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Abstract

Neonatal severe hyperparathyroidism is a rare life-threatening
disorder characterized by very high serum calcium concentra-
tions (> 15 mg/dl). Many cases have occurred in families with
familial hypocalciuric hypercalcemia, a benign condition trans-
mitted as a dominant trait. Among several hypothesized rela-
tionships between the two syndromes is the suggestion that
neonatal severe hyperparathyroidism is the homozygous form
of familial hypocalciuric hypercalcemia. To test this hypothe-
sis, we refined the map location of the gene responsible for
familial hypocalciuric hypercalcemia on chromosome 3q. Anal-
yses in 11 families defined marker loci closely linked to the
gene responsible for familial hypocalciuric hypercalcemia.
These loci were then analyzed in four families with parental
consanguinity and offspring with neonatal severe hyperparathy-
roidism. Each individual who was homozygous for loci that are

closely linked to the gene responsible for familial hypocalciuric
hypercalcemia had neonatal severe hyperparathyroidism. The
calculated odds of linkage between these disorders of
> 350,000:1 (lod score = 5.56). Weconclude that dosage of
the gene defect accounts for these widely disparate clinical phe-
notypes; a single defective allele causes familial hypocalciuric
hypercalcemia, while two defective alleles causes neonatal se-
vere hyperparathyroidism. (J. Clin. Invest. 1994. 93:1108-
1112.) Key words: gene dosage - chromosome 3q * consanguin-
ity * hypercalcemia * hyperparathyroidism

Introduction

Familial hypocalciuric hypercalcemia ( FHH] also termed fa-
milial benign hypercalcemia) is generally an asymptomatic
disorder characterized by modest elevation of serum calcium
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1. Abbreviations used in this paper: FHH, familial hypocalciuric hyper-
calcemia; NSHPT, neonatal severe (primary) hyperparathyroidism.

concentration, relative hypocalciuria, and inappropriately nor-
mal parathyroid hormone levels. The condition is inherited as
an autosomal dominant trait and the phenotype can be diag-
nosed soon after birth. While the penetrance of FHH ap-
proaches 100%, affected individuals exhibit virtually none of
the morbidity generally associated with hypercalcemia ( 1, 2).
Physiologic and biochemical studies on individuals with FHH
demonstrate abnormal responses of both the kidney and the
parathyroid gland to calcium (2, 3). Although the precise ge-
netic defect is unknown, linkage analyses have demonstrated
that the disease locus in most FHHfamilies is located on the
long arm of chromosome 3 (4, 5). In one family, an FHHlocus
maps to chromosome 1 9p32 (5).

Neonatal severe hyperparathyroidism ([NSHPT] also
termed neonatal familial primary hyperparathyroidism) is a
rare disease characterized by marked hypercalcemia (often
> 20 mg/dl), skeletal demineralization, parathyroid hyperpla-
sia, respiratory distress, and hypotonia (6, 7). While severe
parathyroid hyperplasia appears to be central to this metabolic
disturbance, its cause is unknown. Without parathyroidec-
tomy, NSHPTis generally fatal, though rare cases of less se-
verely affected neonates have been successfully managed medi-
cally (8, 9).

Since the initial report of NSHPTin 1947 (10) and FHHin
1972 ( 1 ), physicians have frequently recognized familial coin-
cidence of these two disorders (6, 12-15). Several hypotheses
have been offered to explain this observation: (a) NSHPTmay
represent an extreme phenotype that occurs within the spec-
trum of clinical severity in FHH; (b) an unidentified pro-
tein(s) may interact with the mutationally altered FHHgene
product to cause NSHPT; (c) because NSHPThas been re-
ported in the offspring of fathers with FHH and unaffected
mothers, NSHPTmay represent in utero development of se-
vere secondary hyperparathyroidism in an FHHchild in re-
sponse to normocalcemia in the mother or to uniparental dis-
omy; and (d) because NSHPThas occurred in several offspring
of consanguineous marriages between FHHparents, it may be
the homozygous form of FHH.

