifty 
genes contribute to non-syndromic RP. Variants in a 
further twelve genes contribute to syndromic RP such 
as Usher syndrome, and seventeen more harbor patho-
genic variants in Bardet-Biedl syndrome [10].

Rhodopsin biochemistry
The study of a specific amino acid sequence variation, 
the transmembrane spanning helix 3 (TM3) 
p.Leu125Arg variant, contributed to understanding 
the extent to which a rhodopsin can desensitize. An 
experiment in which the amino acid at position 125 
of rhodopsin was serially substituted found that 
smaller residues were better able to activate trans-
ducin. For example, substitution of p.Leu125Trp and 
p.Leu125Tyr variants, which are bulky, was found to 
elicit little transducin signal. These results suggest 
that the steric effect of amino acid side chains can 
inhibit G protein activation [19]. The data on p.Leu125 
in rhodopsin’s TM3, located near the 11-cis-retinal 
binding pocket, helped to determine the chromophore- 
binding pocket structure [19] of this prototypical 
GPCR, rhodopsin.

Pathogenesis of retinitis pigmentosa
The discovery of pathogenic rhodopsin CAMs provided 
the data that was used to form the basis of our under-
standing of the conformational changes that result in 
GPCR activation. These studies also identified inverse 
agonists, a class of ligands that restore basal levels of 
signaling due to conformational changes that 

uncouple CAMs from the G protein. For example, 
11-cis-retinal, a retinoic acid derivative, is an inverse 
agonist that acts at rhodopsin [4,5,10].

In addition to the pathology of rhodopsin phos-
phorylation and desensitization that is characteristic 
of rhodopsin variants [10,11], variants of G 
protein-coupled receptor kinase (GRK) genes are 
implicated in the pathology of RP. In the retina, GRK1 
phosphorylation of rhodopsin contributes to rapid 
desensitizing after exposure to light. While patho-
genic rhodopsin variants can constitutively activate 
the G-protein complex, transducin, they can also 
result in constitutive GRK1 phosphorylation of rho-
dopsin. This inappropriate rhodopsin phosphorylation 
can result in interaction with beta-arrestin, thereby 
quenching coupling to transducin and inhibiting sig-
naling. These observations were foundational in 
understanding the reciprocal relationship between 
GPCR activation and the GRK phosphorylation that 
facilitates uncoupling from the G protein and resul-
tant quenching of the signal [10].

Night blindness
RP consists of a group of ocular anomalies that include 
night blindness and retinal dystrophies. There is con-
siderable variability in the phenotype and pathology 
associated with variants, including the p.Thr4Lys [14], 
p.Asn15Ser [15], p.Thr17Met, p.Pro23His [16,17], p.Pro-
23Leu, p.Gln28His, p.Gly90Asp, p.Glu113Gln, p.Ala-
292Glu, and p.Lys296Glu [10,13]. For example, complete 
night blindness results from p.Gly90Asp and p.Ala-
292Glu variants, while RP can result from other rho-
dopsin variants [13]. Different substitutions at p.Gly90 
may result in distinct phenotypes [18].

Functional genomics
Next generation sequencing (NGS) has enabled the 
identification of VUS in all GPCRs, including rhodop-
sin. Strategies for distinguishing benign from patho-
genic or likely pathogenic variants are important in 
diagnostics as well as in selecting treatment modali-
ties, including gene therapy. Strategies including deep 
mutational scanning have been developed to screen 
libraries of receptor variants expressed in human cell 
lines with G protein barcoded transcriptional report-
ers [20]. These methods allow the screening of the 
human genome for GPCR variants that are relevant to 
pharmacogenetics.

One strategy that has been reported for characteriz-
ing GPCR variant function involves characterizing the 
surface expression of a rhodopsin variant library [21]. 
The authors used NGS to inform a flow cytometry-based 
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assay that potentially could be performed on all vari-
ants identified in the genome without barcoding. This 
approach identified variants with decreased expression, 
including p.Gly18Asp, p.Gly101Val, and p.Pro180Thr, 
that are transmitted in affected pedigrees [21].

Potential therapies
Since 1998, many gene therapy approaches have been 
explored in preclinical animal studies. Models of autoso-
mal dominant RP, including transgenic mice and pig mod-
els, have been used to evaluate gene knockdown, 
augmentation, editing, or a combination of these 
approaches. For example, in the rhodopsin T4R dog 
model, a replacement strategy with an adeno-associated 
virus vector has been shown to prevent photoreceptor 
degeneration.

Experimentally, CRISPR-Cas9 gene editing may be able 
to eliminate rhodopsin variants; however, ethical con-
straints make this impractical in human subjects. More 
practically, while gene augmentation with a wild-type 
copy of rhodopsin may overcome dominant negative vari-
ants, gene knockdown may be more useful for GOF vari-
ants. Heterogeneity in autosomal dominant RP and related 
disorders suggests that a mutation-independent strategy 
may be more successful if knockdown is combined with 
gene replacement [13].

Oguchi disease: GRK1 and rhodopsin
In addition to GRK1 variants, autosomal recessive 
Oguchi disease is a rhodopsin-related disorder associ-
ated with night blindness that can result from S-antigen 
visual arrestin gene (SAG) variants. In the wild-type, the 
S-antigen quenches the signal of rhodopsin that has 
been phosphorylated upon photoactivation; however,  
its variants result in a disruption of phototransduction 
recovery. For example, nonsense variants in the SAG 
gene (e.g. c.916G>T; p.Glu306*) have been reported to 
impair GRK1-mediated desensitization of rhodopsin 
[22]. SAG variants [22], similar to variants of other 
genes [23], disrupt the quenching associated with light 
induced phosphorylation [23]. This reflects the fact 
that disruption of GPCR accessory proteins can result 
in disease phenotypes that resemble receptor 
dysregulation.

Thyroid stimulating hormone receptor variants

The thyroid stimulating hormone receptor (TSHR) is 
integral to the regulation of T3 and T4 production and 
secretion through a thyroid stimulating hormone (TSH) 
feedback loop. Activating and inactivating variants of 
the genes, TSH and TSHR, are associated with many 

cases of thyroid disease. The TSHR variants are 
expressed mainly on thyroid follicular cells. Variants of 
TSHR alter TSH signaling because they decrease Gαs 
adenylyl cyclase stimulation. The dysregulation of the 
TSH function resulting from disrupted TSHR is associ-
ated with abnormal growth of the cells responsible for 
secreting thyroid hormone.

For example, variants of the TSHR located in 
domains are reported to activate the receptor protein. 
By contrast, variants in other portions of the TSHR 
have been reported in somatic variants of multinodu-
lar goiter [51–58]. The p.Gly431Ser position of TSHR, 
for example, has been reported to be constitutively 
active [54].

Activating TSHR variants in hyperfunctioning 
thyroid disorders
Goiter refers to athyroid gland enlargement that can 
be due to a number of causes, including dietary iodine 
deficiency. Diffuse, multi-nodal goiter refers to a thy-
roid gland that is diffusely hyperplastic and overpro-
duces thyroid hormone. Activating “germline” variants 
of TSHR cause non-autoimmune autosomal dominant 
hyperthyroidism. Somatic TSHR variants can be found 
in functioning thyroid adenoma.

Toxic thyroid hyperplasia, or non-autoimmune auto-
somal dominant hyperthyroidism, has been associated 
with similar variants [51,52,54,58,59]. For example, 
TSHR variants have been identified in TM3 (p.Val509Ala) 
and TM7 (p.Cys672Thr), as well as the carboxyl tail 
(p.Asp727Glu) [60]. The effects of these germ-line vari-
ants are similar with respect to somatic variants found 
in hyperfunctioning thyroid adenoma [51,59].

Although pathogenically heterogeneous, toxic mul-
tinodular goiter can result in hyperthyroidism. Further 
complicating the molecular diagnostics is the fact 
that activating variants of Gαs and the TSHR are 
reported in goiter. These variants are associated with 
autonomously hyperfunctioning thyroid adenomas 
[52] and many non-adenomatous hyperfunctioning 
nodules identified in the thyroid gland of patients 
with toxic or functionally autonomous multinodular 
goiter [61].

Thyroid phenotype variability
Even though TSHR variants are generally located within 
TM domains, the extent of their conservation is associ-
ated with phenotypic variability. The broad clinical 
phenotypes of single amino acid changes such as 
p.Ser505Arg are at odds with their putative constitu-
tive activity with respect to second messenger produc-
tion. However, their enhanced agonist sensitivity can 
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be inferred to reflect their role in congenital 
non-autoimmune hyperthyroidism [62]. In this context, 
the role of genomic background in modulating the 
clinical significance of some variants cannot be ignored 
[53]. The highly variable thyroid phenotypes associated 
with TSHR variants may reflect the presence of 
co-repressor defects reported in many patients [63].

Grave’s disease
The hallmark of Graves’ disease (GD) pathogenesis is 
the presence of activating TSHR antibodies. The associ-
ation of TSHR variants with GD has been identified 
from genome-wide association studies. Thyroid autoim-
munity associated with GD was narrowed to a 40 kb 
disease-susceptibility region in intron 1 [64], which was 
reported to be in linkage disequilibrium with at least 
five single nucleotide variants (SNVs) [65]. SNVs identi-
fied in TSHR intron 1 may result in a reduction of TSHR 
expression in the thymus, diminished central tolerance 
and TSHR autoimmunity [65].

With respect to TSHR intron 1 GD-associated SNVs, 
Brand et  al. reported that their putative regulation of 
mRNA spicing may result in a TSHR A-subunit that is 
autoantigenic [65]. By contrast [64], in genetically sus-
ceptible individuals, intron 1 SNVs may modulate neg-
ative selection of TSHR-autoreactive T cells in the 
thymus. Over expression of the protective allele in the 
thymus may help overcome central tolerance escape of 
TSHR-reactive T cells and impact phenotype severity. 
The expression and pathogenesis of TSHR variants in 
GD may be impacted by the environmental impact on 
epigenetic marks [64].

