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Context: Most cases of autosomal dominant hypoparathyroidism (ADH) are caused by gain-of-
function mutations in CASR or dominant inhibitor mutations in GCM2 or PTH.

Objective: Our objectives were to identify the genetic basis for ADH in a multigenerational family
and define the underlying disease mechanism.

Subjects: Here we evaluated a multigenerational family with ADH in which affected subjects had
normal sequences in these genes and were shorter than unaffected family members.

Methods: We collected clinical and biochemical data from 6 of 11 affected subjects and performed
whole-exome sequence analysis on DNA from two affected sisters and their affected father. Func-
tional studies were performed after expression of wild-type and mutant Ga,, proteins in human
embryonic kidney-293-CaR cells that stably express calcium-sensing receptors.

Results: Whole-exome-sequencing followed by Sanger sequencing revealed a heterozygous mu-
tation, c.179G>T; p.R60L, in GNAT1, which encodes the a-subunit of G,,, the principal heterotri-
meric G protein that couples calcium-sensing receptors to signal activation in parathyroid cells.
Functional studies of Ga;;, R60L showed increased accumulation of intracellular concentration of
free calcium in response to extracellular concentration of free calcium with a significantly de-
creased EC5, compared with wild-type Ga,4. By contrast, R60L was significantly less effective than
the oncogenic Q209L form of G, , asan activator of the MAPK pathway. Compared to subjects with
CASR mutations, patients with GNATT mutations lacked hypercalciuria and had normal serum
magnesium levels.

Conclusions: Our findingsindicate that the germline gain-of-function mutation of GNA77isacause
of ADH and implicate a novel role for GNAT1 in skeletal growth. (J Clin Endocrinol Metab 99:
E1774-E1783, 2014)

ypoparathyroidism is characterized by hypocalcemia
H and hyperphosphatemia due to inadequate supply
or effectiveness of circulating PTH. It may be present ei-
ther as an isolated finding or as a component of a more
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complex developmental, metabolic, or endocrine syn-
drome. Molecular genetic studies indicate that isolated
hypoparathyroidism is caused by mutations in a variety of
genes, including genetic defects that impair synthesis [ie,
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Abbreviations: AM, tetra(acetoxymethyl)-ester; Ca®*],, concentration of extracellular cal-
cium; CaSR, calcium-sensing receptor; FEca, fractional excretion of calcium; HBSS, Hanks’
balanced salt solution; HEK293, human embryonic kidney 293; JNK, c-Jun N-terminal
kinase; MARCKS, myristoylated alanine-rich C-kinase substrate; PI-PLC, phosphoinositol-
specific phospholipase C; SRE, serum response element; WES, whole-exome sequencing.
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PTH (1)] or secretion [ie, CASR (2, 3)] of PTH as well as
defects that impair the embryological development of the
parathyroid glands [GCM2 (4)]. Gain-of-function muta-
tions in the CASR gene located on chromosome 3q13.3-
q21 are the most common genetic cause of isolated hypo-
parathyroidism (5) and result in a disorder that is also
termed autosomal dominant hypocalcemia (6).

The CASR gene encodes the calcium-sensing receptor
(CaSR), a G protein-coupled receptor that is expressed
abundantly in the parathyroid and, to a lesser extent,
along the length of the kidney tubule. The CaSR plays a
central role in calcium homeostasis by sensing the con-
centration of extracellular calcium ([Ca®*],); activation of
the CaSR-coupled signaling pathways inhibits PTH secre-
tion and reduces calcium reabsorption in the distal
nephron. Patients with gain-of-function mutations in the
CASR manifest varying degrees of hypocalcemia with in-
appropriately low circulating PTH levels and relative hy-
percalciuria, features that are explained by the expression
of CaSRs with increased sensitivity to calcium in the para-
thyroid gland and the distal renal tubule (3) and that dis-
tinguish these patients from subjects with other forms of
hypoparathyroidism (7). The critical importance of the
CaSR signaling pathway in controlling parathyroid func-
tion has recently been extended through the description of
patients with hypoparathyroidism who have gain-of-
function mutations in GNA11 (8, 9), which encodes the
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a-subunit of G4, the principal G protein that transduces
CaSR signaling in the parathyroid.

