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Abstract
Context: In the clinic it is important to differentiate primary hyperparathyroidism (PHPT) from the more benign, inherited disorder, familial 
hypocalciuric hypercalcemia (FHH). Since the conditions may sometimes overlap biochemically, identification of calcium-sensing receptor 
(CASR) gene variants causative of FHH (but not PHPT) is the most decisive diagnostic aid. When novel variants are identified, bioinformatics and 
functional assessment are required to establish pathogenicity.
Objective: We identified 3 novel CASR transmembrane domain missense variants, Thr699Asn, Arg701Gly, and Thr808Pro, in 3 probands provi-
sionally diagnosed with FHH and examined the variants using bioinformatics and functional analysis.
Methods: Bioinformatics assessment utilized wANNOVAR software. For functional characterization, each variant was cloned into a mamma-
lian expression vector; wild-type and variant receptors were transfected into HEK293 cells, and their expression and cellular localization were 
assessed by Western blotting and confocal immunofluorescence, respectively. Receptor activation in HEK293 cells was determined using an 
IP-One ELISA assay following stimulation with Ca++ ions.
Results: Bioinformatics analysis of the variants was unable to definitively assign pathogenicity. Compared with wild-type receptor, all vari-
ants demonstrated impaired expression of mature receptor reaching the cell surface and diminished activation at physiologically relevant Ca++ 
concentrations.
Conclusion: Three CASR missense variants identified in probands provisionally diagnosed with FHH result in receptor inactivation and are there-
fore likely causative of FHH. Inactivation may be due to inadequate processing/trafficking of mature receptor and/or conformational changes 
induced by the variants affecting receptor signaling. This study demonstrates the value of functional studies in assessing genetic variants iden-
tified in hypercalcemic patients.
Key Words: familial hypocalciuric hypercalcemia, calcium-sensing receptor variants, functional assessment, IP-One ELISA assay, receptor expression, 
immunofluorescence
Abbreviations: AP2S1, adaptor-related protein complex 2, sigma 1 subunit (gene); CADD, combined annotation dependent depletion (score); CaSR, calcium-
sensing receptor (protein); CASR, calcium-sensing receptor (gene); DMEM, Dulbecco’s Modified Eagle Medium; EC50, concentration of Ca++ ions giving half 
maximal % stimulation; ELISA, enzyme-linked immunosorbent assay; ER, endoplasmic reticulum; FHH, familial hypocalciuric hypercalcemia; GM130, Golgi matrix 
protein of 130 kDa; GNA11, G-protein subunit α-11 (gene); GPCR, G protein coupled receptor; ICL, intracellular loop; PDI, protein disulfide-isomerase; PHPT, pri-
mary hyperparathyroidism; PTH, parathyroid hormone; SEM, standard error of the mean; TM, transmembrane.

Familial hypocalciuric hypercalcemia (FHH) is an autosomal 
dominant inherited disorder in which affected individuals ex-
perience lifelong, mild to moderate elevations in serum calcium 
but with unsuppressed parathyroid hormone (PTH) levels and 
inappropriately low urine calcium levels [1-3]. The condition is 
generally asymptomatic and treatment is not usually indicated 
[2, 3]. Most cases (~65%) are caused by inactivating variants 
in the calcium-sensing receptor gene (CASR) (FHH-1), while 
others (~6%) can be attributed to inactivating variants in the 
G-protein subunit α-11 gene (GNA11) or the adaptor-related 
protein complex 2, sigma 1 subunit gene (AP2S1) causing 
FHH-2 and FHH-3, respectively [4-9]. The genetic cause of 

other, biochemically determined cases of FHH with a clear 
mode of autosomal dominant inheritance, remains to be de-
termined. The CaSR is a class C, G protein coupled receptor 
(GPCR) consisting of an N-terminal extracellular domain, 
610 amino acids in length, a classic seven transmembrane 
domain (amino acids 611-863) and a relatively long intracel-
lular C-terminal tail (215 amino acids in length) [6, 10]. It 
is responsible for maintaining serum ionized calcium within 
a very narrow range (1.10–1.35 mmol/L) primarily by con-
trolling PTH release from the parathyroid gland and calcium 
renal tubular reabsorption [11, 12]. The CaSR presents as a 
dimer on the plasma membrane with dimerization and proper 
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glycosylation essential for receptor activation [13-15]. The 
prevalence of CASR variants causative of FHH has been cal-
culated to be approximately 74 per 100 000 [16] and close 
to 300 variants associated with FHH have been documented; 
most of these are missense variants but nonsense and frame-
shift variants, insertions, deletions, and splice site variants 
have also been reported [10]. Variants have been identified in 
all coding regions of the CASR but are particularly concen-
trated in the Venus fly trap portion of the extracellular domain 
and to a lesser extent, the seven transmembrane signaling do-
main, including the 3 extracellular loops [10]. Only a rela-
tively small proportion of CASR variants found associated 
with FHH have been functionally assessed.