Calcium-sensing receptor variants

The calcium-sensing receptor (CaSR), expressed on para-
thyroid gland cells secreting parathyroid hormone (PTH) 
and cells lining the renal tubule, detects extracellular 
calcium concentration (Ca2+e) [107]. The CaSR is essen-
tial in maintaining Ca2+e by sensing changes in blood 
calcium levels. The conformational changes resulting 
from Ca2+ binding to the CaSR result in signaling that 
modifies PTH secretion and renal handling of cations 
[107]. The calcium set-point (defined as the Ca2+ con-
centration that half-maximally inhibits PTH secretion) is 
dependent on CaSR expression and activity [107]

Like the metabotropic glutamate receptors 
(mGluRs), the gamma aminobutyric acid receptor 
type B and the taste and odorant receptors, the CaSR 
is a member of the class C subfamily. Class C GPCRs 
share two common structural features: they form 
constitutive homo dimers and have extensive 

extracellular domains (ECDs) comprising a bilobed 
Venus Flytrap domain (VFTD) that include the ortho-
steric ligand binding sites, and a cysteine-rich domain 
(Figure 3). Structural studies have shown that the 
CaSR ECD harbors multiple Ca2+ binding sites as well 
as sites for phosphate ions and L-amino acids includ-
ing tryptophan [108]. Cryo-electron microscopy (EM) 
studies suggest that upon activation, the homodimer 
adopts a conformational asymmetry that prepares 
one protomer to interact with the G-protein. While 
calcimimetic drugs stabilize this process, calcilytic 
drugs lock the CaSR in an inactive symmetric config-
uration [109].

Inherited CaSR gene variants can result in a vari-
ety of mineral ion homeostasis disorders. Among 
individuals with calcium homeostasis disorders, over 
460 germline variants have been identified [110]. 
While inactivating CaSR variants are associated with 
familial hypocalciuric hypercalcemia type 1 and neo-
natal severe hyperparathyroidism (NSHPT), activating 
variants are associated with Bartter’s syndrome type 
V and autosomal dominant hypocalcemia type 1. 
Figure 4 outlines the location of selected CaSR  
variants [111].

Neonatal severe hyperparathyroidism and familial 
hypocalciuric hypercalcemia
Neonatal severe hyperparathyroidism (NSHPT) presents 
with significant hypercalcemia (Ca2+ exceeding 
4.5 mmol/L), skeletal demineralization, failure to thrive, 
hypotonia, lethargy, respiratory distress, and dehydra-
tion [110,112]. Delays in effective treatment, which 
often requires parathyroidectomy, can lead to a devas-
tating if not fatal, neurodevelopmental disorder [111] 
known as autosomal dominant familial hypocalciuric 
hypercalcemia (FHH). FHH is asymptomatic in more 
than 70% of cases. It consists of long-term elevation of 
serum Ca2+, high PTH levels and low excretion of Ca2+ 
from the kidneys [110,112]. Although the extent of 
hypercalcemia may resemble that found in mild pri-
mary hyperparathyroidism, hypercalcemia persists in 
FHH despite subtotal parathyroidectomy. As a result, in 
order to avoid unnecessary surgery, it is imperative to 
distinguish primary hyperparathyroidism and FHH. This 
can be achieved by genetic testing and assay for cal-
cium/creatinine clearance ratio (less than 0.01 for FHH) 
and the identification of kidney stones, cardiovascular 
events, and fractures that more often present in pri-
mary hyperparathyroidism. Although FHH is generally 
considered benign, recurrent pancreatitis can be a rare 
presentation [113,114].

More than 85% of cases of NSHPT result from 
homozygous or compound heterozygous variants 
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[110,112]. Heterozygous variants have been reported 
in fewer cases of NSHPT, within which they cluster in 
the ECD regions necessary for receptor activation. 
These include the region between VFTD lobes and the 
cysteine-rich domain homodimer interface [108–110]. 
However, variants in these regions are not always 
associated with severe disease. Moreover, the same 
genetic variants have been identified in the heterozy-
gous state in some individuals that present with FHH, 
while other patients develop severe hypercalcemia 
(e.g. p.Arg185Gln). The interaction of CaSR variants 
and exposure to maternal vitamin D and Ca2+ in utero, 
or other genetic variants, may influence disease sever-
ity [115] in these patients.

More than 300 different CaSR variants have been 
associated with the familial hypocalciuric hypercalce-
mia type 1 (FHH1) [116]. The majority (80%) of these 

inactivating variants are missense; however, truncation 
(nonsense or frameshift), indel, and splice-site variants 
have been reported [110]. FHH1 variants have been 
identified in the ECD, transmembrane domain (TMD) 
and intracellular domain (ICD) (see Figure 4). Missense 
CaSR variants cluster in ECD regions involved in dimer 
formation, ligand-binding and ICL1 (ICL, intracellular 
loop) regions that are integral to the homodimer inter-
face [108,110]. The location of variants throughout the 
CaSR is consistent with structural studies showing that 
the receptor requires conformational rearrangements 
within multiple regions of the ECD and TMD for 
ligand-induced activation [108,109].

Homozygous variants have been reported in a few 
individuals with FHH1 who present earlier with higher 
serum Ca2+ levels than FHH patients with heterozygous 
variants [117,118]. By contrast with dominant negative 

Figure 3. above, a schematic showing the major structural regions of the Casr extracellular domain (eCD). the Casr forms a 
functional homodimer (protomer 1 in brown and protomer 2 in gray) comprising a bilobed venus Flytrap domain (vFtD) and a 
cysteine-domain (CrD). the vFtD contains the ligand-rich binding sites for Ca2+ and amino acids including lr-trp. structural studies 
indicate there are at least two Ca2+-binding sites in each protomer with the cartoon depicting those identified in the recent 
cryo-eM structures [109]. loop 1 and 2 reach across the homodimer interface to contact residues on the opposite protomer. 
activating mutations have been identified in several residues within these loops. both inactivating and activating mutations are 
concentrated in the region between the two lobes of the vFtD, and the CrD homodimer interface. left, a recent structural repre-
sentation of the active site (https://www.rcsb.org/structure/7M3F).

https://www.rcsb.org/structure/7M3F
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Figure 4. Missense mutations in the Casr. (a) schema of the Casr (which has 1,078 amino acids) showing the relationship between 
exons 2-7 and the portions of the protein they encode. exons 2-6 and the beginning of exon 7 encode the eCD comprising ~610 
amino acids, exon 7 encodes the tMD of ~250 amino acids including membrane-spanning helices tM1-tM7, eCl1-eCl3, iCl1-iCl3, 
and the iCD of ~200 amino acids. the locations of missense variants reported in Clinvar and annotated in GnomaD (version 4.0.0, 
october 2023) as either pathogenic (pink) or variants of unknown significance (orange) are shown above the bars representing exons. 
it should be noted that many Clinvar variants have not been functionally analysed and may represent benign non-disease causing 
variants. (b) schema of the Casr showing missense mutations that have been functionally characterized and therefore are known 
pathogenic variants. Multiple mutations have been reported at some of these residues. Please see online version for color figure.
eCD: extracellular domain; eCl: extracellular loop; iCD: intracellular domain; iCl: intracellular loop; tM: transmembrane spanning helix; tMD: transmembrane domain.
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LOFs, homozygous FHH1 variants such as p.Gln159Arg 
are associated with a milder LOF [117].

FHH is generally a heterogeneous disorder. FHH 
type 1 results from inactivating heterozygous variants 
in the Gα11 protein (encoded by GNA11), which impair 
G protein signaling. FHH type 2 results from variants of 
the adaptor protein-2 sigma subunit AP2σ (encoded by 
AP2S1), which enhance CaSR internalization [117,118]. 
Individuals with AP2σ variants have higher serum Ca2+ 
levels and may exhibit symptomatic hypercalce-
mia [118].

Cinacalcet, a CaSR positive allosteric modulator that 
increases CaSR sensitivity to extracellular Ca2+, has 
been used to lower serum Ca2+ and PTH in some 
NSHPT patients, but not in those with more damaging 
variants [119]. Moreover, cinacalcet may act to normal-
ize serum Ca2+ and PTH, and resolve hypercalcemic 
symptoms such as vomiting, headaches, fatigue, 
abdominal pain, and musculoskeletal pain in patients 
with AP2S1 and GNA11 variants [119]. However, many 
cases of asymptomatic FHH do not benefit from the 
use of cinacalcet, and it should be noted that it is not 
approved by the US Food and Drug Administration for 
use in pediatric patients.

Hypocalcemia, hypoparathyroidism, and 
hypocalcemic hypercalciuria
Pathogenic activating CaSR variants are responsible for 
hypocalcemic disorders including autosomal dominant 
hypocalcemia and Bartter’s syndrome type V. 
ADH1-associated CaSR mutations increase the sensitiv-
ity of the receptor to extracellular calcium and conse-
quently, patients present with low or inappropriately 
normal levels of PTH [110,118]. Hyperphosphatemia, 
hypercalciuria and hypomagnesemia are also reported 
[120]. More than 70% of ADH patients have hypocalce-
mic symptoms such as seizures, tetany, carpopedal 
spasms, and paresthesia. A third of patients exhibit 
signs of nephrocalcinosis and basal ganglia calcifica-
tion [110].

Over one hundred CaSR variants have been identi-
fied in ADH, most of them missense. Even propor-
tions of these variants are located in the ECD and the 
TMD [110]. ECD variants are located in three portions 
of the receptor: the “hinge” between lobes 1 and 2, 
the homodimer interface, and the loop 2 region 
involved with inter-protomer dimerization [108,110]. 
More than twenty variants are located in TM6 and 
TM7. Cryo-EM studies show that this region under-
goes the largest structural rearrangement during the 
switch from the inactive-to-active state, predicting 
that ADH variants promote GOF through conforma-
tional change [109].

Many CaSR variants associated with ADH are de 
novo or are inherited in the heterozygous state [110]. 
Of the two homozygous variants identified in ADH1, 
one is a large deletion of 80 residues from the intracel-
lular C-terminus that serves to truncate the cytoplas-
mic tail. Because degradation signals are lost during 
truncation, the truncated receptors are often found on 
the cell surface when expressed in cell lines [121]. 
Another homozygous ADH1 mutation is a missense 
variant that has been identified as a heterozygous vari-
ant in the normal population. In vitro functional analy-
ses showed that expression of the variant receptor 
results in reduced Ca2+ EC50 (drug concentration result-
ing in half-maximal response) values, but that simula-
tion of the heterogeneous state by expression of equal 
amounts of wild-type and mutant receptor have no 
effect on receptor activity [122]. This highlights the 
importance of functional investigation of heterozygous 
variants in patients with calcemic disorders.

