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Introduction

The regulation of calcium and phosphate homeo-
stasis involves several different hormones that
act on the kidney, intestine, and bone. The most
important calcium-regulating peptide hormone is
parathyroid hormone (PTH). Its production and
secretion by the parathyroid glands increases
in response to a decrease in the extracellular
calcium concentration. PTH increases (1) the
la-hydroxylase activity in the proximal renal
tubules to promote production of the biologically
active 1,25-dihydroxyvitamin D (1,25(0OH),D)
from its precursor 25-hydroxyvitamin D, thereby
enhancing intestinal absorption of calcium (and
phosphorus); (2) it stimulates bone resorption,
thus releasing calcium and (phosphorus); (3) it
enhances calcium reabsorption in the distal renal
tubules; and (4) it promotes urinary phosphate
excretion. These phosphaturic actions of PTH
occur within minutes by reducing the expression
of  two sodium-dependent phosphate
cotransporters, NPT2a and NPT2c, in the proxi-
mal convoluted tubules. The long-term regula-
tion of phosphate homeostasis involves
fibroblast growth factor 23 (FGF23), a more
recently discovered hormone made by osteocytes
and probably osteoblasts. Like PTH, FGF23
reduces the expression of NPT2a and NPT2c,
but the time courses for the effects of both hor-
mones are very different [1-3]. Furthermore, in
contrast to the stimulatory actions of PTH on
la-hydroxylase, FGF23 reduces the expression
of this enzyme in the proximal renal tubules,
and it enhances 24-hydroxylase, leading to two
different mechanisms to a reduction in serum
1, 25(0OH),D levels [4-8].

This chapter will review the physiological and
biochemical mechanisms underlying calcium and
phosphate homeostasis and the genetic basis of
rare inherited disorders that provided important
novel insights into the regulation of these
minerals [9].
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Regulators of Calcium and Phosphate
Homeostasis

Parathyroid Hormone (PTH) and
PTH-Related Peptide (PTHrP)

The mature secreted form of PTH peptide com-
prises 84 amino acids, which is derived from a
longer prepropeptide (for review, see Ref. [10]).
PTH gene transcription (as well as PTH peptide
secretion) is regulated primarily by the extracel-
lular concentration of calcium and through a vita-
min D response element upstream of the
transcription start site [11, 12]. Phosphate affects
also parathyroid gland activity, independent of
concomitant changes in ambient calcium concen-
tration, parathyroid gland activity; however, these
effects take several hours and may result from
secondary changes in hormone biosynthesis
rather than secretion [13—15].

PTH secretion by the parathyroid glands is
regulated through the calcium-sensing receptor
(CaSR), which recognizes remarkably small per-
turbations in calcium and responds quickly by
altering PTH secretion. This G protein-coupled
receptor is stimulated by extracellular calcium
and requires coupling to two closely related G
proteins, namely, Gaq and Gall, to activate the
Ca"?/IP3/PKC signaling pathway. Besides being
expressed in the chief cells of the parathyroid
glands, the CaSR is expressed in the kidneys and
in several other tissues, albeit at lower abundance,
which are not directly involved in the regulation
of calcium homeostasis. In addition to regulating
PTH secretion, the CaSR plays an important role
in regulating aquaporin trafficking in the
kidneys [16].

The PTH-related peptide (PTHrP also known
as PTHrH, PTH-related hormone), which was
first isolated from tumors that cause the humoral
hypercalcemia of malignancy, shares significant
amino acid sequence homology with PTH
[17-19]. PTH and PTHrP, although distinct
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Fig.1 Parathyroid hormone (PTH) mediates its endocrine
actions through the PTH/PTHIP receptor expressed in the
kidney and the bone to regulate mineral ion homeostasis
and bone metabolism. In numerous other tissues, this G
protein-coupled receptor mediates the paracrine actions of
PTHrP; particularly important is its role in the growth plate

products of different genes, exhibit considerable
functional and structural similarities, including
equivalent positions of the boundaries between
some of the coding exons and of the adjacent
introns; both may have evolved from a shared
ancestral gene [10, 20]. PTHrP is a larger, more
complex protein than PTH that functions as an
autocrine/paracrine rather than an endocrine fac-
tor with a little influence on calcium homeostasis
except when secreted in large concentrations
[21]. Its most prominent functions involve the
regulation of chondrocyte proliferation and dif-
ferentiation, and consequently bone elongation
and growth [22]. It also affects mammary gland
development and function [23, 24].

PTH and PTHrP both mediate their actions
through a common G protein-coupled receptor,
the PTH/PTHrP receptor [25, 26] (Fig. 1). In the
kidney and bone, it mediates the endocrine actions
of PTH. However, the most abundant expression
of the PTH/PTHrP receptor occurs in
chondrocytes of the metaphyseal growth plate
where it mediates the autocrine/paracrine actions
of PTHrP, ie., it delays the hypertrophic
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differentiation of growth plate chondrocytes
[22, 27]. A closely related receptor, the PTH2
receptor, shares more than 50 % homology with
the PTH/PTHrP receptor [28]. Its primary ligand,
TIP39 (tuberoinfundibular peptide of 39 residues),
is involved in nociception and reproduction
[29-31].

Vitamin D and Its Metabolites

Most of the vitamin D (D, and Ds) in healthy
individuals is derived from the precursor
7-dehydrocholestrol through exposure to ultravi-
olet light. It is made in the skin and is stored in
muscle or fat [32, 33]. Presumably through the
enzyme CYP2RI1 [34, 35], the prohormone
undergoes hydroxylation in the liver to form the
25-hydroxyvitamin D metabolite (25(OH)D). In
the proximal convoluted tubular cells of the kid-
ney, 25(OH)D is further hydroxylated by the
enzyme 25-hydroxyvitamin bD-1a-hydroxylase
(la-hydroxylase; CYP27B) to yield the biologi-
cally active metabolite 1,25 dihydroxyvitamin D
(1,25(OH),D) [32, 33]. The expression of
CYP27B is regulated by extracellular concentra-
tions of ionized calcium, inorganic phosphate,
PTH, and FGF23 [36]. 1,25(OH),D binds in tar-
get organs (e.g., the intestine, bones, kidneys,
and parathyroids) to the intracellular vitamin D
receptor (VDR) [37] and thereby activates the
transcription of genes in the bone, kidney, and
enterocytes that help increase gut absorption of
calcium, reduce urinary calcium losses, and
increase bone resorption, thereby ensuring ade-
quate extracellular concentration of calcium and
phosphate [33, 37]. Homozygous or compound
heterozygous mutations in CYP27B, CYP2RI,
or VDR lead to hypocalcemia, which increases
PTH secretion, thus enhancing urinary phosphate
excretion, which leads to the development of rick-
ets/osteomalacia [32-35].
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Fig. 2 The primary structure of FGF23. The C-terminal
and the N-terminal portions of FGF23 are connected by an
“RXXR” motif, which is the recognition site for a furin-

Fibroblast Growth Factor 23 (FGF23)
and Other Proteins with Phosphaturic
Properties

Fibroblast growth factor 23 (FGF23), which is
probably the most important phosphate-regulating
hormone, belongs to a large family of structurally
related proteins. FGF23 was discovered through
two independent approaches, namely, positional
cloning to define the molecular cause of autoso-
mal dominant hypophosphatemic rickets (ADHR)
[38] and sequence analysis of cDNAs derived
from rare mesenchymal tumors that cause tumor-
induced osteomalacia (TIO) [6, 39]. The FGF23
gene consists of 3 exons that encode a 251-amino
acid precursor protein comprising a hydrophobic
leader sequence (residues 1-24), thus allowing its
secretion into the blood circulation (Fig. 2). The
Golgi casein kinase Fam20C phosphorylates
Ser'® of FGF23, which reduces O-glycosylation
of Thr'”® by the polypeptide N-acetylgalactosami-
nyltransferase 3 (GALNT?3), thus making the hor-
mone prone to proteolytic cleavage between
Arg'” and Ser'® by the subtilisin-like proprotein
convertase SPC2 [40, 41]. Only full-length
FGF23 has phosphaturic activity [7], yet
C-terminal fragments appear to have some biolog-
ical activity since they can antagonize the actions
of the intact hormone [42] (Fig. 2).