The biochemical profile of FHH can in some cases resemble 
that of primary hyperparathyroidism (PHPT), a much more 
severe condition usually requiring exploratory neck surgery/
parathyroidectomy [17, 18]. It is particularly important to 
distinguish between these disorders in order to avoid unwar-
ranted surgical intervention in the case of FHH patients, in 
whom treatment is not normally advised. While a 24-hour 
renal calcium/creatinine clearance ratio (< 0.01) is recom-
mended to distinguish FHH from PHPT, there is consider-
able overlap, with up to 35% of FHH patients having ratios 
greater than 0.01, and around 20% of patients with PHPT 
having ratios below this cutoff [3, 17, 18]. Hence, genetic 
examination for CASR variants (also GNA11 and AP2S1 
variants) is a desirable course of action since such variants 
may be causative of FHH but are not seen in PHPT. Unless 
they are already well-characterized, CASR and other novel, 
genetic variants must undergo bioinformatics analysis in 
order to ascertain likely pathogenicity. However, it is now rec-
ognized that bioinformatics alone is insufficient to evaluate 
pathogenicity according to the American College of Medical 
Genetics (ACMG) standards and guidelines for the interpret-
ation of gene variants [19]; in vitro functional assessment of 
novel variants is now considered desirable. Further substanti-
ation of this approach in assessing pathogenicity is provided 
as Supplemental Data [20]. In this study we identified 3 novel 
CASR missense variants in 3 probands provisionally diag-
nosed with FHH and subjected them to bioinformatics ana-
lysis and functional assessment, then related these findings to 
their total and cell surface expression and intracellular local-
ization, in order to guide clinical practice.

Methods
Patients, Biochemistry, and Genetic Analyses
Patients attending endocrinology clinics at Sir Charles 
Gairdner Hospital, Perth (patients B1, B2, and C) or the 
Austin Hospital, Melbourne (patient A) for suspected cal-
cium disorders underwent a full fasting metabolic bone study, 
which included blood serum examination for ionized calcium; 
plasma analysis for intact PTH; total calcium, albumin, and 
creatinine; and either a urine spot (morning, second void) or 
24-hour urine test, both of which included calcium and cre-
atinine measurements. Serum, plasma, and urine biochemical 
analyses were performed using standard methods with cal-
cium to creatinine clearance ratios determined as previously 
described [21].

Patients B1 and B2 are a father and son, both of whom are 
hypercalcemic. In the case of patient C, relatives were not avail-
able for biochemical or genetic evaluation to establish whether 
his hypercalcemia might be inherited. Patient A reportedly has 

a daughter who is also hypercalcemic, but biochemical or gen-
etic data were not available for inclusion in this study.

For genetic analysis, genomic DNA extracted from blood 
samples was subjected to bidirectional Sanger sequencing of 
segments of the CASR encompassing exons 2 to 7, including 
splice donor and acceptor sites, to screen the entire coding 
region. Genetic analysis for patients B1, B2, and C was per-
formed as described previously [21] while that for patient 
A  was performed by the Molecular Genetics Department, 
Pathology Queensland, Brisbane, using similar methodolo-
gies. Bioinformatics analysis of CASR variants identified by 
sequence analysis was performed using wANNOVAR soft-
ware [22].

All investigations were performed as part of routine clin-
ical care with patients’ consent. Ethical approval for the study 
was granted by the Committee for Human Rights (University 
of Western Australia; project ref: 05/06/004/C04).

Plasmid Construction, Mutagenesis, and Cell 
Transfections
Each CASR test variant (T699N, R701G, T808P) was intro-
duced separately by site-directed mutagenesis (Stratagene, 
La Jolla, CA) into wild-type C-terminally FLAG-tagged 
human CASR cloned into the mammalian expression vector 
pcDNA3.1 (CaSR-FLAG/pcDNA3.1) as described previ-
ously [21, 23]. Transfection-quality plasmid DNA was gen-
erated using the Pure Yield miniprep system (Promega Corp, 
Madison, WI) and quantitated using a NanoDrop One spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA). 
HEK293 cells (RRID: CVCL_0045, https://scicrunch.org/re-
solver/RRID:CVCL_0045) were cultured as described previ-
ously [23] and 25 cm2 flasks of cells at approximately 60% 
confluency were transfected with 5 µg wild-type or mutant 
CaSR-FLAG/pcDNA3.1 (including a known inactivating 
control variant, L174R) or empty vector (pcDNA3.1) using 
Lipofectamine 2000 transfection reagent (Life Technologies, 
Invitrogen, Carlsbad, CA) prepared in antibiotic-free, 
OptiMEM medium (Invitrogen) as specified by the manufac-
turer. After approximately 6 hours incubation at 37 oC in 5% 
CO2, the transfection medium was replaced with Dulbecco’s 
Modified Eagle Medium (DMEM) containing 10% fetal bo-
vine serum and antibiotics and re-incubated until required for 
Western blotting, immunofluorescence, or IP-One assays.

