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Abstract

The calcium-sensing receptor (CaSR) plays a critical role in sensing extracellular calcium
(Ca?") and signaling to maintain Ca®* homeostasis. In the parathyroid, the CaSR regulates
secretion of parathyroid hormone, which functions to increase extracellular Ca?" levels. The
CaSR is also located in other organs imperative to Ca®>" homeostasis including the kidney
and intestine, where it modulates Ca®* reabsorption and absorption, respectively. In this
review, we describe CaSR expression and its function in transepithelial Ca* transport in the
kidney and intestine. Activation of the CaSR leads to G protein dependent and independent

Impact statement

This minireview illustrates the role of
calcium-sensing receptor signaling in
transepithelial calcium transport across the
kidney and intestine. Regulation of calcium
transport contributes to the maintenance
of calcium homeostasis and understanding
the molecular mechanisms involved will
provide insight for the treatment of dis-
eases caused by perturbations in calcium
balance.

signaling cascades. The known CaSR signal transduction pathways involved in modulating paracellular and transcellular epithelial
Ca®" transport are discussed. Mutations in the CaSR cause a range of diseases that manifest in altered serum Ca®" levels. Gain-
of-function mutations in the CaSR result in autosomal dominant hypocalcemia type 1, while loss-of-function mutations cause
familial hypocalciuric hypercalcemia. Additionally, the putative serine protease, FAM111A, is discussed as a potential regulator of
the CaSR because mutations in FAM111A cause Kenny Caffey syndrome type 2, gracile bone dysplasia, and osteocranioste-
nosis, diseases that are characterized by hypocalcemia, hypoparathyroidism, and bony abnormalities, i.e. share phenotypic
features of autosomal dominant hypocalcemia. Recent work has helped to elucidate the effect of CaSR signaling cascades on
downstream proteins involved in Ca®* transport across renal and intestinal epithelia; however, much remains to be discovered.
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Introduction secreted and acts to restore levels by (i) mobilizing Ca*"

The calcium-sensing receptor (CaSR) is a G-protein coupled
receptor (GPCR) central to the maintenance of calcium
(Ca®") homeostasis in vertebrates."” As the name implies,
it senses the extracellular Ca®" concentration and signals to
maintain it within a narrow physiological range (Figure 1).?
Central to this role, CaSR signaling occurs in the parathy-
roid glands,* kidneys,” intestine, ® and bone.”® The CaSR is
highly expressed in the parathyroid glands,” where it reg-
ulates the synthesis and secretion of parathyroid hormone
(PTH).® In response to low serum Ca”" levels, PTH is
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from bones via stimulation of osteoclastic bone resorp-
tion, ! (if) promoting renal Ca** reabsorption,12 and (iii)
stimulating the synthesis of active vitamin D (1, 25-dihy-
droxyvitamin D), which in turn increases intestinal Ca’*
absorption.''* Ca®*-induced activation of CaSR signaling
in the parathyroid gland acts to reduce circulating PTH
levels by decreasing PTH gene expression,'” PTH secre-
tion,'® and parathyroid cell proliferation.'”

However, CaSR signaling in Ca®" transporting epithelia
directly regulates transport independently of PTH.
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Figure 1. Schematic diagram of calcium (Ca®") homeostasis. Increased plasma Ca®* activates the calcium-sensing receptor (CaSR; protein structure represented in
diagram in purple as a homodimer) in the parathyroid decreasing parathyroid hormone (PTH) release. Decreased PTH release, in addition to CaSR activation in the
bone and kidney, results in decreased Ca®" release from the bone and increased Ca®* excretion in the urine. Decreased PTH indirectly causes decreased Ca®*

absorption from the small intestine by reducing the kidney production of 1,25-dihydroxyvitamin D (1,25(0OH),VitD). CaSR activation in the small intestine also directly
decreases Ca®" absorption. Overall, increased plasma Ca®* activates the CaSR in multiple organs decreasing PTH, as well as directly affecting Ca®* transport in the
kidney, bone, and intestine to lower plasma Ca* to a normal physiological range (1.1-1.25 mmol/L). (A color version of this figure is available in the online journal.)

Studies on PTH null mice and thyroparathyroidectomized
rats have revealed PTH-independent effects of CaSR
activation on the extracellular Ca®" concentration.”'®
Activation of the renal CaSR increases urinary Ca®" excre-
tion by regulating the paracellular permeability to Ca** via
modulation of claudin expression. Claudins are four-pass
transmembrane proteins localized to the tight junction that
regulate paracellular ion permeability.'” In fact CaSR acti-
vation in the kidney increases claudin-14 (CLDN14) expres-
sion, which reduces the paracellular permeability of the
epithelium to divalent cations (i.e. Ca®" and Mg®") in the
thick ascending limb (TAL).* In this segment, CLDN14
physically acts as a paracellular barrier to block the move-
ment of divalent cations through the cation selective pore
formed by claudin-16 (CLDN16) and claudin-19
(CLDN19).°-* Whether transcellular transport is affected
by CaSR activation in the kidney is still disputable as there
is debate on the localization of the CaSR in the nephron,
outside the TAL. Activation of the intestinal CaSR reduces
transcellular Ca* absorp’cion,6 while it remains to be deter-
mined whether paracellular Ca®" absorption is directly
affected by intestinal CaSR signaling.

The CaSR is also expressed in osteoclast and osteoblast
cells of bone and participates in extracellular Ca®" sensing
within the bone microenvironment to modulate bone
remodeling and extracellular Ca”" levels.”® High extracel-
lular Ca®" and CaSR agonists activate the CaSR in these
bone cells, stimulating the proliferation and chemotaxis of
bone-forming osteoblasts” while decreasing bone resorp-
tion by inducing apoptosis of  osteoclasts.®

Interestingly, osteoblasts have an additional G protein-
coupled calcium sensor, GPCR6a, which also contributes
to stimulating osteoblast-mediated bone formation.

Given the central role of the CaSR in regulating blood
Ca’* levels, it is therefore not surprising that mutations in
the CASR cause diseases that manifest as an inability to
maintain Ca®" homeostasis. Heterozygous inactivating
mutations result in familial hypocalciuric hypercalcemia
(FHH), a disease characterized by high serum Ca*" and
low urine Ca®' levels with inappropriately normal or
mildly elevated serum PTH.** Conversely, heterozygous
activating mutations in the CASR cause autosomal domi-
nant hypocalcemia (ADH) type 1, a disease characterized
by low serum Ca”", high urinary Ca®*, and inappropriately
low serum PTH.* Herein we review the role of CaSR sig-
naling, where it is known, in regulating transepithelial Ca*"
transport in the kidney and intestine. The localization of the
CaSR in these organs and the effect of CASR mutations on
Ca’>* homeostasis are also discussed. Additionally, we
describe the potential role of FAM111A, a predicted serine
protease, in CaSR modulation.

Localization of the CaSR in the kidney

Initial CaSR localization studies conducted on rat kidney
found CaSR messenger RNA (mRNA) expression in most
nephron segments including the glomerulus, proximal
tubule (PT; convoluted and straight), TAL (cortical and
medullary), distal convoluted tubule (DCT), and collecting
ducts (CD; cortical and medullary).”® Subsequently, CaSR
protein expression was identified in rat kidney via



immunofluorescence microscopy, within the PT (convolut-
ed and straight), TAL (cortical and medullary), DCT, and
cortical CD.?” For many years, however, it has been debated
whether the CaSR was expressed in tubule segments other
than the TAL.

Among the CaSR localization studies performed to date
onrodent and human kidneys, there is consensus that CaSR
transcript and protein is predominately expressed in the
TAL with protein localization to the basolateral membrane.
A study using human, rat, and mouse kidney only found
CaSR transcript and protein in the TAL of the nephron.’
Some, but not all investigations have also identified CaSR
expression in the apical and basolateral membranes of the
DCT and CD.?*° Others have failed to find expression in
the glomerulus® and PT.***° A recent study by Graca
et al>' sought to determine the intrarenal distribution of
the CaSR in mouse, rat, and human nephron segments
using recent technological advances. They used a combina-
tion of methods including in situ hybridization, immuno-
histochemistry with eight different CaSR antibodies, and
proximity ligation assay. mRNA was found in the TAL,
DCT, and CD with the highest expression in the TAL.
Protein was found all along the nephron including the glo-
meruli, PT (apical and cytoplasm; expression decreases
from S1 to S3), TAL (basolateral and cytoplasm), connecting
tubule, DCT (apical, basolateral, cytoplasm), and CD
(apical, basolateral, cytoplasm).”*! The expression pattern
was similar between mouse, rat, and humans, consistent
with a high degree of conservation. The lowest CaSR
expression was found in the glomeruli, then the PT, with
the highest in the TAL. Due to discrepancies in studies over
gene and protein expression of the CaSR along the nephron,
other than the TAL, we have therefore focused on signaling
in this segment. The predominant expression of the CaSR in
the TAL suggests it plays an important functional role in
this segment. Indeed, a function for the CaSR in the cortical
TAL has been confirmed via ex vivo microperfusion studies
employing peritubular addition of CaSR agonists, which
elicited a Ca®" signaling response resulting in increased
cytosolic free Ca®".>** Localization combined with func-
tional studies is required to determine the presence and
role of the CaSR in each nephron segment.

Localization of the CaSR in the intestine

There are fewer studies examining the localization of the
CaSR in the intestine than in the kidney. The intestine, nev-
ertheless, plays an important role in Ca*" homeostasis as
the site of Ca®" absorption from the diet. Using reverse
transcription-polymerase chain reaction (RT-PCR) and
complementary northern blotting, CaSR transcripts have
been identified in whole and mucosal samples of rat intes-
tinal segments including the duodenum, jejunum, ileum,
cecum, and colon.®*3* Additionally, in situ hybridization
on the duodenum found CaSR mRNA present in both
crypt and villus cells, as well as the submucosa.?*
Immunohistochemistry of rat small intestinal segments
identified CaSR protein localized predominately in the
basolateral region of villi and crypt epithelial cells, with
modest apical expression in villi.>* Interestingly, CaSR
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mRNA and protein were also observed in the enteric ner-
vous system of the small and large intestine.**>> Protein
was found in the submucosa and serosa along the intes-
tine.>* In the rat colon, surface and crypt cells showed
apical and basolateral expression of CaSR transcript and
protein.**?® Additionally, the immunostaining pattern of
the CaSR in colonic crypts was similar between human
and rat® CaSR transcript and protein has also been
observed in several human colonic cell lines (Caco-2, HT-
29 and T84).*

CaSR activation and signaling

CaSR ligands and activation: The CaSR is a class C GPCR
composed of a large extracellular domain (ECD), seven
transmembrane spanning domains, and an intracellular
domain."?”"* Homodimerization occurs by connection of
the ECDs via a covalent disulfide linkage between cysteine
residues in addition to non-covalent intermolecular inter-
actions."*%*! Crystal structures of the ECD of the CaSR
show that it contains a large Venus flytrap module
(VFTM) with two lobes (LB1 and LB2) that create a cleft
for ligand binding.*”** The cysteine rich domain, which is
present in most class C GPCRs, links the VFIM to the
transmembrane spanning region.”’*® Agonist-induced
VFTM closure along with the presence of a cysteine-rich
domain is required for CaSR activation.>”*?