FGF23 is most closely related to fibroblast
growth factors 21 and 19, but shows limited homol-
ogy also with other fibroblast growth factors [38,
43]. FGF23 mRNA could not be detected by North-
ern blot analysis in normal tissues, but it has been

FAM20c-dependent
phosphorylation
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Cleavage by Furin-
like enzyme

like protease. Mutations at this site make FGF23 resistant
to the cleavage by a furin-like protease, thereby stabilizing
the intact bioactive FGF23 molecule

identified by reverse transcriptase (RT)-PCR in the
heart, liver, thymus, small intestine, and brain [38,
43]. The most abundant expression of FGF23
occurs in the bone cells, particularly in osteocytes,
which represent the largest population of bone cells
[44-47]. Its regulation remains incompletely under-
stood, but mice that are null for DMP1, ENPP1, or
Fam20C show an increased expression of FGF23,
suggesting that each of these proteins are negative
regulators of FGF23 expression and/or activity
[48-50]. Consistent with these findings, humans
with inactivating mutations in any of these three
genes show increased urinary phosphate excretion
leading to hypophosphatemia [48, 51-57].

In the presence of aKlotho, a protein associ-
ated with longevity [58, 59], FGF23 binds with
high affinity to FGFR1 [59, 60] (Fig. 3). Consis-
tent with a role of Klotho in the regulation of
phosphate homeostasis, mice that are “null” for
Klotho develop severe hyperphosphatemia due to
diminished urinary phosphate excretion. These
animals furthermore show elevated 1, 25(OH),D
levels, i.e., findings that are similar to those
observed in the FGF23-null mice [4, 45,
46]. Klotho-null mice have dramatically elevated
FGF23 levels [60, 61].

FGF23-null mice (FGF2377) develop
hyperphosphatemia and elevated serum 1,25
(OH),D concentration, and they die prematurely,
secondary to renal failure because of glomerular
capillary calcifications [45, 62, 63]. FGF23 ™/~
animals furthermore show reduced bone turnover,
an unexpected increase in osteoid, and diminished
osteoblast and osteoclast number and activity.
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Fig. 3 Effect of FGF23 and PTH on the proximal tubular
cells. (a) FGF23 binds to the FGFR 1¢ and Klotho complex
and inhibits 1a-hydroxylase. At the same time, this cascade
inhibits the apical expression of NaPi-Ila and NaPi-IIc. (b)
PTH binds to the PTHR(GPCR) and inhibits the

Animals overexpressing FGF23 transgenically
show increased unmineralized osteoid because
of increased urinary phosphate excretion leading
to hypophosphatemia as well as significant wid-
ening of growth plates leading to deformities of
weight-bearing bones [45, 64].

In addition to FGF23, other cDNAs were over-
represented in libraries derived from tumors that
cause oncogenic osteomalacia [6, 65, 66]. These
included DMP1, MEPE, sFRP4, and FGF-7 and
were implicated in phosphate handling in vivo
and/or in vitro, suggesting that “phosphatonins”
other than FGF23 may be involved in the renal
regulation of phosphate homeostasis [66—68].
Their role needs to be elucidated more as the abla-
tion of sFRP4 in mice at least does not affect
phosphate homeostasis [69].

Hypercalcemia and
Hypophosphatemia Due to Increased
Parathyroid Hormone Secretion

Hypercalcemia can be observed in several differ-
ent nonfamilial (sporadic) or familial disorders.
Besides physical examination and a careful
review of the family history, the evaluation of
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la-hydroxylase activity. Thus, FGF23 only acts as stimu-
late phosphaturia, and PTH acts both P and Ca homeostasis
simultaneously

several additional laboratory parameters is
required for diagnostic work-up (Fig. 4).

Parathyroid Tumors

Increased parathyroid gland activity can be seen in
patients with multiple gland hyperplasia, adenomas,
and, rarely, parathyroid carcinoma. Two principal
defects can lead to the development of parathyroid
tumors: (1) a heterozygous mutation that enhances
the activity of a gene (gain-of-function mutation),
which is therefore referred to as a proto-oncogene,
or (2) homozygous loss-of-function mutation in a
tumor-suppressor gene, which is therefore referred
to as a recessive oncogene. Parathyroid tumors usu-
ally occur as an isolated and sporadic
endocrinopathy or as part of inherited tumor syn-
dromes [70] such as the multiple endocrine neopla-
sias (MEN) or hereditary hyperparathyroidism with
jaw tumors [71, 72]. Sporadic parathyroid tumors
can be caused by single somatic mutations that lead
to the activation or overexpression of proto-
oncogenes, such as PRAD1 (parathyroid adenoma
I) or RET (mutated in MEN2), or by mutations in
tumor-suppressor genes — predicted to be located on
several different chromosomes, for example, chro-
mosome 1p (RIZ1) and 11q3 (MEN1) — that allow
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Fig. 4 Flow diagram for the work-up of patients with hypercalcemia

for the clonal expansion of a single parathyroid cell
and its progeny (see Ref. [73] for a detailed review
of this topic in adults). In children, parathyroid
tumors are rare, with adenomas being the most
common abnormality [74].

Hyperparathyroidism in Chronic
Kidney Disease

Chronic overstimulation of the parathyroid glands
frequently occurs in patients with chronic kidney
disease (CKD), which may lead to the development
of hyperplasia transitioning to adenoma (tertiary
hyperparathyroidism) due to the clonal expansion
of one or several parathyroid cells [75], through a
process possibly involving the reduced expression
of different cyclin-dependent kinase inhibitors [76]
and an abnormal WNT B-catenin signaling path-
way [77]. Increased levels of biologically active
circulating FGF23 [78-81] and decreased levels
of 1,25(OH),D [5, 82—84] contribute to the devel-
opment of hyperparathyroidism.

Non-syndromic Isolated
Hyperparathyroidism

PTH structural changes as the cause of hyperpara-
thyroidism appear to be rare. One patient, who

presented with hypercalcemia and
hypophosphatemia, yet undetectable levels of
PTH in the circulation, was reported. A single
parathyroid adenoma was identified that secreted
a mutant PTH molecule, which was truncated
after amino acid residue 52, thus explaining why
different two-site immunometric PTH assays had
been unable to detect elevated circulating levels of
this hormone [85]. After surgical removal of the
adenoma, clinical symptoms and biochemical
abnormalities resolved.

Hypercalcemic Disorders Without
Elevated Parathyroid Hormone
Secretion

Disorders of the Calcium-Sensing
Receptor (CaSR) and the Downstream
Signaling Molecules

CaSR is a G protein-coupled receptor (GPCR)
located on chromosome 3q21.1 [86] that couples
through Gagq and Gall to the Ca**/IP3/PKC sig-
naling pathway. Three hypocalciuric hypercalce-
mic disorders are caused by abnormalities in
calcium-sensing receptor (CaSR) function:
(1) familial benign hypercalcemia (FBH), also
referred to as familial hypocalciuric hypercalce-
mia (FHH), 2) neonatal severe
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hyperparathyroidism (NSHPT), and (3) autoim-
mune hypocalciuric hypercalcemia (4HH) caused
by acquired autoantibodies against the CaSR.

Familial Hypocalciuric Hypercalcemia
(FHH): FHH1 (CaSR), FHH2 (Ga11),

FHH3 (AP201)

FHH is a genetically heterogeneous disorder
which may be inherited as an autosomal dominant
trait, although patients often have no family his-
tory as they may have developed a de novo muta-
tion. Affected patients are usually asymptomatic
or have nonspecific symptoms such as fatigue,
weakness, painful joints, and headache, and the
diagnosis is often only suspected after routine
biochemical screening shows elevated serum cal-
cium levels.

