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Abstract

Purpose Patients with familial hyperparathyroidism and
low urinary calcium excretion may have familial hypo-
calciuric hypercalcemia (FHH) with mutations in one
of three genes: the calcium-sensing receptor (CaSR) defin-
ing FHH-type 1, the adaptor-related protein complex 2
(AP2S1) related to FHH-type 3 or the G-protein subunit
alphall (GNA1I) associated with FHH-type 2. We aimed to
evaluate the presence of mutations in these genes and to
identify phenotypic specificities and differences in these
patients.

Subjects and methods Selected patients were recruited
for genetic evaluation. After informed consent was
signed, blood for DNA extraction was obtained and
genetic sequencing of CaSR was done. In negative
cases, we further performed sequencing of AP2S]/ and
GNAII.

Results A total of 10 index cases were recruited. CaSR
sequencing yielded three missense heterozygous mutations
(30%): ¢.554G > A (p.I32V) previously characterized by
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our team, c.1394 G> A (p.R465Q) and a novel expected
disease-causing mutation c¢.2479 A >C (p.S827R).
We identified 2 additional patients (20%) carrying the
deleterious recurrent mutation c¢.44G>T (p.R15L)
in the AP2S] gene. No GNAII mutation was found.
Clinically, patients with AP2S/ mutations had signi-
ficant cognitive and behavioral disorders, and higher
blood calcium and magnesium levels than patients with
FHHI.

Conclusion CaSR and AP2S1 sequencing is worthwhile in
patients with familial hyperparathyroidism and phenotype
suggesting FHH as it can diagnose up to 50% of cases.
GNAI1 mutations seem much rarer. Learning disabilities in
these patients, associated with higher serum calcium and
magnesium levels may suggest the presence of AP2S]
rather than CaSR mutation and may guide the first step in
the genetic evaluation.

Keywords Familial hypocalciuric hypercalcemia *
Calcium-sensing receptor * AP2S1 - Parathyroid - Cognitive
impairment

Primary hyperparathyroidism is a heterogeneous phenotypic
disease with around 10% of cases related to a genetic
germline mutation [1, 2]. In these cases, the mutation may
be sporadic or familial, and may be isolated or associated
with a tumor syndrome as in multiple endocrine neoplasia
(MEN) 1, 2A and 4 or hyperparathyroidism jaw-tumor
(HPT-JT) syndrome [1, 2]. Non-syndromic familial hyper-
parathyroidism may be related to familial hypocalciuric
hypercalcemia (FHH) and neonatal severe hyperparathyr-
oidism (NSHPT), or familial isolated hyperparathyroidism
(FIHP) [1, 2]. FHH was initially found to be caused by
inactivating mutations in the calcium sensing receptor
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(CaSR), a G-protein-coupled receptor, localized on chro-
mosome 3q13.3-21.3. CaSR mutations define FHH-type 1
(FHH1), but up to 30 % of cases with a typical phenotype
do not harbor any CaSR mutations; in the latter cases,
segregation analyses could identify mutations either on
chromosome 19p or on 19q.13, defining FHH-type 2
(FHH2) and FHH-type 3 (FHH3), respectively [3].
Recently, loss-of-function mutations of the G-protein sub-
unit alphal 1l (GNA11), which regulates CaSR activity, were
recently shown to cause FHH2 in rare cases [4] whereas a
hotspot missense mutation in codon 15 (residue 15R) of the
adaptor protein-2 ¢ subunit (AP2S1) was shown to cause
FHH3 [5]. Inheritance pattern of the disease is autosomal
dominant, but some cases may be sporadic.