Western Blot Analysis and 
Immunofluorescence Studies
At 48 hours after transfection, protein was extracted using base 
lysis buffer (150 mM NaCl, 10 mM ethylene diamine tetra-
acetic acid [EDTA], 1  mM ethylene glycol tetra-acetic acid 
[EGTA], 1% Triton‐X‐100, 20 mM Tris, pH 6.8) containing 
protease and phosphatase inhibitors and iodoacetamide (final 
concentration, 100  mM). Protein was quantitated using the 
bicinchoninic acid protein assay kit (Pierce, Rockford, IL) with 
measurements taken on a NanoDrop One spectrophotometer. 
Protein (100 µg for each sample) was separated on a sodium 
dodecyl sulfate (SDS) polyacrylamide gel prepared using a TGX 
Stain-Free FastCast Acrylamide Kit, 7.5% (Bio-Rad, Hercules, 
CA), then blotted on to nitrocellulose and probed with primary 
antibodies, namely, mouse monoclonals to FLAG-tag (RRID: 
AB_259529, https://scicrunch.org/resolver/AB_259529) to 
detect the CaSR and α-tubulin (RRID: AB_477593, https://
scicrunch.org/resolver/AB_477593) as a loading standard, fol-
lowed by goat anti-mouse-horseradish peroxidase conjugated 

https://scicrunch.org/resolver/RRID:CVCL_0045
https://scicrunch.org/resolver/RRID:CVCL_0045
https://scicrunch.org/resolver/AB_259529
https://scicrunch.org/resolver/AB_477593
https://scicrunch.org/resolver/AB_477593


Journal of the Endocrine Society, 2022, Vol. 6, No. 5 3

secondary antibody (RRID: AB_258167, https://scicrunch.
org/resolver/AB_258167), with dilution/wash buffers and 
incubation conditions as described previously [24]. All anti-
bodies were from Sigma-Aldrich, St Louis, MO. Bands were 
visualized using chemiluminescence reagent in a Molecular 
Imager (Bio-Rad) as described previously [21].

Immunofluorescence was performed as previously described 
[25]. Briefly, wild-type or variant CaSR-FLAG/pcDNA3.1-
transfected HEK293 cells (48 hours posttransfection) 
were seeded overnight on to poly-L-lysine coated cover-
slips in 96-well plates, after which cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.1% Triton X-100 
and stained with antibodies against FLAG (rabbit anti-FLAG 
M2; RRID: AB_439687, https://scicrunch.org/resolver/
RRID:AB_439687, Sigma-Aldrich), followed by  anti-rabbit 
Alexa Fluor 488 nm (RRID: AB_2633280, https://scicrunch.
org/resolver/RRID:AB_2633280, Thermo Fisher Scientific) 
to label the CaSR, and either rhodamine-phalloidin (Thermo 
Fisher Scientific) to visualize F-actin at the cell surface or protein 
disulfide-isomerase (PDI) antibody (RRID: AB_10615355, 
https://scicrunch.org/resolver/RRID:AB_10615355, Enzo Life 
Sciences, Villeurbanne, France) and anti-mouse Alexa Fluor 
555  nm (RRID: AB_2633276, https://scicrunch.org/resolver/
RRID:AB_2633276, Thermo Fisher Scientific) to visualize the 
endoplasmic reticulum, or anti-GM130 (Golgi matrix protein 
of 130 kDa) monoclonal antibody (RRID: AB_398141, https://
scicrunch.org/resolver/RRID:AB_398141, BD Transduction 
laboratories, Franklin Lakes, NJ) to visualize the Golgi. 
Hoechst 33258 stain (Thermo Fisher Scientific) was used to 
label nuclei. Samples were mounted in ProLong Gold Antifade 
(Thermo Fisher Scientific) and imaged using a Nikon A1Si 
point scanning confocal microscope (Nikon, Tokyo, Japan) 
equipped with a PlanApo 100× oil objective lens (N.A. 1.45) 
and the images processed using Fiji software [26].