Three variants of FHH have been defined at the
molecular level; these are (1) loss-of-function
mutations in CaSR (FHH]I) [87-92]; (2) loss-of-
function in Gall, the signaling protein at the
CaSR (FHH2) [93, 94]; and (3) loss-of-function
mutations in AP2c1 (adapter protein-2 sigma
subunit), a central component of clathrin-coated
vesicles (FHH 3) [95]. FHH2 and FHH3 families
were initially linked genetically to chromosome
19p (FHH,9,) and 19q13 [96] (FHH k), respec-
tively [97, 98]. Heterozygous loss-of-function
CaSR mutations were found in approximately
two-thirds of the affected members of investigated
FHH kindreds (FHHI) [87, 92, 99, 100]. CaSR
mutations cluster around low-affinity calcium-
binding sites (that are similar to calsequestrin)
containing aspartate- and glutamate-rich regions
(codons 39-300) within the extracellular domain
of the receptor [101, 102] and show gene-dosage
effect [87-92, 102]; for details of CaSR muta-
tions, visit http://www.casrdb.mcgill.ca. Another
heterozygous mutation in exon 4 of CaSR gene
(F180C, TTC > TGC) leads to FHH phenotype
only in vitamin D deficiency state. Vitamin D
deficiency probably impaired CaSR expression,
thus leading to increased PTH secretion; consis-
tent with this conclusion, vitamin D supplemen-
tation resulted in the normalization of PTH levels
[103]. Individuals in FHH families carrying the
CaSR mutation L137P have shown increased sus-
ceptibility for chronic pancreatitis, when
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compounded with a mutation (N34S) in the pan-
creatic  secretory trypsin inhibitor  gene
(SPINK1) [104].

Neonatal Severe Hyperparathyroidism
(NSHPT)

Patients with severe neonatal hyperparathyroid-
ism usually have homozygous or compound het-
erozygous CaSR mutations that are both
inactivating [87, 88, 90, 105-107]. Infants with
NSHPT usually exhibit severe bone disease
driven by markedly increased PTH, leading to
significant mortality, if left untreated [108,
109]. Some patients with sporadic neonatal hyper-
parathyroidism have been reported to carry de
novo heterozygous CaSR mutations [89], thereby
suggesting the involvement of factors other than
the dosage of the mutant gene or dominant-
negative actions on the wild-type CaSR [105]. A
novel heterozygous de novo mutation (R551K)
was shown recently to cause NSHPT, which grad-
ually reverted to asymptomatic FBH without the
need for surgical intervention [110].

Autoimmune Hypocalciuric
Hypercalcemia (AHH)

AHH is an acquired disorder with circulating anti-
bodies directed against the extracellular domain of
the CaSR. Some of these antibodies stimulate the
release of PTH when tested with dispersed human
parathyroid cells in vitro, probably by reducing the
activation of the CaSR by extracellular calcium
[111]. AHH diagnosis should be considered for
patients who have hyperparathyroidism in combi-
nation with other autoimmune disorders [111, 112]
and lack mutations associated with FHH. AHH was
initially described in four individuals from two
unrelated kindreds. Among them, three patients
had antithyroid antibodies, and one had celiac
sprue with antigliadin and anti-endomyseal anti-
bodies [111]. Another patient described had an
IgG4 blocking autoantibody against CaSR.
Regression of biochemical abnormalities and auto-
immune dysregulation followed glucocorticoid
treatment [112]. An autoantibody isolated from a
patient with AHH caused distinct conformational
changes in CaSR favoring coupling to Gall and
uncoupling from Gi. These allosteric changes
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Fig. 5 Patient with a severe form of Jansen’s metaphyseal
chondrodysplasia. (From [114], with permission)

occurred at a site in close proximity to the binding
site for calcimimetics [113].

Jansen’s Metaphyseal
Chondrodysplasia (JMC)

JMC is a rare autosomal dominant disease that is
characterized by short-limbed dwarfism caused by
an abnormal regulation of chondrocyte prolifera-
tion and differentiation in the metaphyseal growth
plate [114] (Figs. 5 and 6) that is usually associated
with severe hypercalcemia and hypophosphatemia,
despite normal or undetectable serum levels of
PTH or PTHrP [115]. JMC is caused by heterozy-
gous mutations in the PTH/PTHrP receptor that
lead to constitutive PTH- and PTHrP-independent
receptor activation [116-118]. Since the
PTH/PTHrP receptor is most abundantly expressed
in the kidney, bone, and growth plates, these find-
ings provided a likely explanation for the abnor-
malities observed in mineral homeostasis and for
the associated defects in chondrocyte growth and
differentiation. Several different heterozygous
mutations in the PTH/PTHrP receptor have been
identified in the severe form of IMC; these involve

A. Sharma et al.

codon 223 (His — Arg), codon 410 (Thr — Pro
or Arg), and codon 458 (Ile — Arg or Lys). The
expression of these mutant receptors in suitable
cells resulted in constitutive agonist-independent
accumulation of cAMP, while the basal accumula-
tion of inositol phosphates was not measurably
increased. The H223R mutation is the most fre-
quent cause of JIMC, while all other mutations were
found in only single patients [116—-122]. Trans-
genic mice, in which the expression of a
PTH/PTHTP receptor carrying the H223R mutation
was targeted to the growth plate by the rat ol
(I) collagen promoter, showed a significant delay
in chondrocyte differentiation, supporting the con-
clusion that the defect in endochondral bone for-
mation in JMC patients is caused by the
constitutively active mutant receptor [123]. The
slowed differentiation of growth plate
chondrocytes was associated with an upregulation
of cyclin- and E2F-dependent gene expression,
indicating that the PTH/PTHrP receptor controls
the timing of cell cycle exit and the onset of differ-
entiation of chondrocytes [124]. The Thr410Arg
mutation in PTH/PTHrP receptor leads to less pro-
nounced skeletal and laboratory abnormalities, i.e.,
only mild skeletal dysplasia and relatively normal
stature and high-normal plasma calcium concentra-
tion associated with normal or suppressed serum
PTH levels and with hypercalciuria leading to
nephrolithiasis in two individuals [125]. In com-
parison to PTH/PTHrP receptors with the
Thr410Pro mutation, the Thr410Arg mutation
showed less pronounced agonist-independent
cAMP accumulation in vitro [117, 126].

Williams Syndrome

Williams syndrome (WS) is a hemizygous contin-
uous deletion syndrome caused by the deletion of
25-30 genes on chromosome 7 ql11.23. WS is
characterized by vascular stenosis, hypertension,
elfin-like facies, developmental delay, and typical
behavioral features. Endocrine abnormalities
including hypercalcemia, diabetes mellitus, and
subclinical hypothyroidism might be present.
About 20 % of affected children may present
with congenital anomalies of the kidney and



11 Physiology of the Developing Kidney: Disorders and Therapy of Calcium and Phosphorous. ..

299

Fig. 6 Radio- and photographs of patients with a relatively mild form of Jansen’s disease (From [125] with permission)

urinary tract, hypercalciuria, or dysfunctional
voiding [127].

Of the deleted genes, elastin is the most impor-
tant. The ablation of elastin gene in mice results in
vascular abnormalities similar to those observed
in WS patients [128]. Homozygous deletion at the
elastin locus was found in over 90 % of patients
with the classical Williams phenotype [129], and a
series of 235 WS patients revealed submicro-
scopic deletions of the elastin gene in 96 % of
the investigated individuals [130], thus making it

an important diagnostic tool. Other deleted pro-
teins, like LIM-kinase [131], the cytoplasmic
linker protein-115 (CYLN2), and the transcription
factors GTF2I and GTF2IRDI1 [132], may con-
tribute to some of the distinct neurological and
cognitive deficits. In contrast, NCFI deletions are
protective against hypertension [133]. In addition,
genes flanking aneuploid genes, some of which
are located several megabases away from the
deletion, may contribute to the observed pheno-
typic variation [134, 135].



300

The etiology of hypercalcemia is less clear.
Although it is clinically not severe in most cases,
some affected individuals require therapeutic
interventions with bisphosphonates [136]. The
calcitonin receptor gene, located on chromosome
7921, is not included in the deletions identified in
WS [137]. Increased calcium retention, sensitiv-
ity, or abnormal synthesis or degradation of 1,25
(OH), vitamin D has been postulated to be causal
[138, 139]. Claudin 3 and 4 though deleted were
not found to be causative for hypercalcemia
[140]. The transient receptor potential cation
channel 3 (TRPC3) overexpressed in the intes-
tines and kidneys of a WS patient has been
shown to increase calcium absorption in the gut
and reabsorption in the kidneys [141].

