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Abstract

 

We characterized the in vivo, cellular and molecular patho-

physiology of a case of neonatal hyperparathyroidism

(NHPT) resulting from a de novo, heterozygous missense

mutation in the gene for the extracellular Ca

 

2

 

1

 

 ( )-sens-

ing receptor (CaR). The female neonate presented with

moderately severe hypercalcemia, markedly undermineral-

ized bones, and multiple metaphyseal fractures. Subtotal para-

thyroidectomy was performed at 6 wk; hypercalcemia re-

curred rapidly but the bone disease improved gradually

with reversion to an asymptomatic state resembling familial

benign hypocalciuric hypercalcemia (FBHH). Dispersed para-

thyroid cells from the resected tissue showed a set-point (the

level of  half maximally inhibiting PTH secretion) sub-

stantially higher than for normal human parathyroid cells

(

 

z

 

 1.8 vs. 

 

z

 

 1.0 mM, respectively); a similar increase in

set-point was observed in vivo. The proband’s CaR gene

showed a missense mutation (R185Q) at codon 185, while

her normocalcemic parents were homozygous for wild type

(WT) CaR sequence. Transient expression of the mutant

R185Q CaR in human embryonic kidney (HEK293) cells re-

vealed a substantially attenuated -evoked accumula-

tion of total inositol phosphates (IP), while cotransfection of

normal and mutant receptors showed an EC

 

50

 

 (the level of

 eliciting a half-maximal increase in IPs) 37% higher

than for WT CaR alone (6.3

 

6

 

0.4 vs. 4.6

 

6

 

0.3 mM , re-

spectively). Thus this de novo, heterozygous CaR mutation

may exert a dominant negative action on the normal CaR,

producing NHPT and more severe hypercalcemia than typi-

cally seen with FBHH. Moreover, normal maternal calcium

homeostasis promoted additional secondary hyperparathy-
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roidism in the fetus, contributing to the severity of the

NHPT in this case with FBHH. (

 

J. Clin. Invest. 

 

1997. 99:88–
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Introduction

 

Neonatal hyperparathyroidism (NHPT)

 

1

 

 is defined as symp-
tomatic hypercalcemia with skeletal manifestations of hyper-
parathyroidism in the first 6 mo of life. It often presents in the
first few days of life with severe PTH-dependent hypercalce-
mia, hypotonia, constipation, and respiratory distress (1–3).
The latter is partly a consequence of severe bony underminer-
alization, resulting in multiple fractures of the ribs and else-
where. NHPT was first described as a sporadic disorder more
than 60 yr ago (4); subsequently its familial occurrence in pairs
of siblings was documented, suggesting an autosomal recessive
mode of inheritance in some cases (5, 6). Spiegel et al. first
noted a case of NHPT born to an affected member of a family
with autosomal dominant hypercalcemia (7). The salient clini-
cal features of this form of hypercalcemia were first clearly de-
lineated by Foley et al. (8), who called it familial benign hyper-
calcemia (FBH)—a term also employed by Heath et al. in their
studies on this syndrome (9). Marx et al. and others confirmed
the association between NHPT and the same autosomal domi-
nant hypercalcemic condition (10–13), which they called famil-
ial hypocalciuric hypercalcemia (FHH) (11). We refer to this
same condition here as familial benign hypocalciuric hypercal-
cemia (FBHH) in recognition of the contributions of both Fo-
ley et al. and Marx et al. to its clinical description. Marx et al.
suggested in 1982 that some cases of NHPT might be the ho-
mozygous form of FBHH, because children with NHPT were
encountered in families with both parents affected by FBHH
(3). However, NHPT has also been noted in cases where only
one parent had clinically apparent FBHH (3, 7, 14–18), and
many further cases of NHPT appear to be sporadic, with both
parents being normocalcemic (1, 19–26). Thus the nature of
the genetic defect and how it produces two different hypercal-
cemic syndromes was obscure.

In 1992, Chou et al. showed linkage of the disease gene for
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-sensing receptor;
FBHH, familial benign hypocalciuric hypercalcemia; NHPT, neona-
tal hyperparathyroidism.
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FBHH to the long arm of chromosome 3 (27). Subsequently,
additional workers confirmed this finding but also demon-
strated that a similar phenotype was linked to the short arm of
chromosome 19 (28) in one family and to a locus on neither
chromosome 3 nor 19 in another (29). The following year, Pol-
lak et al. (30) and then others (31–35) identified missense,
inactivating mutations in one allele of the extracellular Ca

 

2

 

1

 

-
sensing receptor (CaR) in FBHH. The CaR is a G protein-cou-
pled receptor that plays a key role in Ca