IP-One Assay, Methodology, Calculations, and 
Statistical Analysis
The IP-One assay which measures the accumulation of 
D-myo-inositol-1-phosphate following receptor activation 
was performed using the IP-One enzyme-linked immuno-
sorbent assay (ELISA) kit (Cisbio Bioassays, Codolet, France; 
cat# 72IP1PEA, RRID:AB_2904131, https://antibodyregistry.
org/search.php?q=AB_2904131) as described previously 
[21]. Briefly, CaSR wild-type, known inactive CaSR control, 
and CaSR test variant plasmids that had been transfected into 
HEK293 cells were seeded 8 hours later into 24-well plates 
(4 × 105 cells/well) and incubated for 48 hours, after which 
time they were washed in Ca++-free DMEM, then in stimu-
lation buffer (without calcium), and finally dosed with Ca++ 
ions in stimulation buffer (final concentrations: 0, 3, 6, and 
10 mM) for 1 hour at 37 oC in 5% CO2. Cells were then lysed 
and the lysate clarified by low speed centrifugation and the 
resultant supernatant transferred to a 96-well IP-One ELISA 
plate and the IP-One assay performed according to the manu-
facturer. Transfection/Ca++ stimulation experiments were per-
formed in triplicate and IP-One assay values in duplicate. 
Absorbances were read on an iMark microplate absorbance 
reader (Bio-Rad) at 450 nm with 620 nm correction.

The 620 nm background absorbance values were subtracted 
from the 450 nm values for each assay point and a further 
correction made for nonspecific binding. Duplicate assay 
values were then averaged and the percentage (%) stimulation 
calculated as follows: % stimulation = [1  − (Absorbancestim/

Absorbancenonstim)] × 100 where Absorbancenonstim is the ab-
sorbance at 0 mM Ca++ ions for each particular variant/con-
trol. The mean and standard error of the mean (SEM) were 
then calculated for each of the variants and controls and the 
significance of the difference in % stimulation between variant 
and wild-type receptor and the difference in EC50 value (con-
centration of Ca++ ions giving half maximal % stimulation) 
between variant and wild-type receptor assessed statistically in 
the R statistical computing environment, version 4.0.0.

Results
Patient Biochemistry, Variant Identification, and 
Bioinformatics
The relevant biochemical data for all patients was consistent 
with that for FHH, in particular the calcium/creatinine clear-
ance ratios were all below 0.01 (Table 1). Serum ionized 
calcium and corrected plasma calcium readings were, in all 
cases, above the reference range and urine calcium excretion 
below the reference range. PTH values were mostly within 
the reference range, although in one case the reading was 
slightly elevated, which is not an uncommon finding in FHH 
[17]. Bidirectional Sanger sequencing confirmed the heterozy-
gous presence of 3 different CASR variants in the 4 patients 
examined (Table 1); all variants were in the region of exon 7 
encoding the transmembrane signaling domain. The variant 
in patient A is a cytosine to adenine transversion at nucleo-
tide 2096, resulting in a threonine to asparagine substitution 
at position 699, NM_000388.4:c.2096C>A:p.(Thr699Asn) 
(T699N), the second variant, identified in both a father 
and son (B1 and B2), is a cytosine to guanine transversion 
at nucleotide 2101, resulting in an arginine to glycine sub-
stitution at position 701, NM_000388.4:c.2101C>G:p.
(Arg701Gly) (R701G), while the third variant, in patient C, 
is an adenine to cytosine transversion at nucleotide 2422, re-
sulting in a threonine to proline substitution at position 808, 
NM_000388.4:c.2422A>C:p.(Thr808Pro) (T808P).

All 3 nucleotide variants are novel and have not been re-
ported in the ClinVar database. However, bioinformatics ana-
lysis referenced to databases such as PolyPhen-2, MetaLR, 
and FATHMM suggest that the variants are deleterious or 
probably/possibly damaging (Table 2), although some incon-
sistencies were observed between the databases in assigning 
pathogenicity to any particular variant. Taken together, the 
bioinformatics data indicate that the CASR 2096C>A and 
the 2422A>C variants are more likely to be pathogenic than 
the 2101C>G variant, with the SIFT and PolyPhen-2 scores 
for the latter designated as “tolerated” and only “possibly 
damaging”, respectively. This is reflected in the GERP++ 
scores indicating that the CASR 2096C and 2422A alleles 
(both scoring 0.980) are more highly conserved than the 
2101C allele (scoring 0.702). Interestingly, the combined an-
notation dependent depletion (CADD) scores are similar for 
the 3 variants but fall below the cutoff point of 30 that signi-
fies “likely deleterious” [27].