Infantile Hypercalcemia: CYP24A1
Deficiency

Initially referred to as idiopathic infantile hyper-
calcemia (ITH), this disorder was shown to be
caused by homozygous or compound heterozy-
gous mutations in the gene encoding the
24-hydroxylase (CYP24Al), the enzyme that
metabolizes and thus inactivates the biologically
active 1,25(0OH),D [142-146]. Affected infants

A. Sharma et al.

develop often severe hypercalcemia and
hypercalciuria leading to nephrocalcinosis and
failure to thrive. Besides clevated plasma and
urinary calcium levels, 1,25(OH),D levels are
increased, which was shown in one child to dra-
matically enhance intestinal calcium absorption
[143], thereby suppressing circulating PTH con-
centrations through two mechanisms, i.e., ele-
vated plasma calcium and 1,25(OH), vitamin D
concentration.

Hypocalcemia and
Hyperphosphatemia Due to Reduced
Parathyroid Hormone Activity

As for hypercalcemic disorders, patients who
present with hypocalcemia require careful
clinical evaluation, as well as the assessment of
laboratory parameters in serum and urine, and a
detailed review of the family history [147]

(Fig. 7).

Hypoparathyroidism

Hypoparathyroidism comprises a heterogeneous
group of disorders presenting with hypocalcemia
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Fig. 7 Flow diagram for the work-up of patients with hypocalcemia
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of varying severity, inappropriately normal or
elevated urinary calcium excretion, and
hyperphosphatemia, yet normal or diminished
PTH levels. Hypoparathyroidism may be
nonfamilial (sporadic) or familial, and it may
occur as an isolated defect or as a component of
disorders with additional manifestations, such as
pluriglandular autoimmune disorder or various
developmental abnormalities, e.g., DiGeorge syn-
drome (DGS). Familial isolated hypoparathyroid-
ism can present anytime from early infancy well
into adulthood.

The main treatment options available for
patients with acute or chronic hypoparathyroid-
ism are calcium salts, vitamin D or vitamin D
analogues, and drugs that increase renal tubular
reabsorption of calcium (i.e., thiazides). The para-
thyroid hormone-dependent renal production of
1,25-dihydroxyvitamin D is deficient in all
hypoparathyroid states. Consequently, therapy
with a vitamin D analogue is used to improve
serum calcium levels. However, because of the
absence of functional PTH and the lack of
PTH-dependent calcium reabsorption in the distal
renal tubules, patients affected by hypoparathy-
roidism frequently develop hypercalciuria and
nephrolithiasis, and chronic kidney disease, even
if attempts are made to maintain plasma calcium
within the lower end of the normal range
[148]. Considerable efforts were therefore made
to treat patients with recombinant PTH(1-34) or
PTH(1-84) [149-155]. Compared with twice-
daily delivery, pump delivery of PTH(1-34)
appears to provide the most promising modality
for improving calcium homeostasis and bone
turnover in children with severe congenital hypo-
parathyroidism [156, 157].

Parathyroid Hormone (PTH) Gene
Abnormalities

Preproparathyroid hormone (preproPTH), the
PTH precursor, contains a 25-residue amino-ter-
minal signal sequence followed by a 6-residue
pro-specific peptide and the mature hormone.
The hydrophobic core of the human preproPTH
signal peptide is composed of 12 contiguous
uncharged amino acids (residues —5 to —16 of
the signal peptide).
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Several different PTH gene mutations were
identified in patients with autosomal dominant or
autosomal recessive isolated hypoparathyroidism.
A single-base substitution (T — C) resulted in the
substitution of arginine (CGT) at position 18 in
the signal peptide for cysteine (TGT), thus
disrupting the hydrophobic core of the signal
sequence, which is required by the secreted pro-
teins for efficient translocation across the endo-
plasmic reticulum [158]. Another single-point
mutation changes cysteine to arginine at the
—8 position of the signal peptide, which causes
interference with the normal targeting and
processing of secretory proteins, including the
normal PTH precursor, suggesting that the mutant
gene product exerts a dominant-negative effect
in vitro by trapping the hormone intracellularly,
predominantly in  endoplasmic  reticulum
(ER) [159], thereby causing stress-induced cell
death [160]. In another family, a single-base sub-
stitution (T — C) involving codon 23 of exon
2 was detected, which resulted in the substitution
of proline (CCG) for the normal serine (TCG) in
the signal peptide [161]. This mutation at the —3
position of the preproPTH protein cleavage site
most likely disrupts cleavage of the mutant pre-
cursor molecule and prevents the efficient forma-
tion and secretion of PTH [161]. The affected
individuals of one other kindred with autosomal
recessive isolated hypoparathyroidism showed a
single-base transition (G — C) at position 1 of
intron 2 of the gene encoding PTH. This mutation
resulted in the deletion of exon 2, which encodes
the initiation codon and the signal peptide,
thereby causing parathyroid hormone deficiency
[162]. A nonsense mutation involving codon
23 (Ser23Stop) was recently reported in a girl
with autosomal recessive isolated hypoparathy-
roidism [163], and a heterozygous T to C point
mutation was identified that eliminates the initia-
tor methionine, thereby deleting the first six amino
acids of the signal peptide [164].

GCM2 Abnormalities

Glial cells missing 2 (GCM2), the mammalian
homolog of the Drosophila Gecm2 gene, encodes
a 506-amino acid parathyroid-specific transcrip-
tion factor, which contributes to the regulation of
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PTH gene expression [165]. Mice that are homo-
zygous for the deletion of GCM2 (the murine
homolog) lack parathyroid glands, and these ani-
mals develop hypocalcemia and hyperpho-
sphatemia without a compensatory increase in
PTHrP or 1,25(0OH), vitamin D levels [166].
GCM2-null mice revealed a small cluster of
PTH-expressing cells under the thymic capsule;
however, the amount of PTH was insufficient to
prevent hypocalcemia [167].

The gene encoding GCM2 is located on chromo-
some 6p23-24, and isolated hypoparathyroidism
can be caused by inactivating mutations on both
parental alleles or by a dominant-negative heterozy-
gous mutation. The first GCM2 mutation, a large
homozygous intragenic deletion, was identified in
the proband of an extended kindred with an autoso-
mal recessive form of isolated hypoparathyroidism
[168]. Subsequently, homozygous mutations were
identified as additional causes of hypoparathyroid-
ism; these affect amino acid residues 63 (G63S)
[169] or 47 (R47L) [170], as well as several other
residues [171-174]. Two closely related heterozy-
gous GCM2 mutations were furthermore identified
in two families in which hypoparathyroidism fol-
lows an autosomal dominant mode of inheritance
[175, 176]. Both mutations lead to a shift in the open
reading frame and the replacement of the putative
transactivation domain within the carboxyl-terminal
region by unrelated amino acid sequence, and both
mutant proteins have a dominant-negative effect
on the wild-type GCM2 protein. A similar mecha-
nism may apply to the Asn502His mutation, which
localizes to the nucleus and retains the ability to
bind to the GCM-consensus DNA recognition
motif but shows impaired gene transactivation and
a dominant-negative effect on the wild-type
protein [173]. For a large number of patients with
isolated hypoparathyroidism, however, no disease-
causing mutation has yet been identified [171],
making it likely that mutations in additional
as-of-yet unidentified genes can also cause
hypoparathyroidism.

X-Linked Recessive Hypoparathyroidism

X-linked recessive hypoparathyroidism has been
reported in two related multigenerational kindreds
[177]. The relatedness of these two kindreds was
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established by demonstrating an identical mito-
chondrial DNA sequence, inherited via the mater-
nal lineage, in affected males from the two
families [178]. Affected males suffered from
infantile onset of epilepsy and hypocalcemia
[179]. Studies utilizing X-linked polymorphic
markers in these families localized the mutant
gene to chromosome Xq26-q27 [180].

Characterization of 906 kb region on Xq27 by
combined analysis of single nucleotide polymor-
phisms and sequence-tagged site identified a
23-25 kb deletion, which did not contain genes.
However, DNA fiber-FISH and pulsed-field gel
electrophoresis revealed an approximately 340 kb
insertion that replaced the deleted fragment and a
molecular deletional-insertion that involved chro-
mosome 2p25 and Xq27 [181]. This complex
deletion-insertion {del(X) (q27.1) inv ins (X;2)
(q27.1; p25.3)} is located 67 kb downstream of
the SOX3 gene. The developing parathyroid tis-
sue of mouse embryos has strong SOX expres-
sion. Thus, this mutation may have a position
effect on SOX3 expression. These findings
added SOX3 to the growing list of transcription
factors, including GCM2, GATA3, TBXl,
HOXA3, PAX1, and PAX9, that operate in para-
thyroid development [181].