In the present study, we analyzed members of a previ-
ously described multigenerational kindred with auto-
somal dominant transmission of isolated hypoparathy-
roidism and shortstature (10). This kindred was originally
ascertained through a proband who also had nephrogenic
diabetes insipidus. Although these features suggested au-
tosomal dominant hypocalcemia, our sequence analysis of
the CASR, PTH, and GCM2 genes, which encode the cal-
cium sensing receptor, PTH, and glial cells missing ho-
molog 2, respectively, in affected subjects did not disclose
a mutation. Here we report the use of whole-exome se-
quencing (WES) in members of this kindred and describe
agermline heterozygous mutation of GNA11 thatleads to
a gain of function as the basis for autosomal dominant
hypoparathyroidism.

Patients and Methods

Patients

We isolated genomic DNA from blood or saliva obtained
from members of the family described by Hunter et al (10), in-
cluding two affected brothers (III-13 and I1I-15; Figure 1A), their
affected mother (II-8) and children (IV-3-5), and III-13’s unaf-
fected wife (III-14). Other members of this family refused to
participate. The affected subjects had biochemical hypoparathy-
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Figure 1. Pedigree of the studied family and confirmation of the GNAT7 mutation. Panel A shows the pedigree of the family with familial
hypoparathyroidism. Squares represent male family members, circles female family members, and black symbols affected family members. The
height of each affected subject is below the symbol, either as centimeters or Z score. Panel B shows the sequencing chromatograms for direct
sequence analysis of amplicons of exon 2 of GNA71. Sanger sequencing confirmed the presence of the heterozygous ¢.179G>T (p.R60L) missense

mutation in all affected subjects.
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roidism with low concentrations of serum calcium and intact
PTH and elevated concentrations of serum phosphorus. Eight
other unrelated subjects with hypoparathyroidism due to acti-
vating mutations of the CASR (E799K, F832S, F854Y/A844V,
E604K, S820Y) provided biochemical data. These subjects were
ascertained nonrandomly from five unrelated families and were
aged 3—48 years. Atdiagnosis, all subjects had low or low normal
levels of PTH, hypocalcemia, and hyperphosphatemia. Four of
eight subjects have passed renal stones and two additional sub-
jects have nephrocalcinosis. All subjects provided written in-
formed consent/assent for participation in the study. The study
was approved by the Institutional Review Board at The Chil-
dren’s Hospital of Philadelphia.

Prior mutation screening

Mutation screenings of the CASR, PTH, and GCM2 genes
were performed by Sanger sequencing the exons and exon-intron
boundaries but failed to identify any deleterious disease-causing
mutations.

Exome sequencing and bioinformatic analysis

The exome was captured for three affected patients, I1I-13,
IV-3, and IV-4, using the Aglient SureSelect Human All Exon
version 3 kit (Agilent Technologies), guided by the manufactur-
er’s protocols. All the raw reads were aligned to the reference
human genome using the Burrows-Wheeler Aligner (BWA) (11)
and single-nucleotide variants and small insertions/deletions
were captured using the genome analysis tool kit (GATK) (12).
ANNOVAR (13) and SnpEff (14) were subsequently used to
functionally annotate the variants. Under the autosomal domi-
nant mode of inheritance, we excluded variants with the follow-
ing factors: 1) were synonymous variants; 2) had a minor allele
frequency of greater than 0.005 in the 1000 Genomes Project,
6503 exomes from the National Heart, Lung, and Blood Institute
Exome Sequencing Project (ESP6500SI; http://evs.gs.washing-
ton.edu/EVS/), or our in-house database of greater than 1200
sequenced exomes; 3) had a conservation score Genomic Evo-
lutionary Rate Profiling + + less than 2; and 4) were predicted by
Sorting Intolerant From Tolerant/Polymorphism Phenotyping
v2 scores to be benign variants. Validation of the mutation can-
didate was performed by Sanger sequencing in all available fam-
ily members.

The structure of wild-type Ga;; and Ga,;-R60L was mod-
eled with PyMod plug-in (v.1.0b) (Schrodinger) (15) using the
crystal structures of Ga,, (Protein Data Bank accession numbers
30HM and 3AH8) (16) and examined with PyMOL software
(v.1.1r1) (Schrodinger).