Extracellular Ca*" is the primary endogenous agonist of
the CaSR.** It binds within the VFTM.** Other agonists that
bind the orthosteric site with varying affinity include diva-
lent and trivalent cations, polyamines, and L-amino
acids.””*** In addition to binding within the VFTM, the
L-amino acids L-phenylalanine and L-tryptophan can also
bind to allosteric sites and act as positive modulators by
increasing the receptor’s sensitivity to extracellular
Ca”".** Mutations in residues that bind L-amino acids
result in reduced CaSR-mediated response to extracellular
Ca”", illustrating the importance of L-amino acid involve-
ment in receptor activation.*¢ Interestingly, L-amino acids
only contribute to receptor activation and modulation
when extracellular Ca* is > 1 mmol/L. Thus, there exists
a co-agonist mechanism whereby extracellular Ca®" and L-
amino acids are required to maximally activate the
CaSR.>”*” The ECD of the CaSR also possesses allosteric
binding sites for anions, including phosphate.?” They neg-
atively modulate the CaSR by facilitating the inactive state,
thereby inhibiting the CaSR and permitting PTH
release.”*®

CaSR G protein signaling cascades: Upon activation, the
CaSR induces signaling cascades (Figure 2) via coupling
to G proteins, specifically G alpha subunits such as Gq/
11, Gi/0, and G12/ 13.49-51 Double knockout of the alpha
subunits Gq and G11 in mouse parathyroid leads to elevat-
ed levels of both PTH and serum Ca®", suggesting that loss
of Gq/11 signaling impairs the CaSR to feedback inhibit
PTH secretion.*’ Stimulation of Gq/11 activates phospho-
lipase C (PLC) which generates the second messengers,
inositol 14,5, trisphosphate (IP3) and diacylglycerol
(DAG) from phosphatidylinositol  4,5-bisphosphate
(PIP,).°> DAG activates protein kinase C (PKC) which
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Figure 2. A schematic representation of calcium-sensing receptor (CaSR) signaling within epithelial cells. The CaSR has an extracellular domain (ECD) containing a
Venus fly trap module (VFTM) and a cysteine rich region. It has seven transmembrane domains (TMD) and an intracellular domain (ICD). The CaSR forms homodimers
by connection of the VFTMs via disulfide bonds. Calcium (Ca®") binding within the VFTM activates the CaSR leading to signaling through G alpha (G«) proteins (Gog,
Gaq11, Goi, Gu12/13) and beta-arrestin (f-arrestin). Gag11 stimulates phospholipase C (PLC)-mediated cleavage of phosphatidylinositol 4,5-bisphosphate (PIP,) to
diacylglycerol (DAG) and inositol 1,4,5, trisphosphate (IP3). IP3 induces release of Ca>" from the endoplasmic reticulum (ER), thereby increasing cytosolic Ca®*
concentration ([Ca®*]). DAG activates protein kinase C (PKC) resulting in mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinases (ERK1/2)
mediated gene transcription in the nucleus, and in the TAL specifically CLDN14. p-arrestin also stimulates MAPK and ERK1/2. Gai inhibits adenylate cyclase (AC) and
decreases cyclic adenosine monophosphate (CAMP). Go12/13 activates PLD, which affects cytoskeletal reorganization. Gaq activation of Ras homolog family member
A (RhoA) also stimulates cytoskeletal reorganization and gene transcription. (A color version of this figure is available in the online journal.)

initiates mitogen-activated protein kinase (MAPK) signal-
ing cascades.” Subsequently, MAPKs, including the extra-
cellular signal-regulated kinases ERK1/2 mediates
cytosolic signaling and activation of gene transcription.”>*
The second messenger, IP3, stimulates release of Ca’®" from
the endoplasmic reticulum thereby increasing cytosolic
Ca”" which activates other pathways.”"”> Additionally, an
in vitro study using HEK-293 cells showed that CaSR sig-
naling through the Gq alpha protein activates the small
GTPase, RhoA, stimulating serum response element-
mediated gene expression.”® Coupling of the CaSR to
G12/13 activates the Rho family of small G proteins and
phospholipase D, resulting in cytoskeletal reorganization.™
CaSR signaling through Gi/0 inhibits adenylate cyclase,
resulting in a decrease in cAMPS! Furthermore, CaSR acti-
vation can also initiate G-protein independent signaling
through p-arrestin, which stimulates ERK1/2 of the
MAPK pathway.”” Overall, the downstream signaling cas-
cades that arise from G-protein-dependent and -indepen-
dent pathway activation by the CaSR contribute to the
control of Ca*" homeostasis through increased cytosolic
Ca®>*, MAPK, RhoA signaling, and decreased cAMP.
These cell events lead to changes in gene transcription

and reorganization of the cytoskeleton, although the spe-
cific mechanisms affecting target proteins (i.e. transporters
or tight junction proteins) important in maintaining serum
Ca”" levels are largely unknown. Furthermore, the down-
stream signaling cascades used by the CaSR may differ
between organs, although this remains to be determined.

CaSR signaling in the kidney

Glomerulus: The glomerulus filters blood to form pro-urine.
CaSR protein in the glomerulus has been found in some
studies, but not others.>**?' In studies that identified
CaSR protein in the glomerulus, expression was sparse.’!
In cultured human mesangial cells, CaSR stimulation
caused a PLC-mediated increase in intracellular Ca*" via
influx through canonical transient receptor potential (TRP)
channels TRPC3 and TRPC6.”® This induced cell prolifera-
tion.”® Furthermore, outside the glomerulus, expression
was found in isolated mouse juxtaglomerular cells and cal-
cimimetics decreased cAMP production, which resulted in
decreased renin release.”

Proximal tubule: The PT is responsible for the majority of
water and electrolyte reabsorption, with >60% of filtered



Ca”" being reabsorbed from this segment through a para-
cellular pathway.®® Apical expression of the CaSR has been
detected, although at a low level and not consistently in the
PT,*** ! suggesting the CaSR could be involved in sensing
luminal Ca’*. In a perfusion study of rat PTs, use of the
CaSR selective calcimimetic, R-568 or increasing luminal
Ca®" concentration, increased fluid reabsorption and
sodium/ proton exchanger (NHE3)-mediated proton secre-
tion.®! These effects were not seen in the PT of animals
lacking the CaSR.®" The apically located CaSR mediates
Ca”" reabsorption indirectly by increasing NHE3 activi-
ty.°%? The transcellular flux of sodium, along with water
flux, generates the driving force for Ca®" reabsorption via
the paracellular route.”® The specific signaling cascades
involved in CaSR activation of downstream effectors that
mediate its function in the PT are largely unknown.
However, stimulation of the CaSR in the PT-derived opos-
sum kidney cell line by extracellular Ca>" or the CaSR ago-
nist, neomycin, resulted in an increase in cytosolic Ca*" and
ERK1/2 activation via the PIP,-PLC pathway, but not the
PKC pathway.64 Overall, the role of the CaSR in the PT is
controversial, as some have not been able to identify
expression of the CaSR in the PT at all, or at levels unlikely
to be physiologically significant.>?*~!

Thick ascending limb of Henle’s loop: Approximately 25%
of filtered Ca" is reabsorbed from the TAL through a para-
cellular pathway. The furosemide sensitive sodium-
potassium-chloride-cotransporter 2 (NKCC2) reabsorbs
sodium, potassium, and chloride into TAL epithelial
cells.®*®® The subsequent asymmetrical flux of potassium
back into the lumen through the renal outer medullary
potassium channel (ROMK) and chloride ions basolaterally
via the voltage-gated chloride channel Kb (CLCNKB) gen-
erates a lumen positive voltage potential critical for driving
Ca”" paracellularly.®®®” This system is regulated by CaSR
activity. Mice with a kidney specific deletion of the CaSR
have four-fold increased expression of active, phosphory-
lated-NKCC2,°® which would increase Ca®* reabsorption
through the paracellular pathway. Further the peritubular
addition of NPS2143, a CaSR inhibitor, to isolated perfused
rat TAL increased Ca®' reabsorption without altering
sodium or chloride-flux, or transepithelial voltage.” This
suggests that the CaSR directly affects the paracellular per-
meability of the epithelium to Ca?*. Indeed, CaSR activa-
tion increases the expression of the tight junction protein,
CLDN14, in response to elevated serum Ca%* levels.??
Cldnl4 transcripts are detectable at higher levels in the
TAL compared with other tubular segments™®’ and
increases substantially when animals are fed a high Ca*"
diet,”* made hypercalcemic or given calcimimetics.”
Expression of the CLDN14 protein is only visible under
hypercalcemic conditions, where it is restricted to the
outer stripe and cortical TAL segments,®® where it functions
to block paracellular Ca®' reabsorption, resulting in
increased urinary Ca®" excretion.?” The tight junction pro-
teins, CLDN16 and CLDN19 co-localize in the TAL and
interact to form a cation-selective pore.”* CLDN14 attenu-
ates paracellular cation reabsorption through the CLDN16/
19 tight junction complex by physically interacting with
CLDN16.% Moreover, mice with kidney specific knockout
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of the CaSR had reduced Cldnl4 and increased Cldnl6
expression, further supporting that CaSR activity regulates
tight junction protein expression to attenuate Ca>" reab-
sorption from the TAL.°®® The microRNAs, miR-9 and
miR-374 have been implicated in repressing CLDN14
gene transcription via binding the 3’-UTR of CLDN14
mRNA.**”" CaSR activation decreases miR-9 and miR-
374.”" Otherwise the CaSR signaling cascades mediating
altered Ca®" transport in this segment are largely
unknown; however, G-protein mediated signaling through
Gq and/or GI1 likely contributes. Furthermore, other
CaSR-dependent signaling pathways than those described
in parathyroid may exist in kidney. Regardless, the CaSR in
the basolateral membrane of the TAL senses serum ionized
Ca®" and signals to alter urinary Ca®' excretion in
response.