In a previous study [6] we described the yield of
sequencing CaSR in a cohort of patients with idiopathic
parathyroid disease whose phenotype was consistent
with CaSR defect but underlined the pitfalls in selecting
patients for this evaluation. One patient with familial
hyperparathyroidism had a novel mutation c.94A>G
(p.I132V) but five other with familial hyperparathyroidism
had a negative CaSR sequencing. We proposed to the
latter to extend their genetic evaluation with AP2S/ and
GNAIlI sequencing, and recruited four new patients who
were evaluated with stepwise sequencing of the three genes.
In the present study we report clinical and laboratory fea-
tures as well as results of stepwise CaSR, AP2SI and,
GNAIl sequencing in overall 10 patients with familial
history of hyperparathyroidism and phenotype compatible
with FHH.

Patients and methods
Patients

Patients were recruited from endocrine, internal medicine,
pediatric, and nephrology clinics throughout Israel. We
included patients diagnosed with hyperparathyroidism and a
first degree familial history of hyperparathyroidism, without
personal or familial history by anamnesa and without clin-
ical signs by physical examination of associated tumors
which would have been compatible with MEN 1 (pituitary
adenoma, pancreatic mass, carcinoid syndrome), MEN 2A
(medullary thyroid carcinoma, pheochromocytoma) or
hyperparathyroidism-jaw tumor syndrome (jaw, uterine or
renal mass). Blood and urine tests were performed by rou-
tine laboratory techniques. Urine calcium-to-creatinine
clearance ratio (CCCR) was calculated on the basis of 24
h urine collection. The research was approved by the local
institutional review committees and the Israeli National
Helsinki Commissions. All participating patients signed an
informed consent form.

@ Springer

Preparation of genomic DNA and CaSR, AP2S1, and
GNA11 sequencing

A venous blood sample was obtained from each patient.
DNA was extracted from leukocytes and amplified by
conventional methods. For sequencing, DNA was PCR-
amplified using a set of primers encompassing the exonic
regions and splice junctions of CaSR as previously descri-
bed [6]. We used specific primers for exon 2 of the AP2S1
gene [5] and the whole sequencing of the GNAII gene [4]
as published in the literature. PCR products were prepared
for sequencing, which was done with an ABI prism 310
machine. Results of the sequencing were compared to the
normal base sequence of CaSR (NM_000388), AP2SI
(NM_004069.3) and GNAII (NM_002067) sequence
alignment was performed with BLAST NCBI software.
CaSR sequencing was performed first. If normal, AP2S]

sequencing was done, followed lastly by GNAII
sequencing.
Bioinformatics

To predict the damaging potential of mutations, we used
web servers PolyPhen2 (Polymorphism Phenotype v2) at
http://genetics.bwh.harvard.edu/pph2/ [7] and Mutation
Taster at http://www.mutationtaster.org [8].

Results

We recruited 10 patients with familial hyperparathyroidism
without obvious familial syndrome by anamnesa and clin-
ical examination. Clinical and laboratory features are pre-
sented in Table 1. Six of these patients were included in our
previous study which consisted in CaSR sequencing only,
and four new cases were recruited. They all had a pheno-
type compatible with FHH. Sequence analyses revealed
CaSR mutations in three patients (30%) and their family
members and R15 AP2S]/ mutations in two other families
(20%). Regarding the three CaSR mutations, we found one
novel missense mutation c.2479 A > C (p. S827R) in pro-
band 193 (Fig. 1) who was a young healthy 20 year old
woman complaining about constipation, and had mild
hypercalcemia with mildly elevated parathyroid hormone
(PTH) levels and low CCCR (Table 1). She had a mother, a
grand-mother, an aunt, and two cousins with hypercalcemia.
PolyPhen-2 and Mutation Taster predicted damaging
potential for this mutation. This variant was not identified in
data obtained from the exome project (Exome Variant
Server, NHLBI GO Exome Sequencing Project (ESP),
Seattle, WA (URL: http://evs.gs.washington.edu/EVS/)
(09.2016). The second CaSR missense mutation observed in
proband 202 (Table 1) was the known mutation ¢.1394 G >
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Table 1 Features of patients with isolated familial hyperparathyroidism