Biochemical analyses

The ¢DNAs corresponding to wild-type GNA11 and the
Q209L activating mutation (17) were obtained in the
pLENTI6.2/TO/VS5 vector from Dr Boris C. Bastian (Depart-
ment of Pathology, University of California, San Francisco, San
Francisco, California). These cDNAs contain altered residues at
positions GYLPTQ to EYMPTE to create internal Glu-Glu
epitope tags and retain full function. The R60L substitution was
engineered by site-directed mutagenesis of wild-type GNA11
and was sequenced for confirmation. A reporter plasmid in
which an improved destabilized firefly luciferase is under the
control of the serum response element (SRE)-luc2CP (18) was a
generous gift of Dr Frank Fan (Department of Research, Pro-
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mega Corp, Madison, Wisconsin). We obtained a human em-
bryonic kidney 293 (HEK293) cell line that stably expresses the
human CaSR (HEK293-CaSR) from Dr Aldebaran M. Hofer
(Brigham and Women’s Hospital, Boston, Massachusetts).
Transient transfections were performed using FuGENE 6
(Roche); transfection efficiencies were typically 50%-70%. For
luciferase reporter assays, HEK293-CaSR cells were transfected
in 24-well plates using 200 ng Ga,, plasmid or empty vector,
plus 10 ng of the pRL Renilla luciferase reporter and 200 ng of
the SRE reporter. The cells were changed to serum-starving me-
dium 24 hours after transfection. The following day, the medium
was replaced with 20 mM HEPES (pH 7.4), 125 mM NacCl, 4.0
mM KCI, 0.5 mM MgCl,, and 0.1% D-glucose, with 1 mg/mL
BSA containing various [Ca®*],. Luciferase activity was assayed
using the Promega dual-reporter assay system. Firefly luciferase
activity was normalized to the Renilla luciferase activity.

To determine phosphorylation of ERK1/2, p38, ¢c-Jun N-ter-
minal kinase (JNK), and phosphorylated AKT in HEK293-CaSR
cells that had been transfected with Ga,; plasmids or empty
vector, we performed immunoblot analysis on cell lysates that
had been sonicated and cleared by centrifugation. Equal
amounts (15 ug) of protein were subjected to 4%-12% SDS-
PAGE, and blots were subsequently incubated with polyclonal
antibodies that specifically recognize phosphorylated forms of
p44/42 MAPK (ERK1/2), p38 MAPK, Akt, myristoylated ala-
nine-rich C-kinase substrate (MARCKS), and JNK. Antibody
binding was detected using a second antibody that was labeled
with horseradish peroxidase and a chemiluminescence method.
Primary antibodies against Ge,,, (Santa Cruz Biotechnology)
and EE (Covance) were used to assess the expression of the Ga,;
proteins, and anti B-actin (Sigma) was used to verify equal load-
ing of all lanes with total protein. All assays and immunoblots
were performed using independent lysates derived from tripli-
cate-well transfections for each condition, and the data that are
presented represent the results of three to five separate
experiments.

Intracellular calcium measurements

Transfected HEK293-CaSR cells were grown in six-well
plates, detached, resuspended in Hanks’ balanced salt solution
(HBSS), and simultaneously loaded with Fluo-4 tetra(acetoxym-
ethyl)-ester (AM; 2 uM) and Fura red AM (2 uM) for 45 minutes
at room temperature. Cells were washed in HBSS containing
calcium chloride (0.1 mM). Aliquots (50 ul) of suspended cells
were mixed with an equal volume of HBSS containing calcium
chloride to yield final calcium concentrations of 0.3, 0.6, 1, 1.8,
3.2, 5.6, or 10 mM. Immediately after mixing, each cell sample
was analyzed on an Accuri Cé6 flow cytometer (BD Biosciences).
The ratio between fluorescence intensities recorded in the FL-1
channel (530/30 nm; Fluo-4 AM) and the FL-3 channel (670 nm
long pass; Fura-red AM) was calculated for each cell as a derived
parameter using Flow]o 7.6.5. (Tree Star Inc). Curves were fitted
to data using the four-parameter Hill equation (19). ECs, values
were determined for each cell type tested, and the mean ECg,,
values were calculated from data obtained from four sets of
measurements.