 

2

 

1

 

 homeostasis by con-
ferring upon parathyroid, kidney, thyroidal C-cells, and sev-
eral other cell types the capacity to sense minute changes in
the extracellular ionized calcium concentration ( ; 36, 37).
Indeed, the clinical features of FBHH and of a subsequently
identified form of autosomal dominant hypocalcemia (ADH)
resulting from CaR-activating mutations have shed consider-
able light on the physiological roles of the CaR (38–41). In
FBHH, there is both a reduction in parathyroid glandular re-
sponsiveness to  (i.e., an increase in set-point, the level of

 half maximally inhibiting PTH release; 42, 43) and inap-
propriately avid renal tubular Ca
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1

 

 reabsorption (9, 12, 13).
This abnormal renal Ca

 

2

 

1

 

 handling results from reduced sensi-
tivity of CaRs in the distal tubule to the direct calciuric action
of hypercalcemia (44). Relative hypocalciuria persists follow-
ing parathyroidectomy (12, 45, 46), indicating that it is an in-
trinsic property of the kidney (i.e., PTH-independent). Con-
versely, in ADH the set-point for -regulated PTH release
is reduced (47), and there is excessive Ca
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 excretion despite
hypocalcemia (38, 48), due to the effects of activating CaR mu-
tations on parathyroid and renal function.

The availability of the cloned CaR has permitted reevalua-
tion of the etiology of NHPT and its relationship to FBHH.
Some cases of NHPT arising in FBHH families with consan-
guineous marriages of affected family members are, in fact, the
homozygous form of FBHH (34, 49). Recently, however,
Pearce et al. have shown that NHPT with severe bone disease
can result from de novo mutations in the CaR gene (35). We
now document the third reported case of a de novo heterozy-
gous CaR mutation causing NHPT. We have also carried out a
variety of studies in vivo and in vitro that clarify the patho-
physiology of this case by demonstrating that this patient’s mu-
tation produces an unusual degree of hypercalcemia because
the mutant CaR exerts a dominant negative effect, interfering
in some way with the function of the wild type receptor.

 

Methods

 

Clinical laboratory assays. 

 

Blood and urine samples (obtained at the
time of drawing blood) were collected randomly while the patient
was hospitalized or in the outpatient clinic. Some samples were stored
at 

 

2

 

70

 

8

 

C until analyzed. Calcium, magnesium, phosphorus, creati-
nine, alkaline phosphatase and protein were quantitated with a Syn-
chotron CX7 Clinical Chemistry Analyzer (Beckman Instruments,
Inc., Fullerton, CA). Amino acids were determined with a System
6300 High Performance Amino Acid Analyzer (Beckman Instru-
ments, Inc.). Intact PTH was determined by a luminescence immu-
noassay (Immulite; Diagnostic Products Corp., Los Angeles, CA).
Calcitonin, 1,25-dihydroxyvitamin D and 25-hydroxyvitamin D were
determined by radioimmunoassay and competitive binding assay, re-
spectively (Nichols Institute Diagnostics, San Juan Capistrano, CA).

 

Mutational analyses. 

 

Genomic DNA extracted from the pro-
band’s leukocytes was amplified using PCR and 12 pairs of oligonu-
cleotide primers spanning the entire 3234 bp coding sequence of the
CaR (30, 35). The products were used to detect single stranded con-

Ca21
o

Ca21
o

Ca21
o

Ca21
o

 

formational polymorphisms (SSCP) as described before (35). Abnor-
mal SSCPs were analyzed by DNA sequencing and confirmed by hy-
bridization to sequence-specific 

 

32

 

P-end–labeled oligonucleotides
(SSO) of wild type (5

 

9

 

 CTTTCCTCCGAACCATCCC) and mutant
sequence (5

 

9

 

 CTTTCCTCCAAACCATCCC) (35, 50). Paternity was
assessed using five highly polymorphic loci, D3S1267, D3S1303,
D13S153, Rb1.20, and DXS1232 (51, 52). The analyses on DNA from
the patient and her parents were made after informed consent.

 

Determination of -regulated PTH release in vitro. 