Occasionally, ADH1 presents with features (renal salt 
wasting, metabolic alkalosis and hypokalemia) of 
Bartter’s syndrome. This heterogenous disorder results 
from variants that disrupt NaCl transport across the 
thick ascending limb of the loop of Henle. The conse-
quent loss of magnesium and calcium to the urine 
may inhibit NaCl reabsorption in the loop of Henle of 
some individuals with CaSR GOF variants [110].

ADH1 should be distinguished from other forms of 
hypoparathyroidism because treatment with vitamin D 
or its metabolites, while benefitting hypocalcemia, may 
worsen nephrocalcinosis and hypercalciuria [120]. Loss 
of function of CaSR in the renal tissue may explain the 
relatively higher degree of calciuria and nephrocalcino-
sis in ADH1 compared to other forms of hypoparathy-
roidism. Recombinant PTH and/or thiazide diuretics 
that lower urinary Ca2+ may provide other treatments. 
In mouse models, negative allosteric modulators, often 
referred to as calcilytics, have been shown to increase 
serum Ca2+ and PTH while reducing urinary Ca2+. In 
human ADH1, there are data from clinical trials on the 
efficacy of calcilytics such as NPSP795 and encaleret. 
For example, PTH levels increased in a dose-dependent 
fashion and the urinary fractional excretion of calcium 
was reduced in response to NPSP795. No correlation 
between in vitro responses to NPSP795 and clinical 
parameters were identified, indicating that in vitro data 
cannot predict in vivo responses to calcilytics, and that 
genetic background or other factors may influence 
drug responses [117]. A phase 2b open-label trial with 
encaleret in individuals with ADH1 is currently under-
way; preliminary results indicate that encaleret 
increases blood PTH and decreases serum phosphates 
[117]. ADH is now recognized as a heterogenous 
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disorder because activating variants in Gα11 have been 
reported in ADH type 2. This is associated with less 
pronounced hypercalciuria, raising the question of 
whether the CaSR in the renal tubules couples to G 
proteins other than G11 [118].

Biased signaling and endosomal signaling
Following stimulation, the CaSR can couple with multi-
ple pathways. While CaSR generally couples to Gαq/11, 
liberating intracellular calcium (Ca2+i) and activating 
mitogen-activated protein kinase (MAPK) pathways, 
coupling to Gαi/o has been described and results in a 
reduction of cAMP [110,118]. Functional analyses have 
shown that variants of CaSR can promote signaling 
bias. While FHH1 variants tend to couple preferentially 
to MAPK pathways or reduce both Ca2+i and MAPK 
pathways equally, ADH1 variants tend to favor activa-
tion of Ca2+i dependent pathways [123]. Substitutions 
of different amino acids at specific positions of the 
CaSR have demonstrated the clustering of FHH and 
ADH variants. These amino acid “switch residues” are 
located in critical structures such as the VFTD and 
TM3-TM6 that are required for receptor activation and 
G protein coupling. Amino acid substitution can bias 
signaling toward pathways that act through Ca2+i or 
MAPK [124].

Autoantibodies to the CaSR have been reported in 
some cases of acquired hypocalciuric hypercalcemia. 
Autoantibodies that interact with the VFTD as 
allosteric modulators have been described to elicit 
signaling bias by enhancing Ca2+i while reducing 
pERK (phospho-extracellular signal-regulated kinase) 
[125]. It has been hypothesized that this unique 
effect on signaling may arise from preferential cou-
pling to Gi-MAPK pathways, although how this sig-
naling pattern results in AHH remains to be explained. 
Further studies of these autoantibodies could identify 
specific receptor conformations that are required for 
the activation of different G proteins or for activation 
of Ca2+i versus MAPK signaling. The p.Arg680Gly vari-
ant of ADH1, which disrupts a salt-bridge hypothe-
sized to regulate G protein coupling, may result in 
bias in the signaling of CaSR toward a β-arrestin-me-
diated pathway [110]. Studies of AP2σ variants show 
that CaSR signaling through long-acting MAPK sig-
nals do so by sustained signaling from internalized 
CaSR-G protein complexes at endosomes [124]. An 
improved understanding of the physiological effects 
of these biased signaling pathways and of the activa-
tion mechanisms of CaSR will likely inform the design 
of the next generation of allosteric modulators tar-
geting the CaSR.

To date, the pathogenicity of CaSR variants has been 
investigated using largely second messenger readouts 
rather than direct measures of GPCR activation and G 
protein coupling. The most commonly-investigated 
pathway is generation of Ca2+i by transiently trans-
fected plasmids encoding CaSR wild-type or mutant 
proteins. Ca2+i has been quantified using calcium sen-
sors (e.g. fura-2) and fluorescent indicators (e.g. fluo-4), 
and occasionally using aequorin sensors [123,126,127]. 
CaSR biased signaling has been assessed using a 
nuclear-factor of activated T cells response element 
(NFAT-RE) luciferase construct that can be activated by 
Ca2+i-calmodulin pathways [124]. While investigation of 
CaSR-mediated Ca2+i signaling has successfully demon-
strated the pathogenicity of many FHH- and 
ADH-associated variants, the assessment of a single 
signaling output can potentially miss important details 
about the effects of some CaSR variants, including 
those that bias receptor signaling and those that have 
no/moderate effects on Ca2+i. It has become more 
common in the last ten years for researchers to also 
investigate MAPK signaling. This is usually via genera-
tion of phosphorylated ERK1/2 by western blot, 
although quantitative AlphaScreen analysis (Amplified 
Luminescent Proximity Homogenous Assay Screen, 
Perkin Elmer, Waltham, MA, USA) and luciferase reporter 
assays measuring the serum response element, to 
which many ERK1/2 effectors bind, have been 
used [126].

Assessment of phospholipase C activation by mea-
suring inositol phosphate has also been increasingly 
used, as this measures Gq/11-mediated signaling in a 
quantitative manner and can easily be adapted for 
pharmacological screening platforms [123]. The acti-
vation of other CaSR-mediated signaling pathways, 
including inhibition of cAMP by Gαi/o-coupling, has 
rarely been assessed. This is likely because of the dif-
ficulties associated with assessing a reduction in 
cAMP, which usually requires pretreatment of cells 
with forskolin to artificially elevate intracellular cAMP. 
Moreover, few reliable assays to quantify cAMP 
existed when CaSR variants were first described. 
However, researchers now have multiple assays to 
choose from, including end-point assays such as the 
LANCE (Perkin Elmer, Waltham, MA, USA) cAMP kit or 
live-cell kinetic assays such as those using Glosensor 
(Promega, Madison, Wisconsin, USA) cAMP. Therefore, 
it is likely that the effect of CaSR variants on cAMP 
and Gαi/o signaling will be explored in detail in 
future studies. Additionally, it is likely that the effects 
of CaSR mutants on G protein activation and cou-
pling, rather than generation of downstream second 
messengers, will be assessed in the future as 
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high-throughput screening assays using BRET (biolu-
minescence resonance energy transfer) and/or 
NanoBiT (NanoLuc® Binary Technology) are increas-
ingly utilized.

One example of a BRET-based method is an 
open-source suite of 14 optimized BRET Gαβγ biosen-
sors (named TRUPATH) that can be utilized for the 
interrogation of the transducerome down to single 
pathway resolution within cells. Biosensors such as 
Gα15 and Gα reveal coupling preferences for proto-
typic and understudied GPCRs [124]. Other BRET tools 
can identify specific G proteins and β-arrestins that are 
integral to the signaling of a given GPCR. Translocation 
of effectors to the plasma membrane is the basis of 
monitoring G protein subtypes utilized by BRET. The 
advantage to this method is that it can detect not only 
biased signaling but also constitutive activity, and it 
can distinguish inverse agonism and polypharmacol-
ogy [127].

Polymorphisms and non-calcitropic disease
The increased availability of NGS datasets in the last 
decade has revealed the highly polymorphic nature 
of the CaSR gene. Missense variants in CaSR have 
been reported for gnomAD analysis of approximately  
731,000 exomes and 76,000 genomes across diverse 
sub-populations. It is interesting to note that a 
null-model would have predicted more than 1420 
missense variants; this suggests a strong evolutionary 
constraint on CaSR function (https://gnomad.
broadinstitute.org/gene/ENSG00000036828?dataset= 
gnomad_r2_1).

As only approximately one-third of CaSR variants 
reported in association with FHH or ADH have been 
demonstrated to affect CaSR function, it is possible 
that some of these variants may not be pathogenic. 
This has been shown for some variants (e.g. p.Arg-
544Gln) that were reported in FHH cohorts, but were 
later discovered to be polymorphisms. Therefore, func-
tional evaluation of CaSR variants by in vitro analysis 
identified in hyper/hypocalcemic individuals remains 
the gold standard to determine pathogenicity. However, 
the examination of CaSR variants in the over 51,000 
individuals enrolled in the DiscovEHR cohort confirmed 
that variants predicted to be pathogenic had changes 
in serum calcium [127]. While nonsense and frameshift 
CaSR variants were found to have aberrant Ca2+ con-
centrations, benign missense CaSR variants were pre-
dicted to be associated with a normocalcemic state. 
Thus, online pathogenicity tools such as PolyPhen 
(polymorphism phenotyping, http://genetics.bwh.
harvard.edu/pph2/) and SIFT (sorting intolerant from 

tolerant, http://sift-dna.org/) may serve as initial predic-
tors of CaSR variant effects on serum calcium concen-
trations and should be employed immediately following 
discovery of a CaSR variant in hyper/hypocalcemic 
individuals.

CaSR not only plays a key role in calcium homeosta-
sis but also may contribute to a variety of non-calcitropic 
functions such as neurotransmission, glucose metabo-
lism, hypertension, bronchoconstriction and wound 
healing. The extra-skeletal and extra-renal expression of 
CaSR in tissues is critical to maintaining basal Ca2+i. 
CaSR dysregulation in these tissues can contribute to 
neurological disease and smooth muscle pathology in 
bronchoconstriction [110]. Targeting CaSR at these 
non-calcitropic tissues could provide novel treatments 
for disease. For example, increased expression of CaSR 
has been demonstrated in airway smooth muscle of 
allergen-sensitized mice and asthmatic patients. 
Treatment of mice with calcilytics reduced airway hyper-
responsiveness and inflammation. Based on these obser-
vations, association studies have increasingly sought to 
establish if common or rare CaSR variants are them-
selves associated with a diverse range of pathologies.