Results

Clinical and biochemical characteristics of the
family

We were able to obtain DNA and additional clinical
information from two affected brothers (III-13 and III-15)
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of the original proband (III-16; Figure 1A) described by
Hunter et al (10) as well as from their affected mother
(I1-8). The proband (Figure 1A, individual III-16) was
originally described as having nephrogenic diabetes insip-
idus when he presented with hypoparathyroidism as a
child (10). The basis for this episode of transient diabetes
insipidus remains unknown, and no other member of the
extended family has ever manifested symptoms of diabetes
insipidus. Subject II-8 has a history of transient hypercal-
cemia and nephrocalcinosis due to an episode of vitamin
D intoxication but has had normal urinary calcium ex-
cretion, whereas her serum calcium was normal. Subjects
IV-3 and IV-4 were diagnosed in infancy based on their
father’s known diagnosis, whereas subject IV-5 had pre-
viously refused biochemical screening and was diagnosed
at age 20 years after experiencing an episode of severe
tetany. In Table 1 we present detailed biochemical data
from four affected subjects (Figure 1A, I1I-13, TV-3, IV-4,
and IV-5) compared with eight subjects with activating
mutations of the CASR. Subjects III-13, IV-3, and IV-4
had normal serum concentrations of magnesium and low
or normal fractional excretion of calcium (FEca) and uri-
nary calcium to creatinine ratios while hypocalcemic and
normocalcemic, both before and during treatment with
calcitriol plus calcium. A remarkable feature of this family
is that affected members develop mild postnatal growth
failure without evidence of GH deficiency (data not
shown) and are significantly shorter than their unaffected
relatives [Figure 1A, Table 1, and Table 2 and Hunter et
al (10)].

Family-based exome sequencing and
bioinformatics analysis

We performed WES on three affected patients (ITI-13,
IV-3, and IV-4). The exome variant profile was considered
under the assumption of an autosomal dominant model
based on family history. A total of 47 421 single-nucleo-
tide variants and 3847 insertions/deletions were identified
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Table 2. Adult Heights of Affected and Unaffected
Members of This Kindred

Affected (n) Unaffected (n) P Value
Adult male 1582 +6.4(5) 1702 *74(6) <.02
Adult female 149.0 +2.6(3) 164.1 =35(4) <.01

in the three samples, of which 46 010 (97.0%) and 2527
(65.7%) were reported in build 135 of the dbSNP rela-
tional database of single nucleotide polymorphisms. As
described in Patients and Methods, we filtered variants to
exclude those that had a minor allele frequency greater
than 0.5% or predictive of benign variant. This process
left only 15 candidates (Supplemental Table 1), among
which ¢.179G>T (p.R60L) in GNA11 was selected as the
most likely disease-causing candidate because G, and G,
are known to couple the CaSR to calcium-dependent ac-
tivation of intracellular signaling pathways that decrease
the rate of PTH secretion from the parathyroid cell (20).
This mutation (p.R60L) is present in all members of the
Gagr1, Gagyys, and Gag families. The cosegregation of
the mutation with phenotype was confirmed by Sanger
sequencing (Figure 1B) demonstrating the presence of the
heterozygous R60L in these three patients as well as in
three additional affected patients (II-8, III-15, and IV-5)
and the absence inI1I-13’s unaffected wife. Although other
unaffected subjects from this family were not willing to
participate in the study and provide us with DNA samples,
the analysis of existing sequencing data from more than
1200 WES samples in our database did not detect another
occurrence of this mutation.

Previous molecular modeling showed that Arg60 is a
critical residue within the a1 helix of Gay; (and Ga,) that
forms a salt bridge with Asp71 from the helical domain
(oA helix) (16). This Arg-Asp pair stabilizes linker 1,
which together with switch T (linker 2), stabilize the helical
and Ras-like GTPase domains of Ga that act like a clam
shell to bury the GDP nucleotide and its associated mag-

Table 1. Biochemical Features of Four Affected Subjects®
Calcium, Phos, Mag, PTH,

Age, y mmol/L mmol/L mmol/L pmol/L FEca, %
-13 42 1.86 1.8 0.89 2.1 1.88
V-3 9 1.94 = 0.11 2.27 £0.16 0.79 = 0.06 0.6 0.24
V-4 14 1.85 = 0.08 240 £0.22 0.80 = 0.05 1.2 0.35
V-5 20 1.78 = 0.01 1.3 1.17
GNAT1 mutations (mean = SD) 0.91 = 0.77°
CASR-activating mutations 2.70 = 0.98

(n = 8, mean = SD)

Normal 2.20-2.60 0.8-1.8 0.7-1.0 1.2-5.8 1.0-2.0

Abbreviations: Mag, magnesium; Phos, phosphorus.