 

Dispersed
parathyroid cells were prepared by collagenase and DNase digestion
(53) of parathyroid tissue removed at surgery on the proband, which
had been transported on ice overnight from Zurich to Boston. We
showed previously that normal and pathological parathyroid tissue
maintained on ice overnight prior to preparing dispersed cells exhib-
its a -regulated PTH secretion indistinguishable from that of
cells prepared immediately after tissue procurement (53, 54). Cellular
viability, determined by trypan blue exclusion, exceeded 90%. To
study PTH release, parathyroid cells were incubated in duplicate or
triplicate at 37

 

8

 

C in Eagle’s Minimal Essential Medium (containing
Earle’s salts, with NaHCO

 

3

 

,  and Mg

 

2
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o

 

 deleted, and fortified
with 25 mM Hepes, pH 7.45) with 0.5 mM Mg

 

2

 

1

 

o

 

,  varying  (see
Results) and 2% FBS to minimize loss of intact PTH released into the
medium due to degradation or adsorption to glass or plasticware (53,
55). After incubation for 1 h at 37

 

8

 

C, the cells were sedimented for 5
min at 100 

 

g

 

 and the supernatant was stored at 

 

2

 

80

 

8

 

C before determi-
nation of immunoreactive intact PTH by immunoradiometric assay
using a kit (Allegro; Nichols Institute Diagnostics). A sample was ini-
tially tested at three different dilutions to determine the optimal dilu-
tion for assay of all of the samples. The result revealed that the mea-
sured value of PTH was independent of the dilution used (i.e., diluted
in parallel with the standard curve).

 

Reconstruction of the human CaR and site-directed mutagenesis.

 

To facilitate site-directed mutagenesis, we have reconstructed the hu-
man -sensing receptor cDNA (HuPCaR4.0; generously provided
by NPS Pharmaceuticals, Inc, Salt Lake City, UT) (56). We divided
the coding region of the CaR cDNA into five segments of about 450
base pairs (bp) each and one 900 bp segment by creating five unique
restriction sites (URSs), BspEI, NheI, AflII, HpaI, and XhoI, in that
order, without changing the predicted amino acid sequence (56). The
sequences of the six cassettes and the full coding sequence of the
reconstructed receptor were confirmed by DNA sequencing. Site-
directed mutagenesis to produce the proband’s mutation was per-
formed using the approach described by Kunkel (57), as described in
detail previously (56). Incorporation of the desired mutation was con-
firmed by sequencing the entire cassette, which was then cloned into
a suitable plasmid containing the rest of the wild type receptor
cDNA.

 

Transient expression of the wild type CaR and a receptor bearing

the R185Q mutation in human embryonic kidney (HEK293) cells, and

determination of total inositol phosphates. 

 

The full length wild type
(WT) human CaR and the mutant (R185Q) receptor were cloned
into the KpnI and XbaI sites of the mammalian expression vector,
pcDNA3 (Invitrogen Corp., San Diego, CA). Lipofectamine (GIBCO-
BRL, Gaithersburg, MD) was employed for transfection (56). The
HEK293 cells used for transient transfection were provided by NPS
Pharmaceuticals, Inc., and were cultured in DMEM with 10% FBS.
The DNA-liposome complex was prepared by mixing CaR DNA
(0.156 

 

m

 

g for expression of the wild type or R185Q mutant [R185Q]
CaR individually) and Lipofectamine in OPTI-MEM I Reduced Se-
rum Medium (GIBCO-BRL) and incubating the mixture at room
temperature for 30 min. The DNA-lipofectamine mixture was then
diluted with OPTI-MEM I Reduced Serum Medium and added to
90% confluent HEK293 cells in 24-well plates (Costar Corp., Cam-
bridge, MA) for subsequent determination of inositol phosphates
(IPs) as described below. After 5 h incubation at 37

 

8

 

C, equal amounts
of OPTI-MEM I Reduced Serum Medium with 20% FBS were added
to the medium over the transfected cells. The latter was then replaced
with fresh DMEM with 10% FBS at 24 h after the transfection. The
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expression of CaR protein was assayed 48 h after the start of transfec-
tion. For coexpression of wild type and mutant CaRs, 0.156 

 

m

 

g of
each cDNA were mixed and used to transfect HEK293 cells (EC

 

50

 

was independent of the amount of DNA transfected over a fourfold
range including 0.156 

 

m

 

g). To determine -elicited changes in IPs,
HEK293 cells prelabeled overnight with [

 

3

 

H]myo-inositol (25 

 

m

 

Ci/
well; DuPont–New England Nuclear, Boston, MA) were incubated
with varying  for 30 min in the presence of 10 mM LiCl (58). The
reactions were terminated with 10% ice cold TCA (final wt/vol). Af-
ter centrifugation to remove insoluble debris, TCA was extracted with
water-saturated diethylether. Total IPs were separated on Dowex
columns and quantitated using a liquid scintillation counter (58).

 

Statistical analyses. 