The three most common carboxy terminal CaSR mis-
sense polymorphisms (encoding p.Ala986Ser, p.Arg990Gly, 
p.Glu1011Gln) have been found to contribute to a range 
of disorders including frequency of kidney stones, pancre-
atitis, primary hyperparathyroidism, and vascular calcifica-
tion [43]. However, these studies used small numbers of 
participants and different experimental parameters or sta-
tistical analyses and their findings were often inconsistent 
and difficult to interpret. Recent studies have attempted 
to combine multiple well-characterized population 
cohorts from diverse ethnic populations and have con-
firmed that CaSR polymorphisms influence serum calcium 
levels, but they did not find associations with other 
pathologies [128]. Functional analyses of the three com-
mon polymorphisms showed that they may alter the 
CaSR Ca2+i EC50, although this appears to be in the 
opposite direction from that predicted to influence the 
implicated pathologies [43]. Thus, while common poly-
morphisms influence serum calcium levels, it is unlikely 
that they have a major effect on other human disease 
pathologies in isolation.

The small changes in Ca2+i set point that result from 
CaSR variants in vitro may be too mild to be of clinical 
significance in some extra-skeletal tissues where recep-
tor expression is much lower than that observed in 
parathyroid or kidney tissue. However, some associa-
tions between CaSR variants and non-calcitropic dis-
ease have been identified, including a rare missense 
CaSR variant identified in individuals with idiopathic 
generalized epilepsy. Functional studies have shown 

https://gnomad.broadinstitute.org/gene/ENSG00000036828?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/gene/ENSG00000036828?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/gene/ENSG00000036828?dataset=gnomad_r2_1
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sift-dna.org/
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that the variant disrupts the proximal portion of the 
carboxyl tail of the CaSR; this includes an arginine-rich 
motif that promotes greater retention of the receptor 
at the cell-surface [44]. Rare missense CaSR variants 
have been reported to be associated with cardiovascu-
lar disease, depression, dementia and alcohol abuse in 
the DiscovEHR cohort. Further studies in larger data-
sets are required to verify causation between CaSR 
variants and diverse pathologies [127].

Parathyroid hormone receptor and bone 
metabolism

In humans, the parathyroid hormone 1 receptor gene 
(PTH1R), which has a wider tissue distribution than 
parathyroid hormone 2 receptor (PTH2R), encodes a 
receptor that binds both PTH and PTH-related protein 
(PTHrP). Because PTH2R has a narrower expression and 
different ligand rank order of potency than PTH1R, our 
discussion is focused on PTH1R. PTH regulates homeo-
stasis of calcium and phosphate by enhancing bone 
resorption, modulating the synthesis of active vitamin 
D and modifying urinary excretion of calcium and 
phosphate, while PTHrP acts as a paracrine/autocrine 
regulator involved in vascular smooth muscle relax-
ation, transplacental calcium transport and enhanced 
bone remodeling [42]. Like glucagon, glucagon-like 
peptide-1, growth hormone-releasing hormone, calci-
tonin, secretin and vasoactive intestinal peptide, PTH1R 
is a member of the class B GPCR family. PTH1R is 
highly expressed in metaphyseal growth plate, bone 
and kidney of fetal and adult tissues. PTH1R variants 
are associated with adult height and bone mineral 
density, consistent with its role in bone metabolism 
and endochondral bone formation [42].

While the structurally similar PTHrP and PTH act at 
the PTH1R with identical pharmacological properties, 
PTH stimulates prolonged physiological responses 
(increases in active vitamin D and bone resorption 
markers) compared to PTHrP. Structural and kinetic sig-
naling studies have revealed two ways in which the 
PTH1R ligands exert these distinct physiological pro-
files. PTH stabilizes the PTH1R in a pre-active state that 
interacts preferentially with a G-protein; this structural 
conformation is designated R0. Additionally, PTH medi-
ates sustained PTH1R signaling through Gs-cAMP after 
internalization in endosomes, whereas PTHrP can sig-
nal only from the plasma membrane [45].

The current generation of PTH1R-targeting com-
pounds are designed with a focus on manipulation of 
these distinct receptor states. In animal models, 
long-acting-PTH, a PTH/PTHrP chimera with high R0 
affinity, is associated with significantly longer 

endosomal cAMP response and prolonged hypercal-
cemia in animal models compared to PTH [45]. 
Cryo-EM studies of the long-acting-PTH have demon-
strated insertion of the N-terminus into the TMD core, 
leaving the C-terminal to bind rapidly and repeatedly 
to the PTH1R, thus enabling persistent activation [45]. 
The synthetic N-terminal teriparatide (PTH 1-34), 
named for the first 34 amino acids of PTH, has ana-
bolic effects on bone and osteoblast proliferation. Its 
effect on 1,25-dihydroxy-vitamin-D, calcium, and bone 
resorption markers makes it useful in treating osteo-
porosis [45].

By contrast, abaloparatide, a human parathyroid 
hormone-related protein analog also designed to treat 
osteoporosis, binds PTH1R in a low affinity RG 
(receptor-G protein) conformation that has greater sim-
ilarity to PTHrP binding but produces more transient 
cAMP responses [42].

Germline variants in PTH1R cause rare skeletal dys-
plasias such as autosomal dominant Jansen-type 
metaphyseal chondrodysplasia, a rare short-limbed 
dwarfism resulting from growth plate abnormalities. 
Low or undetectable serum PTH in JMC is associated 
with chronic hypophosphatemia and hypercalcemia. 
Heterozygous PTH1R missense GOF variants, resulting 
in ligand-independent constitutively active receptors, 
are associated with the JMC phenotype [46]. To date, 
there have been less than thirty cases reported. 
Although some cases of familial JMC have been 
reported, most variants arise de novo [46]. Three amino 
acid residues located in the TMD and cytoplasmic face 
of PTH1R, p.His223, p.Thr410 and p.Ile458, allow the 
formation of a cavity necessary for G protein coupling 
by controlling the outward movement of the TMD 
regions of the PTH1R [47]. Currently, JMC has no effec-
tive treatments; however, an inverse agonist of PTH1R 
has recently been described to significantly improve 
parameters such as bone marrow fibrosis, excess tra-
becular bone mass, and bone turnover in JMC-associated 
PTH1R-p.His223Arg mice [47]. Future JMC treatments 
may include PTH1R inverse agonists.

Blomstrand lethal chondrodysplasia and related 
skeletal dysplasias and dental abnormalities are associ-
ated with homozygous or compound heterozygous 
LOF variants in PTH1R. Autosomal recessive BLC 
includes features of advanced endochondral bone mat-
uration, short-limbed dwarfism, abnormal tooth mor-
phogenesis and breast development associated with 
the increased calcification of advanced skeletal matura-
tion. The fetal death associated with BLC resembles the 
phenotype of PTH1R knockout mice [48]. Blomstrand 
disease has been subdivided into two groups, which, 
despite the nomenclature, can both be fatal. Severe 
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type I BLC is the classical form and type II BLC is rela-
tively milder. Complete or partial inactivation of the 
PTH1R, respectively, underlies the phenotypic differ-
ence attributable to type I versus type II [48].

Homozygous PTH1R variants have also been found 
in Eiken syndrome, a milder form of inherited skeletal 
dysplasia associated with delayed bone ossification 
and bone remodeling abnormalities that is character-
ized by normal serum calcium, phosphate and vitamin 
D [49]. Clinical phenotypes are variable, with some fea-
tures, including primary failure of tooth eruption, being 
consistent with inactivating mutations, and other fea-
tures, including delayed ossification, suggesting a GOF 
in chondrocytes. A recent study identified the PTH1R 
pathogenic variants in Eiken syndrome for the first 
time and provided some insight into why Eiken syn-
drome patients present with different phenotypes. The 
p.Arg485Stop variant increases basal cAMP signaling 
but reduces β-arrestin2 recruitment upon ligand stim-
ulation. The missense variants, p.Glu35Lys and 
p.Tyr134Ser, impair PTHrP binding to PTH1R, and also 
impair β-arrestin2 recruitment and desensitization of 
cAMP signaling specifically in response to PTHrP but 
not to PTH. It has been hypothesized that β-arrestins 
may act to suppress basal PTH1R cAMP signaling under 
normal conditions and that reduced β-arrestin cou-
pling could explain the delayed ossification observed 
in Eiken syndrome, whereas specific changes in 
response to PTHrP may result in the primary failure of 
tooth eruption [50] Finally, a homozygous PTH1R vari-
ant has been reported in one individual with pseudo-
hypoparathyroidism 1b. The residue affected, p.Arg186, 
contributes to ligand-receptor binding, and it is pre-
dicted that this mutation disrupts ligand binding affin-
ity [129].

Inactivating heterozygous PTH1R variants are pres-
ent in enchondromas of approximately 10% of Ollier’s 
disease patients, a condition with multiple benign car-
tilage tumors, and a predisposition to malignant 
enchondromatosis [130] that is associated with normal 
serum calcium and phosphate levels. Missense PTH1R 
variants reduce receptor activity by approximately 70%; 
while these have been suggested to contribute to 
Ollier’s disease, they are probably not entirely caus-
ative, the mode of inheritance being more likely a 
result of mosaicism [130]. Possible germline transmis-
sion of a PTH1R variant has been reported in one case. 
Thus, the development of enchondromas in Ollier’s dis-
ease may arise from a combination of germline and 
somatic events [130].

Aberrations of enchondromatosis result from abnor-
mal PTH1R signaling, including autosomal dominant 
symmetrical enchondromatosis reported in patients 

with 12p11.23 to 12p11.22 duplications that contains 
the PTHLH gene encoding PTHrP. In addition, autoso-
mal dominant inheritance of LOF variants in PTH1R, 
including those in BCL, can result in primary failure of 
tooth eruption. Haploinsufficiency of the receptor, 
resulting in loss of protein, may underlie the pheno-
type [131].