Distal convoluted and connecting tubule: Reabsorption of
the remaining up to 10% of filtered Ca®* occurs in the DCT
and CNT via an active transcellular transport mecha-
nism.*>”? Luminal Ca®" enters the DCT/CNT cell through
the apically expressed TRP vanilloid 5 (TRPV5) channel
and is shuttled to the basolateral membrane by calbindin-
Dosk (CALB28K), where efflux occurs via the plasma mem-
brane calcium ATPase (PMCA) and sodium-calcium
exchanger 1.7 Activation of the basolateral CaSR in a
distal tubular cell model (MDCK cells) inhibits transcellular
reabsorption of Ca>" by decreasing PMCA activity in a
PLC-dependent manner.”* Some reports also suggest that
the CaSR is expressed apically in the DCT and CNT where it
colocalizes with TRPV5 at the luminal membrane.””
Activation of the CaSR in HEK293 cells stimulates
TRPV5-mediated Ca®" influx, via a phorbol-12-myristate-
13-acetate-insensitive PKC isoform pathway.”” Mutation of
PKC phosphorylation sites on TRPV5 abolished channel
activity.75 Therefore, the CaSR signals through different
intracellular pathways depending on cellular localization
in this segment (apical vs. basolateral). Based on these
observations it is suggested that the basolateral CaSR
senses serum Ca”" levels and functions to decrease renal
Ca”" reabsorption, whereas apical CaSR senses lumen Ca*"
levels and functions to increase reabsorption.

Collecting duct: There is little Ca®" reabsorption from the
CD; however, some have reported expression of the CaSR
in this segment. An increase in luminal Ca*" decreases
tubule permeability to water and increases proton secretion
by downregulating aquaporin 2 (AQP2) and increasing H'-
ATPase activity respectively.”® Luminal Ca”*"-mediated
polyuria and urinary acidification may protect from renal
stone formation. The apically located CaSR in the CD
senses the luminal Ca®>* concentration, as activation of the
CaSR by luminal addition of CaSR agonists decreased
AQP2 expression and water permeability, and increased
H'-ATPase activity.”®”®”” The effects of CaSR activation
on AQP2 expression were found to be independent of
PKC and ERK, but relies on increased cytosolic Ca%*, cal-
modulin, and protein kinase A.”” CaSR protein was also
found within purified AQP2 endosomes along with Gq/
11, Gi, and two PKC isoforms”® implicating the CaSR in
trafficking of AQP2 to the membrane. Again there is
debate as to whether there is CaSR in this segment.
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Loupy et al.” suggest Ca®* sensing in the CD occurs through
a different mechanism (i.e. via Gprcb6a), as CaSR agonists
did not elicit a Ca®" response in microperfused CDs when
applied either luminal or basolateral and they could not
observe CaSR expression in the CD. However, others
have found that 5mmol/L extracellular Ca>" was not
able to elicit an intracellular Ca®" response in HEK-293
cells transfected with Gprc6a.”® Additionally, maximal acti-
vation of Gprcba, as determined by phosphorylated-ERK
levels, required 40 mmol/L extracellular Ca®" compared
with 5mmol/L required to maximally activate the CaSR.
Gprc6a seems to have lower affinity for Ca®>* compared
with the CaSR, and thus the CaSR is likely the main Ca’*
sensor in this segment.

Intestinal CaSR signaling

Intestinal Ca®" absorption can occur by both paracellular
and transcellular routes, and is strongly regulated by 1, 25-
dihydroxyvitamin D. Activation of the apical intestinal
CaSR purportedly reduces Ca>" absorption.” This is sup-
ported by the apical addition of the CaSR agonists cinacal-
cet and AC-265347 to monolayers of human intestinal
(Caco-2) cells, which decreased 1,25-dihydroxyvitamin D-
induced Ca®" flux.” The specific mechanisms of how CaSR
activation affects the 1, 25-dihydroxyvitamin D-dependent
intestinal Ca®" absorption are largely unknown. Whether
and how intestinal CaSR activation modulates paracellular
Ca”" absorption is not clear, although the CaSR has been
found to be important in maintenance of the intestinal epi-
thelial barrier integrity.*” For example, CaSR null mice have
reduced colonic transepithelial resistance, greater transepi-
thelial conductance and higher passive transport as mea-
sured by the flux of FITC-conjugated dextran.®” Through
pharmacological and physiological methods, the intestinal
CaSR has recently been found to affect the transcellular
transport of Ca”".® Basolateral but not apical CaSR activa-
tion by cinacalcet or higher Ca®" concentration in the duo-
denum, cecum, and proximal colon decreased apical
TRPV6-mediated intestinal Ca®" absorption through the
PLC pathway.®

In addition to nutrient sensing, maintenance of epithelial
barrier integrity, and regulation of Ca®" absorption, the
intestinal CaSR modulates water transport in the intestine.
Both the apical and basolateral CaSR in the colon are func-
tionally active and modulate water transport there.*®
Consistent with this in isolated perfused rat colonic
crypts an increase in luminal or basolateral Ca*" from 0.1
to 2.1 mmol/L or addition of CaSR agonists resulted in an
increased intracellular Ca®" response and reduced fluid
secretion. The PLC-IP; pathway was implicated in mediat-
ing the intracellular Ca’" increase, since CaSR activation
increased intracellular IP; accumulation and a specific
inhibitor of PLC, U-73122, prevented the response. An
additional study found that both luminal and basolateral
CaSR activation in isolated perfused colonic crypts,
reduced forskolin-stimulated fluid secretion.*® Similarly,
ex vivo perfusion of small intestinal segments with luminal
addition of a CaSR agonist, reduced fluid secretion.®!
Overall intestinal epithelia clearly can sense extracellular

Ca”" levels and respond to maintain plasma Ca®" but
more work is required to fully understand the signaling
pathways mediating this and if the paracellular pathway
is involved.

Clinical conditions associated with increased
CaSR signaling

The maintenance of serum Ca®" levels within a normal
range is dependent on the CaSR.”> Consequently, mutations
in the CaSR that alter the affinity for Ca>" ‘reset’ serum
Ca”" levels either upwards or downwards.*> Low Ca*"
levels, or hypocalcemia, is not normally detected by the
CaSR, enabling the secretion of PTH and preventing its
degradation.” A small decrease in serum Ca”" may be cor-
rected entirely through alterations in PTH release.
However, activating mutations in the CaSR, bind serum
Ca*" and signal, even when serum Ca®" is low, resulting
in hypocalcemic syndromes (Table 1). These mutations
increase the receptor’s affinity for Ca>" inducing a left
shift in the dose response curve, such that even lower
serum Ca”" levels are sufficient to activate the receptor.®>**

Patients with activating CaSR mutations typical display
a syndrome referred to as autosomal dominant hypocalce-
mia type 1 (ADH1). They exhibit mild to moderate low
blood Ca®" levels with inappropriately low PTH levels.**
They can exhibit neuromuscular irritability, seizures, and
basal ganglia calcification. Heterozygous mutations are
most common and those with homozygous mutations do
not appear to exhibit a more severe phenotype. Other gain-
of-function CaSR mutations cause Bartter’s syndrome type
V. This is a more severe phenotype characterized by urinary
sodium loss, due to inhibition of sodium reabsorption from
the TAL as well as hypocalcemia, hypoparathyroidism, and
hypomagnesemia since Mg”>" is reabsorbed by a similar
mechanism to Ca®" in the TAL.%

The CaSR signals by coupling to G-proteins, including
Guod1. It is not surprising then that gain-of-function muta-
tions in Goll, cause hypocalcemia with reduced PTH
levels, i.e. ADH type 2 (ADH2; Table 1).* Mutations in
GNAI11 (the Goll gene) were identified by screening
patients with ADH, but without mutations in the CaSR.%”
Mutations in GNA11 causing ADH2 increase the affinity of
the CaSR for Ca®" similar to CaSR gain of function muta-
tions. Interestingly, patients with ADH2 described thus far
have not presented with hypercalciuria, in contrast to 10%
of ADH1 patients who exhibit this at presentation.
However, ADH2 is less common and the number of
patients studied to date is limited.

The CaSR signals in a biased manner.*® Activating or
inactivating mutations in the CaSR act as ‘molecular
switches’ to direct signaling either by increasing intracellu-
lar Ca®* or via MAPK signaling. Mutations causing ADH1
appear to preferentially signal via increased Ca®, in con-
trast to loss-of-function mutations, which signal mainly
through the MAPK pathway.”” However, exceptions exist,
as the R680G activating mutation in the CaSR stimulates the
MAPK pathway without altering intracellular Ca*"
responses, in contrast to the majority of other activating
mutations that bias the CaSR towards Ca®" signaling.



Table 1. Disorders of CaSR signaling.
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Syndrome Gene Mutations Clinical phenotype* References
Hypercalcemic
FHH1 CaSR I40F, 1555T, E297K, 1608 +3A>G,  Hypercalcemia, hypophosphatemia, hypocalciuira, S
G571W, G146D, P798T —(Het) hyperparathyroidism, hypermagnesemia
Q459R & 181K (Hom)
FHH2 GNAT1 F220S, T54M —heterozygous Hypercalcemia, hypophosphatemia, LHE G
hyperparathyroidism, hypocalciuria
FHH3 APS2 R15C, R15H and R15L— Hypercalcemia, low bone mineral density, U
heterozygous hypocalciuria
NSHPT CaSR P39A, E519X, IVS5+1 G > A, Hypercalcemia, hypophosphatemia, hypocalciuria, 93,107,116-123
206 G > A—homozygous hyperparathyroidism, hypermagnesemia,
R185Q (Het) hypotonia, fractures, osteopenia, bell-shaped ribs,
elevated Alk Phos, elevated 1,25(0H).D3, low
250HD;3
Hypocalcemic
Barter syndrome  CaSR L125P, A8B43E, Y825F — Hypokalemia, met. alkalosis, hypocalcemia, Sk
heterozygous hypoparathyroidism, hyperphosphatemia, hyper-
calciuria, hypomagnesemia, hyperaldosteronism,
nephrocalcinosis, tetany
ADH1 CaSR L123S, N732S, P221L, T888M, Hypocalcemia, hypoparathyroidism, hyperphospha- 125,126,109,127-132
C131S, E767K, C129S, temia, hypercalciuria, hypomagnesemia, tetany,
Q681R—heterozygous nephrocalcinosis, nephrolithiasis, elevated 1,25
(OH)2D3, low 250HD3
ADH2 GNAT1 V340M, R60L— heterozygous Hypocalcemia, hypoparathyroidism, hyperphospha- s
temia, tetany
0OCS/GBD FAM111A  S343del, T338A, D528G, Hypocalcemia, hypoparathyroidism, hyperphospha- LR
P527T—heterozygous temia, fractures, frontal bossing, large ant.
Fontanelle, flat nasal bridge, low set ears, clover
leaf skull, hypertelorism, cataracts, thin lone bones
and ribs, hypoplasia, shortened limbs, hepato-
megaly, oligohydramnios
KCS FAM111A  R569H, Y511H, S541Y— Hypocalcemia, hypoparathyroidism, hypomagnese- 129,196,137,138

heterozygous

mia, hyperphosphatemia, open anterior fontanelle,
prominent forehead, macrocephaly, hyperopia,
myopia, medullary stenosis, cortical thickening

FHH: familial hypocalciuric hypercalcemia; NSHPT: neonatal severe hyperparathyroidism; ADH: autosomal dominant hypocalcemia; OCS: osteocraniosyndostosis;
GBD: gracile bone dysplasia; KC: Kenny Caffey syndrome; Het: heterozygous; Hom: homozygous.
o NB there can be significant variability in clinical phenotypes and all findings may not be present.