Sex/ Blood Ca Blood Mg Urine CMCR PTH 250HD Imaging Added data
Age CCCR (%) study
CaSR mutations
1-153 F/14 271 0.7 0.7 2.71 103 20 Neg. Failed surgery
2-193 F/20 2.69 0.73 0.9 2.2 95 24 Neg.
3-202 M/43 2.75 NA NA NA 76 14 Neg. Osteoporosis
AP2S1 mutations
4-151 F/5 3.225 1.1 0.2 17 60 18.5 Neg. Cognitive disorder. Depression. MVP.
5-163 M/1 3.475 1.17 0.9 4.5 54 NA Neg. Severe ADHD. Language skills deficit.
Genetic negative
6-157 F/56 2.6 1 2 1.3 73.3 32 Neg. NI PRL, NI pituitary MRI, NI whole body
CT. NI gastric biopsy.
7-171 F/32 29 NA 0.87 NA 63.4 35 Neg. Low bone mass
8-172 F/45 2.67 0.92 0.6 4 178 19 Neg. Osteoporosis. Subclinical hypothyroidism.
9-189 M/66 2.7 0.95 0.9 2.85 48.1 29 NA Pseudogout, Osteoporosis.
10-198 M/53 2.775 0.94 1.4 1.86 223 15 Susp. RU PTA NI PRL, low bone mass. Failed surgery.

250HD 25-hydroxyvitamin-D levels, anti-TPO antibodies to thyroperoxydase, Ca calcium, CCCR calcium-to-creatinine clearance ratio (U.Ca X
S. Cr)/ (S. Ca X U. Cr), CMCR calcium-magnesium-creatinine calcium clearance ratio (S.CaX S.Mg/CCCRX100), CT computed tomography, Mg
magnesium, MVP mitral valve prolapse, MRI magnetic resonance imaging, NA not available, Neg. negative, N/ normal, PRL prolactin, PTA
parathyroid adenoma, RU right upper, Susp. suspected. Normal ranges: Blood calcium, 2.15-2.55 mmol/L; Blood magnesium: 0.7-0.95 mmol/L;

PTH, 12-65 pg/mL; 25-OH-vitamin D, 20-50 ng/mL

Fig. 1 Novel CaSR mutation
S827R in patient 193 and her
family
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A (p. R465Q) (Fig. 2): the patient was a 43 y.o. man with a
family history of hyperparathyroidism with negative ima-
ging studies in his mother, two brothers, and a son. The
other mutation was the missense mutation c¢.94A>G
(p.I32V), in proband 153 and her father. Interestingly,
the father had a relatively elevated CCCR (1.7%) whereas
the proband had a typically low CCCR (<1%). We also
found two AP2S1 mutations on residue 15R ¢.44G>T (p.
R15L) in proband 151 and in proband 163 (Table 1). The
former who was included in our previous study, had a father
with known hyperparathyroidism, and a sister with hyper-
calcemia, all of them having learning disabilities and
scholar retardations, whereas three other brother and sisters
were normocalcemic with strictly normal cognitive func-
tion. Depression was noticed in the two sisters. Two

c. 2479 A>C
p. S827R

children of the affected proband’s sister with learning dis-
abilities and language skills deficit were also found to be
hypercalcemic, and all had AP2S] mutations, whereas
the proband’s mother and all other family members with
normal cognitive capacity and without depression were
normocalcemic and had no AP2S]/ mutation (Fig. 3). Pro-
band 163 was a newborn male of a mother who had a failed
three-and a half parathyroidectomy at age 20 year old. His
psychomotor development was marked for severe attention
deficit hyperactivity disorder (ADHD) medically treated
since age 3, and skill languages retardation, whereas his
mother also had ADHD, depression and cognitive impair-
ment (Fig. 4). In the five remaining patients with normal
CaSR and AP2SI sequencing, GNAII sequencing was
normal.
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Fig. 2 CaSR mutation R465Q
in patient 202 and his family
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Fig. 3 a Pedigree showing proband 151 (arrow) and her family,
showing a strong segregation with learning disabilities. Arrow show-
ing proband. b Mutation p. RI5L in proband 151