GPCR variants and obesity

While feeding regulation, integration of satiety and 
body fat inputs are regulated by portions of the 
hypothalamus that signal through the orexin/hypo-
cretin and leptin systems [132], bodyweight regula-
tion includes components of the leptin-melanocortin 
pathway. The first melanocortin receptors (MCR) 
reported were for the adrenocorticotropic hormone 
receptor (ACTHR or MC2R) and melanocyte-stimulating 
hormone receptor (MSHR or MC1R). While five MCRs 
are known, MC1R–MC5R, only MC3R and MC4R are 
expressed in the brain. The ligands for the MCRs are 
a group of peptide hormones that are produced as 
post-translational products from proopiomelanocor-
tin (POMC), itself produced in the pituitary gland. 
The ligand-bound MCRs couple primarily to Gαs 
[133–135].

Melanocortin 4 receptor variants
Melanocortin 4 receptor (MC4R) is expressed in the 
hypothalamic arcuate nucleus and has a central role in 
food intake. In response to signals such as leptin, 
POMC is released from neurons of the hypothalamic 
arcuate nucleus, and the biologically active products, 
αMSH and βMSH (MSH, melanocyte-stimulating hor-
mone), act on MC4R at the paraventricular nucleus. 
Agouti-related protein (AgRP)-expressing arcuate neu-
rons promote food intake by inhibiting MC4R [135–
146]. The balance between the activity of 
AgRP-containing neurons and αMSH-containing neu-
rons determines melanocortin pathway activity [140].

The study of MC4R knockout mice with an hyper-
phagic, overweight phenotype was foundational in 
the identification of the role of the MCH4-αMSH path-
way in obesity [142]. Subsequently, some forms of 
early-onset obesity have been reported to result from 
inheritance of variants in the gene encoding the 
MC4R. More than 200 variants have been identified to 
date although homozygous variants have also been 
reported and these individuals have an earlier onset 
of obesity. Most of the MC4R mutations are missense, 
although nonsense, frameshift and small insertions 
and deletions have been described [144–147]. MC4R 
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mutations impair cAMP generation, and cell surface 
expression is often defective due to retention 
in the ER.

Other mechanisms and loci have been proposed 
from the results of genome-wide association studies 
that identified the MC4R promoter SNP rs17066842 G > A 
variant as being associated with a lower likelihood of 
developing obesity and type 2 diabetes [145]. 
Although the mechanism by which this SNP protects 
individuals from developing obesity and diabetes is 
incompletely understood, in vitro studies showed a 
complex pattern of receptor cell surface expression 
regulated by glucose concentration that varied across 
cell types. Further studies are required to understand 
how this SNP regulates MC4R surface expression in 
different cell types. The fine mapping of 39 loci that 
identified MC4R variants in tens of thousands of cases 
and controls also identified non-coding variants of 
other genes, including cyclin dependent kinase inhib-
itors, diacylglycerol kinase β and glucose-dependent 
insulinotropic polypeptide receptor in obesity and/or 
type 2 diabetes [145]. These data suggest the MC4R 
signal is likely to be robust in this sample.

The contribution of LOF variants in MC4R to 
genetic adiposity may be greater than previously 
reported. A large study of the MC4R coding sequence 
in 5,724 participants enrolled in a UK longitudinal 
birth cohort study associated nonsynonymous MC4R 
variants with anthropometric phenotypes in child-
hood and early adulthood. There was a 0.30% fre-
quency of LOF variants in MC4R such that carriers of 
these variants had a substantial risk of excess adi-
posity [139].

In a combined epidemiological and pharmacological 
study employing genotype information from 500,000 
participants in the UK Biobank, 61 missense variants of 
MC4R were characterized in cAMP accumulation and 
β-arrestin signaling. Variants with a GOF in the arrestin 
pathway were associated with disease protective prop-
erties, while LOF variants in the Gs pathway were asso-
ciated with increased body mass index and 
obesity-related cardiometabolic traits [148]. In a 
follow-up study, variants that did not affect canonical 
Gs signaling and that were previously considered to be 
nonpathogenic were shown to disrupt other MC4 func-
tions including trafficking to the plasma membrane, 
dimerization, and internalization, rendering these 
receptor functions to be physiologically relevant [149]. 
This highlights the power of burden-testing of func-
tionally related variants to increase power for pheno-
typic association testing. However, it should be stated 
that variants from genotype arrays, especially rare and 
imputed variants, can be unreliable, which can 

potentially lead to misinterpretation of causative rela-
tionships [150,151].

Several regions of ICL2 and adjacent regions of TM3 
and TM4 may be involved with receptor dimerization 
formation. The signaling aberrations associated with 
MC4R variants may result from disruption of dimeriza-
tion. For example, an ICL p.His158Arg activating MC4R 
mutation may disrupt dimer formation. Analysis of the 
consequences of naturally-occurring and engineered 
variants considerably facilitates MC4R drug design 
[147,152].

Variants in the MC4R accessory protein MRAP2
LOF variants of the accessory protein melanocortin-2 
receptor accessory protein (MRAP) have been associ-
ated with monogenic hyperphagic obesity with hyper-
glycemia, hypertension and possibly female infertility, 
and global and Mc4r-neuron-specific inactivation of 
MRAP2 in mice increased food intake and weight gain 
[153]. MRAP2 is a single-pass transmembrane protein 
that enhances the MC4 response to the agonist, αMSH 
[154]. MRAP2 may potentially be targeted clinically, 
although the effect on other GPCRs, including the 
ghrelin and prokineticin receptors that have been 
reported to interact with MRAP2, would need to be 
considered.

Pharmacological targeting of MC4R
Small clinical trials of MC4R agonists such as setmel-
anotide have been reported in individuals with 
severe obesity due to either POMC deficiency obe-
sity or leptin receptor (LEPR) deficiency obesity. The 
authors reported the results of a single-arm, 
open-label, multicenter, placebo-controlled phase 3 
trial across North America and Western Europe. Ten 
participants were enrolled in the 12-week POMC trial 
and 11 participants were enrolled in the 12-week 
LEPR trial. For a four-week period, setmelanotide and 
placebo administration were blinded before switch-
ing to open-label for 32 weeks. The primary endpoint 
was 10% weight loss compared with baseline at 
approximately 1 year. The authors report that the 
majority of POMC trial participants and almost half 
of LEPR participants did achieve 10% weight loss in 
one year. Aside from injection site reactions, hyper-
pigmentation and transient nausea, the drug was 
well tolerated [141]. Another MC4R agonist, bremel-
anotide, has also recently been approved in the 
United States for use in premenopausal women with 
low sexual desire. In small, randomized control stud-
ies of obese premenopausal women, bremelanotide 
reduced caloric intake [155].
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Familial glucocorticoid deficiency

Autosomal recessive familial glucocorticoid deficiency 
(FGD) disorder is distinguished by progressive primary 
adrenal insufficiency and normal mineralocorticoid 
metabolism. Type 1 FGD is associated with the inheri-
tance of predominantly compound heterozygous vari-
ants of MC2R, the gene encoding ACTHR [156,157]. 
Missense and nonsense variants have been associated 
with the disease. For example, a germ-line nt.201C > T 
substitution, introducing a premature stop codon, TGA, 
results in the truncation of the entire carboxyl portion 
of the receptor. SNVs disrupting the sequence of TM2 
and IC3 of ACTHR have been reported [156]. Pathogenic 
variants of MC2R often result in defective trafficking of 
the receptor to cell surfaces due to retention at the ER. 
Other MC2R mutations affect the binding affinity of 
adrenocorticotropic hormone to the receptor.

Some variants of ACTHR, such as the p.Gly217 trun-
cation, are relatively common polymorphisms that are 
pathogenic only when expressed in compound hetero-
zygous form with a rare variant. Other factors that 
influence down-stream GPCR signaling include tissue 
expression and alternative splicing [156,158].

By contrast, type 2 FGD is generally an early onset 
disease (median 0.1 years), associated with variants in 
MRAP, the accessory protein required for surface 
expression of MC2R. The MRAP phenotype can resem-
ble later-onset type 1 disease; however, it is consistent 
with in vitro work that demonstrates a right shift in the 
dose-response curve and decreased cAMP production. 
Type 3 FGD results from variants of the steroidogenic 
acute regulatory gene [153,154].

Follicle stimulating hormone

Follicle-stimulating hormone (FSH) is essential for ovar-
ian development and follicle maturation in females 
and for Sertoli cell number and normal spermatogene-
sis in males. Inactivating or hyper-activating genetic 
variants have been identified in coding, regulatory, and 
splice sites of the follicle-stimulating hormone receptor 
gene (FSHR), leading to abnormalities of cell surface 
expression level and ligand binding that impacts 
female fertility. While inactivating variants can result in 
disorders such as premature ovarian insufficiency, poly-
cystic ovary syndrome, ovarian hyper-stimulation syn-
drome (OHSS), as well as altered drug responses [159], 
activating FSHR variants are associated with OHSS. 
Inactivating FSHR variants identified in female ovarian 
dysgenesis, however, appear to be benign in males, 
who instead occasionally harbor an asymptomatic, 
constitutively active FSHR mutation.

In the gnomAD (https://gnomad.broadinstitute.org/) 
database, there are at least 1,152 FSHR SNVs, of which 
401 are missense. Exons 7 and to a greater extent, 
exon 10, harbor LOF variants, resulting in primary 
amenorrhea, elevated FSH levels, and infertility. For 
example, the p.Asn680Ser polymorphism of the FSHR 
has been associated with OHSS [159].

While the phenotype associated with activating 
FSHR variants can manifest in heterozygotes, the phe-
notype associated with inactivating variants is present 
in homozygous or compound heterozygous patients. 
For example, the prototypical inactivating p.Ala189Val 
variant underlies a dominantly inherited pattern of 
ovarian dysgenesis. This variant disrupts the large ECD 
implicated in ligand binding while leaving the remain-
ing TM-spanning domains and the carboxyl tail 
intact [159].