Examination of Total and Cell Surface Expression 
and Intracellular Localization of CaSR Variants
Western blot analysis of CaSR variant protein expressed in 
HEK293 cells demonstrated that, like the control wild-type 
receptor and known inactivating variant receptor (L174R; 
21, 23), all 3 test variants (T699N, R701G, and T808P) ex-
pressed both the immature, high mannose form of the receptor 
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(140 kDa) and the mature glycosylated form (160 kDa) [28], 
with the amount of immature receptor similar for the control 
and test variants, except for T808P which was somewhat lower 
than the others (Fig. 1). However, all the test variants displayed 
reduced levels of the mature receptor compared with the wild-
type receptor; notably the approximate ratio of mature to im-
mature receptor was greater for the wild-type compared with 
the test variants and control L174R variant. This suggests that 
reduced expression of mature receptor might translate to re-
duced cell surface expression for the variant receptors.

To assess the cell surface expression of the CaSR test variants, 
we next performed immunofluorescence confocal microscopy 
using rhodamine-phalloidin (F-actin) to label the cell surface 
and compared the surface localization of each variant against 
the wild-type receptor as well as 2 known inactivating con-
trol variants, L174R and G509R [21] (Fig. 2A). The G509R 
variant was included as a cell surface “negative control” as 
it does not produce mature glycosylated receptor and thus is 
purportedly retained in the endoplasmic reticulum (ER) [21]. 
As expected, the wild-type receptor displayed considerable cell 
surface localization as indicated by the strong colocalization 
(yellow) upon merger of the CaSR (green) and F-actin (red) 
fluorescent signals (Fig. 2A, top right panel, arrowed), whereas 
the negative control G509R receptor was almost exclusively 
retained intracellularly, where it was concentrated toward the 
perinuclear region and occupied a lattice-like network rem-
iniscent of the ER (Fig. 2A, row 3 panels, dashed arrows). By 
comparison, the LI74R control and the 3 novel test variants 
all exhibited varying degrees of cell surface labeling, but these 
levels were visibly lower than that for the wild-type receptor, 
as indicated by the reduced colocalization signal between the 
variants and F-actin (yellow color in merged images, unbroken 
arrows). In addition to the cell surface, the localization of vari-
ants L174R, T699N, and R701G extended to lattice-like and 
globular intracellular compartments (Fig. 2A, rows 2, 4, and 5 
panels, dashed arrows).

To define these compartments, we next assessed the 
subcellular localization of the variant and control recep-
tors by immunofluorescence confocal microscopy using 
well-established organelle markers against the ER (PDI, 
Fig. 2B), and the Golgi (GM130, data not shown). As ex-
pected, the G509R receptor, but not the wild-type, strongly 
colocalized with PDI, thus confirming its sequestration to the 
ER (Fig. 2B, row 3 panel, merged, arrowed). The test recep-
tors all showed some degree of colocalization with the ER, 
T699N > L174R > T808P > R701G, albeit to a lesser extent 
compared to the G509R negative control receptor (Fig. 2B, 
rows 2 to 6 panels, merged, arrowed). In some instances, the 
test variants were also observed to localize to a perinuclear 
globular Golgi-like structure (eg, R701G in Fig. 2A, dashed 
arrows). However, this structure failed to colocalize with the 
Golgi marker GM130 (data not shown) indicating that it was 
unlikely to be of Golgi origin and instead might reflect protein 
aggregation upon ectopic expression of the CaSR variants in 
HEK293 cells. Overall, intracellular retention of the CaSR 
was greater for the variant receptors compared with wild-
type, suggesting impairments in intracellular processing and/
or trafficking of the CaSR variants to the cell surface.

Analysis of CaSR Variant Activation and Resulting 
Pathogenicity Status
The wild-type receptor responded to Ca++ stimulation in 
a dose-dependent manner, while the known inactivating 

receptor (L174R) showed virtually no response to any con-
centration of Ca++ ions in keeping with results from previous 
studies [21]. The dose response curve for each of the test recep-
tors was right-shifted compared with the wild-type receptor, 
indicating that all test variants are inactivating (Fig. 3A). At 
a concentration of 3  mM (closest to physiological levels), 
the % stimulation was significantly diminished for all 3 test 
receptors compared to the wild-type receptor (P ≤ 0.001), 
whereas at supraphysiologic levels (10  mM) the activation 
was significantly reduced only for the T808P and T699N 
receptors (P ≤ 0.001), where the mean maximal % stimula-
tion values were less than half the mean maximal value for 
the wild-type receptor, but higher than that for the control 
inactivating receptor, L174R (Fig. 3B). We also compared the 
mean EC50 values for wild-type and the 3 test variant recep-
tors; the EC50 values for the R701G and T699N receptors 
(2.6 mM and 3.8 mM, respectively) were higher than that for 
the wild-type receptor (1.1 mM) (P = 0.022, 0.011); however, 
after Bonferroni correction for multiple testing the difference 
between the R701G and wild-type receptor was not signifi-
cant (P > 0.017) (Fig. 3C). The difference between the mean 
wild-type and T808P EC50 values (1.1 mM and 1.9 mM, re-
spectively) was not significant (P = 0.346).