Discussion
In this study we investigated the presence of mutations in

CaSR followed by AP2S] and GNAII in 10 patients with
familial hyperparathyroidism and phenotype compatible
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Fig. 4 a Proband 163 (arrow) and his mother, both with marked
cognitive disorders. b Mutation p. R15L in proband 163 and his
mother

with FHH. Two patients (157 and 198, Table 1) had urine
CCCR above 1% which is not a typical feature of FHH.
However, such a finding is described in up to 20% of
patients with FHH [3], as observed in proband 153’s father
with p. 132V CaSR mutation [6]; thus, some authors
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recommend a urine CCCR cut-off value of 2% to select
patients for CaSR sequencing [9].

Five patients who had negative CaSR sequencing in our
previous study completed AP2SI evaluation and one of
them (proband 151) was found to harbor the typical muta-
tion 15 c.44G>T (p.R15L). Overall, we identified three
patients (153, 193, and 202) with CaSR mutations (30%)
presenting FHH]1, and two other patients (20%) with AP2S1
mutations in residue 15 c.44G>T (p.R15L) presenting
FHH3. Loss-of-function mutations of the G-protein subunit
alphall, which regulates CaSR activity and could cause
FHH2 [4], were not identified. They are found in less than
5% of patients with FHH and normal CaSR sequencing [2].
In patient 153 (Table 1) the p. I32V CaSR mutation was a
missense mutation that we previously described [6]. The
missense CaSR mutation p.R465Q observed in proband 202
was previously described [10]; to note, the latter (Table 1)
harbored osteoporosis, which is an unusual finding in FHH1
patients [11], possibly because of associated low vitamin 25
(OH)D levels. The third observed CaSR mutation in our
patients was a novel missense mutation p.S827R, localized
in the transmembrane domain (TMD). Missense mutations
in the CaSR count for more than 90% of cases in FHH1;
most are localized in the extracellular domain but only
26-28% in the TMD [12]. Bio-informatic programs
polyphen-2 and Mutation Taster predicted a damaging
amino-acid change. The extension of the genetic evaluation
with AP2S1 sequencing made the diagnosis in 20% of the
tested patients. This finding is in accordance with the lit-
erature, showing that up to 20% of patients with suspected
FHH but negative CaSR sequencing are found to have one
of three rare specific mutations in the residue 15R of the
AP2S1 gene [5]: RI5L, R15C, and RI5H. Frequency of
CaSR mutation in appropriately selected patients with iso-
lated familial hyperparathyroidism and phenotype compa-
tible with FHH encourages the physician to start the genetic
evaluation with CaSR sequencing, however, there may be
clinical and laboratory features suggesting AP2S1 rather
than CaSR mutation. If clinicians can identify these specific
phenotypic findings, they can choose to start the genetic
evaluation by sequencing the exon 2 of AP2S] instead of
performing the whole CaSR sequencing. Some case-reports
were published [13-16], and 2 important series evaluated
genotype—phenotype correlation [17, 18]. Around 40 index-
cases from different kindreds were identified till today and
our study adds clinical and biochemical description of 2
more families with FHH3.

In the first series published by Hannan et al. [17], specific
clinical features of FHH3 patients included: more
hypercalcemia-related symptoms (constipation, lethargy,
muskuloskeletal pain and polydipsia) and lower bone
mineral density. In both series [17, 18], similar biochemical
specificities were found: patients with FHH3 had higher