The treatment for ADH is non-specific and includes
active vitamin D and Ca®" supplementation.®* However,
treatment with Ca®" and active vitamin D can cause neph-
rocalcinosis resulting in impaired renal function. Calcilytics
are antagonists of the CaSR that are a possible treatment for
ADH. Calcilytics are proposed to cause normocalcemia in
ADH patients by negatively modulating the CaSR, sup-
pressing CaSR signaling, and thus stimulating PTH secre-
tion.*” Importantly, calcilytics have yet to show broad
efficacy likely due to the heterogeneity of a treatment
response caused by large variability in CASR mutations
causing ADH and thus differences in drug-binding with
mutant CaSR receptors.

Clinical conditions associated with
decreased CaSR signaling

In response to increased serum Ca" levels, CaSR signaling
decreases PTH secretion, increases renal Ca* excretion,
and decreases intestinal Ca®>" absorption.? In contrast to
gain-of-function CaSR mutations, loss-of-function muta-
tions decrease the set-point for PTH secretion, primarily

by reducing the receptor’s affinity for agonists or failing
to activate G-coupled proteins.”* Heterozygous inactivat-
ing mutations in the CaSR cause familial hypocalciuric
hypercalcemia type 1 (FHH1), a disease that typically
presents with mild to moderate symptoms (Table 1).%
Homozygous inactivating mutations, however, produce a
severe hypercalcemic disorder with high PTH levels, called
neonatal severe hyperparathyroidism (NSHPT).**> This
gene dosage effect, found commonly with many inactivat-
ing mutations of the CaSR, causes PTH levels to increase
more than five-fold, resulting in hyperplasia of the para-
thyroid glands.”® Affected neonates also have demineral-
ized bones and rib fractures from chronically elevated PTH,
which can cause respiratory difficulties and even death.®

Approximately 65% of FHH patients have FHH1, which
is due to inactivating mutations in the CaSR.”" The majority
of FHH1 CaSR mutations (>50%) are missense mutations in
the large ECD, which reduce the receptor’s affinity for ago-
nists.”> Patients, however, generally only have mild hyper-
calcemia, normal PTH, and mild hypermagnesemia.
They are usually heterozygous and thus the normal func-
tioning CaSR typically limits the clinical phenotype.”
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However, not all patients with heterozygous mutations
have mild disease.” Disease severity appears to increase
when the mutation is paternally transmitted or de novo. This
is postulated to occur as a fetus with a FHH mutation that is
gestated in a normocalcemic mother is more likely to devel-
op secondary hyperparathyroidism. However, symptoms
typically improve over time as the fetus is no longer
impacted by the maternal Ca®" homeostatic system.”
These children also display some degree of bone disease
which can be treated with parathyroidectomy, improving
their disease to an asymptomatic state. FHH mutations typ-
ically demonstrate CaSR signaling bias towards MAPK
pathway activation; however, bias towards intracellular
Ca”" mobilization has also been seen.””®

In parallel to ADH2, FHH? is caused by inactivating
mutations of GNA11 and thus alterations in the Gq/11 pro-
tein (Table 1). GNA11 mutations have been found in more
than 10% of FHH patients without CaSR mutations.””
Heterozygous mutants (e.g. R187Q) exhibit a dominant
negative effect as the abnormal receptor interferes with
the function of the normal receptor.” It is postulated that
this may be due to the removal of functional G proteins,
limiting the wildtype CaSR ability to signal. FHH2 muta-
tions typically display a modest decrease in affinity for
Ca”", and appear to occur preferentially in the GTPase
domain of the small G-coupled protein. Patients typically
have mild alterations in serum Ca®" if any at all.

FHH3 is caused by inactivating mutations of the AP251
gene (Table 1). This disease is characterized by high levels
of serum Ca®* and PTH as well as hypophosphatemia.”®
Plasma membrane CaSR expression is regulated by inter-
nalization and insertion, the former occurring via clathrin-
mediated endocytosis.”* AP2g, the protein encoded by
AP2S1, binds the CaSR directly initiating endocytosis."
AP2S1 mutations causing FHH3 interfere with binding to
this motif and consequently impair CaSR endocytosis.”
Specifically, missense mutations that affect Argl5, which
is known to form contacts with dileucine-based motifs of
clathrin-coated vesicle cargo proteins cause FHH3.”"%
More than 20% of patients with FHH without a CaSR muta-
tion have AP2S1 mutations.”* These mutants cause delayed
CaSR internalization which increases CaSR plasma mem-
brane expression, yet also hypercalcemia.”**” This seem-
ingly paradoxical relationship is hypothesized to be due
to a decrease in sensitivity of the CaSR to Ca®" and reduc-
tions in Ca®"-mediated phosphorylation of the receptor in
response to increasing Ca*" levels. It is important to note
that AP2¢ mutants hinder, but do not abolish CaSR inter-
nalization, explaining the relatively mild phenotype of
FHH3 compared with NSHPT, which is caused by homo-
zygous mutations in the CaSR.?

An emerging treatment for hypercalcemic disorders is
calcimimetics, which are positive modulators of the
CaSR.*’ Calcimimetics interact with the transmembrane
domain of the CaSR, increasing the receptor’s affinity for
Ca”".% Thus, calcimimetics are an emerging therapy which
might be useful to lower serum Ca”" levels, assuming that
the mutant CaSR is responsive.®?

FAM111A a potential modifier of CaSR
signaling

Dominant missense mutations in FAM111A are the under-
lying cause of Kenny Caffey syndrome type 2 (KCS2), grac-
ile bone dysplasia (GBD), and perinatally lethal
osteocraniostenosis (OCS; Table 1).”® Patients with these
diseases display a phenotype that includes hypocalcemia,
hypoparathyroidism, medullary stenosis of tubular bones,
and short stature. Thus, mutations in FAM111A result in a
phenotype, which in part resembles gain-of-function muta-
tions in the CaSR. This similarity in phenotype begs the
question as to how FAM111A might affect CaSR signaling,
including across epithelia. Unfortunately, FAM111A is a
poorly characterized gene; however, it is predicted to be a
serine protease. Its C-terminus has a trypsin-like domain
containing the catalytic triad, His385, Aps439, and Ser541,
which is characteristic of the S1 family of serine pro-
teases.”” 1% FAM111A appears capable of auto-cleavage
in vitro. FAM111A localizes in the nucleus and is also
found to be a proliferating cell nuclear antigen (PCNA) —
interacting protein that works to mitigate the effects of pro-
tein obstacles on replication forks that would otherwise
block replication. As such, it could act as a transcription
modifier, interacting with PCNA through its PCNA-
interacting peptide box, and thus affect CaSR transcription
and activity.'"

All disease-causing mutations reported thus far are in
the serine protease domain of FAM111A, inferring alter-
ation in this function result in the CaSR activation like phe-
notype. Gain-of-function mutations in FAM111A amplify
protease activity, antagonizing chromatin-associated
processes including DNA replication and transcription by
displacing key effectors, which may result in rapid caspase-
dependent apoptosis.”® Some disease-causing mutations
(e.g. R569H, Y511H) decrease the amount of full-length
FAM111A protein and increase levels of autocleavage frag-
ments when expressed in cell culture, inferring they are
activating mutations.” Alternatively, rather than stimulat-
ing CaSR transcription, parathyroid development could be
impaired by hyperactive FAM111A inducing apoptosis in
this gland thereby causing KCS2, GBD, or OCS. Another
possibility is that disease-causing activating FAMII11A
mutations increase protease activity thereby preventing
the downregulation of CaSR expression and activity via
increased degradation of key players involved in CaSR
desensitization and internalization (e.g. f-arrestins and G
protein receptor kinases).”*'®® Although highly specula-
tive, this may explain why FAMI11A mutations cause
phenotypes resembling a gain of function mutation in
the CaSR.

Summary/conclusions

The CaSR plays an essential role in Ca®" homeostasis by
sensing extracellular Ca”" levels and signaling to maintain
the serum Ca®" concentration within a narrow physiologi-
cal window. It is located in organs that are essential in reg-
ulating the body’s Ca®" balance, such as the parathyroid,
kidney, and intestine. In the kidney, the CaSR is
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predominately expressed in the basolateral membrane of
the TAL and responds to changes in blood Ca®" levels by
regulating tight junction proteins, thereby affecting urinary
Ca”" excretion. The expression and function of the CaSR in
other nephron segments are still debated, and may not be
physiologically relevant to the maintenance of Ca>" homeo-
stasis. The CaSR is expressed along the intestine and func-
tions in modulating Ca®" and water absorption. It is
unknown whether and how the intestinal CaSR influences
paracellular Ca®" permeability in response to changes in
the blood Ca®" concentration. However, the effect of CaSR
activation on the transcellular pathway of Ca>" absorption
is beginning to be delineated. Overall in epithelia upon acti-
vation, the CaSR signals through a variety of G-protein-
dependent and -independent pathways, with the signaling
pathway initiated potentially differing depending on the
organ or cellular localization of the CaSR. It is largely
unknown how CaSR signaling cascades specifically regu-
late downstream effectors of Ca®" transport. Perturbations
in CaSR activity cause a range of diseases with altered
serum Ca’" levels, such as FHH and ADH. This highlights
the importance of understanding CaSR signaling during
the maintenance of Ca’" homeostasis in order to help
restore normal serum Ca®" levels. Indeed, the recent advan-
ces in understanding CaSR signaling have led to the target-
ing of the CaSR with calcimimetic and calcilytic drugs to
help maintain systemic Ca®" homeostasis.