 

The mean EC

 

50

 

s (the effective concentration
of an agonist giving one half of the maximal response) for the wild
type and mutant receptors in response to increasing concentrations of

 was calculated from the EC

 

50

 

s for all of the individual experi-
ments and is expressed with the SEM as the index of dispersion.
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Comparison of the EC

 

50

 

s and other statistical comparisons were car-
ried out using Student’s 

 

t

 

 test.

 

Results

 

Case history of the proband

Gestational history. 

 

The proband (DS—see subject II-1 in
Fig. 5) is the first child, born in 1995 after a term gestation.
Pregnancy was complicated by vaginal bleeding in the 14th
week, necessitating hospitalization for 10 d; no other therapeu-
tic actions were taken except for bed rest. During the preg-
nancy, the mother had no fevers or skin rashes and received no
medications other than magnesium. Because of an abnormal
cardiotocogram, the fetal membranes were cut. The amniotic
fluid was clear and delivery was assisted by vacuum extraction.
Weight was 2,500 g, length 48 cm, and head circumference 31
cm; Apgar scores were 9/10/10.

 

Clinical findings. 

 

The girl had a large cephalohematoma,
very soft skull, large fontanels, and wide open sutures. Both
femora were bowed, and the left leg was inwardly rotated. The
sclerae were slightly bluish. X rays revealed diffuse osteopenia
and fractures. She was referred to the University Children’s
Hospital, Zurich, at 3 wk of age because of suspected osteo-
genesis imperfecta. She was alert, with normal muscle tone

Figure 1. Radiological findings in the pelvis and femora. Generalized 
osteopenia, metaphyseal fractures of the proximal femora, and peri-
osteal calcifications are seen at 3 wk of age (A) and are no longer 
present at 4.5 mo of age (B) (Courtesy of Dr. G. Eich).

Figure 2. Time course for selected biochemical determinations in the 
proband’s serum. Abbreviations are as follows: 1,25(OH)2D, 1,25-
dihydroxyvitamin D; Mg, serum total magnesium concentration; CT, 
calcitonin; ALP, alkaline phosphatase; P, phosphorus; PTH, intact 
parathyroid hormone; Ca, total calcium concentration; PTX, parathy-
roidectomy; shaded areas indicate the normal ranges.
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and normal deep tendon reflexes, was not constipated and had
no polyuria, polydipsia, or respiratory embarrassment. She
was breast-fed and received no vitamin D supplements. Skele-
tal radiographs confirmed severe generalized osteopenia and
metaphyseal fractures of the proximal humeri and proximal
and distal femora with periosteal calcification (Fig. 1 

 

A

 

). There
were no Wormian bones but there were marked impressiones
digitatae of the frontal bones. The lamina durae of the teeth
were demineralized. The cortices of the long bones were indis-
tinct and appeared split, typical of chronic hyperparathyroid-
ism. Thyroid ultrasound revealed four, 2–3-mm, clear ellipsoid
structures at the expected locations of the parathyroid glands
at 3 wk, which decreased somewhat in size at 5 wk.

 

Laboratory studies. 

 

Fig. 2 shows selected biochemical pa-
rameters pre- and postoperatively (all normal ranges shown
are age-specific, normative values for the local institution
where the studies were performed). Initial total serum calcium
was 3.33 mmol/liter (normal 2.2–2.6), phosphorus 0.93 mmol/
liter (normal 1.3–2.6), magnesium 0.95 mmol/liter (normal
0.74–0.98), alkaline phosphatase 909 U/liter (normal 87–439),
serum total protein 58 g/liter (normal 48–76), and calcium to
creatinine clearance ratio 0.0022 (normal 

 

.

 

 0.012). Maximal
tubular reabsorption of phosphorus (TmP) was 0.83 mmol/liter
glomerular filtrate (normal 2.13

 

6

 

0.12), and urinary phospho-
ethanolamine and amino acids were normal. Intact PTH was
38.5 ng/liter (normal 12–72), calcitonin 25.3 pmol/liter (normal
0.6–4.8), 1,25-dihydroxyvitamin D (1,25(OH)

 

2

 

D), 408 pmol/li-
ter (normal 70–200) and 25-hydroxyvitamin D (25(OH)D) 73
nmol/liter (normal 27–105). These results made osteogenesis
imperfecta very unlikely, excluded hypophosphatasia and
were strongly indicative of NHPT.

 

Clinical course. 