Two FSHR variants located in exon 10, the 
p.Asn680Ser (rs6166G) variant and the p.Ala307Thr 
(rs6165) variant, may be of special interest because, in 
some populations, they are in linkage disequilibrium 
and are associated with ovarian response to stimula-
tion by FSH. With respect to rs6166G carriers, resis-
tance to clomiphene citrate and higher endogenous 
levels of base-line FSH levels were reported. 
Conversely, rs6166A allele carriers showed higher FSH 
sensitivity and an increased risk for developing OHSS 
syndrome. The phenotype may reflect the fact that, 
compared with rs6166A, rs6166G has greater resis-
tance to FSH, slower kinetics of cAMP production, 
lower ERK1/2 activity, and less CREB phosphoryla-
tion [159].

In addition, FSHR variants in the 5′-untranslated 
region of the gene are associated with ovarian 
response. The FSHR − 29 G > A (RS1394205) variant A 
allele may be associated with reduced expression and 
poor ovarian response. The evidence regarding the 
effect of the FSHR − 29 G > A (rs1394205) variant on the 
response to FSH administration was evaluated in a 
meta-analysis that suggested that higher doses were 
required in homozygotes for the A allele than carriers 
of the G allele [159].

By contrast, male patients hypophysectomized 
because of a pituitary tumor can harbor constitutively 
active forms of the FSHR gene, a phenotype that is 
benign until unmasked by treatment [155]. For exam-
ple, the p.Asp567Gly variant located in IC3 results in 
a CAM characterized by elevated in vitro basal cAMP 
production. Hypophysecotomized males who are het-
erozygous for this CAM maintain normal spermato-
genesis [160,161].

FSHR variants are relevant with respect to the treat-
ment of infertility. A common variant, p.Asn680Ser, 

https://gnomad.broadinstitute.org/
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results in higher hormonal sensitivity and increased 
FSH production in normogonadotropic anovulatory 
women [159]. While rare activating FSHR variants are 
benign in males, women with the p.Asn680Ser variant 
are at higher risk of OHSS, a complication of ovarian 
stimulation treatments that can be life-threatening 
[157,162]. The potential of pharmacogenomics includes 
the opportunity to predict side-effects of common 
interventions, and it could identify those at higher risk 
of developing OHSS during routine in vitro fertilization 
treatments.

Luteinizing hormone/choriogonadotropin receptor 
variants

The luteinizing hormone/choriogonadotropin receptor 
(LHCGR) couples to Gs to stimulate adenylyl cyclase. It 
is necessary for the function of the Leydig cells of the 
testicles in producing testosterone needed to maintain 
male secondary sex characteristics and male fertility 
[163]. Constitutively active LHCGR variants result in 
autosomal, male-limited gonadotropin dependent dis-
orders including familial male precocious puberty and 
testotoxicosis [24,25]. By contrast, in females, LOF vari-
ants of FSHR disrupt hormone binding and signaling 
and interfere with development and fertility. Disrupted 
ovarian function can cause amenorrhea, hypergonado-
tropic hypogonadism, ovarian failure, and/or dysgene-
sis [26].

Constitutive LH receptor variants
While rare activating LHCGR variants have been 
found in men with normal spermatogenesis [27], 
familial male precocious puberty associated with 
Leydig cell hyperplasia may result in low sperm cell 
counts. Affected males have been reported to har-
bor activating LHCGR variants that encode p.Asp-
567Gly in TM6 [162,163]. Other SNVs in the 
cytoplasmic portion of TM6 have also been reported. 
In each case, these CAMs were found to result in 
increased basal cAMP production. These variants 
have been reported in kindreds from diverse ethnic 
origins [27,28].

Constitutively active variants highlight structural 
components of GPCRs that are critical for G protein 
coupling. In vitro studies have highlighted regions of 
TM6 of the α1-adrenergic receptor that are homolo-
gous with 568Ala of FSHR. These engineered recep-
tors share high basal adenylyl cyclase activation, 
suggesting that a TM6 alanine is integral to signal 
transduction [27,28].

Gonadotropin releasing hormone receptor variants

Activity of the hypothalamo-pituitary-gonadal axis is 
variable throughout life. An increase in the activity of 
this axis brings about puberty, resulting in sex-specific, 
secondary sexual features and a maturing reproductive 
system. Anatomical or functional defects may result in 
reduced gonadotropin releasing hormone (GNRH) and/
or gonadotropin release, a condition known as hypo-
gonadotropic hypogonadism (HH).

By contrast, idiopathic hypogonadotropic hypogo-
nadism (IHH) is associated with adrenal insufficiency 
without anosmia (deficient sense of smell). IHH is divided 
into two categories: normosmic IHH (nIHH) and Kallmann 
syndrome (KS). It has been associated with inactivating 
variants in more than 50 genes. Many hereditary cases 
result from variants of the neurokinin receptor [29–37].

Variants of the gonadotropin releasing hormone 
receptor gene (GNRHR) were first associated with repro-
ductive failure in a subset of IHH [38,39]. and in iso-
lated growth hormone deficiency 1B, associated with 
delayed puberty [40]. The prokineticin receptor 1 and 
prokineticin receptor 2 have been implicated in a 
broader IHH phenotypic spectrum [30]. In consanguin-
eous families, variants of the kisspeptin (GPR54, metas-
tin) receptor (KISS1R) gene have been identified [31]. 
An analogous phenotype results from disruption of 
kisspeptin synthesis, due to its role in stimulating 
GNRH and gonadotropin, resulting in delayed sexual 
development and apulsatile gonadotropin levels. By 
contrast with other disorders that affect the 
hypothalamic-pituitary axis, impaired sexual develop-
ment is not accompanied by anatomical abnormalities 
[27–40].

In addition, KS is associated with variants in the 
PROKR1 (PROKR, prokineticin receptor) and PROKR2 
genes. Together with their ligands, these GPCRs 
encode receptor-ligand pairs that regulate intestinal 
contraction, circadian rhythms and vascular function 
[36]. Many missense variants in PROKR2 have been 
identified in patients with IHH or KS. While the phe-
notype is associated with compound heterozygous 
and homozygous GNRHR and KISS1R variants, PROKR2 
variants are reported to be heterozygous and, in 
some cases, associated with digenic inheritance of 
WD repeat domain 11 (WDR11) variants. Similarly, the 
phenotype associated with semaphorin 3 A (SEMA3A) 
variants has been reported to be inherited in a 
digenic manner with variants in other KS-associated 
genes [35].

The genes disrupted in KS and adrenal insufficiency 
subtypes of X-linked IHH are distinct from GNRHR vari-
ants. The abnormal development of the olfactory bulb 



18 M. D. THOMPSON ET AL.

is associated with intragenic microdeletions in the KAL 
gene [32,33]. By contrast, adrenal hypoplasia is associ-
ated with variants of the DAX1 gene that are inherited 
in an X-linked manner. The phenotype results from dis-
ruption of the nuclear hormone receptor function of 
the DAX1 protein that controls portions of reproduc-
tive development [34,35]. Subsequently, variants of 
many other genes have been associated with specific 
clinical features of IHH.

In addition, disruption of the anosmin 1 (ANOS1) 
gene that encodes an extracellular glycoprotein called 
anosmin-1 has been reported in more severe cases, 
and approximately 10% of patients with KS were found 
to have inactivating variants in FGFR1 or genes in the 
pathway [35].

Idiopathic hypogonadotropic hypogonadism
Our understanding of how GNRHR variants result in 
idiopathic hypogonadotropic hypogonadism (IHH) has 
been steadily increasing [29–41,66–69]. At least 15 
GNRHR variants have been described [29]. Some of 
these encode p.Glu90Lys and p.Ser217Arg and are LOF 
variants. Other GNRHR variants, encoding p.Asn10Lys, 
p.Thr32Ile, and p.Gln10Arg, are partially inactivating 
with respect to eliciting an inositol phosphate response 
in vitro [31].

The significance of GNRHR variants has been investi-
gated in vitro. For example, the p.Glu90Ala and p.Ar-
g139His [41,66] substitutions were found to abolish 
receptor activation. By contrast, the p.217Ser variant of 
TM5 is completely inactive, but substitutions of p.Ser-
217Gln and p.Ser217Tyr retain partial function. These 
studies have identified the role of steric hindrance that 
is disruptive to receptor structure [41] and isolated res-
idues critical to receptor function [66].

High-throughput sequencing and subsequent 
experimental verification have allowed the identifica-
tion of very rare pathogenic GNRNR variants. Whole 
exome sequencing (WES) has been used to identify 
a novel homozygous GNRHR mutation (NM_000406; 
c.364C > T, p.Leu122Phe) in two prepubertal boys 
with cryptorchidism and micro-penis. It was reported 
that mutant receptor expression on the cell mem-
brane was lower than that of wild-type and that the 
mutation was LOF [67]. Similarly, a novel homozy-
gous missense mutation, c.521A > G (p.Q174R), in 
GNRHR was reported in two affected sisters. 
Disruption of the highly conserved p.Gln174Arg may 
impede the conformation that facilitates mobility of 
TMD4 and TMD5 [68]. By contrast, partial LOF GNRHR 
variants have been identified that expanded the 
spectrum reported in IHH patients. For example, a 

heterozygous variant encoding an p.Arg240Gln vari-
ant of GNRHR that has no effect on mRNA and pro-
tein but demonstrates impaired ERK1/2 activation 
and inositol triphosphate/calcium signaling was 
identified in sporadic IHH patients [69].

Drug development
The effect of GNRHR variants may be combatted by 
permeant antagonists such as the nonpeptide, IN3. A 
permeant drug is small enough to penetrate the cell 
membrane and bind to the GPCR intracellularly. These 
compounds, some peptide and some nonpeptide, act 
as pharmacological chaperones for GPCRs such as 
GNRHR that stabilize the receptor charge to the extent 
that its membrane expression and function is at least 
partly restored. For example, in HeLa cells, IN3 can res-
cue cell surface expression of hemagglutinin-tagged 
GNRHR expressed by adenovirus [41]. These data sug-
gest that the development of antagonists that target 
variant GNRHR and stabilize their expression in the cell 
membrane may serve to reverse the course of complex 
developmental disorders and may illustrate an import-
ant concept in drug design.