Autoimmune Pluriglandular
Hypoparathyroidism

Autoimmune pluriglandular syndromes associ-
ated with hypoparathyroidism can be subdivided
into three subtypes: (1) APS1, (2) APS3 (which is
associated with thyroid autoimmunity), and
(3) APS4 (which is associated with other autoim-
mune disorders).

APS1 or autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) is
an autosomal recessive disease with a high inci-
dence in isolated subpopulations in Central and
Eastern Finland [182], which usually becomes
manifest during childhood. Establishing the diag-
nosis requires the presence of at least two of three
major components: hypoparathyroidism, candidi-
asis, and adrenal insufficiency; however, hypo-
parathyroidism may be the only manifestation of
the syndrome. APS1 is caused by mutations
within the autoimmune regulator (AIRE) gene
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located on chromosome 21 (21g22). As part of
this syndrome, autoantibodies against NACHT
leucine-rich repeat protein 5 (NALP5Abs) can
be detected. Non-APS forms of hypoparathyroid-
ism show an association with class I human leu-
kocyte antigen (HLA) allele A*2601 and with
class II HLA alleles DRBI1*01 and
DRB1*09 [183].

Linkage studies of Finnish families mapped
the APECED gene to chromosome 21q22.3
[184]. Further, positional cloning approaches led
to the isolation AIRE (qutoimmune regulator),
which encodes a 545-amino acid protein. Specific
domains of AIRE protein indicate that it is
involved in transcriptional processes, including
(i) the amino-terminal HSR domain, (ii) nuclear
localization signal (NLS), (iii) a SAND domain,
(iv) two plant homeodomain (PHD) type zinc
fingers, and (v) four LXXLL motifs [185]. To
date, more than 50 different APS1-causing muta-
tions have been established in affected patients.
Though mutations are distributed throughout the
coding region of the gene, most mutations are
located in the amino-terminal HSR domain. The
R257X mutation in SAND domain is the most
prevalent mutation among Finnish patients,
accounting for 83 % of the disease alleles [185,
186]. This particular mutation is also frequently
found in Central and Eastern European and North-
ern Italian populations, indicating an early intro-
duction of the mutation into Caucasian
populations [186, 187]. Characteristic mutations
have been reported also for various other ethnic-
ities [188—192]. Recently, a novel mechanism of
AIRE dysregulation has been described in which
miR-220b inhibits AIRE gene translation through
the 3°UTR [193].

AIRE has been shown to regulate the elimina-
tion of organ-specific T cells in the thymus and
thus failure to delete forbidden T cells [194] and to
disrupt of the nuclear organization [195], thereby
resulting in failure to establish immunologic tol-
erance. A unique G228W variant in the SAND
domain appears to inhibit wild-type AIRE from
reaching the sites of active transcription in med-
ullary thymic epithelial cells. This resulted in the
failure to delete T cells reactive against antigens
specific for the thymus, leading to autoimmunity.
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Thus, the AIRE-mediated dominant-negative
effect may cause autoimmune predisposition to
phenotypes distinct from APS [196]. In addition,
there is a downstream abnormality as activated
CD4" T cells of APECED demonstrate a selective
IL-22 defect [197].

APSI patients with hypoparathyroidism can
have antibodies directed against the CaSR,
which leads to a decrease in PTH secretion and
thus hypocalcemia [198]. The NACHT leucine-
rich repeat protein 5 (NALPS), which is predom-
inantly expressed in the cytoplasm of parathyroid
chief cells, is another antigen, autoantibodies
against which can be responsible for some forms
of hypoparathyroidism. NALP5-specific autoan-
tibodies were detected in almost half of the
patients with APS1 and hypoparathyroidism, but
were absent in all APS1 patients without hypo-
parathyroidism [199]. However, the pathological
significance of these antibodies has been
questioned [200]. Instead of seeking AIRE muta-
tions, which is a cumbersome process,
IgG-neutralizing autoantibodies against type I
interferon can be used as a diagnostic criterion
[201] as high titers of these antibodies were
found in 100 % of Finnish and Norwegian patients
with two prevalent AIRE truncations [202]. Fur-
thermore, rising titers of anti-cytokine antibodies
may precede clinical presentation [203].

DiGeorge Syndrome

DiGeorge syndrome (DGS) is associated with the
absence or hypoplasia of the thymus and the para-
thyroid glands, cardiovascular anomalies, and cra-
niofacial dysmorphism [204]. Most DGS cases
that result from the deletion of the 250-3,000 kb
critical region that contains approximately
30 genes [205, 206] are designated as DGS type
1 (DGS1) [207]. DGS2 is associated with the
deletion locus on chromosome 10p [208]. Approx-
imately 17 % of patients with the phenotypic
features of DGS have no detectable genomic
deletion [209].

Hypocalcemia, considered one of the cardinal
features of DGS, is invariably due to hypopara-
thyroidism as originally described by DiGeorge in
1965 and documented by aplasia or hypoplasia of
parathyroid glands at surgery or autopsy [210].
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Hypocalcemia was noticed in 203/340 subjects
from a large European cohort; the majority of
affected individuals were found to have transient
hypocalcemia [211]. Similar transient hypocalce-
mia occurs at birth due to the abrupt cessation of
active maternal calcium supply in combination
with birth stress. Increased demands on parathy-
roid reserve resolve as stress dissipates. Symp-
tomatic or latent hypocalcemia may also be
precipitated by the stress of surgery, pregnancy,
or puberty [212]. Point prevalence of hypocalce-
mia outside the neonatal period was 30 % in
27 subjects of all ages [213]. EDTA infusion can
be used to unmask latent hypocalcemia [214].

Treatment is aimed at keeping serum calcium
in low-normal range since the absence of PTH
leads to high or inappropriately normal urinary
excretion of calcium, which increases the risk of
renal calcification and nephrolithiasis.

The deleted region in DGS1 contains several
genes [207, 215-217]. The ablation of several of
these genes causes developmental abnormalities
of the pharyngeal arches in transgenic mice
[218-220]. Tbx1-ablated transgenic mice [220]
and humans with point mutations of TBX1 have
the DGS1 phenotype [221]; mutations in this gene
are therefore likely to cause DGS1 [222]. TBX1 is
a DNA-binding transcriptional factor of the T-Box
family with an important role in organogenesis
and pattern formation. Tbx1-null mutant mice
(Tbx1 /") had all the developmental anomalies
of DGS1, while haploinsufficiency (Tbx1" ™) was
associated with a milder phenotype. The spectrum
of DGS1 malformations is thus elicited in a dose-
dependent manner [223], suggesting that the Tbx 1
dose can be modulated by other modifying genes,
thus causing phenotypic variability [224-227].

Hypoparathyroidism, Deafness,

and Renal Anomalies (HDR) Syndrome
The combined occurrence of hypoparathyroidism,
deafness, and renal dysplasia (HDR) as an auto-
somal dominant trait was reported in one family in
1992 [228]. Patients had asymptomatic hypocal-
cemia with undetectable or inappropriately nor-
mal serum concentrations of PTH and normal
brisk increases in plasma cAMP in response to
the infusion of PTH. The patients also had