@ Serum biochemistries for the four affected subjects are presented as the mean = SD for two to 10 values.

b The two-tailed value is P < .03 for comparison between subjects with GNAT7 mutations and CASR mutations.
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Figure 2. Effects of GNATT mutants on the ECs, for extracellular
calcium in calcium-sensing receptor-expressing cells. The figure shows
the responses of intracellular calcium concentrations to changes in
extracellular calcium concentrations in HEK293 cells stably expressing
calcium-sensing receptors were transiently transfected with an empty
expression plasmid vector or plasmids expressing Ga,; cDNAs
corresponding to the wild-type or mutant (R60L or Q209L) sequences.
The intracellular calcium responses to changes in extracellular calcium
concentrations are expressed as a percentage of the maximum
normalized response and are shown as the mean value. The mutant
Ga,, cDNAs produced leftward shifts in the concentration-response
curve, with significantly lower ECg, values (see text). The figure is
representative of three independent experiments with similar results.

nesium ion. Replacement of arginine by leucine disrupts
this salt bridge (Supplemental Figure 1), thereby increas-
ing the inherent flexibility of the linker 1 region that con-
nects the helical and GTPase domains of the a-subunitand
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promoting a more open state for the clam shell that facil-
itates GDP-GTP exchange (21).

Effect of the GNA77 mutations on intracellular
calcium accumulation

Expression of Ga, was significantly increased in cells
transfected with wild-type or mutated Ga;; cDNA:s,
whereas expression of Ga,, was unchanged (Supplemental
Figure 2). The Ga;, mutant, R60L, as well as the Q209L
protooncogene, resulted in similar leftward shifts in the
concentration-response curves, with significantly lower
(P < .02) ECs, values (1.22 = 0.14 mM and 1.16 + 0.18
mM, respectively), as compared with wild-type Gay,y
(1.82 = 0.28 mM) or empty vector (1.82 = 0.15 mM;
Figure 2). The decreased ECs, value for [Ca®"], that is
induced by the R60L mutant indicates an enhanced sen-
sitivity of cells expressing CaSRs to changes in extracel-
lular calcium concentrations and is consistent with a gain-
of-function mutation.

Effect of the GNA77 mutations on mitogenic
signaling pathways

Somatic missense mutations that replace Q209 and
R183 in both GNA11 and GNAQ are considered proto-
oncogenic and have been identified in some blue nevi, pri-
mary uveal melanomas, uveal melanoma metastases, and
central nervous system melanocytomas (17, 22) as well as
port-wine stains and Sturge-Weber syndrome (23). These

mutations induced spontaneously
*
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model and activated the MAPK
pathway. As shown in Figure 3A,
HEK293-CaSR cells that had been
transfected with Ga;; Q209L showed
significantly (P < .05) greater activa-
tion of ERK1/2, as indicated by in-
creased phosphorylation, compared
with cells that had been transfected
with R60L, which was only slightly
more active than either wild-type
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Figure 3. Activation of MAPK activity by GNAT1. HEK293 cells stably expressing calcium-
sensing receptors were transiently transfected with an empty expression plasmid vector or
plasmids expressing Ge;; cDNAs corresponding to the wild-type or mutant (R60L or Q209L)
sequences. We assessed Ga,,-dependent activation of MAPK by measuring the phosphorylation
of ERK (pERK) by semiquantitative immunoblot analysis. The pERK responses to changes in
extracellular calcium concentrations are expressed as arbitrary units and are shown as the mean
(*SE) value from three experiments. Panel A shows the complete concentration curve, with
lower ECs, values for the Q209L (3.77 mM) and R60L (3.78 mM) mutants compared with the
wild type (4.47 mM) or empty vector (4.01 mM). Panel B depicts efficacy in response to 10 mM
extracellular calcium. There was significantly greater phosphorylation of ERK with Ga;; p.Q209L
(*, P < .02 vs R60L; P < .003 vs WT and Empty) than p.R60L (**, P < .02 vs WT and P < .04 vs
empty vector). There was no significant difference (P = n.s.) between the wild type and empty

vector. WT, wild type.

metastasizing tumors in a mouse
Q09L  Re0L

Ga,, or the empty vector. There was
no significant difference in the ECs,
for [Ca®* ], for Q209L, R60L, or wild-
type Ga,, proteins. By contrast, the
efficacy (ie, the maximal response to
calcium) was significantly greater for
Q209L than for R60L or wild-type
Gay; (Figure 3B).