We assessed the pathogenic status of each of the test 
variants before and after functional analysis using the 
University of Maryland School of Medicine’s Genetic 
Variation Interpretation Tool as outlined by Richards et  al 
[19]; all 3 variants were classified as “Variants of Unknown 
Significance” (VUS) before functional analysis, but were clas-
sified as “Likely Pathogenic II” after the functional analysis 
which demonstrated that they were inactivating.

Discussion
In this study, we characterized 3 variants of the CASR de-
tected in 4 hypercalcemic individuals from 3 kindreds. In 
each case, the clinical presentation was consistent with FHH: 
the 4 affected individuals had mild hypercalcemia, unsup-
pressed PTH, and marked renal calcium conservation, and 
in 2 kindreds there was a family history of hypercalcemia. 
However, given the known overlap between biochemical find-
ings in FHH and PHPT, the alternative diagnosis of PHPT 
was not excluded. Genetic sequencing of the CASR gene de-
tected 3 novel variants. Bioinformatics analysis gave some-
what conflicting results but suggested that the variants were 
likely to be deleterious at least when referenced to some data-
bases, with the 2096C>A and 2422A>C variants more likely 
to be damaging than the 2101C>G variant, the latter clas-
sified as tolerated (SIFT score) and only possibly damaging 
(PolyPhen-2 HVAR score). Interestingly, a 2102G>C nu-
cleotide variant affecting the 701 codon and leading to a 
R701P amino acid substitution [29] demonstrated similar 
bioinformatics scores to the 2101C>G variant apart from the 
PolyPhen 2 HVAR score (0.948) which placed the 2102G>C 
variant in the “probably damaging” category. Overall, based 
on bioinformatics analysis alone, all 3 variants were classi-
fied as “Variants of Unknown Significance”, meaning that in 
clinical practice the diagnosis of FHH remained unconfirmed. 
Functional studies were therefore required to progress the 
differential diagnosis and establish whether the CASR vari-
ants were pathogenic. For all 3 variants, Western blot ana-
lysis and immunofluorescence studies demonstrated impaired 
expression of mature receptor reaching the cell surface and 
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the IP-One assay revealed diminished receptor activation at 
physiologically relevant Ca++ concentrations. Application of 
the genetic variation interpretation tool to the variants fol-
lowing functional assessment permitted classification of each 
as “Likely Pathogenic II,” thus firming up the diagnosis of 
FHH in individuals with these variants.

The bioinformatics data suggesting that the R701G 
variant may be a milder inactivating variant than the other 
2 variants is supported by the Western blot analysis, which 
demonstrated that the R701G variant has proportionally 
greater mature 160 KDa receptor than the other 2 variants, 
and the immunofluorescence studies that show relatively 
higher levels of cell surface R701G receptor compared with 
the other test variants. In addition, the R701G receptor 
showed a higher % stimulation at all levels of Ca++ tested 
compared to the other 2 variants; nevertheless, R701G re-
ceptor activation is significantly below that for the wild-type 
receptor at physiologically relevant Ca++ concentrations and 
there is no appreciable difference in the calcium biochem-
istry of the patients harboring this variant compared to 
those with the other 2 variants. Notwithstanding this, all 
3 variants, when expressed in HEK293 cells and examined 
by Western blot analysis, demonstrated a lower ratio of ma-
ture receptor to total receptor compared with the wild-type 
CaSR. Dersham et al [16] also found significantly reduced 
mature receptor in 12 CASR loss-of-function variants, 
while plasma membrane localization was also significantly 
reduced for all 12 of these variants compared with wild-
type receptor. Interestingly, this study also found that 2 
gain-of-function CASR variants demonstrated significantly 
elevated levels of mature receptor and plasma membrane 
localization compared with the wild-type receptor. Other 
studies have also shown that missense variant CaSRs asso-
ciated with FHH are impaired with regard to maturation, 
cell surface expression, and signaling capacity compared 
with the wild-type receptor [30]