AUTHORS’ CONTRIBUTIONS

RSGT and CHLL wrote the first draft of the manuscript. RSGT,
CHLL, RTA, and HD reviewed and edited the manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declare no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

FUNDING

RSGT is funded by the University of Alberta, NSERC-CREATE
International Research Training Group in Membrane Biology,
and the Alberta Graduate Excellence Scholarship. The
Alexander laboratory is funded by the Canadian Institutes
of Health Research (CIHR, PS 166072) and the Stollery
Children’s Hospital Foundation through the Women and
Children’s Health Research Institute. RTA is the Canada
Research Chair in Renal Tubular Epithelial Transport
Physiology.

ORCID iDs

Rebecca Siu Ga Tan (B https:/ / orcid.org/0000-0002-0535-1446
R Todd Alexander (® https://orcid.org/0000-0001-7396-7894

REFERENCES

1. Brown EM, Gamba G, Riccardi D, Lombardi M, Butters R, Kifor O,
Sun A, Hediger MA, Lytton ], Hebert SC. Cloning and characteriza-
tion of an extracellular Ca(2+)-sensing receptor from bovine parathy-
roid. Nature 1993;366:575-80

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Brown EM. Role of the calcium-sensing receptor in extracellular cal-

cium homeostasis. Best Pract Res Clin Endocrinol Metab 2013;27:333-43

. Timmers HJ, Karperien M, Hamdy NA, de Boer H, Hermus AR.

Normalization of serum calcium by cinacalcet in a patient with hyper-
calcaemia due to a de novo inactivating mutation of the calcium-
sensing receptor. | Intern Med 2006,260:177-82

. Cetani F, Picone A, Cerrai P, Vignali E, Borsari S, Pardi E, Viacava P,

Naccarato AG, Miccoli P, Kifor O, Brown EM, Pinchera A, Marcocci C.
Parathyroid expression of calcium-sensing receptor protein and in
vivo parathyroid hormone-Ca(2+) set-point in patients with primary
hyperparathyroidism. ] Clin Endocrinol Metab 2000,85:4789-94

. Loupy A, Ramakrishnan SK, Wootla B, Chambrey R, de la Faille R,

Bourgeois S, Bruneval P, Mandet C, Christensen EI, Faure H, Cheval L,
Laghmani K, Collet C, Eladari D, Dodd RH, Ruat M, Houillier P. PTH-
independent regulation of blood calcium concentration by the
calcium-sensing receptor. | Clin Invest 2012;122:3355-67

. Lee JJ, Liu X, O’'Neill D, Beggs MR, Weissgerber P, Flockerzi V, Chen

XZ, Dimke H, Alexander RT. Activation of the calcium sensing recep-
tor attenuates TRPV6-dependent intestinal calcium absorption. JCI
Insight 2019;5:e128013. doi: 10.1172/jci.insight.128013

. Yamaguchi T, Chattopadhyay N, Kifor O, Butters RR Jr, Sugimoto T,

Brown EM. Mouse osteoblastic cell line (MC3T3-E1) expresses extra-
cellular calcium (Ca2+o0)-sensing receptor and its agonists stimulate
chemotaxis and proliferation of MC3T3-E1 cells. | Bone Miner Res
1998;13:1530-8

. Mentaverri R, Yano S, Chattopadhyay N, Petit L, Kifor O, Kamel S,

Terwilliger EF, Brazier M, Brown EM. The calcium sensing receptor is
directly involved in both osteoclast differentiation and apoptosis.
FASEB ] 2006;20:2562-4

. Regard B, Sato IT, Coughlin SR. Anatomical profiling of G protein-

coupled receptor expression. Cell 2008;135:561-71

Canadillas S, Canalejo A, Santamaria R, Rodriguez ME, Estepa JC,
Martin-Malo A, Bravo J, Ramos B, Aguilera-Tejero E, Rodriguez M,
Almadén Y. Calcium-sensing receptor expression and parathyroid
hormone secretion in hyperplastic parathyroid glands from humans.
JASN 2005;16:2190-7

Sadideen H, Swaminathan R. Effect of acute oral calcium load on
serum PTH and bone resorption in young healthy subjects: an over-
night study. Eur ] Clin Nutr 2004;58:1661-5

Sato T, Courbebaisse M, Ide N, Fan Y, Hanai JI, Kaludjerovic J,
Densmore MJ, Yuan Q, Toka HR, Pollak MR, Hou ], Lanske B.
Parathyroid hormone controls paracellular Ca(2+) transport in the
thick ascending limb by regulating the tightjunction protein
Claudin14. Proc Natl Acad Sci U S A 2017;114:E3344-e53

Bajwa A, Forster MN, Maiti A, Woolbright BL, Beckman M]J. Specific
regulation of CYP27B1 and VDR in proximal versus distal renal cells.
Arch Biochem Biophys 2008;477:33-42

Xue Y, Fleet JC. Intestinal vitamin D receptor is required for normal
calcium and bone metabolism in mice. Gastroenterology
2009;136:1317-27, e1-2

Galitzer H, Lavi-Moshayoff V, Nechama M, Meir T, Silver ], Naveh-
Many T. The calcium-sensing receptor regulates parathyroid hormone
gene expression in transfected HEK293 cells. BMC Biol 2009;7:17

Ho C, Conner DA, Pollak MR, Ladd D], Kifor O, Warren HB, Brown
EM, Seidman ]G, Seidman CE. A mouse model of human familial
hypocalciuric hypercalcemia and neonatal severe hyperparathyroid-
ism. Nat Genet 1995;11:389-94

Yano S, Sugimoto T, Tsukamoto T, Chihara K, Kobayashi A, Kitazawa
S, Maeda S, Kitazawa R. Decrease in vitamin D receptor and calcium-
sensing receptor in highly proliferative parathyroid adenomas. Eur |
Endocrinol 2003;148:403-11

Kantham L, Quinn SJ, Egbuna O, Baxi K, Butters R, Pang JL, Pollak
MR, Goltzman D, Brown EM. The calcium-sensing receptor (CaSR)
defends against hypercalcemia independently of its regulation of
parathyroid hormone secretion. Am ] Physiol Endocrinol Metab
2009;297:E915-23

Giinzel D, Yu AS. Claudins and the modulation of tight junction per-
meability. Physiol Rev 2013;93:525-69


https://orcid.org/0000-0002-0535-1446
https://orcid.org/0000-0002-0535-1446
https://orcid.org/0000-0001-7396-7894
https://orcid.org/0000-0001-7396-7894

2416 Experimental Biology and Medicine Volume 246 November 2021

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dimke H, Desai P, Borovac J, Lau A, Pan W, Alexander RT. Activation
of the Ca(2+)-sensing receptor increases renal claudin-14 expression
and urinary Ca(2+) excretion. Am | Physiol Renal Physiol 2013;304:
F761-9

Hou J, Renigunta A, Konrad M, Gomes AS, Schneeberger EE, Paul DL,
Waldegger S, Goodenough DA. Claudin-16 and claudin-19 interact
and form a cation-selective tight junction complex. | Clin Invest
2008;118:619-28

Gong Y, Renigunta V, Himmerkus N, Zhang J, Renigunta A, Bleich M,
Hou J. Claudin-14 regulates renal Ca* " transport in response to CaSR
signalling via a novel microRNA pathway. EMBO j 2012;31:1999-2012
PiM, Zhang L, Lei SF, Huang MZ, Zhu W, Zhang ], Shen H, Deng HW,
Quarles LD. Impaired osteoblast function in GPRC6A null mice. | Bone
Miner Res 2010;25:1092-102

Marx SJ. Familial hypocalciuric hypercalcemia as an atypical form of
primary hyperparathyroidism. | Bone Miner Res 2018;33:27-31
Roberts MS, Gafni RI, Brillante B, Guthrie LC, Streit ], Gash D, Gelb ],
Krusinska E, Brennan SC, Schepelmann M, Riccardi D, Bin Khayat
ME, Ward DT, Nemeth EF, Rosskamp R, Collins MT. Treatment of
autosomal dominant hypocalcemia type 1 with the calcilytic
NPSP795 (SHP635). | Bone Miner Res 2019;34:1609-18

Riccardi D, Lee WS, Lee K, Segre GV, Brown EM, Hebert SC.
Localization of the extracellular Ca(2+)-sensing receptor and PTH/
PTHrP receptor in rat kidney. Am | Physiol 1996;271:F951-6

Riccardi D, Hall AE, Chattopadhyay N, Xu JZ, Brown EM, Hebert SC.
Localization of the extracellular Ca2+/polyvalent cation-sensing pro-
tein in rat kidney. Am | Physiol 1998;274:F611-22

Sands JM, Naruse M, Baum M, Jo I, Hebert SC, Brown EM, Harris HW.
Apical extracellular calcium/polyvalent cation-sensing receptor reg-
ulates vasopressin-elicited water permeability in rat kidney inner
medullary collecting duct. | Clin Invest 1997;99:1399-405

Caride AJ, Chini EN, Homma S, Dousa TP, Penniston JT. mRNAs
coding for the calcium-sensing receptor along the rat nephron: effect
of a low-phosphate diet. Kidney Blood Press Res 1998;21:305-9

Yang T, Hassan S, Huang YG, Smart AM, Briggs JP, Schnermann ]B.
Expression of PTHrP, PTH/PTHrP receptor, and Ca(2+)-sensing
receptor mRNAs along the rat nephron. Am | Physiol 1997,272:F751-8
Graca JA, Schepelmann M, Brennan SC, Reens ], Chang W, Yan P, Toka
H, Riccardi D, Price SA. Comparative expression of the extracellular
calcium-sensing receptor in the mouse, rat, and human kidney. Am |
Physiol Renal Physiol 2016;310:F518-33

Desfleurs E, Wittner M, Simeone S, Pajaud S, Moine G, Rajerison R, Di
Stefano A. Calcium-sensing receptor: regulation of electrolyte trans-
port in the thick ascending limb of Henle’s loop. Kidney Blood Press Res
1998;21:401-12