A. Sharma et al.

bilateral, symmetrical, nonprogressive sensori-
neural deafness involving all frequencies. The
renal abnormalities consisted mainly of bilateral
cysts that compressed the glomeruli and tubules,
leading to renal impairment in some patients.
Cytogenetic abnormalities were not detected and
abnormalities of the PTH gene were excluded.
Deletion mapping studies in two unrelated
HDR patients showed cytogenic abnormalities
involving chromosome 10p14-10pter [229].
These two patients suffered from hypoparathy-
roidism, deafness, and growth and mental retarda-
tion; one patient also had a solitary dysplastic
kidney with vesicoureteric reflux and a uterus
bicornuis unicollis, and the other HDR patient
also had cartilaginous exostoses and was shown
to have a complex reciprocal insertional translo-
cation of chromosomes 10p and 8q. Neither of
these patients had immunodeficiency or heart
defects, which are key features of DGS2 (see
above), and further studies defined two
nonoverlapping regions; thus, the DGS2 region
was located on 10p13-14 and HDR on 10p14-
10pter. It is important to note that HDR patients
with GATA3 haploinsufficiency do not have
immune deficiency. Similarly, the facial
dysmorphism, growth, and developmental delay,
commonly seen in patients with larger 10p dele-
tions, were absent in the HDR patients carrying
GATA3 mutations, further indicating that these
features were likely due to other genes on 10p
[230]. Deletion mapping studies in two other
HDR patients further defined a critical 200 kb
region that contained GATA3 [230], which
belongs to a family of zinc finger transcription
factors that bind to the consensus DNA sequence
and are involved in vertebrae embryonic develop-
ment. DNA sequence analysis in other HDR
patients identified mutations that resulted in a
haploinsufficiency and loss of GATA3 function
[230-232]. GATA3 has 2 zinc fingers. The
C-terminal finger (ZnF2) binds DNA, while the
N-terminal finger (ZnF1) stabilizes this DNA
binding and interacts with other zinc finger pro-
teins, such as the Friends of GATA (FOGQG)
[233]. HDR-associated mutations involving
GATA3 ZnF2 or the adjacent basic amino acids
were found to result in a loss of DNA binding,
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while those involving ZnF1 either lead to a loss of
interaction with FOG2 ZnFs or altered
DNA-binding affinity [232]. These findings are
consistent with the proposed 3-dimensional
model of GATA3 ZnFl, which has separate
DNA and protein binding surfaces [232, 234].
Electrophoretic mobility shift assays (EMSAs)
revealed three classes of GATA3 mutations:
those that lead to a loss of DNA binding (over
90 % of all mutations), those that lead to a loss of
the carboxyl-terminal zinc finger and result in
reduced DNA-binding affinity, and those (e.g.,
Leu348Arg) that do not alter DNA binding or
the affinity but likely induce conformational
change in GATA3 [235]. Furthermore, a hetero-
zygous mutation, 432insG, has been described,
which introduces a premature stop codon at exon
4 (K302X), resulting in a loss of both zinc finger
domains of the GATA3 protein [236]. No muta-
tions were identified in patients with isolated
hypoparathyroidism, indicating that GATA3
abnormalities are more likely to result in two or
more of the phenotypic features of the HDR syn-
drome and not in isolated disease affecting only
the regulation of calcium homeostasis [235]. The
co-occurrence of the 22q11 deletion and the HDR
due to a de novo deletion in chromosome 10p14
has been described in a Japanese boy with severe
phenotype, including progressive renal failure and
severe intellectual disabilities [237].

The HDR phenotype is consistent with the
expression pattern of GATA3 during human and
mouse embryogenesis in the developing kidney,
otic vesicle, and parathyroids. Homozygous abla-
tion of GATA3 in mice leads to CNS defects, but
heterozygous GATA3-null animals were initially
reported to have no abnormalities [238]. However,
further studies have revealed that these heterozy-
gous mice have a progressive hearing loss associ-
ated with continuous morphological degeneration
of the cochlea [239, 240] and that they also have
hypoparathyroidism [241].

Mitochondrial Disorders Associated

with Hypoparathyroidism
Hypoparathyroidism has been reported to occur in
three disorders associated with mitochondrial dys-
function:(1) Kearns-Sayre syndrome (KSS),
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(2) MELAS syndrome, and (3) mitochondrial
trifunctional ~ protein  deficiency = syndrome
(MTPDS). Both the KSS and MELAS syndromes
have been reported to occur with insulin-
dependent diabetes mellitus and hypoparathyroid-
ism [242, 243]. A point mutation in the mitochon-
drial gene tRNA leucine (UUR) has been reported
in one patient with the MELAS syndrome who
also suffered from hypoparathyroidism and dia-
betes mellitus [101]. Large deletions, consisting
of 6,741 and 6,903 base pairs and involving
>38 % of the mitochondrial genome, have been
reported in other patients who suffered from
hypoparathyroidism and sensorineural deafness
[244]. Rearrangements and duplication of mito-
chondrial DNA have also been reported in KSS.
MTPDS is a disorder of fatty acid oxidation that is
associated with peripheral neuropathy, pigmen-
tary retinopathy, and acute fatty liver degeneration
in pregnant women who carry an affected fetus.
Hypoparathyroidism has been observed with
trifunctional protein deficiency [245, 246]. The
role of these mitochondrial mutations in the etiol-
ogy of hypoparathyroidism remains to be further
elucidated.

Kenny-Caffey and Sanjad-Sakati
Syndrome

Hypoparathyroidism has been reported to occur in
over 50 % of patients with the Kenny-Caffey syn-
drome (KCS), which is associated with short stat-
ure, osteosclerosis, and cortical thickening of the
long bones, delayed closure of the anterior fonta-
nel, basal ganglia calcification, nanophthalmos,
dental anomalies, and hyperopia [247]. Parathy-
roid tissue could not be found in a detailed
postmortem examination of one patient [248],
suggesting that hypoparathyroidism may be due
to an embryological defect of parathyroid devel-
opment. KCS, namely, KCS type 1 (KCS1), was
convincingly demonstrated in 16 affected children
in 6 unrelated sibships, born to healthy consan-
guineous parents of Bedouin ancestry [249].
In eight consanguineous Kuwaiti kindreds, link-
age to a locus in the 1q42—qg43 region was found
for the autosomal recessive form of Kenny-Caffey
syndrome [250]. This disease has been
observed almost exclusively in the Middle East.
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The only available data about its prevalence is
from Saudi Arabia, where its frequency is esti-
mated between 1:40,000 and 1:100,000 live births
[247]. An analysis of DNA from 14 children with
severe short stature of unknown etiology by whole
exome sequencing identified one subject with
Kenny-Caffey syndrome, highlighting the fact
that rare syndromic causes of short stature may
be under-recognized and underdiagnosed [251].
KCSI1 is caused by mutations of the tubulin-
specific chaperone (TBCE), whereas patients
with KCS2 were recently shown to carry de novo
mutations in FAMI111A (family with sequence
similarity 111A) [252]. There is close genotype-
phenotype correlation.

Five individuals with KCS2 and five with more
severe osteocraniostenosis (OCS) were found to
have heterozygous mutations in FAM111A. This
protein comprises 611 amino acids with homol-
ogy to trypsin-like peptidases. Molecular model-
ing revealed that these mutations are close to the
outer surface rather than on the active site, thus
raising the possibility that decreased binding of
FAMII11A by its inactivating partner results in
increased and/or deregulated FAM111A activity,
a gain-of-function effect observed even in a het-
erozygous state [253]. FAMI111A functions as a
host range restriction factor which plausibly plays
arole in embryonic morphogenesis and appears to
be crucial for parathyroid gland formation and
function [252]. Mother-to-daughter transmission
of KCS2 was shown to be associated with a recur-
rent dominant FAMI111A mutation, namely,
pArg569His [254].

In the Sanjad-Sakati syndrome, hypoparathy-
roidism 1is associated with severe prenatal and
postnatal growth failure and dysmorphic features,
and this has been reported in 12 patients from
Saudi Arabia [255]. The presenting complaint in
all patients was hypocalcemic tetany or general-
ized convulsions, usually detected in the first few
days or weeks of life. Consanguinity was noted in
the families of 11 of the 12 patients, the majority
of which originated from the Western province of
Saudi Arabia. This syndrome, which is inherited
as an autosomal recessive disorder, has also been
identified in families of Bedouin origin, and
homozygosity and linkage disequilibrium studies
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located this gene to chromosome 1q42—q43 [256].
Sanjad-Sakati syndrome resembles the autosomal
recessive form of KCS with similar manifesta-
tions but lacking osteosclerosis. Eight Sanjad-
Sakati families from Saudi Arabia were
genotyped with polymorphic short tandem repeat
markers from the SSS/KCS critical region. A
maximum multipoint LOD score of 14.32 was
obtained at marker D1S2649, confirming linkage
of Sanjad-Sakati syndrome to the same region as
autosomal recessive Kenny-Caffey syndrome.
Haplotype analysis refined the critical region to
2.6 cM and identified a rare haplotype present in
all the Sanjad-Sakati syndrome disease alleles,
indicative of a common founder. In addition to
the assignment of the Sanjad-Sakati syndrome in
Saudi families and of the Kenny-Caffey syndrome
in Kuwaiti families to overlapping genetic inter-
vals, comparison of the haplotypes unexpectedly
demonstrated that the diseases shared an identical
haplotype. This finding, combined with the clini-
cal similarity between the two syndromes, sug-
gests that the two conditions are not only allelic
but are also caused by the same ancestral mutation
[257]. Molecular genetic investigations led to the
conclusion that mutations of the tubulin-specific
chaperone (TBCE) are associated with both syn-
dromes [258]. TBCE encodes one of several chap-
erone proteins required for the proper folding of
a-tubulin subunits and the formation of a-p tubu-
lin heterodimers. In addition, deletion and trunca-
tion mutations in the gene encoding a tubulin-
specific chaperone cofactor E (TBCE) have been
shown to cause the hypoparathyroidism, mental
retardation, and facial dysmorphism (HRD) syn-
drome which is associated with extreme growth
failure. However, cryptic translational initiation at
each of three out-of-frame AUG codons upstream
of the genetic lesion can rescue a mutant HRD
allele by producing a functional TBCE protein
[259]. The defect in the tubulin folding and
assembly pathway also has grave consequences
on growth and PMN functions [260, 261].