The Western blot analysis is complemented by our im-
munofluorescence results, which show much higher levels of 
cell surface receptor in the HEK293 cells expressing wild-type 
receptor compared to the variants. Indeed, the variants were 
more likely to colocalize with the ER in lattice-like arrays or 
globular forms, although they each expressed receptor on 
the cell surface to varying degrees. By contrast, the G590R 
variant, which we previously confirmed as a CaSR variant 
causing FHH and expressed only in the immature form 
[21], appears to exclusively colocalize with the ER marker, 

indicating that it remains sequestered within the ER, possibly 
due to an inability to fold correctly. These results and others 
[16, 30] suggest that inadequate processing of the receptor to a 
form that can reach the cell surface and undergo ligand stimu-
lation is a likely contributing factor to the inactivating nature 
of many of the variants associated with FHH. In this respect, 
the FHH phenotype might largely be due to reduced receptor 
numbers on the cell surface as has been demonstrated in an 
earlier mouse model [31]. Inadequate processing may, in part, 
be due to deficiencies in the variants passing conformational 
control checks in the ER [32]. We have recently shown that 
the ER quality control protein, osteosarcoma-9 (OS-9), binds 
exclusively to immature (presumably misfolded) CaSR when 
directed to the ER [33] and it will be of interest to determine 
whether enhanced binding of OS-9 to the G590R variant, as 
well as some of the other loss-of-function variants, occurs 
when compared with wild-type receptor. The inability to de-
tect wild-type CaSR colocalization in the Golgi was some-
what surprising, as it is known that mature glycosylation of 
the receptor occurs here [34]; however, it likely reflects the 
transitory nature of receptor processing in this organelle. The 
immunofluorescence data strengthens this study over many 
others examining missense CASR variants, by demonstrating 
that the reduction in mature variant receptor compared to 
wild-type (as seen by Western blot analysis) translates to a 
considerable reduction in mature receptor actually reaching 
the cell surface.

The 3 variants under investigation are all located in the trans-
membrane (TM) domain of the CaSR: T699N and R701G in 
TM3 in close proximity to the amino-terminal end of intra-
cellular loop 2 (ICL-2), and T808P in TM6 in close proximity 
to the carboxy-terminal end of ICL-3 [10]. The T699N and 
R701G variants would seem to form part of a cluster of vari-
ants in this region of TM3 that are associated with FHH [10] 
while variants affecting residues either side of T808P in TM6 
(namely I807N, F809I, F809L) are also associated with FHH, 
likewise forming a cluster of inactivating variants in this re-
gion [10, 35, 36]. In other class C GPCRs, TM3 and TM6 
undergo conformational changes that are critically important 
for agonist-induced G-protein mediated signaling [37]. This 
includes an “ionic lock” mechanism involving residues from 
the intracellular ends of TM3 and TM6 [38] and mechan-
isms by which dimers reorientate from the inactive TM5, 
TM4/TM5, or TM3/TM4 interface to an active TM6 inter-
face with a conserved TM6 toggle switch stabilizing the ac-
tive conformation in class C GPCRs such as the metabotropic 

Figure 1. Western blot analysis demonstrating CaSR wild-type, control inactivating variant (L174R) and test variant (T699N, R701G, T808P) expression 
in HEK293 cells. Empty vector (pcDNA3.1) was included as a background control. Plasmid DNA was transfected into HEK293 cells and 48 hours later, 
the cells lysed and the protein (100 µg) separated on a 7.5% polyacrylamide gel, then blotted on to nitrocellulose and probed with anti-FLAG antibody to 
detect CaSR mature (160 kDa) and immature (140 kDa) forms and with anti-α-tubulin antibody as a loading control.
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glutamate and GABAB receptors [39-42]. Recent cryo–elec-
tron microscopic analysis of the inactive and active structure 
of near full length CaSR (including the TM domain) in the 
presence or absence of various allosteric modulators has con-
firmed the critical importance of TM6 in receptor activation 
and G protein coupling [43]. In particular, activation of the 
CaSR homodimer causes an asymmetric orientation of the 
TM6-TM6 interface with the conserved toggle switch motif 
(Tryp818–Pro823) playing a crucial role in stabilizing this 
conformation. In addition, this conformational change cre-
ates a space that is able to accommodate compounds such 
as cholesterol hemisuccinate, the presence of which could 
be further stabilized by the cholesterol-binding CARC motif 
(Lys805–Leu812) observed in TM6. This has implications for 
the binding of the CaSR to cholesterol-rich caveolae, the site 
of CaSR-mediated signal transduction in parathyroid cells 
[44]. The presence of the T808P variant in TM6 suggests that 
it might disrupt TM6 interface orientation leading to dimin-
ished signal transduction, while its presence directly within 
the CARC motif indicates that it could interfere with binding 
to caveolae thus compromising signaling capacity by a dif-
ferent means. While the cryo-electron microscopic analysis of 
the CaSR failed to elucidate the presence of an ionic lock type 
mechanism involving TM3, the high number of inactivating 
variants detected in this domain, including the 2 confirmed 
in this study, would suggest that TM3 plays an important 
role either in relaying conformational changes to the TM6 