Gama L, Baxendale-Cox LM, Breitwieser GE. Ca2+-sensing receptors
in intestinal epithelium. Am | Physiol 1997;273:C1168-75
Chattopadhyay N, Cheng I, Rogers K, Riccardi D, Hall A, Diaz R,
Hebert SC, Soybel DI, Brown EM. Identification and localization of
extracellular Ca(2+)-sensing receptor in rat intestine. Am | Physiol
1998;274:G122-30

Sun X, Tang L, Winesett S, Chang W, Cheng SX. Calcimimetic R568
inhibits tetrodotoxin-sensitive colonic electrolyte secretion and
reduces c-fos expression in myenteric neurons. Life Sci 2018;194:49-58
Cheng SX, Okuda M, Hall AE, Geibel JP, Hebert SC. Expression of
calcium-sensing receptor in rat colonic epithelium: evidence for mod-
ulation of fluid secretion. Am ] Physiol Gastrointest Liver Physiol
2002;283:G240-50

Geng Y, Mosyak L, Kurinov I, Zuo H, Sturchler E, Cheng TC,
Subramanyam P, Brown AP, Brennan SC, Mun HC, Bush M, Chen Y,
Nguyen TX, Cao B, Chang DD, Quick M, Conigrave AD, Colecraft
HM, McDonald P, Fan QR. Structural mechanism of ligand activation
in human calcium-sensing receptor. Elife 2016;5:€13662 [10.7554 / eLife.
13662]

Miedlich SU, Gama L, Seuwen K, Wolf RM, Breitwieser GE.
Homology modeling of the transmembrane domain of the human
calcium sensing receptor and localization of an allosteric binding
site. | Biol Chem 2004;279:7254-63

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

. Scillitani A, Guarnieri V, De Geronimo S, Muscarella LA, Battista C,

D’Agruma L, Bertoldo F, Florio C, Minisola S, Hendy GN, Cole DE.
Blood ionized calcium is associated with clustered polymorphisms in
the carboxyl-terminal tail of the calcium-sensing receptor. | Clin
Endocrinol Metab 2004;89:5634-8

Zhang Z, Sun S, Quinn SJ, Brown EM, Bai M. The extracellular
calcium-sensing receptor dimerizes through multiple types of inter-
molecular interactions. | Biol Chem 2001;276:5316-22

Jiang Y, Minet E, Zhang Z, Silver PA, Bai M. Modulation of interpro-
tomer relationships is important for activation of dimeric calcium-
sensing receptor. | Biol Chem 2004;279:14147-56

Mun HC, Franks AH, Culverston EL, Krapcho K, Nemeth EF,
Conigrave AD. The Venus Fly Trap domain of the extracellular
Ca2+-sensing receptor is required for L-amino acid sensing. | Biol
Chem 2004;279:51739-44

Hu J, Hauache O, Spiegel AM. Human Ca2+ receptor cysteine-rich
domain. Analysis of function of mutant and chimeric receptors. | Biol
Chem 2000;275:16382-9

Huang Y, Zhou Y, Castiblanco A, Yang W, Brown EM, Yang ]JJ.
Multiple Ca(2-+)-binding sites in the extracellular domain of the Ca
(2+)-sensing receptor corresponding to cooperative Ca(2+) response.
Biochemistry 2009;48:388-98

Cheng SX, Geibel JP, Hebert SC. Extracellular polyamines regulate
fluid secretion in rat colonic crypts via the extracellular calcium-
sensing receptor. Gastroenterology 2004;126:148-58

Zhang Z, Qiu W, Quinn SJ, Conigrave AD, Brown EM, Bai M. Three
adjacent serines in the extracellular domains of the CaR are required
for L-amino acid-mediated potentiation of receptor function. | Biol
Chem 2002,277:33727-35

Conigrave AD, Quinn SJ, Brown EM. L-amino acid sensing by the
extracellular Ca2+-sensing receptor. Proc Natl Acad Sci U S A
2000,97:4814-9

Centeno PP, Herberger A, Mun HC, Tu C, Nemeth EF, Chang W,
Conigrave AD, Ward DT. Phosphate acts directly on the calcium-
sensing receptor to stimulate parathyroid hormone secretion. Nat
Commun 2019;10:4693

Wettschureck N, Lee E, Libutti SK, Offermanns S, Robey PG, Spiegel
AM. Parathyroid-specific double knockout of Gq and GI1 alpha-
subunits leads to a phenotype resembling germline knockout of the
extracellular Ca2+-sensing receptor. Mol Endocrinol 2007;21:274-80
Huang C, Hujer KM, Wu Z, Miller RT. The Ca2+-sensing receptor
couples to Galphal2/13 to activate phospholipase D in Madin-
Darby canine kidney cells. Am | Physiol Cell Physiol 2004;286:C22-30
Di Mise A, Tamma G, Ranieri M, Centrone M, van den Heuvel L,
Mekahli D, Levtchenko EN, Valenti G. Activation of calcium-sensing
receptor increases intracellular calcium and decreases cAMP and
mTOR in PKD1 deficient cells. Sci Rep 2018;8:5704

Huang C, Handlogten ME, Miller RT. Parallel activation of phospha-
tidylinositol 4-kinase and phospholipase C by the extracellular
calcium-sensing receptor. | Biol Chem 2002;277:20293-300

Kifor O, MacLeod R]J, Diaz R, Bai M, Yamaguchi T, Yao T, Kifor I,
Brown EM. Regulation of MAP kinase by calcium-sensing receptor
in bovine parathyroid and CaR-transfected HEK293 cells. Am | Physiol
Renal Physiol 2001;280:F291-302

Thiel G, Lesch A, Keim A. Transcriptional response to calcium-sensing
receptor stimulation. Endocrinology 2012;153:4716-28

Di Mise A, Tamma G, Ranieri M, Svelto M, Heuvel B, Levtchenko EN,
Valenti G. Conditionally immortalized human proximal tubular epi-
thelial cells isolated from the urine of a healthy subject express func-
tional calcium-sensing receptor. Am | Physiol Renal Physiol 2015;308:
F1200-6

Pi M, Spurney RF, Tu Q, Hinson T, Quarles LD. Calcium-sensing
receptor activation of rho involves filamin and rho-guanine nucleotide
exchange factor. Endocrinology 2002;143:3830-8

Gorvin CM, Babinsky VN, Malinauskas T, Nissen PH, Schou A],
Hanyaloglu AC, Siebold C, Jones EY, Hannan FM, Thakker RV. A
calcium-sensing receptor mutation causing hypocalcemia disrupts a
transmembrane salt bridge to activate f-arrestin-biased signaling. Sci
Signal 2018;11:eaan3714. doi: 10.1126/scisignal.aan3714


10.7554/eLife.13662
10.7554/eLife.13662

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

. Meng K, Xu J, Zhang C, Zhang R, Yang H, Liao C, Jiao J. Calcium

sensing receptor modulates extracellular calcium entry and prolifera-
tion via TRPC3/6 channels in cultured human mesangial cells. PLoS
One 2014;9:€98777

Ortiz-Capisano MC, Ortiz PA, Garvin JL, Harding P, Beierwaltes WH.
Expression and function of the calcium-sensing receptor in juxtaglo-
merular cells. Hypertension 2007,50:737-43

Wright FS, Bomsztyk K. Calcium transport by the proximal tubule.
Adv Exp Med Biol 1986;208:165-70

Capasso G, Geibel PJ, Damiano S, Jaeger P, Richards WG, Geibel JP.
The calcium sensing receptor modulates fluid reabsorption and acid
secretion in the proximal tubule. Kidney Int 2013;84:277-84

Pan W, Borovac J, Spicer Z, Hoenderop JG, Bindels R], Shull GE,
Doschak MR, Cordat E, Alexander RT. The epithelial sodium/
proton exchanger, NHES3, is necessary for renal and intestinal calcium
(re)absorption. Am ] Physiol Renal Physiol 2012;302:F943-56
Alexander RT, Dimke H, Cordat E. Proximal tubular NHEs: sodium,
protons and calcium? Am | Physiol Renal Physiol 2013;305:F229-36
Ward DT, McLarnon SJ, Riccardi D. Aminoglycosides increase intra-
cellular calcium levels and ERK activity in proximal tubular OK cells
expressing the extracellular calcium-sensing receptor. | Am Soc
Nephrol 2002;13:1481-9

Lassiter WE, Gottschalk CW, Mylle M. Micropuncture study of renal
tubular reabsorption of calcium in normal rodents. Am | Physiol-Legacy
Content 1963;204:771-5

Gamba G, Friedman PA. Thick ascending limb: the Na(+):K (+):2Cl
(=) co-transporter, NKCC2, and the calcium-sensing receptor, CaSR.
Pflugers Arch 2009;458:61-76

Konrad M, Vollmer M, Lemmink HH, van den Heuvel LP, Jeck N,
Vargas-Poussou R, Lakings A, Ruf R, Deschénes G, Antignac C,
Guay-Woodford L, Knoers NV, Seyberth HW, Feldmann D,
Hildebrandt F. Mutations in the chloride channel gene CLCNKB as
a cause of classic Bartter syndrome. | Am Soc Nephrol 2000;11:1449-59
Toka HR, Al-Romaih K, Koshy JM, DiBartolo S, 3rd, Kos CH, Quinn SJ,
Curhan GC, Mount DB, Brown EM, Pollak MR. Deficiency of the
calcium-sensing receptor in the kidney causes parathyroid
hormone-independent  hypocalciuria. | Am  Soc  Nephrol
2012;23:1879-90

Frische S, Alexander RT, Ferreira P, Tan RSG, Wang W, Svenningsen P,
Skjodt K, Dimke H. Localization and regulation of claudin-14 in
experimental models of hypercalcemia. Am | Physiol Renal Physiol
2021;320:F74-86

Plain A, Wulfmeyer VC, Milatz S, Klietz A, Hou J, Bleich M,
Himmerkus N. Corticomedullary difference in the effects of dietary
Ca*" on tight junction properties in thick ascending limbs of Henle's
loop. Pflugers Arch 2016;468:293-303

Gong Y, Himmerkus N, Plain A, Bleich M, Hou J. Epigenetic regula-
tion of microRNAs controlling CLDN14 expression as a mechanism
for renal calcium handling. ] Am Soc Nephrol 2015;26:663-76