Activation of the ERK/MAPK
pathway can induce transcriptional
activation by various response ele-
ments including the SRE. SRE-medi-
ated gene transcription is known to
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be rapidly induced by serum, phorbol esters, and growth
factors and can be assessed in a promoter reporter assay
(18). Figure 4A shows that HEK293-CaSR cells express-
ing the wild-type Ga,, and empty vector had similar ECg,,
values for calcium responsiveness (3.26 mM vs 3.76 mM),
whereas cells expressing the R60L had a significantly (P <
.05) lower ECs, (2.74 mM) value. By contrast, cells ex-
pressing the Q209L (EC;s, 2.65 mM) Ga,; showed
marked activation of SRE reporter activity, even in the
absence of extracellular calcium, with only a modest in-
crease in activity upon the addition of calcium (Figure 4A).
Cells responded to incubation with 10 mM calcium with
increased (P < .05) phosphorylation of p38 and
MARCKS. Moreover, the Q209L mutant strongly acti-
vated the p38 and JNK mitogenic pathways, as evidence
by increased phosphorylation of these proteins (Figure 4,
B and C). Although R60L showed greater activation of
p38 than the wild-type Gay, (Figure 4B), there was no
significant difference between R60L and wild-type Gay,
on the activation of pJNK (Figure 4C). Finally, we found
no significant activation of the MARCKS (Figure 4D) or
AKT (Figure 4E) pathways by either mutant Ga,,; com-
pared with wild-type Ga,;.

jcem.endojournals.org E1779

Discussion

We identified a novel heterozygous germline mutation of
GNA11 encoding a p.R60L substitution in affected mem-
bers of an extended family with autosomal dominant hy-
poparathyroidism and showed that this mutation, similar
to activating mutations in the CASR, enhances down-
stream signaling pathways that have been associated with
inhibition of synthesis and secretion of PTH. We con-
firmed the cosegregating pattern between the mutation
and the disease phenotype through three generations (six
affected patients). Our results thereby provide further ev-
idence of a pathogenic role for G proteins that are coupled
to parathyroid CaSRs in disorders of mineral metabolism
(8,9). To directly evaluate the effect of the R60L mutation
on CaSR action, we expressed Ga,, proteins in HEK293
cells that stable express the CaSR (HEK293-CaSR) and
examined the responses of several signaling pathways to
[Ca®"],. Incubation of parathyroid and HEK293-CaSR
cells with [Ca®"], stimulates phosphoinositol-specific
phospholipase C (PI-PLC)-B, thereby leading to the accu-
mulation of 1,2-sn-diacylglycerol (with activation of pro-
tein kinase C) and inositol 1,4,5-trisphosphate (with mo-

A -e- Empty vector B C m0mM Ca2+ =10 mM Ca2+
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Figure 4. Downstream effectors of Ga,, action. HEK293 cells stably expressing calcium-sensing receptors were transiently transfected with an
empty expression plasmid vector or plasmids expressing Ga,; cDNAs corresponding to the wild-type or mutant (R60L or Q209L) sequences. The
data are expressed as arbitrary units and are shown as the mean (+SE) value from three experiments. Panel A shows the results of a SRE luciferase
assay and depicts calcium-stimulated luciferase activity expressed under the control of the SRE promoter. The R60L mutant produced a leftward
shift in the concentration-response curve, with significantly lower EC, value than vector-only or wild type Ga,, (see text). The Q209L mutant

demonstrated constitutive activation of SRE promoter activity with modest increases in response to extracellular calcium. Panel B shows markedly
greater phosphorylation of p38 with p.Q209L (**, P < .005 vs R60L or wild type) but only modestly (*, P < .05) greater phosphorylation by R60L
compared with wild type Ga,4. Increased phosphorylation of JNK is seen with p.Q209L (*, P < .05) and weaker activation with p.R60L (P = .07)
(panel C). No change in the phosphorylation of MARCKS (panel D) or AKT (panel E) is seen with either the Ga; p.R60L or the p.Q209L cDNA. WT,
wild type.
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bilization of calcium from intracellular stores). The
generation of the second messengers inositol 1,4,5-tris-
phosphate and 1,2-sn-diacylglycerol appears to be a di-
rect, G protein-mediated process, probably involving
Gay/q1 because this effect is not blocked by pertussis toxin
(24). We found that the R60L mutation led to enhanced
sensitivity of HEK293-CaSR cells to [Ca®"],, with a left-
ward shift of the concentration-dependent accumulation
of intracellular calcium that was similar to that produced
by the Gay; Q209L gain-of-function mutation.