Identification of DNAmarkers linked to FHHloci on chro-
mosome 3q (4) and 19p (5) permits definition of the genetic
relationship between FHHand NSHPT. Westudied seven ad-
ditional FHH families, and demonstrated that the predomi-
nant gene defect responsible for FHHmaps to chromosome
3q2. Four of these families had consanguineous marriages and
affected NSHPToffspring. Analyses of these demonstrate that
NSHPTalso maps to chromosome 3q2, and that it results from
homozygosity of a mutated FHHgene.
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Methods

Clinical studies. Consent was obtained from all participants or their
guardians in accordance with standards established by the local institu-
tions. Measurements of total calcium concentration in all families were

made by colorimetric assays.
11 unrelated families with FHH were studied. The diagnosis of

FHHwas based on the finding of asymptomatic hypercalcemia accom-

panied by normal levels of PTH (2). Previous studies in four families
(A, B, C, D) had showed linkage of FHHto chromosome 3q (4). Three
additional FHH families (J, N, and P) and four families (described
below) with both FHHand NSHPTwere studied to further examine
the possibility of genetic heterogeneity. Clinical evaluations of families
J, N, and P were previously reported (13, 14, 16).

Four FHH families (E, I, Q, S; Fig. 1) had at least one NSHPT
proband who was the product of a consanguineous marriage. The diag-
nosis of NSHPTwas made on the basis of marked hypercalcemia pres-

enting shortly after birth and marked elevation of serum PTH levels
(Table I). Families E, I, and S are of Turkish, European Jewish, and
Canadian descent, respectively. Detailed clinical and laboratory de-
scriptions of these families have been reported previously (13, 15, 17,
18). Family Q lives in Italy. NSHPTwas diagnosed in individual IV- I

(Fig. 1) at birth. Serum calcium was 19 mg/dl and serum PTH level
> 800 pg/ml (normal = 10-65; Allegro immunoradiometric assay
[Nichols Institute], which detects only intact PTH). Total parathy-
roidectomy was performed. His calcium levels progressively declined
to the subnormal range. He is currently 3 yr old and maintained on
vitamin D.

Genetic studies. DNAwas extracted from peripheral lymphocytes
or EBV-transformed lymphoblastoid cell lines as described previously
(19, 20). Genotypes of family members were defined with polymor-
phic markers for loci D3S1303, D3S1267, and D3S1269 on chromo-
some 3q2 using methods described previously (4). In all families, two-
point analyses were performed using the MLINK program as described
(4, 21), with the penetrance of FHHassumed to be 100%. Lod scores

> 1.3 (odds > 20:1) were considered evidence of linkage to the FHH
locus because only closely linked loci were analyzed.

Linkage analyses for NSHPTwere performed in families E, I, Q,
and S. using the computer program MLINK, with a disease penetrance
of 100%. Haplotype frequencies, rather than allele frequencies, were
used for lod score calculations. Haplotypes were defined by alleles at
D3S1303, D3S1267, and D3S1269 for all surviving members of each
NSHPTfamily and for all members of FHHfamilies A, B, C, and D.
The frequency of a given haplotype equals the ratio of independent
occurrences ofthat haplotype divided by the sum of independent occur-
rences of all haplotypes in the population. An independent occurrence
is defined as a haplotype that was brought into the family by an ances-

tor or an unrelated spouse. A total of 82 independent occurrences were

observed among 67 different haplotypes. Haplotype frequencies of
0.049 (family E) and 0.0 12 (family I, Q, and S) were used for lod score

calculations.

Results

Genetic analyses of FHH. FHH has been shown to segregate
with polymorphic loci on chromosome 3q21-24 in four large
families (A, B, C, D). Two recent genetic maps of the human
genome (22,23) have identified 10 polymorphic loci within 20
cM of this FHH locus. The genotypes of all members of fami-
lies A, B, C, and D were defined at these 10 loci (data not
shown). By assessing recombination events between FHHand
each locus, the FHHgene was located in the region between
loci D331303 and D3S1267 (Fig. 2).

Three loci D3S1303, D3S1267, and D3S1269 were then
used to assess genetic heterogeneity of FHHin seven additional
families. Six families (J, N, P, E, I, S), three of whomalso had

NSHPT, provided sufficient information to conclude that
FHHwas linked to this locus (Table II). The combined maxi-
mumlod score in these 10 families is 35.64 (0 = 0.01 from
D3S1303). While the maximum lod score in family Qfavored
linkage, this family was too small to independently prove link-
age of FHHat this locus (maximum lod score = 0.86; Table
II). In the four families with both FHHand NSHPT, the com-
bined likelihood that FHHis linked to chromosome 3q21-24 is
> 4,000,000:1 (lod score = 6.66; Table II).