blood calcium levels, higher calcium tubular reabsorption,
and higher magnesium levels. In the series published by
Hannan et al. [17], R15L mutations was associated with
most severe clinical and biochemical abnormalities and the
use of a calcium—magnesium—calcium clearance ratio
(sCa x sMg/100 x CCCR) above five distinguished patients
with FHH3 from those with FHH1 with a specificity of 86%
and a sensitivity of 83%. The clinical and biochemical
features of our two patients with FHH3 corroborate the
previous published data showing that these patients have
higher calcium and magnesium levels (Table 1). The strong
association of learning disabilities and AP2S] mutations
(pedigrees in Figs. 3 and 4) is in our eyes a particular
phenotypic feature observed in FHH3 patients, which is not
observed in FHHI1 patients. Undoubtedly, patients with
FHH3 harbor more neuropsychiatric disorders and learning
disabilities than usual patients with primary hyperpar-
athyroidism or FHH1. Despite not emphasized in the series
published by Hannan et al. [17], there were also more
cognitive dysfunction and behavioral disorders in their
patients: 7 among the 19 described (37%) had learning
disabilities. The French series [18] did not describe patients’
clinical features, but Hendy et al. [14] reported two cases
with depression or psychiatric condition, one with R15L
and the other with R15C mutation whereas a third patient
with R15L mutation had cerebral palsy and a global
development delay.

It is fascinating to understand if the higher prevalence of
these cognitive disorders in patients with FHH3 are related
to the higher blood calcium levels (particularly in associa-
tion with the R15L mutation), or if it is caused by a specific
molecular involvement of AP2S1: on one side, hypercal-
cemia and hyperparathyroidism are associated with neu-
ropsychological symptoms [19], cognitive dysfunctions
(concentration capacity, verbal resources, non-verbal
learning abilities, visual memory) [20], depression and
anxiety [21]; on the other side, the Adaptor protein-2 o
subunit is included in the clathrin-coated vesicles and thus
participates to the clathrin-mediated endocytosis leading to
internalization of plasma membrane constituents and mod-
ification of plasma membrane activity (as CaSR in the
parathyroid) [5], but is also essential to neurotransmission
and signal transduction [22]. It is clearly involved in the
regulation of AMPA-glutamate receptors in the brain,
playing a pivotal role in post-synaptic plasticity and neu-
ronal trafficking [23], and may be involved in psychiatric
diseases [24] and depression [25]. Further systematic clin-
ical and maybe experimental evaluations are needed to
verify the association and the potential causative relation-
ship between R15 AP2S] mutations and neuropsychiatric
and cognitive disorders. If it turns to be confirmed, patients
with isolated familial hyperparathyroidism, phenotype
compatible with FHH and learning disabilities or
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psychiatric disorder should be evaluated first with sequen-
cing of the second exon of AP2S] which is easier, cheaper
and less time-consuming than performing the whole CaSR
sequencing. In other patients, the latter remains the initial
work-up genetic test to perform.

Five patients in our study remain without genetic diag-
nosis. Typical FHH phenotype can be observed in primary
hyperparathyroidism [1] without any mutation in CaSR,
AP2S] or GNAII. However, the familial feature of the
disease raises the possibility of another hereditary disease.
Occult MEN 1, MEN 2A or HPT-JT syndrome were not
ruled-out by specific biochemical and imaging tests. Only
patient 157 (Table 1) had more extensive evaluation. FIHP,
if not associated with CaSR [26, 27], AP2S1 or GNAII
mutations, may be related to mutations in MENI [27, 28],
HRPT2 (CDC73) responsible of HPT-JT syndrome [26],
CDKNIA, 1B (associated with MEN-4), 2B, 2C [2] and
RET (responsible of MEN2). Recently, activating mutations
in GCM2 were identified in patients with FIHP [29].

We conclude that CaSR and AP2S1 sequencing has a high
diagnostic yield in patients with familial hyperparathyroidism
and typical phenotype of hypocalciuric hypercalcemia.
Learning disabilities in these patients, associated with higher
serum calcium and magnesium levels may suggest the pre-
sence of AP2S1 rather than CaSR mutation. Patients’ clinical
and biochemical features may suggest initiating the genetic
work-up with one rather than the other gene.
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