Diepens R], den Dekker E, Bens M, Weidema AF, Vandewalle A,
Bindels R], Hoenderop JG. Characterization of a murine renal distal
convoluted tubule cell line for the study of transcellular calcium trans-
port. Am | Physiol Renal Physiol 2004;286:F483-9

Dimke H, Hoenderop JG, Bindels R]. Molecular basis of epithelial
Ca2+ and Mg2+ transport: insights from the TRP channel family.
] Physiol 2011;589:1535-42

Blankenship KA, Williams JJ, Lawrence MS, McLeish KR, Dean WL,
Arthur JM. The calcium-sensing receptor regulates calcium absorp-
tion in MDCK cells by inhibition of PMCA. Am | Physiol Renal Physiol
2001;280:F815-22

Topala CN, Schoeber JP, Searchfield LE, Riccardi D, Hoenderop JG,
Bindels R]. Activation of the Ca2+-sensing receptor stimulates the
activity of the epithelial Ca2+ channel TRPVS5. Cell Calcium
2009;45:331-9

Renkema KY, Velic A, Dijkman HB, Verkaart S, van der Kemp AW,
Nowik M, Timmermans K, Doucet A, Wagner CA, Bindels R]J,
Hoenderop JG. The calcium-sensing receptor promotes urinary acid-
ification to prevent nephrolithiasis. | Am Soc Nephrol 2009;20:1705-13

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Tan et al. CaSR and epithelial calcium transport 2417

. Bustamante M, Hasler U, Leroy V, de Seigneux S, Dimitrov M,

Mordasini D, Rousselot M, Martin PY, Féraille E. Calcium-sensing
receptor attenuates AVP-induced aquaporin-2 expression via a
calmodulin-dependent mechanism. | Am Soc Nephrol 2008;19:109-16
Pi M, Faber P, Ekema G, Jackson PD, Ting A, Wang N, Fontilla-Poole
M, Mays RW, Brunden KR, Harrington JJ, Quarles LD. Identification
of a novel extracellular cation-sensing G-protein-coupled receptor.
] Biol Chem 2005;280:40201-9

Wongdee K, Rodrat M, Keadsai C, Jantarajit W, Teerapornpuntakit J,
Thongbunchoo J, Charoenphandhu N. Activation of calcium-sensing
receptor by allosteric agonists cinacalcet and AC-265347 abolishes the
1,25(0OH)(2)D(3)-induced Ca(2+) transport: evidence that explains
how the intestine prevents excessive Ca(2+) absorption. Arch
Biochem Biophys 2018;657:15-22

Cheng SX, Lightfoot YL, Yang T, Zadeh M, Tang L, Sahay B, Wang GP,
Owen JL, Mohamadzadeh M. Epithelial CaSR deficiency alters intes-
tinal integrity and promotes proinflammatory immune responses.
FEBS Lett 2014;588:4158-66

Barahona MJ, Maina RM, Lysyy T, Finotti M, Caturegli G, Baratta V,
D’Amico F, Mulligan D, Geibel JP. Activation of the calcium sensing
receptor decreases secretagogue-induced fluid secretion in the rat
small intestine. Front Physiol 2019;10:439

Egbuna OI, Brown EM. Hypercalcaemic and hypocalcaemic condi-
tions due to calcium-sensing receptor mutations. Best Pract Res Clin
Rheumatol 2008;22:129-48

Bai M, Quinn S, Trivedi S, Kifor O, Pearce SH, Pollak MR, Krapcho K,
Hebert SC, Brown EM. Expression and characterization of inactivating
and activating mutations in the human Ca2+o-sensing receptor. | Biol
Chem 1996,271:19537-45

Pollak MR, Brown EM, Estep HL, McLaine PN, Kifor O, Park J, Hebert
SC, Seidman CE, Seidman JG. Autosomal dominant hypocalcaemia
caused by a Ca(2+)-sensing receptor gene mutation. Nat Genet
1994;8:303-7

Blaine J, Chonchol M, Levi M. Renal control of calcium, phosphate,
and magnesium homeostasis. Clin ] Am Soc Nephrol 2015;10:1257-72
Wettschureck N, Moers A, Hamalainen T, Lemberger T, Schiitz G,
Offermanns S. Heterotrimeric G proteins of the Gq/11 family are cru-
cial for the induction of maternal behavior in mice. Mol Cell Biol
2004;24:8048-54

Nesbit MA, Hannan FM, Howles SA, Babinsky VN, Head RA,
Cranston T, Rust N, Hobbs MR, Heath H, 3rd, Thakker RV.
Mutations affecting G-protein subunit o11 in hypercalcemia and
hypocalcemia. N Engl | Med 2013;368:2476-86

Gorvin CM, Frost M, Malinauskas T, Cranston T, Boon H, Siebold C,
Jones EY, Hannan FM, Thakker RV. Calcium-sensing receptor residues
with loss- and gain-of-function mutations are located in regions of
conformational change and cause signalling bias. Hum Mol Genet
2018;27:3720-33

Mun HC, Leach KM, Conigrave AD. L-Amino acids promote calcito-
nin release via a calcium-sensing receptor: Gq/11-mediated pathway
in human C-cells. Endocrinology 2019;160:1590-9

Pearce S, Steinmann B. Casting new light on the clinical spectrum of
neonatal severe hyperparathyroidism. Clin Endocrinol 1999;50:691-3
Nesbit MA, Hannan FM, Howles SA, Reed AA, Cranston T, Thakker
CE, Gregory L, Rimmer AJ, Rust N, Graham U, Morrison PJ, Hunter
SJ, Whyte MP, McVean G, Buck D, Thakker RV. Mutations in AP2S1
cause familial hypocalciuric hypercalcemia type 3. Nat Genet
2013;45:93-7

Hannan FM, Nesbit MA, Zhang C, Cranston T, Curley AJ, Harding B,
Fratter C, Rust N, Christie PT, Turner JJ, Lemos MC, Bowl MR,
Bouillon R, Brain C, Bridges N, Burren C, Connell JM, Jung H,
Marks E, McCredie D, Mughal Z, Rodda C, Tollefsen S, Brown EM,
Yang JJ, Thakker RV. Identification of 70 calcium-sensing receptor
mutations in hyper- and hypo-calcaemic patients: evidence for clus-
tering of extracellular domain mutations at calcium-binding sites.
Hum Mol Genet 2012;21:2768-78

Bai M, Pearce SH, Kifor O, Trivedi S, Stauffer UG, Thakker RV, Brown
EM, Steinmann B. In vivo and in vitro characterization of neonatal
hyperparathyroidism resulting from a de novo, heterozygous



2418 Experimental Biology and Medicine Volume 246 November 2021

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

mutation in the Ca2-+-sensing receptor gene: normal maternal calcium
homeostasis as a cause of secondary hyperparathyroidism in familial
benign hypocalciuric hypercalcemia. | Clin Invest 1997;99:88-96
Gorvin CM. Insights into calcium-sensing receptor trafficking and
biased signalling by studies of calcium homeostasis. ] Mol Endocrinol
2018;61:R1-R12

Nesterov A, Carter RE, Sorkina T, Gill GN, Sorkin A. Inhibition of the
receptor-binding function of clathrin adaptor protein AP-2 by
dominant-negative mutant mu2 subunit and its effects on endocyto-
sis. EMBO ] 1999;18:2489-99

Kelly BT, McCoy AJ, Spate K, Miller SE, Evans PR, Honing S, Owen
DJ. A structural explanation for the binding of endocytic dileucine
motifs by the AP2 complex. Nature 2008;456:976-9

Gorvin CM, Rogers A, Hastoy B, Tarasov Al, Frost M, Sposini S, Inoue
A, Whyte MP, Rorsman P, Hanyaloglu AC, Breitwieser GE, Thakker
RV. AP2¢ mutations impair calcium-sensing receptor trafficking and
signaling, and show an endosomal pathway to spatially direct G-pro-
tein selectivity. Cell Rep 2018;22:1054-66

Vargas-Poussou R, Huang C, Hulin P, Houillier P, Jeunemaitre X,
Paillard M, Planelles G, Déchaux M, Miller RT, Antignac C.
Functional characterization of a calcium-sensing receptor mutation
in severe autosomal dominant hypocalcemia with a Bartter-like syn-
drome. ] Am Soc Nephrol 2002;13:2259-66

Kojima Y, Machida Y, Palani S, Caulfield TR, Radisky ES, Kaufmann
SH, Machida YJ. FAM111A protects replication forks from protein
obstacles via its trypsin-like domain. Nat Commun 2020;11:1318
Hedstrom L. Serine protease mechanism and specificity. Chem Rev
2002;102:4501-24

Rawlings ND, Barrett AJ, Thomas PD, Huang X, Bateman A, Finn RD.
The MEROPS database of proteolytic enzymes, their substrates and
inhibitors in 2017 and a comparison with peptidases in the PANTHER
database. Nucleic Acids Res 2018;46:D624-d32

Fine DA, Rozenblatt-Rosen O, Padi M, Korkhin A, James RL,
Adelmant G, Yoon R, Guo L, Berrios C, Zhang Y, Calderwood MA,
Velmurgan S, Cheng J, Marto JA, Hill DE, Cusick ME, Vidal M, Florens
L, Washburn MP, Litovchick L, DeCaprio JA. Identification of
FAM111A as an SV40 host range restriction and adenovirus helper
factor. PLoS Pathog 2012;8:1002949

Mos I, Jacobsen SE, Foster SR, Brauner-Osborne H. Calcium-sensing
receptor internalization is f-arrestin-dependent and modulated by
allosteric ligands. Mol Pharmacol 2019;96:463-74

Wang F, Hu ], Mei C, Lin X, Zhang L. Familial hypocalciuric hyper-
calcemia caused by homozygous CaSR gene mutation: a case report of
a family. Medicine 2020;99:€21940

Woo SI, Song H, Song KE, Kim DJ, Lee KW, Kim SJ, Chung YS. A case
report of familial benign hypocalciuric hypercalcemia: a mutation in
the calcium-sensing receptor gene. Yonsei Med | 2006,47:255-8
Madhavan P, Van Do TH, Bale A, Majumdar S. A novel mutation in
calcium-sensing receptor presenting as familial hypocalciuric hyper-
calcemia in a young man. AACE Clin Case Rep 2019;5:e226-e29
Capozza M, Chinellato I, Guarnieri V, Di Lorgi N, Accadia M, Traggiai
C, Mattioli G, Di Mauro A, Laforgia N. Case report: acute clinical
presentation and neonatal management of primary hyperparathy-
roidism due to a novel CaSR mutation. BMC Pediatr 2018;18:340