Variants identified by next generation sequencing
Access to WES or whole genome sequencing (WGS) has 
revealed variants such as tachykinin precursor 3 (TAC3) 
and tachykinin receptor 3 (TACR3) genes [37] in family 
members of patients with IHH [68] that may be associated 
with constitutional delay in growth and puberty. Although 
milder than IHH, variants associated with constitutional 
delay in growth and puberty may be part of the same 
spectrum [37]. These methods have also identified homo-
zygous p.Glu72* variants of  GNRHR in very rare disorders 
such as isolated growth hormone deficiency type 4, a dis-
order manifesting growth hormone deficiency as delayed 
puberty and delayed bone maturation [40].

Vasopressin V2 receptor variants

Arginine vasopressin resistance (AVP-R), known formerly as 
nephrogenic diabetes insipidus (NDI), is characterized by 
renal tubular resistance to the antidiuretic effect of argi-
nine vasopressin (AVP), and can be inherited in X-linked, 
autosomal dominant or autosomal recessive manners. The 
X-linked patients, comprising at least 90% of cases, have 
been found to harbor variants of the vasopressin V2 
receptor (AVPR2) gene [70]. By contrast, autosomal reces-
sive and dominant disease results from variants of the 
aquaporin 2 gene, a renal collecting duct water channel 
[71]. While most AQP2 mutations are autosomal recessive, 
rare carboxy-terminal AQP2 mutations are dominant.
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Arginine vasopressin resistance
X-linked AVP-R (OMIM 304800) results from variants of 
AVPR2, located in the Xq28 chromosome, a nonapep-
tide binding GPCR that belongs to the same subfamily 
as V1a and V1b vasopressin as well as the oxytocin 
receptors. AVPR2 primarily responds to AVP in the dis-
tal convoluted tubule and collecting ducts of the 
nephron by regulating the concentration of urine and 
maintaining water homeostasis [72].

The signaling complex of the AVPR2 has been charac-
terized using cryo-EM (Figure 3). Because AVPR2 signals 
through β-arrestin promotes cAMP production, 
non-canonical signaling comprising retromers as well as 
arrestin has been posited [73]. Noncanonical signaling of 
AVPR2 may explain why variants associated with AVP-R 
retained in the ER could still generate cAMP in response 
to a membrane permeant agonist [74]. This suggests 
that AVP2R complexes can signal via cAMP/PKA (protein 
kinase A) pathways despite being internalized.

Despite more than 211 variants reported in 326 dif-
ferent families, few phenotypic differences have been 
noted [70]. AVPR2 variants, some of which are shown 
in Figure 5, are encoded by missense and nonsense 
variants as well as small indel variants [70]. For 

example, substitutions of p.Ser167Thr and p.Leu44Pro, 
residues conserved in many GPCRs, result in famil-
ial AVP-R.

Loss of function phenotype
The phenotype of X-linked AVP-R [75] includes dehy-
dration episodes, hypernatremia, and hyperthermia 
with onset as early as the first week of life. The dehy-
dration associated with AVPR2 variants can lower 
arterial blood pressure below that sufficient to oxy-
genate the brain, kidneys, and other organs. The clas-
sic consequences of late diagnosis and inadequate 
treatment include mental and physical retardation 
that accompanies renal failure [76]. Variable degrees 
of polyuria and polydipsia can be features exhibited 
by heterozygous females due to skewed X chromo-
some inactivation [77,78].

Population genetics
AVPR2 variants may be present due to a founder effect 
[79]. The Hopewell truncation mutation (p.Trp71X), 
seen mostly in descendants of Ulster Scot immigrants 
to Colchester County, Nova Scotia, Canada, is 

Figure 5. schematic representation of the v2 receptor and identification of 193 putative disease-causing arginine vasopressin r2 
(avPr2) mutations. Predicted amino acids are shown as the one-letter amino acid code. a solid symbol indicates a codon with a 
missense or nonsense mutation; a number indicates more than one mutation in the same codon; other types of mutations are 
not indicated on the figure. there are 95 missense, 18 nonsense, 46 frameshift deletion or insertion, 7 in-frame deletion or inser-
tion, 4 splice-site, 22 large deletion mutations, and 1 complex mutation. the gain of function mutations affecting codons r137 
and F229 are indicated. extracellular, intracellular and transmembrane domains are annotated as reported previously [166].



20 M. D. THOMPSON ET AL.

associated with AVP-R in the largest (known) North 
American pedigree. A link with the Cannon pedigree, a 
large Utah kindred, which has a high prevalence of 
X-linked AVP-R, has been suggested [79]. These vari-
ants have been found in many populations in North 
America. In Quebec, Canada, the incidence of AVP-R in 
live male births is estimated to be 8.8 in 1,000,000 [77].

Currently there are approximately 98 living males 
from the Hopewell kindred and 18 from the Cannon 
pedigree. Forty-two affected males in Nova Scotia and 
New Brunswick, Canada, and eight affected males from 
the central United States have been genotyped for the 
p.Trp71X variant.

From the point of view of genetic and genomic 
counseling, families with a history of diabetes insipi-
dus may be offered molecular testing if they grant 
informed consent. The clear benefit to patients and 
families of identifying pathogenic AVPR2 variants in 
those at risk of X-linked AVP-R is demonstrable by the 
prevention of physical developmental sequelae and 
intellectual disability associated with repeated epi-
sodes of dehydration.

Expression studies
Data from transiently transfecting variant AVPR2 cDNA 
in heterologous expression systems has formed the 
basis of classifying variants on the spectrum of patho-
genic to benign based on evaluation of receptor func-
tion and subcellular localization [80]. Those AVPR2 
variant proteins that reach the cell surface but demon-
strate ligand binding impairment and do not generate 
adequate cAMP are classified as type 1 mutants. In vitro 
studies determining AVPR2 cell surface expression and 
binding affinity established criteria for pathogenicity. As 
a result of this body of in vitro work, naturally-occurring 
AVPR2 variants can increasingly be classified in silico 
using an approach similar to that used for the LDL 
receptor. Pathogenic variants that have characteristically 
defective intracellular transport can be classified as type 
2 mutants. Immunodetection strategies can be used to 
visualize epitope-tagged AVPR2 in whole cells in order 
to assess whether receptor numbers are reduced at the 
cell surface. Parallel immunofluorescence experiments 
can be conducted on intact cells (to quantitate recep-
tors on the cell surfaces) or permeabilized (to isolate 
intracellular pools). There is evidence of pre-Golgi accu-
mulation of type 2 pathogenic AVPR2 receptors because 
their initial glycosylation fails to undergo 
glycosyl-trimming in the Golgi. Enzyme-linked immuno-
sorbent assay or assays of protein expression by west-
ern blot have been used to identify AVPR2 in membrane 
preparations.

In contrast to types 1 and 2 AVPR2 mutants, type 3 
pathogenic variants are rare. Type 3 variants are not 
transcribed effectively due to mRNA instability and 
degradation. In general, northern blot analysis of 
AVPR2 expression suggested that for the majority of 
pathogenic variants (i.e. types 1 and 2), mRNA was 
not normal in quantity or size. Most pathogenic 
AVPR2 variants are classified as type 2 mutant recep-
tors that are trapped in the cell’s interior and are not 
expressed on the cell surface [81–84]. Like other 
pathogenic GPCRs [85], the gene products associated 
with disease are notably beset by protein misfolding. 
In general, LOF phenotypes result from misfolding of 
variant proteins that prevents receptors from carrying 
out their function on the cell surface although the 
receptor is otherwise fully functional, a phenomenon 
that is also observed for secretory integral mem-
branes or enzyme proteins processed in the ER, Golgi 
complex or lysosomes [86]. ER folding is critical 
because misfolded proteins are retained in the ER 
before degradation.

Autosomal recessive AVP-R
The mechanisms associated with protein misfolding 
belie the disruption of urine countercurrent mecha-
nisms present in autosomal recessive AVP-R. 
Pathogenic aquaporin 2 variants are expressed as 
misfolded proteins that are trapped in the ER [87]. 
The misfolded membrane proteins that result in 
Gitelman syndrome [88], Bartter syndrome [89,90], 
and cystinuria [91] may share this ER-trapping 
mechanism.

Pharmacology
If misfolded AVPR2 type 2 can be overcome, the other-
wise functional GPCR may be rescued. AVPR2 missense 
variants that impair folding may not accumulate as 
toxic aggregates so long as the functions of the col-
lecting duct cells are normal. Some markers, such as 
the epithelial sodium channel, that are impaired in a 
sodium-losing state [92] are normal in patients with 
AVPR2 variants. However, other consequences of type 
2 AVPR2 pathogenic variants may include the insertion 
of one portion of a protein into the destabilized β 
sheet of a second molecule. This effect may be similar 
to that described for the common Z mutation in 
α1-antitrypsin deficiency [93], which putatively “clogs” 
the ER [94]. If the misfolded GPCR can be overcome by 
transporting it out of the ER to the target membrane, 
these receptors retain sufficient functionality to miti-
gate the pathology associated with the NDI phenotype 
[95]. One therapeutic strategy would be to make use 
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of pharmacological chaperones to promote AVPR2 
escape from the ER [84,95,96]. For example, permeant 
nonpeptide V2 and V1 receptor antagonists have been 
used to stabilize misfolded AVPR2 receptors, thereby 
rescuing them to the cell surface [83]. The constitutive 
endocytosis associated with the R137H mutant has 
been rescued by non-peptide V2 antagonists [98]. The 
constitutive p.Arg137His β-arrestin-promoted endocy-
tosis itself was not prevented in vitro by the antagonist 
[97], however, suggesting that, like other AVPR2 vari-
ants, effective treatment relies on pharmacological 
chaperone action [74].

These strategies may be incorporated into new ther-
apeutics for hereditary disease such as NDI that often 
results from protein misfolding and kinesis [95,96]. For 
example, five NDI patients with del62_64, p.Arg137His 
and p.Trp164Ser variants were administered SR49059, a 
non-peptide vasopressin antagonist. The non-peptide 
antagonist decreased urine volume and water intake 
and increasing urine osmolality without impacting 
sodium, potassium, and creatinine excretion or plasma 
sodium levels [83]. This clinical study suggests a thera-
peutic approach that could be applied to the treat-
ment of errors in protein folding [95,96].