Additional Familial Syndromes

Single familial syndromes in which hypoparathy-
roidism is a component have been reported. The
inheritance of the disorder in some instances has
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been established, and molecular genetic analysis
of the PTH gene has revealed no abnormalities.
Thus, an association of hypoparathyroidism, renal
insufficiency, and developmental delay has been
reported in one Asian family in whom autosomal
recessive inheritance of the disorder was
established [262]. An analysis of the PTH gene
in this family revealed no abnormalities [262].
The occurrence of hypoparathyroidism, nerve
deafness, and a steroid-resistant nephrosis leading
to renal failure, which has been referred to as
the Barakat syndrome [263], has been reported
in four brothers from one family, and an associa-
tion of hypoparathyroidism with congenital
lymphoedema, nephropathy, mitral valve pro-
lapse, and brachytelephalangy has been observed
in two brothers from another family [264]. Molec-
ular genetic studies have not been reported from
these two families.

Abnormalities at the Calcium-Sensing
Receptor (CaSR) and the Downstream
Signaling Molecules

Abnormalities at the CaSR are associated with
several different hypocalcemic disorders. These
include (1) autosomal dominant forms of hypo-
calcemic hypercalciuria (ADHH), (2) Bartter syn-
drome type V (i.e., ADHH with a Bartter-like
syndrome), and (3) autoimmune hypoparathy-
roidism (AH).

Autosomal Dominant Hypocalcemic
Hypercalciuria (ADHH) Due to CaSR

and Ga11 Mutations

ADHH, although rare, in index cases may com-
prise a sizeable fraction of cases of idiopathic
hypoparathyroidism, perhaps representing as
many as one-third of such cases [265]. CaSR
mutations that result in a loss-of-function are asso-
ciated with familial benign (hypocalciuric) hyper-
calcemia [87-92, 102]. It was therefore postulated
that gain-of-function mutations in CaSR lead to
hypocalcemia with hypercalciuria, and the inves-
tigation of kindreds with autosomal dominant
forms of hypocalcemia has indeed identified
such CaSR mutations [102, 266-270]. Soon
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after the cloning of the CaSR, investigators
showed linkage of ADHH to a locus on chromo-
some 3q13 [267], i.e., the same locus as for the
gene encoding the CaSR. Shortly afterward, a
heterozygous missense mutation, Q127A, was
identified as the cause of ADHH in an unrelated
family [266]. The majority (>80 %) of CaSR
mutations that result in a functional gain are
located within the extracellular domain [102,
266-270], which is different from the findings in
other disorders that are the result of activating
mutations in G protein-coupled receptors. A sec-
ond hotspot for mutations is transmembrane
domains 6 and 7 and the intervening third extra-
cellular loop, a site which maintains the CaSR in
an inactive conformation and also is critical for the
binding and/or action of allosteric modulators
including calcimimetics of the phenylalkylamine
class to which Cinacalcet belongs [271]. In addi-
tion, two deletion mutations have been described.
Most ADHH patients are heterozygous for the
activating mutation. In one family, a homozygous
mutation was described, but it was not associated
with a more severe phenotype [272], and although
there is a spectrum of phenotypic severity for a
given genotype, the symptoms present in affected
members of the same family tend to be similar.
Thus, one mutated allele may be enough to shift
the set point to left, and the presence of second
mutated allele makes no change in the phenotype
perhaps due to the “dominant-positive” effect of
the mutant receptor.

In addition to heterozygous gain-of-function
mutations in the CaSR (ADHHI), ADHH cases
were recently identified that are associated with
heterozygous mutations in GNAI1 (ADHH?2), the
gene encoding Gall [93, 273]. Gall is one of
two heterotrimeric G proteins that couple the
CaSR to the Ca®"/IP3/PKC signaling pathway in
parathyroid cells [274]. Functional studies of the
Gall mutation R60L revealed a significantly
decreased ECsy and MAP kinase activity. Com-
pared with subjects with CaSR mutations, patients
with GNAIl mutations lacked significant
hypercalciuria and had normal serum magnesium
levels [274]. FHH3 is caused by loss-of-function
AP2c1 mutations [95]; however, 19 patients
(including 6 familial cases) with ADHH, who
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did not have CaSR or GNAII mutations, were
found not to have AP261 mutations [275], indi-
cating that gain-of-function AP2c1 mutations are
not a cause of ADHH.

Bartter Syndrome Type V

Bartter syndrome is a heterozygous group of auto-
somal recessive disorders of electrolyte homeosta-
sis characterized by hypokalemic alkalosis, renal
salt wasting that may lead to hypotension, hyper-
reninemic hyperaldosteronism, increased urinary
prostaglandin excretion, and hypercalciuria with
nephrocalcinosis [276, 277]. Mutations of several
ion transporters and channels have been associated
with Bartter syndrome, and five types are now
recognized [277]. The CaSR-related cases of
Bartter’s syndrome identified to date have been
inherited in an autosomal dominant manner, unlike
other subtypes that are inherited as autosomal
recessive traits.

Bartter syndrome type V is due to activating
mutations of the CaSR. Activating mutations of
the CaSR gene in three patients involving L125P,
C131W, and A843E, which inhibited the activity
of the ROMK channel, provided the missing link
that explains why some activating mutations of
CaSR can cause the Bartter syndrome phenotype
[278, 279]. Another recent mutation in monozy-
gotic twins involving the K29E in the ECD of the
CaSR described mild hypokalemia, minimal aldo-
sterone and renin production, and absent alkalosis
but notable hypocalcemia [280]. The K29E muta-
tion is an activating mutation of the CaSR [281]
and buttresses previous observations that the phe-
notype of Bartter syndrome is variable and not
directly related to the in vitro potency of the
known genetic changes associated with this syn-
drome [282]. CaSR mutations causing type V
Bartter syndrome have been shown to increase
ER to cytosol calcium gradient, thus explaining
the higher sensitivity of CaSR gain-of-function
variants to external calcium [283].

Autoimmune Acquired
Hypoparathyroidism (AH)

Twenty percent of patients, who had acquired
hypoparathyroidism (4H) in association with
autoimmune hypothyroidism, were found to

A. Sharma et al.

have autoantibodies to the extracellular domain
of the CaSR [111, 112, 284]. The CaSR autoanti-
bodies are not persistent [284]. The majority of the
patients who had CaSR autoantibodies were
females, a finding that is similar to that found in
other autoantibody-mediated diseases. Indeed a
few AH patients have also had features of auto-
immune polyglandular syndrome type 1 (APS1).
These findings establish that the CaSR is an
autoantigen in AH [111, 284]. CaSR autoanti-
bodies bind to the CaSR ECD and have, in some
cases, been shown to enhance receptor function,
thereby reducing PTH secretion. Thus, hypopara-
thyroidism associated with activating CaSR auto-
antibodies results from activated parathyroid
CaSR function and not from immune-mediated
destruction of the parathyroid glands and is of
varying severity [284].