Sun X, Huang L, Wu J, Tao Y, Yang F. Novel homozygous inactivating
mutation of the calcium-sensing receptor gene in neonatal severe
hyperparathyroidism responding to cinacalcet therapy: a case report
and literature review. Medicine 2018;97:€13128

Kim MY, Tan AH, Ki CS, Lee JI, Jang HW, Shin HW, Kim SW, Min YK,
Lee MS, Lee MK, Kim KW, Chung JH. Autosomal dominant hypocal-
cemia caused by an activating mutation of the calcium-sensing recep-
tor gene: the first case report in Korea. | Korean Med Sci 2010;25:317-20
Carlsson ER, Toft Nielsen MB, Hogh AM, Veggerby Grenlund R,
Fenger M, Ambye L. A novel mutation of the calcium-sensing receptor
gene causing familial hypocalciuric hypercalcemia complicates med-
ical followup after roux-en-y gastric bypass: a case report and a sum-
mary of mutations found in the same hospital laboratory. Case Rep
Endocrinol 2019;2019:9468252

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

. Szczawinska D, Schnabel D, Letz S, Schofl C. A homozygous CaSR

mutation causing a FHH phenotype completely masked by vitamin D
deficiency presenting as rickets. | Clin Endocrinol Metab 2014;99:
E1146-53

Lam CW, Lee KF, Chan AO, Poon PM, Law TY, Tong SF. Novel mis-
sense mutation in the CASR gene in a Chinese family with familial
hypocalciuric hypercalcemia. Clin Chim Acta 2005;360:167-72

Gorvin CM, Hannan FM, Cranston T, Valta H, Makitie O, Schalin-
Jantti C, Thakker RV. Cinacalcet rectifies hypercalcemia in a patient
with familial hypocalciuric hypercalcemia type 2 (FHH2) caused by a
germline loss-of-function Ge(11) mutation. ] Bone Miner Res
2018;33:32-41

Gorvin CM, Cranston T, Hannan FM, Rust N, Qureshi A, Nesbit MA,
Thakker RV. A G-protein subunit-«11 loss-of-Function mutation,
Thr54Met, causes familial hypocalciuric hypercalcemia type 2
(FHH2). | Bone Miner Res 2016,31:1200-6

Hannan FM, Howles SA, Rogers A, Cranston T, Gorvin CM, Babinsky
VN, Reed AA, Thakker CE, Bockenhauer D, Brown RS, Connell JM,
Cook J, Darzy K, Ehtisham S, Graham U, Hulse T, Hunter SJ, Izatt L,
Kumar D, McKenna MJ, McKnight JA, Morrison PJ, Mughal MZ,
O’Halloran D, Pearce SH, Porteous ME, Rahman M, Richardson T,
Robinson R, Scheers I, Siddique H, Van't Hoff WG, Wang T, Whyte
MP, Nesbit MA, Thakker RV. Adaptor protein-2 sigma subunit muta-
tions causing familial hypocalciuric hypercalcaemia type 3 (FHH3)
demonstrate genotype-phenotype correlations, codon bias and
dominant-negative effects. Hum Mol Genet 2015;24:5079-92

Gannon AW, Monk HM, Levine MA. Cinacalcet monotherapy in neo-
natal severe hyperparathyroidism: a case study and review. | Clin
Endocrinol Metab 2014;99:7-11

Obermannova B, Banghova K, Sumnik Z, Dvorakova HM, Betka ],
Fencl F, Kolouskova S, Cinek O, Lebl J. Unusually severe phenotype
of neonatal primary hyperparathyroidism due to a heterozygous inac-
tivating mutation in the CASR gene. Eur | Pediatr 2009;168:569-73
Fisher MM, Cabrera SM, Imel EA. Successful treatment of neonatal
severe hyperparathyroidism with cinacalcet in two patients.
Endocrinol Diabetes Metab Case Rep 2015;2015:150040

Abdullayev T, Korkmaz M, Kul M, Koray N. A rare cause of neonatal
hypercalcemia: neonatal severe primary hyperparathyroidism: a case
report and review of the literature. Int | Surg Case Rep 2020;66:365-9
Rodrigues LS, Cau AC, Bussmann LZ, Bastida G, Brunetto OH, Corréa
PH, Martin RM. New mutation in the CASR gene in a family with
familial hypocalciuric hypercalcemia (FHH) and neonatal severe
hyperparathyroidism (NSHPT). Arq Bras Endocrinol ~Metabol
2011,55:67-71

Reh CM, Hendy GN, Cole DE, Jeandron DD. Neonatal hyperparathy-
roidism with a heterozygous calcium-sensing receptor (CASR) R185Q
mutation: clinical benefit from cinacalcet. | Clin Endocrinol Metab
2011;96:E707-12

Murphy H, Patrick J, Bdez-Irizarry E, Lacassie Y, Gomez R, Vargas A,
Barkemeyer B, Kanotra S, Zambrano RM. Neonatal severe hyperpara-
thyroidism caused by homozygous mutation in CASR: a rare cause of
life-threatening hypercalcemia. Eur | Med Genet 2016;59:227-31
Ahmad N, Bahasan M, Al-Ghamdi BAA, Al-Enizi HF, Al-Zahrani AS.
Neonatal severe hyperparathyroidism secondary to a novel homozy-
gous CASR gene mutation. Clin Cases Miner Bone Metab 2017;14:354-8
Watanabe S, Fukumoto S, Chang H, Takeuchi Y, Hasegawa Y, Okazaki
R, Chikatsu N, Fujita T. Association between activating mutations of
calcium-sensing  receptor and  Bartter’s Lancet
2002;360:692-4

Regala ], Cavaco B, Domingues R, Limbert C, Lopes L. Novel muta-
tion in the CASR gene (p.Leul23Ser) in a case of autosomal dominant
hypocalcemia. | Pediatr Genet 2015;4:29-33

Schoutteten MK, Bravenboer B, Seneca S, Stouffs K, Velkeniers B. A
new mutation in the calcium-sensing receptor gene causing hypocal-
caemia: case report of a father and two sons. Neth | Med 2017;75:253-5
Chikatsu N, Watanabe S, Takeuchi Y, Muraosa Y, Sasaki S, Oka Y,
Fukumoto S, Fujita T. A family of autosomal dominant hypocalcemia
with an activating mutation of calcium-sensing receptor gene. Endocr |
2003;50:91-6

syndrome.



Tan et al. CaSR and epithelial calcium transport 2419

129.

130.

131.

132.

133.

. Lazarus S, Pretorius CJ, Khafagi F, Campion KL, Brennan SC,

Conigrave AD, Brown EM, Ward DT. A novel mutation of the primary
protein kinase C phosphorylation site in the calcium-sensing receptor
causes autosomal dominant hypocalcemia. Eur | Endocrinol
2011;164:429-35

Thim SB, Birkebaek NH, Nissen PH, Host C. Activating calcium-
sensing receptor gene variants in children: a case study of infant
hypocalcaemia and literature review. Acta Paediatr 2014;103:1117-25
Uckun-Kitapci A, Underwood LE, Zhang ], Moats-Staats B. A novel
mutation (E767K) in the second extracellular loop of the calcium sens-
ing receptor in a family with autosomal dominant hypocalcemia. Am |
Med Genet A 2005;132a:125-9

Hirai H, Nakajima S, Miyauchi A, Nishimura K, Shimizu N, Shima M,
Michigami T, Ozono K, Okada S. A novel activating mutation (C129S)
in the calcium-sensing receptor gene in a Japanese family with auto-
somal dominant hypocalcemia. | Hum Genet 2001;46:41-4

Guarnieri V, Valentina D’Elia A, Baorda F, Pazienza V, Benegiamo G,
Stanziale P, Copetti M, Battista C, Grimaldi F, Damante G, Pellegrini F,
D’Agruma L, Zelante L, Carella M, Scillitani A. CASR gene activating
mutations in two families with autosomal dominant hypocalcemia.
Mol Genet Metab 2012;107:548-52

Piret SE, Gorvin CM, Pagnamenta AT, Howles SA, Cranston T, Rust N,
Nesbit MA, Glaser B, Taylor JC, Buchs AE, Hannan FM, Thakker RV.
Identification of a G-protein subunit-¢11 gain-of-function mutation,
Val340Met, in a family with autosomal dominant hypocalcemia type
2 (ADH2). ] Bone Miner Res 2016;31:1207-14

135.

136.

137.

138.

139.

140.

. Unger S, Gérna MW, Le Béchec A, Do Vale-Pereira S, Bedeschi MF,

Geiberger S, Grigelioniene G, Horemuzova E, Lalatta F, Lausch E,
Magnani C, Nampoothiri S, Nishimura G, Petrella D, Rojas-
Ringeling F, Utsunomiya A, Zabel B, Pradervand S, Harshman K,
Campos-Xavier B, Bonafé L, Superti-Furga G, Stevenson B, Superti-
Furga A. FAMI11A mutations result in hypoparathyroidism and
impaired skeletal development. Am | Hum Genet 2013;92:990-5
Kozlowski K, Masel ], Sillence DO, Arbuckle S, Juttnerova V. Gracile
bone dysplasias. Pediatr Radiol 2002;32:629-34

Thomas JA, Rimoin DL, Lachman RS, Wilcox WR. Gracile bone dys-
plasia. Am | Med Genet 1998;75:95-100

Spear GS. Parietal bone agenesis with gracile bones and splenic hypo-
plasia/aplasia: clinico-pathologic report and differential diagnosis
with review of cranio-gracile bone syndromes, “osteocraniostenosis”
and Kleeblattschadel. Am | Med Genet A 2006;140:2341-8

Costa T, Azouz EM, Fitzpatrick J, Kamel-Reid S, Smith CR, Silver MM.
Skeletal dysplasias with gracile bones: three new cases, including two
offspring of a mother with a dwarfing condition. Am | Med Gene
1998;76:125-132

Bonaventure ], Zylberberg L, Cohen-Solal L, Allain JC, Lasselin C,
Maroteaux P. A new lethal brittle bone syndrome with increased
amount of type V collagen in a patient. Am | Med Genet
1989;33:299-310

Kozlowski KS, Kan A. Intrauterine dwarfism, peculiar facies and thin
bones with multiple fractures - a new syndrome. Pediatr Radiol
1990;20:570



	table-fn1-15353702211010415
	table-fn2-15353702211010415