AVPR2 and nephrogenic syndrome of inappropriate 
antidiuresis
The nephrogenic syndrome of inappropriate antidiure-
sis (NSIDA) phenotype, consisting of hyponatremia, 
concentrated urine, and suppressed AVP plasma con-
centrations, is a rare disorder of water balance that 
contrasts with AVP-R. Pathogenic variants of the AVPR2 
gene that encode variants such as p.Arg137Cys, p.Ar-
g137Leu [99,100,164,165] and p.Phe229Val [166] have 
been identified in NSIDA. Structural studies of the 
antidiuretic hormone arginine-vasopressin V2 receptor 
signaling complex have been reported [167]. In vitro, 
expression of both p.Arg137Cys and p.Arg137Leu vari-
ants were reported to have elevated basal cAMP sig-
naling and agonist independent interaction with 
β-arrestins [167].

Using the Ballesteros-Weinstein numbering system 
for GPCRs [168], we can express the location of the 
structure disrupted by amino acid substitutions in 
terms of the most conserved residue in each of the 
transmembrane alpha-helices. In this numbering sys-
tem, the most conserved residue is numbered 50, and 
amino acid numbers count up or down, depending on 
their relative location. The functional breakage result-
ing from the substitution of p.Arg137 can therefore be 
expressed with respect to the disruption of the 
Arg1373.50-Asp1363.49 ionic lock (see https://docs.

gpcrdb.org/generic_numbering.html for information 
about this system). The p.Arg137Cys and p.Arg137Leu 
mutant structures have been suggested by cryo-EM 
results (see Figure 5 legend) [166]. AVPR2 variants with 
GOF are extremely rare. While many patients with 
hyponatremia have been sequenced, classical AVP-R is 
associated with new and recurrent pathogenic LOF 
variants of the AVPR2 gene.

Endothelin and Hirschsprung’s disease

The enlarged colon in Hirschsprung’s disease is notable 
for the absence of gastrointestinal ganglion cells in the 
myenteric and submucosal plexuses. Variants of at least 
ten genes have been found to cause Hirschsprung’s 
disease and several loci have been implicated by link-
age and other means. Study of the disorder is compli-
cated by incomplete penetrance and variable 
expressivity [169]. The largest number of familial and 
sporadic cases of Hirschsprung’s disease result from 
RET (ret proto-oncogene) gene variants [170]. However, 
variants in the endothelin-β (ETB) receptor gene 
(EDNRB) and endothelin 3 (EDN3) ligand genes are 
potentially of wider relevance because they disrupt 
development [171]. The three peptide ligands of the 
endothelin system act at two GPCRs, endothelin-α 
(ETA) and ETB receptors [171]. Potential therapeutic 
applications of EDNRB may reflect its role in develop-
ment of the enteric nervous system [171].

While ETB receptor variants such as the p.Trp276Cys 
are most commonly associated with Hirschsprung’s dis-
ease, sporadic cases of Hirschsprung have been 
attributed to very rare activating ETB receptor variants, 
including p.Gly57Ser, p.Arg319Trp, and p.Pro383Leu 
[172]. Rare variants in the EDN3 ligand gene 
[103,104,171,173] and endothelin-converting enzyme 1 
[105] are also implicated [169].

The molecular pathology of Hirschsprung has been 
advanced from studying the ETB p.Trp276Cys receptor. 
Evolutionary conservation [174] facilitated the study of 
the homologous p.257Trp ETA and p.258Trp ETB recep-
tors in vitro with respect to coupling Gi, Go, and Gq. 
This showed reduced G coupling of engineered vari-
ants compared with the naturally-occurring p.Trp-
276Cys ETB receptor variant that is pathogenic in 
Hirschsprung’s disease.

Purinergic receptors and clotting

Purinergic receptors, themselves comprising a large 
subfamily, have overlapping selectivity for purinergic 
nucleotides. Because of its involvement in platelet 
aggregation, the purinergic receptor (P2RY12) is a 

https://docs.gpcrdb.org/generic_numbering.html
https://docs.gpcrdb.org/generic_numbering.html
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target for treatment of thromboembolism and other 
clotting disorders. The anticlotting agents, triclopine 
and clopidogrel, target this receptor.

Originally identified through linkage analysis of a 
pedigree with a severe bleeding disorder that proved 
refractors to many pharmaceuticals, its discovery clar-
ified the pharmacology of anticlotting agents such as 
triclopine and clopidogrel. A two-nucleotide P2RY12 
deletion affecting the region encoding TM6 of P2RY12 
was found to have reduced efficacy and potency for 
these anticlotting agents. Pharmacological agents 
with efficacy refractory bleeding disorders may be 
screened, in vitro, against expressed P2RY12 vari-
ants [175].

Among patients not affected by classic bleeding dis-
orders, the identification of purinergic receptors suc-
ceeded in refining the pharmacology of anticlotting 
agents. For example, patients with acute coronary syn-
dromes subjected to percutaneous coronary interven-
tion responded better to dual antiplatelet therapy with 
clopidogrel, an antagonist of P2RY12, and aspirin [102]. 
This increased efficacy with dual therapy may reflect 
the three-fold increase in aspirin resistance in male 
Caucasians with a history of myocardial infarct that is 
attributable to the p.Cys893Thr P2Y purinoceptor 1 
(P2RY1) variants [102].

In addition to P2RY12, other genes have been 
implicated in receptor function and drug efficacy. 
Platelet aggregation pathways dependent on throm-
boxane have been shown to involve P2RY12 receptors 
[102,175]. In coronary heart disease, the rs6809699 
variant of P2RY12 has been associated with resistance 
to the anticoagulant, clopidogrel. While its metabo-
lism may be disrupted by cytochrome P2C19 LOF 
polymorphisms, the rs6809699 AA P2RY12 genotype 
can increase efficacy independent of cytochrome 
polymorphisms [175].

GPCRs and monogenic asthma

The G protein-coupled receptor associated with asthma 
(GPRA) gene was positionally cloned to chromosome 
7p13 in a large linkage study of monogenic asthma in 
Finland and in other European populations [176–179]. 
De-orphanization studies subsequently identified that 
GPRA was the neuropeptide S receptor 1 (NPSR1) that 
may be implicated in disease mediated by immuno-
globulin E. Although neuropeptide S acts at the NSPR1, 
it may bind other endogenous ligands and provide a 
potential drug target.

NSPR1 is part of a distinct signaling pathway that 
depends on the variability in expression of common 

isoforms of the receptor. This pathway can be dysregu-
lated in asthma [179]. NPSR1-A has a shorter, 29-residue 
C-terminus, whereas NSPR1-B has an alternate 3′ exon 
(E9b) encoding a longer 35-residue C-terminus [179].

While the A isoform exhibits stronger signaling, the 
B isoform is expressed on bronchial epithelia and 
smooth muscle in asthmatics [179]. The alternate 
carboxy-termini, containing unique phosphorylation 
sites, are likely to underpin this functional difference. 
While the A isoform of the NPPR1 receptor, therefore, 
may be promising due to its potential for use on drug 
screens for asthma, the difference in its tissue expres-
sion compared with the B isoform may be informative 
to drug design [179].

Orphan receptors

De-orphanized GPCRs may be targeted clinically by 
small molecules even when an endogenous ligand 
has not been identified. NGS has identified orphan 
GPCR variants that are implicated in a variety of rare 
phenotypes [180]. A study by Dershen examined 85 
orphan GPCRs in 51,289 individuals; among this unse-
lected cohort, strong, phenome-wide disease associa-
tions were identified with at least two variant 
categories for 39% of GPCRs. SNP-set (Sequence) 
Kernel Association Test (SKAT) was used to identify 
rare missense variants in GPR39 as well as synony-
mous variants that are associated with phenotypes, 
including psoriatic arthropathy, that alter receptor 
expression and function. Because rare synonymous 
variants may influence the expression and function of 
many proteins with a frequency similar to that of 
nonsynonymous variants, they may be increasingly 
recognized as being of significance in disease [181]. 
For example, sequencing of 640,000 exomes resulted 
in the identification of GPR75 variants associated with 
protection from obesity [182].

Conclusions

A wide spectrum of disease phenotypes, predisposi-
tions and traits are associated with variants in GPCRs. 
This includes disease-causing variants reported in at 
least 55 GPCRs for more than 66 monogenic diseases 
in human [181]. Rare variants include LOF variants such 
as truncation and frameshift variants, missense variants 
with pathogenicity that can reflect constitutive activity, 
and synonymous variants that result in codon bias 
[182]. Data on the pathogenic mechanisms of GPCR 
variant signaling in monogenic disease complements 
that from studies of engineered variant receptors. 
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Collectively, these studies may suggest novel pharma-
ceutical interventions [180] because variant receptors 
provide data for drug development specific to distinct 
phenotypes associated with GPCR disruption.

By contrast, with variants that are pathogenic in 
monogenic disease, many other variants confer risk for 
a disease or a phenotype consisting of altered pharma-
ceutical response [3–5]. In this context, WES and WGS 
data will facilitate the analysis of rare variants associ-
ated with human phenotypes which have not been 
amenable to study so far [183]. For example, two vari-
ants in the orphan QRFPR receptor for 26Rfa, c.202 
T > C (p.Tyr68His) and c.1111C > T (p.Arg371Trp), were 
identified in two unrelated individuals with intellectual 
disability. Evaluation of these genetic variants by 
expressing them in vitro suggests that QRFPR variants, 
p.Tyr68His and p.Arg371Trp, reduce the mobilization of 
intracellular Ca2+ and down-stream signaling [106]. The 
pathogenicity of these variants may result from the 
altered chain structure of adjacent amino acids that 
causes reduced binding of QRFPR to 26Rfa.

Agnostic strategies have also resulted in the identi-
fication of a c.1047G > T, p.Lys349Asn variant in 
GPR37L1, an orphan GPCR, in a rare familial progres-
sive myoclonus epilepsy. These patients experience 
progressive neurological deterioration associated with 
refractory myoclonic and generalized seizures. 
Examination of a mouse model of this variant suggests 
that it results in loss of GPR37L1 function associated 
with elevated susceptibility to seizures [184]. The 
agnostic strategies for the identification of variants 
contributing to human phenotypes made possible by 
NGS have facilitated not only the disambiguation of 
orphan receptors but also the identification of variants 
in those receptors that suggest potential 
interventions.
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