These results invited further comparison of the signal-
ing properties of R60L with those of Q209L, and further
analyses demonstrated important functional differ-
ences between the two mutant Gay, proteins. First,
Q209L produced far greater activation of ERK1/2,
which is stimulated through PI-PLC-B pathways. Sec-
ond, Q209L showed greater activation of p38 and JNK
than R60L, which requires interaction of Ga, and Gay,
with the highly conserved guanine nucleotide exchange
factor, Trio. Trio activates Rho- and Rac-regulated sig-
naling pathways that act on JNK and p38 and thereby
transduce proliferative and oncogenic signals from Ga,,
and Ga,, independently of PI-PLC-B (25). And third,
Q209L demonstrated constitutive activation of an SRE
promoter-luciferase reporter, indicating enhanced
downstream signaling through the MAPK pathway,
whereas R60L produced only a moderately increased
ligand-dependent activation compared with wild-type
Gay, protein.

The reduced activity of R60L compared with Q209L
provides a potential explanation for the survival of sub-
jects who carry the R60L in their germline and also sug-
gests a difference in the mechanism of the two mutations.
Normally, G proteins are activated after interaction with
ligand-bound heptahelical membrane receptors, which
leads to release of GDP from the a-subunit. The subse-
quent binding of GTP leads to the dissociation of Ga-GTP
from the By-dimer, with both subunits now able to regu-
late downstream effectors. The subsequent hydrolysis of
GTP to GDP leads to the reassociation of the Ga-GDP and
By subunits, thereby ending the cycle of G protein activity.
The oncogenic R183 and Q209 mutations in GNA11 and
GNAQ abrogate the intrinsic GTPase activity and thereby
lead to constitutive activation. The greater effect of Q209
substitutions, as compared with R183 substitutions, has
been proposed (23) to reflect differences in the ability of
each mutant Ga protein to interact with regulator of G-
protein signaling proteins, which function as GTPase ac-
tivating proteins, as well as other downstream proteins
(eg, Trio).

Based on molecular modeling, we propose an alterna-
tive mechanism to explain the weaker and less generalized

J Clin Endocrinol Metab, September 2014, 99(9):E1774-E1783

activating effects of R60L. R60 is within an a-helical re-
gion immediately before linker 1, one of two linker se-
quences that position the GTPase domain near a second
critical Ga region termed the helical domain, and together
these two domains create a cleft in which bound guanine
nucleotides are buried. The movement of the GTPase
domain away from the helical domain is crucial for the
opening process, and the linker regions are thought to
act as hinges because they are relatively close together
toward the phosphate end of the nucleotide. Current
models suggest that interdomain interactions regulate
both receptor-activated and basal GDP release rates
(26). A salt bridge between Arg60 from the GTPase
domain and Asp71 from the helical domain, the Arg-
Asp pair, form multiple hydrogen bonds that stabilize
the interaction between switch 1 and linker 1 in mem-
bers of the Gay family (16).

Our biochemical characterization of the R60L protein
demonstrates that this replacement leads to a less robust
gain of function relative to Q209L, which we propose is
the result of enhanced release of GDP. Several lines of
evidence support this proposal: first, experimental re-
placement of R60 in Ga, with a lysine residue markedly
reduces sensitivity to inhibition by the cyclic depsipep-
tide YM-254890, which specifically inhibits GDP re-
lease from Ga, (16); second, biochemical characteriza-
tion of three activated Gpa2 proteins identified in the
yeast Schizosaccharomyces pombe demonstrated in-
creased GDP-GTP exchange rates as the mechanism of
activation of amino acid replacements 156S, L57P, and
F62S, all of which are in the same region of the yeast
protein as R60L (27); and third, a study of the trans-
ducin linker regions showed that converting the glycine
residue at position 56 to proline led to an increase in the
GDP-GTP exchange rate, presumably by altering the
flexibility and conformation of the linker 1 region (21).
Finally, while this work was in progress, missense mu-
tationsin GNA11 were independently reported in other
subjects with hypoparathyroidism. These mutations in-
clude R60C, suggesting that this is a critical residue for
activation of Gay4 (9) as well as R181Q near linker 2
(switch 1) (8), S211W in switch 2 (9), and F341L near
the carboxyterminal region that interacts with hepta-
helical receptors (8). Only limited biochemical data
were presented for these mutations, but these mutations
are predicted to enhance agonist-dependent receptor-
activated release of GDP and result in a mild phenotype.
Similar germline mutations in the mouse, Gnall (I63V,
Dsk7) and Gnaq (V179M, Dsk1) in linker 1 and 2,
respectively, also cause a very mild phenotype in which
dark skin, due to the stimulation of melanocytes, ap-
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pears to be the principal consequence of these amino
acid replacements (22).