 

At 6 wk of age, total parathyroidectomy
was attempted. Four ellipsoid structures were identified and
removed; the central part of each was processed for histology,

and the rest was put in sterile culture medium with 10% FBS
and sent by overnight mail to E.M. Brown for study of -
regulated PTH secretion in vitro (see below). Histology of the
upper two structures confirmed that they were parathyroid tis-
sue with normal morphology by light and electron microscopy,
without clear cell hyperplasia; the other two resected struc-
tures were normal thyroid. The postoperative course was un-
eventful. Hypercalcemia recurred rapidly and hypermag-
nesemia, elevated PTH and calcitonin persisted (Fig. 2),
indicating incomplete parathyroidectomy. The patient has
since done well clinically; length and head circumference fol-
lowed the 3rd centile; weight followed the 10th centile. X rays
at 8 wk showed marked improvement, and at 4.5 mo (Fig. 1 

 

B

 

)
the bony structures were almost normal. The valgus deformity
of the femora was unchanged. At 3.5 and 4.5 mo the only ab-
normality was the slightly soft occipital bones, which normal-
ized at 5.5 mo. At 12 mo, the child was normal by clinical ex-
amination with normal, straight legs.

 

Biochemical course (Fig. 2). 

 

Serum calcium decreased 3 d
before and reached an approximately steady state level 15 d
after partial parathyroidectomy. Serum phosphorus gradually
increased from markedly reduced to low–normal values before
surgery and became low again after 200 d of age (low normal
phosphorus levels have been observed in such patients before
[3]). Alkaline phosphatase approached normal levels before
surgery, while 1,25(OH)

 

2

 

D was elevated before surgery and
became normal afterward. 25(OH)D was normal throughout.
Urinary calcium to creatinine clearance ratio was low (be-
tween 0.0005 and 0.0056; 

 

n

 

 

 

5

 

 12) and was unaffected by sur-
gery. TmP was low (0.83–1.20 mmol/liter of glomerular filtra-
tion rate; 

 

n

 

 

 

5

 

 3) until 28 d of age, increased but remained at
subnormal values (1.43–1.80 mmol/liter GFR; 

 

n

 

 

 

5

 

 8) between
30 and 140 d of age, and again decreased further (1.12 and
0.87 mmol/liter GFR) at 176 and 240 d of age, respectively.

Ca21
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Figure 3. Relationship be-
tween the proband’s serum 
total calcium concentration 
and circulating intact PTH 
levels. Samples were drawn 
both before (closed circles) 
and after partial parathy-
roidectomy (half-filled cir-

cles) (log PTH 5 7.35 2 
1.81 3 Ca; n 5 18; r 5 
20.807, P , 0.001). Broken 
line indicates the relation-
ship in normal control sub-
jects.
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The high serum alkaline phosphatase, low phosphorus, high
1,25(OH)2D, and low TmP before partial parathyroidectomy
were interpreted, in retrospect, as evidence of secondary hy-
perparathyroidism with decreasing severity in an FBHH infant
born to a normal (e.g., unaffected by FBHH) mother. The ob-
served decrease in parathyroid size by ultrasound may have re-
flected diminishing secondary hyperparathyroidism.

Serum magnesium concentrations were elevated and corre-
lated weakly with total serum calcium (Mg11 5 0.41 1 0.19 3
Ca11; n 5 15; r 5 0.474; P 5 0.05–0.10) as has been docu-
mented previously in patients with FBHH (13). The cause of
the elevated calcitonin is perhaps the hypercalcemia per se.

Family history. The parents are healthy, normal by clinical
examination and reportedly nonconsanguineous, and originate
from the same area of Switzerland. The father is 30 and the
mother 26 yr old. No inherited diseases are present in the par-
ents’ families. Laboratory findings in the mother (serum cal-
cium 2.31, phosphorus 1.32, alkaline phosphatase 96, and PTH
11.9) and the father (serum calcium 2.50, phosphorus 1.19, al-
kaline phosphatase 44, and PTH 36.8) were normal on three
separate occasions (only the first is shown here), excluding ma-
ternal hypo- or pseudohypoparathyroidism, and were not sug-
gestive of FBHH.

Relationship between  and intact PTH in vivo and in vitro 

Fig. 3 shows the inverse relationship between serum calcium
concentration and circulating intact PTH levels at various
times before and after subtotal parathyroidectomy. Relative to
the relationship for normals, the patient exhibits a shift to the
right in the relationship between  and PTH by about 0.75
mM. Fig. 4 shows the relationship between  and intact
PTH release in vitro from dispersed parathyroid cells prepared
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from parathyroid tissue removed at the time of partial parathy-
roidectomy. The set-point for -regulated PTH release
was about 1.8 mM, about 0.8 mM higher than the set-point for
normal human parathyroid cells (1.0 mM) studied previously
(53, 54; normal human parathyroid tissue was not available for
concurrent analysis).