Genetic analyses of NSHPT. The inheritance of NSHPTat
the same three loci (D3S 1303, D3S1267, and D3S1269) in
families E, I, Q, and S was also studied. Lod scores were calcu-
lated to compare the likelihood of the autosomal recessive in-
heritance of NSHPTlinked to the FHHlocus hypothesis versus
the likelihood of random association between the NSHPTand
FHH loci in these families. These calculations depend on the
haplotype frequency in the relevant ethnic group for each fam-
ily. Because this information is unavailable, lod scores were
calculated assuming a low haplotype frequency, a high haplo-
type frequency and a haplotype frequency estimated from our
study population (Methods).

If the haplotype coinherited with NSHPTin the families E,
I, Q, and S is very rare (frequency = 0.001), then the ratio of
the likelihood that NSHPTand the FHHlocus are genetically
linked to the likelihood that both were inherited by chance is
> 3,000,000:1 (lod score = 6.53). By contrast, if the frequency
of each of these haplotypes is 10%, then the likelihood of link-
age between NSHPTand FHH is 5,500:1 (lod score = 3.74).
Using a haplotype frequency estimated from our study popula-
tion the likelihood of linkage between NSHPTand FHH is
> 350,000:1 (lod score = 5.56, Table II).

The haplotypes found in NSHPTpatients in families E, I,
Q, and S are unique, suggesting that the disease-causing muta-
tion(s) either arose independently in each family or that any
commonancestor to these families is very remote. Two identi-
cal haplotypes were present in each individual with NSHPT,
demonstrating homozygosity of this locus (Fig. 1). Since this
haplotype also segregates with FHH in each family, we con-
clude that the NSHPTphenotype results when an individual
inherits two FHHalleles.

Discussion

Using polymorphic markers on chromosome 3q2, we provide
evidence of a predominant locus for FHH(references 4 and 5
and Table II). Genetic analyses of FHHfamilies with NSHPT
demonstrate that NSHPTcan be transmitted as an autosomal
recessive disorder tightly linked to the FHH locus (odds
> 350,000: 1) on chromosome 3q2. Weconclude that the clini-
cal phenotype associated with two copies of a defective FHH
gene is NSHPT.

Since the haplotype defined in these studies was always ho-
mozygous in individuals with NSHPTand always heterozy-
gous in individuals with FHH, the hypothesis that NSHPTis
an extreme phenotype resulting from a single FHHmutation
appears invalid. Similarly, if an unidentified protein(s) was
required to interact with the mutationally altered FHHgene
product to cause NSHPT, it is unlikely that this would occur
only in offspring who are homozygous for the FHHhaplotype.
Rather, these studies provide genetic evidence that severe life-
threatening NSHPTresults from inheritance of two defective
FHHalleles.
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Figure 1. Pedigrees of four NSHPTfamilies. Individuals are represented by squares ( male), circles ( female), and slashes (deceased), and they are
identified by generation and pedigree numbers. Consanguinous marriages are shown as double lines. Clinical status is indicated by open symbols
(unaffected), half-filled symbols (FHH), filled symbols (NSHPT), and speckled symbols (unknown), and described in Table I and Methods.
The genotypes (defined by loci D3Sl 303, D3S1267, and D3S1269, Fig. 2) of individuals available for study are shown. The haplotype associated
with FHHis boxed.
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Table I. Clinical Evaluations of NSHPTFamilies

Individual Sex Calcium Ionized Ca++ IPTH Diagnosi

ing/dl inM pg/inl

Family E
III-1 M 11.3 FHH
III-2 F 11.7 FHH
IV-1 M 15.5* 630t NSHPTI
IV-2 M 12.3 FHH
IV-4 M 12.2 FHH

Family I
111-1 M 11.0 FHH
I11-2 F 11.1 FIH
111-5 F 10.6 FHH
IV- I M 22* NSHPT
IV-2 M 11.5 FHH
IV-5 M 29* NSHPT
V-1 F 11.7 FHH