interface or in allowing G protein coupling to occur. In sup-
port of the latter, cryo-electron microscopic studies of the 
CaSR suggest that G protein coupling is facilitated by down-
ward extensions of both ICL-2 and the C terminus of the 
protomer to which it binds ( [43]; supplementary data, Fig. 
9). The close proximity of the variants T699N and R701G to 
ICL-2 suggests that they could interfere with ICL-2’s down-
ward extension to accommodate G protein coupling.

In summary, we confirmed by in vitro studies the 
inactivating nature of 3 novel CASR missense variants iden-
tified in patients with a biochemical profile consistent with 
FHH, but with insubstantial family studies demonstrating 
co-segregation of the variant with the disorder, and an am-
biguous bioinformatics assessment of pathogenicity. These re-
sults underscore the importance of functional assessment of 
CASR variants associated with FHH and other CaSR-related 
disorders in assigning pathogenicity. All variants are located 
in the heptahelical TM domain of the receptor and, while in-
activation may be due wholly or in part to reduced cell surface 
expression exhibited by the variants, it may also be caused by 
conformational changes in the TM domains induced by the 
variants that affect their stability and G-protein coupling or 
by alterations that affect binding to caveolae. With the ever-
increasing availability of genetic testing in clinical practice, 
“variants of unknown significance” are now often encoun-
tered by clinicians; however, such classification causes further 
frustration and does little to aid the diagnosis. This study 
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Figure 2. Fluorescence confocal microscopy examination of wild-type, control inactivating variants (L174R and G509R), and test variants (T699N, 
R701G, T808P) in HEK293 cells. A, cell surface expression. B, ER localization. Empty vector (pcDNA3.1) was included as a background control in both 
experiments. Plasmid DNA was transfected into HEK293 cells and 48 hours later seeded on to coverslips and after overnight culture, cells were fixed, 
permeabilized and probed with anti-FLAG Alexa Fluor 488 nm antibody to detect the CaSR (left panels, green) and either stained with rhodamine-
phalloidin to detect the cell surface marker, F-actin (A, central panels, red) or anti-PDI Alexa Fluor 555 nm antibody to detect the ER (B, central panels, 
red). Nuclei were identified using Hoechst 33258 stain and the cells imaged using a Nikon-A1Si point scanning confocal microscope. Merged images 
are shown in the right-hand side panels for both A and B. White unbroken arrows (A, merged) indicate examples of strong cell surface localization of 
receptor, whereas white broken arrows (A, left and right panels) demonstrate receptor localization in globular-like structures or lattice-like arrays. For (B) 
white unbroken arrows (B, merged) identify regions of receptor colocalization in the ER, either in globular compartments or lattice-like arrays.
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demonstrates the importance of functional laboratory studies 
in assessment of such variants, which assists in confirming or 
refuting clinical diagnoses with clear implications for patient 

care, in particular the avoidance of unnecessary exploratory 
neck surgery or parathyroidectomy for suspected PHPT, as 
has been observed in the past [45].

Figure 3. Comparative analysis of receptor activation following Ca++ stimulation for wild-type, control inactivating (L174R), and test variant (T699N, 
R701G, T808P) receptors using the IP-One ELISA assay. HEK293 cells were transfected with plasmid DNA, 8 hours later seeded into 24-well plates, 
and the following day dosed with varying concentrations of Ca++, after which the cells were lysed and examined for D-myo-inositol-1-phosphate 
accumulation using the IP-One ELISA assay. A, Dose response curves plotting mean % stimulation (± 2× SEM error bars) against Ca++ ion concentration 
for 3 experiments for wild-type, control inactivating, and test receptors. B, Bar plots representing comparative % stimulation of wild-type, control 
inactivating, and test variant receptors at Ca++ concentrations of 3 mM or 10 mM; bars represent the mean % stimulation (± 2× SEM error bars) for 3 
experiments with **P value = < 0.001 (compared to wild-type receptor % stimulation). C, Bar plot comparing the EC50 values for wild-type receptor 
with those for the 3 test receptors; bars represent the mean EC50 (± 2× SEM error bars) for 3 experiments; *P value < 0.05 (compared to wild-type 
receptor EC50).
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