CaR mutational analysis 

Analysis of the entire coding region of the CaR for single
stranded conformational polymorphisms (SSCP) in DNA
from the proband (subject II-1 in Fig. 5) revealed a single ab-
normal pattern of migration in the 59 fragment of exon 4. Sub-
sequent DNA sequence analysis demonstrated a G to A tran-
sition at the second position of codon 185 (Fig. 5), predicting a
change from arginine to glutamine (R185Q) within the CaR
extracellular domain. This missense mutation was confirmed
by SSO (Fig. 5); it was not found in genomic DNA from her
normocalcemic parents (subjects I-1 and I-2 in Figure 5) either
by direct DNA sequence analysis or SSO (Fig. 5). Nonpater-
nity was excluded by demonstrating sharing of alleles between
father and daughter at five highly polymorphic genetic mark-
ers, D3S1267, D3S1303, D13S153, Rb1.20, and DXS1232 (51,
52), thereby demonstrating that this was a de novo heterozy-
gous mutation in the proband. This mutation was not present

Ca21
o

Figure 4. -regulated intact PTH release in vitro from dispersed 
parathyroid cells prepared from the proband’s resected parathyroid 
tissue. Dispersed parathyroid cells were prepared, incubated with 
varying levels of  for 1 h, and intact PTH determined by immu-
noradiometric assay as described in Methods. Open triangles repre-
sent the mean6SEM for results obtained previously for normal hu-
man parathyroid glands prepared from several normal human 
parathyroid glands (59), while the open squares represent the mean6 
the range for either two or three separate incubations of parathyroid 
cells prepared from the proband’s resected parathyroid glands. Note 
that the set-point for normal human parathyroid cells is z 1.0 mM 
while that for the proband’s parathyroid cells is z 1.8 mM.

Ca21
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Ca21
o Figure 5. Missense mutation in exon 4 of the CaR gene in family 19/95. 

The symbols used for the pedigree members are as follows: open 
square—unaffected father; open circle—unaffected mother; filled cir-
cle—affected girl. The DNA sequence (A) shows a transition of the 
wild type (WT) G to the mutant (m) A at the second position of 
codon 185, which would result in a change from an arginine (R) to a 
glutamine (Q) residue. The presence of this mutation (R185Q) the 
proband (II-1) and its absence from 55 normocalcemic individuals 
(N1-3 shown) was demonstrated (B) by sequence specific oligonucle-
otide (SSO) hybridization analysis (35, 50) as it was not associated 
with an alteration of a restriction enzyme site. Thus the three unre-
lated normal individuals (N1-3) and the unaffected parents I-1 and 
I-2 were found to have only the wild type (WT) sequence (R185) and 
none of the mutant sequence (R185Q) and were, therefore, homozy-
gous for the wild type sequence. However, the affected individual (II-1) 
has both the wild type and mutant sequence, demonstrating the het-
erozygosity of this de novo mutation.
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in 55 unrelated normocalcemic individuals analyzed by SSO;
thus it is not a common polymorphism.

Effect of the mutation on high -elicited accumulation of IPs 

To explore the functional impact of the proband’s heterozy-
gous R185Q mutation, we compared its capacity to mediate

-elicited, phospholipase C (PLC)-dependent increases in
cellular levels of inositol phosphates with that of the wild type
CaR when transiently expressed in HEK293 cells. Expression
of the WT CaR conferred 5–10-fold increases in total IPs at
high levels of , with half of the maximal increase in IPs at
4.660.3 mM  (Fig. 6). In contrast, nontransfected cells
showed no alterations in IPs at any concentration of 
tested, while the mutant receptor showed a marked increase in
the  level required to elicit increases in IPs. Since in this
patient FBHH was caused by the presence of this mutation in
the heterozygous state, we also assessed the relationship be-
tween  and IPs in HEK293 cells cotransfected with equal
amounts (0.156 mg) of the cDNAs for the wild type and mutant
receptors. Fig. 6 shows that there is nearly a 37% increase in
the EC50 for stimulation of the accumulation of IPs by  in
the cotransfected cells (EC50 5 6.360.4 mM; n 5 6) relative to
those transfected with wild type receptor alone (EC50 5 4.66

0.3 mM; n 5 6; P , 0.05; a total of six separate transfections in
three experiments carried out on three different days).

Ca21
o

Ca21
o

Ca21
o

Ca21
o

Ca21
o

Ca21
o

Ca21
o

Ca21
o

Discussion

In the present study we report in vivo and in vitro studies in an
infant who presented with the clinical syndrome of NHPT and
subsequently, following partial parathyroidectomy, reverted to
a more benign form of hypercalcemia, FBHH. This case repre-
sents the third well documented example of a de novo het-
erozygous mutation in the -sensing receptor gene as a
cause of NHPT (35) and provides considerable insight into the
mechanisms through which this CaR mutation contributed to
the relatively severe clinical phenotype in this patient.