Family Q
II-2 M 10.9 1.47 14 FHH
11-3 F 10.8 1.40 25 FHH
1II-1 F 10.5 1.37 36 FHH
111-2 F 11.0 1.45 37 FHH
111-3 M 10.9 1.40 28 FHH
IV-1 F 19* >800 NSHPT

Family S
VI-1 F 11.2 1.38 FHH
VII-1 M 10.8 FHH
VII-2 F 10.8 1.34 FHH
VIII-2 F NSHPT1
VIII-3 M 15.2 1.54 1,405 NSHPT

* Values measured before parathyroidectomy (E-IV- 1, Q-IV-1, and
I-IV-5), death (I-IV-1), or at 11 mo of age (S-VII-3). iPTH, intact
parathyroid hormone; normal = 10-65 pg/ml. $ Carboxyl terminal
PTH levels (ng/ml); normal < 40 ng/ml. § Died shortly after birth.

We speculate that NSHPT individuals in FHH families
without consanguinity may be double heterozygotes, having
inherited different mutated alleles of the FHHgene on chro-
mosome 3q from each parent. While we can not exclude the
possibility that some individuals with NSHPTmaybe heterozy-
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Figure 2. Genetic linkage between FHH, NSHPTand chromosome
3q2 loci. Genetic map of loci flanking the FHHgene on chromosome
3q2. The order of DNAloci were taken from Weissenbach et al. (22),
and the NIH/CEPH Collaborative Mapping Group (23). Recombi-
nation events defined by analyses of families A, B, C, and Dwere used
to integrate published maps (data not shown) and to identify the
most likely region for the FHHgene (indicated).

Table II. Linkage of FHH, NSHPT, and D3S1303 in 1I Families

Number of
affected members Lod scores*

Family Ref. FHH NSHPT FHH NSHPT

A 4 23 5.36
B 4 16 4.52
C 4 37 7.23
D 4 20 3.51
J 14 8 1.38
N 12 17 3.34
P 16 22 4.50
E 15 6 1 1.32 1.37
I 13 7 2 3.18 1.41
Q 5 1 0.86 0.89
S 18 7 2 1.30 1.89

* Lod scores were calculated (Methods) at 0 0.01 from D3S1303,
the most likely location of the FHHgene. The FHHlod scores were
calculated ignoring the individuals with NSHPT; the NSHPTlod
scores included all individuals.

gotes for mutated alleles on both chromosome 3q and chromo-
some 1 9p, the low incidence of FHHin the population and the
infrequent finding of genetic heterogeneity (only 1 of 16 FHH
families maps to 19p (references 4 and 5 and families studied
here) makes this an unlikely possibility. NSHPTthat occurs in
families in which only one parent has clinical findings of FHH
may reflect incomplete penetrance, unrecognized FHH, uni-
parental disomy, or de novo mutation in the unaffected allele.
While current laboratory techniques are quite sensitive for de-
tecting even mild hypercalcemia, some individuals with FHH
has been reported to have only intermittent hypercalcemia (2,
12). Further, affected individuals in the one family with FHH
that maps to chromosome 19p were noted to have more mild
hypercalcemia than individuals with FHHbecause of muta-
tions on chromosome 3q. If specific mutations in either locus
cause very mild or only intermittent hypercalcemia that is clin-
ically unrecognized, a phenotype (NSHPT) might be apparent
only in the homozygous or double heterozygous state.

Recent studies (24) have suggested that heterozygous indi-
viduals with FHHexhibit a mild increase in the set point of
their parathyroid glands for calcium (the Ca"+ concentration
producing half of the maximal inhibition of parathyroid hor-
mone release). In two cases (25, 26) in which the parathyroid
tissue from individuals with NSHPTwas studied in vitro, there
was a much more marked increase in the set point for Ca"+.
Wespeculate that one abnormal allele of the FHHgene pro-
duces mildly abnormal Ca"+-regulated parathyroid hormone
secretion, while parathyroid glands expressing two mutant al-
leles are only responsive to severely hypercalcemic levels of
Ca". These results are consistent with the FHHgene playing
an important role in the sensing of extracellular Ca"+ by the
parathyroid gland.
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