The phenotype of the patients with the GNA11 R60L
mutation contrasts with the typical phenotype of patients
with hypoparathyroidism owing to gain-of-function mu-
tations of the CASR, who have mild hypocalcemia, hypo-
magnesemia, and in most cases, FEca (2, 3) and fractional
excretion of magnesium (28). Urinary calcium excretion is
greater than in patients with other forms of hypoparathy-
roidism because of expression of the activated CaSR in the
thick ascending limb of the nephron reduces reabsorption
of calcium (3). Clinically, hypercalciuria increases the risk
for renal complications, including nephrocalcinosis,
nephrolithiasis, and impaired renal function. By contrast,
hypercalciuria is not a prominent clinical feature in the
affected patients in this kindred (Table 1) or in the two
unrelated patients with sporadic hypoparathyroidism due
to GNA11 mutations (R181Q and Phe341Leu) recently
described by Nesbit et al (8). These observations imply
that GNA11 mutations exert less effect in the distal tubule
than activating mutations of the CaSR. One possible ex-
planation for this discrepancy is stoichiometry: although
Gay, is the predominant member of the G, ; family in the
parathyroid cell (8, 29), Ga, and Ga,, are more highly
expressed in the kidney and can also interact with the
CaSR (26). It is also possible that CaSR-dependent inhi-
bition of calcium reabsorption in the kidney occurs
through signaling pathways that use members of the G,
family, which can also couple with CaSRs (24, 30). Com-
prehensive studies of greater numbers of patients with dif-
ferent gain-of-function mutations in GNA11 will be re-
quired to answer this question more fully, however.

Finally, we note that the affected patients in the family
we describe here had short stature. Poor growth is not a
typical consequence of germline activating mutations of
CASR in humans or the Nuf mouse, in which an activating
Casr mutation reproduces many of the findings in auto-
somal dominant hypoparathyroidism (31). Interestingly,
Stock et al (32) described a three-generation family in
which autosomal dominant hypoparathyroidism segre-
gated with short stature and premature osteoarthritis. A
C-to-G transversion at nucleotide 1846 in the CASR gene
was identified that predicted a L616V substitution in the
first transmembrane domain of the CaSR; although this
nucleotide change cosegregated with the phenotype, the
L616V replacement did not affect the accumulation of
inositol phosphates in response to extracellular calcium in
transfected HEK293 cells (32). By contrast, loss-of-func-
tion mutations in the CASR have been shown to have
profound effects on skeletal growth and development (33—
35), indicating that the CaSR affects chondrogenesis (36).

jcem.endojournals.org E1781

Stimulation of G ; in skeletal cells has been associated
with impaired growth. For example, short stature is pres-
ent in patients with Jansen metaphyseal dysplasia, in
which missense mutations in PTHR1 cause constitutive
activation of the receptor (37-39) and activation of G/,
(as well as G,) signaling pathways. In addition, Dsk mice
that are double homozygotes for Gnall and Gnag acti-
vating mutations are small, and increasing the number of
mutated alleles causes a progressive and linear decrease in
body length at 6 weeks of age (22). Similarly, postnatal
dwarfism was associated with suppression of osteoblast
differentiation in transgenic mice that overexpressed the
constitutively active Q209L Ga,, cDNA specifically in os-
teoblasts under the control of the type 1 collagen a1 chain
promoter (40). G, and Gy activate a variety of down-
stream signaling pathways, and of importance in bone,
these G protein coupled signals can activate MEK/ERK1/2
pathways. These pathways also propagate fibroblast
growth factor receptor-3 (FGFR3) signals, and recent
studies now show that the constitutive activation of
MEKT1 in chondrocytes causes signal transducer and ac-
tivator of transcription-1(STAT1)-independent achon-
droplasia-like dwarfism in mice and rescues the fibroblast
growth factor receptor-3-deficient mouse phenotype (41).
These results indicate that MAPK activity is a negative
regulator of bone growth and is essential for normal bone
modeling and remodeling postnatally (42). Hence, it is
tempting to speculate that the short stature observed in the
affected subjects we describe here is related to the action
of Gay; R60L on the maturation of the growth plate
and/or the differentiation of the osteoblasts.

In conclusion, our data indicate that novel germline
mutations in GNA11 that result in a moderate gain of
function can lead to a unique form of autosomal dominant
hypoparathyroidism and suggest that short stature may be
a unique expression of increased Gay, signaling in these
patients.
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