Genetic analysis of the proband and her parents excluded
nonpaternity and documented that hypercalcemia resulted
from a de novo mutation in one allele of the CaR, with a G to
A transition in the second position of codon 185 substituting a
glutamine for the normal arginine within the CaR extracellular
domain. Most of the mutations causing FBHH that have been
described to date have been missense mutations falling within
two general regions of the receptor. About two-thirds are
within the first 300 amino acids of the extracellular domain,
while the remaining one-third are just proximal to the first
transmembrane segment or within the transmembrane seg-
ments and intra- or extracellular loops (30–35, 37). In a few
cases other forms of mutations have also been identified.
Pearce et al. described a nonsense mutation at codon 607 pre-
dicting a receptor protein truncated just proximal to the first
membrane-spanning segment that would presumably be inac-
tive (35). The same group also identified a single base deletion
accompanied by a nucleotide transition at an adjacent position
in codon 747 of the CaR, which would cause a frame shift lead-
ing to premature termination of the receptor protein at codon
776 (35). Finally, Janicic et al. described several families from
Nova Scotia, Canada, in whom affected family members have
the insertion of an alu sequence at codon 876 within the pre-
dicted carboxyl-terminal tail of the receptor (34, 60).

While the mechanisms through which the FBHH mutations
described to date cause reduced activity of the receptor are not
well understood, recent studies in which these mutant CaRs
were expressed in HEK293 cells have provided some insights
in this regard (56). Of the three mutations that cause truncated
receptors, two are inactive, exhibiting essentially no high

-evoked increases in Cai (the frame shift mutation at
codon 747 [61] and the alu insertion [M. Bai, N. Janicic, E.M.
Brown, and G.N. Hendy, unpublished observations]). Western
analysis confirms that truncated (albeit biologically inactive)
receptor proteins are in fact produced. A few missense muta-
tions, although permitting production of a full-length, nongly-
cosylated, initial biosynthetic product, are not processed to the
fully mature glycosylated form of CaR that most likely resides
on the cell surface and show severe reductions in biological ac-
tivity (56). Most of the missense mutations, on the other hand,
including R185Q, appear to reach the cell surface in a form
that is similar in size and degree of glycosylation to that of the
wild type receptor, at least as assessed by Western analysis
(56). Additional studies will be needed to document directly
that these mutant CaRs are expressed on the cell surface.
Some of the mutant receptors show only modest reductions in
apparent affinity for  and other CaR agonists ( e.g.,
Gd31

o ). These mutations may interfere with the capacity of the
respective receptors to bind ligand (if present in the extracellu-
lar domain) or, perhaps, to couple to G-protein(s) and initiate
intracellular signaling (i.e., R795W, which is within the third
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Figure 6. -regulated total inositol phosphates (IPs) in HEK293 
cells transiently transfected with the wild type human CaR (wt) 
alone, a receptor harboring the proband’s R185Q mutation alone 
(R185Q), or both receptors (R185Q/wt), and in mock-transfected 
HEK293 cells (293). Mutagenesis of the wild type human CaR to pro-
duce the R185Q mutation, transient transfection of HEK293 cells, 
and determination of the effects of  on total inositol phosphates 
(a measure of the total turnover of phosphoinositides by phospholi-
pase C) in cells prelabeled with [3H]inositol were performed as de-
scribed in Methods. Note that the mutant receptor is markedly less 
responsive to  than the wild type (wt) CaR and that coexpres-
sion of the WT and mutant CaRs shifts the EC50 for the wt to the 
right by 37%.
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intracellular loop and likely interferes with the coupling of the
CaR to its G protein(s) [30, 56]).

Of interest, the same R185Q mutation identified in the
present proband has been described previously (30) in a U.S.
kindred (family A in Marx et al. [3]). Indeed, two neonates in
one branch of this family presented with NHPT. Affected fam-
ily members, in general, have a degree of hypercalcemia (a
mean of 3.08 mM with a range of 2.72–3.43 mM; 3) that is simi-
lar to that of our proband and more severe than encountered
in most FBHH kindreds.

What are the factors determining the degree of severity of
hypercalcemia in individuals with heterozygous FBHH muta-
tions? Of note, patients with mutations producing the most se-
vere functional defects, such as E297K, R66C, G143E (56),
and the nonsense mutation just proximal to the first trans-
membrane domain (35), have very mild hypercalcemia. These
cases in effect represent null mutations (e.g., no functional
protein is produced by the abnormal allele) and are similar in
this regard to the mice that have recently been developed with
targeted disruption of the CaR gene (62). Heterozygous mice
have z 50% reductions in CaR protein in parathyroid and kid-
ney as assessed by immunohistochemistry and Western analy-
sis, respectively, and exhibit mild, z 10% increases in serum
calcium concentration (61). It is likely in these mice and in hu-
mans with “null” mutations that the hypercalcemia is solely
due to reduction in the level of expression of the receptor from
the normal allele (i.e., a gene dosage effect).

In families with more severe hypercalcemia in affected het-
erozygous individuals, as in those with the R185Q mutation,
on the other hand, there appears to be a dominant negative ef-
fect, where the abnormal receptor interferes in some way with
the function of the normal receptor. In the present study, using

-induced changes in inositol phosphates as the readout,
HEK293 cells cotransfected with both wild type and mutant
receptors showed an increase in EC50 relative to that observed
with transfection of the wild type receptor alone. A similar
shift in EC50 was observed previously when we studied -
elicited changes in Cai in HEK cells cotransfected with wild
type receptor and the mutant receptor harboring the R185Q
mutation (56, 63). This result suggests that the abnormal re-
ceptor interferes in some manner with the function of the nor-
mal receptor. We have not yet identified how this putative in-
terference takes place. It might involve mechanisms such as (a)
a reduced quantity of normal receptor reaching the cell sur-
face, (b) sequestration of G proteins by the abnormal receptor
thereby limiting the capacity of the wild type receptor to ini-
tiate intracellular signaling, or (c) direct, cell surface interac-
tions between normal and abnormal receptors that inhibit the
activity of the former. Further studies will be necessary to dis-
tinguish among these possibilities.

An additional factor that may have contributed to the se-
verity of the initial clinical presentation in the present case is
that a child with abnormal parathyroid set-point for -reg-
ulated PTH release was gestated in a normal mother. There is
normally about a 0.25 mM gradient in  between maternal
and fetal blood, with the latter greater than the former, be-
cause of the placental calcium pump. If the set-point of the fe-
tal parathyroids is increased, the fetus will sense  in cord
blood as abnormally low, thereby producing some degree of
secondary hyperparathyroidism on top of the already abnor-
mal set-point of the fetal parathyroids. This hypothesis is
borne out by the observation that in all 10 of the reported
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cases of NHPT in children with one FBHH parent the affected
parent has been the father (3, 7, 14–18). Indeed, patient A-26
in the kindred with the same R185Q mutation (30) as in our
patient inherited the abnormal CaR allele from her father and
was born to a healthy mother (3). She presented with neonatal
hyperparathyroidism and had a serum calcium of 3.47 mM.
She subsequently underwent total parathyroidectomy at 2 wk
of age, and the four resected glands were enlarged and showed
clear cell hyperplasia. The presence of an FBHH fetus in a
normal mother would be analogous to the severe secondary
(albeit normocalcemic) hyperparathyroidism that can be ob-
served in normal infants born to hypocalcemic mothers with
hypoparathyroidism or pseudohypoparathyroidism (64, 65).
The latter situation may be associated with severe hyperpara-
thyroid bone disease in the early postnatal period but usually
improves gradually over time as the fetal calcium concentra-
tion is no longer regulated to a significant extent by the mater-
nal mineral ion homeostatic system. In an analogous fashion,
our proband showed an improvement in her intact PTH level
postnatally, due to partial parathyroidectomy and/or rather
the natural history of this condition. The levels of PTH were
still markedly elevated postoperatively, however, and only
gradually returned to steady state levels within the normal
range characteristic of FBHH. At this point her biochemical
findings were similar to the previously described family (3)
with the R185Q mutation (30).

In summary, we have described a child with a de novo het-
erozygous missense mutation in the -sensing receptor
presenting in the neonatal period as NHPT, who subsequently
reverted to a biochemical picture more characteristic of
FBHH. The more severe hypercalcemia and secondary hyper-
parathyroidism in this case, relative to other cases in which a
child with FBHH is born to a normal mother, most likely re-
lates to the dominant negative effect of this particular muta-
tion on the function of the normal CaR. It will be of interest to
determine to what extent previous cases of NHPT which did
not appear to represent cases of homozygous FBHH are the
result of a similar scenario, where the nature of the specific
mutation impacts on the level of serum calcium and/or PTH
level. Alternatively, there may be additional, yet-to-be-discov-
ered factors accounting for the relatively wide spectrum of se-
verity in the clinical presentation of NHPT.
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