Pseudohypoparathyroidism (PHP)

The term pseudohypoparathyroidism (PHP) was
first introduced to describe patients with hypocal-
cemia and hyperphosphatemia due to PTH resis-
tance rather than PTH deficiency [285]. Affected
individuals show partial or complete resistance to
biologically active exogenous PTH as demon-
strated by a lack of increase in urinary cyclic
AMP and urinary phosphate excretion; this con-
dition is now referred to as PHP type 1
[286-288]. If associated with other endocrine
deficiencies and characteristic physical stigmata,
now collectively termed Albright’s hereditary
osteodystrophy (AHO), the condition is referred
to as PHP type Ia. This latter syndrome is caused
by heterozygous inactivating mutations within
exons 1-13 of GNAS located on chromosome
20q13.3, which encode the stimulatory G protein
(Gsa) (for review, see [288, 289]). These muta-
tions were shown to lead to an approximately
50 % reduction in G activity/protein in readily
accessible tissues, like erythrocytes and fibro-
blasts, and explain, at least partially, the resistance
toward PTH and other hormones that mediate
their actions through G protein-coupled receptors
[286-288]. A similar reduction in Gso activity/
protein is also found in patients with
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pseudopseudohypoparathyroidism (PPHP), who
often show the same physical appearance as indi-
viduals with PHP-Ia, but lack endocrine abnor-
malities [286, 290-295]. However, contrary to
previous reports, recent studies have shown that
not all AHO features are observed in PPHP
patients. For example, obesity, which was thought
to be a hallmark of PHP-Ia and PPHP, was not
evident in a large number of PPHP patients [296].
Patients affected by PHP-Ia or PPHP are typi-
cally found within the same kindred, but not
within the same sibship, and hormonal resistance
is parentally imprinted, i.e., PHP-Ia occurs only if
the genetic defect is located on the maternal allele,
while PPHP occurs only if the defect is located on
the paternal allele [297, 298]. Observations con-
sistent with these findings in humans were made
in mice that are heterozygous for the ablation of
exons 1 or 2 of the Gnas locus [299-301]. Animals
that inherited the mutant allele from a female
showed much reduced Go protein in the renal
cortex and decreased plasma calcium concentra-
tion due to resistance toward PTH. In contrast,
offspring that had obtained the mutant allele
from a male showed no evidence for abnormali-
ties in the regulation of mineral ion homeostasis.
These findings in mice with ablation of Gnas exon
1 or 2 and in humans with inactivating mutations
in GNAS exons 1-13 indicate that certain tissues,
such as the proximal renal tubules, express G
predominantly from the maternal allele; expres-
sion from the paternal allele is silenced through
some unknown mechanisms. These data provided
a reasonable explanation for the finding that het-
erozygous GNAS mutations result in a dominant
phenotype with regard to the mineral ion abnor-
malities, if inherited through females.
Progressive osseous heteroplasia (POH) is
caused also by heterozygous inactivating muta-
tions in the GNAS exons encoding Gy
[302-305]. Interestingly, POH became apparent
predominantly when a Gy mutation was inherited
from a male. Furthermore, the majority of muta-
tions occurred in GNAS exons 2—13, thus impli-
cating XLas rather than Gya in the pathogenesis of
POH. Recent evidence, however, indicated that
the abnormal bone formation process followed a
dermomyotomal distribution pattern, suggesting
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that a somatic mutation is required in addition to
heterozygosity at the GNAS locus [306].

Mutations in the GNAS gene encoding Ggo
have not been detected in patients with PHP type
Ib (PHP-Ib), a disorder in which affected individ-
uals show PTH-resistant hypocalcemia and
hyperphosphatemia, but usually lack develop-
mental defects. Initially it was therefore thought
that this variant of PHP is caused by PTH/PTHrP
receptor mutations; however, mutations in its
gene and mRNA could not be identified
[307-310]. Furthermore, it was shown that there
is an increased incidence of TSH resistance in
PHP-Ib patients [261, 287, 311, 312] and that
some individuals affected by this disease variant
show some shortening of the fourth metacarpals,
suggesting some overlap between the develop-
mental features of PHP-Ia and PHP-Ib [313, 314].

A genome-wide search to identify the location
of the “PHP-Ib gene” mapped the PHP-Ib locus to
chromosome 20q13.3, which contains the GNAS
locus [315], and it was furthermore shown that the
genetic defect is parentally imprinted, i.e., it is
inherited in the same mode as the PTH-resistant
hypocalcemia in kindreds with PHP-la and/or
PPHP [297, 298]. Patients affected by PHP-Ib
furthermore show a loss of methylation on the
maternal allele, which is usually restricted to
GNAS exon A/B [316, 317]. In most families
with the autosomal dominant form of PHP-Ib
with parental imprinting (AD-PHP-Ib), affected
individuals and healthy carriers were shown to
carry a 3 kb deletion located with the syntaxin
16 (STX16) gene about 220 kb upstream of exon
A/B [318-321] (Fig. 8). Other AD-PHP-Ib kin-
dreds, in which the affected members show a loss
of A/B methylation alone, revealed either a 4.4 kb
deletion within STX16 overlapping with the 3 kb
deletion by 1,286 bp [322] or a 24.6 kb deletion
comprising most STX76 exons [323]. Methylation
changes at GNAS exon A/B alone were further-
more observed in the affected members of a fam-
ily with a 18.9 kb deletion comprising exon
NESP55 and a large part of AS intron 4 [324]. In
affected individuals with either mutation, the dele-
tion is always found on the maternal allele, while
it occurs on the paternal allele in unaffected
healthy carriers.
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Fig.8 Genomic structure of PHP-Ib locus to chromosome
20q13.3. This locus contains GNAS, encoding
the stimulatory G protein (Gso). The pathophysiological

The affected members of two families with
broader methylation changes within the GNAS
locus were shown to carry two distinct deletions
on the maternal allele that remove GNAS exon
NESPS55 and the antisense exons 3 and 4 [325],
a third deletion removes only antisense exons
3 and 4 [326]. Although indistinguishable broad
methylation changes were observed in most
patients with sporadic PHP-Ib, no deletions or
point mutations have yet been identified in these
individuals [327]. In fact, only patients with pater-
nal uniparental isodisomy involving either the
long arm of chromosome 20 (patUPD20q) or the
entire chromosome (patUPD20) have provided a
molecular explanation for this variant of PHP-Ib
[328]. Taken together, these findings suggest that
several different deletions upstream or within the
GNAS locus or patUPD20q lead to indistinguish-
able clinical and laboratory findings. However, it
remains uncertain how the deletion affecting
STX16 results in a loss of exon A/B methylation
alone, while the deletion of GNAS exon NESP
results in a broader loss of methylation. Further-
more, it remains uncertain how the different

“ > >

A/B 2 3N14567—13

+

mechanisms related to the defect of GNAS are described
in the text

deletions affect signaling through the PTH/PTHrP
receptor in the proximal renal tubules, but not in
most other tissues. Mice lacking the murine
homolog of exon A/B were recently shown to
have biallelic and thus increased Gyo transcription
[329] (Fig. 8). Loss of exon A/B methylation on
the maternal allele allowing active transcription
from the promoters of both parental alleles and
this transcript therefore seems to have a prominent
role in suppressing G0 expression.

Blomstrand’s Disease

Blomstrand’s chondrodysplasia is an autosomal
recessive human disorder characterized by early
lethality, dramatically advanced bone maturation,
and accelerated chondrocyte differentiation [330].
Affected infants are typically born to consanguin-
eous healthy parents (only in one instance did
unrelated healthy parents have two affected off-
spring) [331-335] and show pronounced
hyperdensity of the entire skeleton (Fig. 9) [336]
and markedly advanced ossification, and
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Fig. 9
Blomstrand’s disease. (From [333], with permission from
Loshkajian with permission). Note the markedly advanced
ossification of all skeletal elements, and extremely short
limbs, despite comparatively normal size and shape of
hands and feet. In addition, notice that the clavicles are
relatively long and abnormally shaped

Radiological findings in a patient with

particularly the long bones are extremely short and
poorly modeled. PTH/PTHrP receptor mutations
that impair its functional properties were identified
as the most likely cause of Blomstrand’s disease.
One of these defects is caused by a nucleotide
exchange in exon M5 of the maternal PTH/PTHrP
receptor allele, which introduces a novel splice
acceptor site and thus leads to the synthesis of a
receptor mutant that does not mediate, despite
seemingly normal cell surface expression, the
actions of PTH or PTHrP; the patient’s paternal
PTH/PTHrP receptor allele is, for yet unknown
reasons, only poorly expressed [336]. In a second
patient with Blomstrand’s disease, the product of a
consanguineous marriage, a nucleotide exchange
was identified that changes proline at position
132 to leucine [337, 338]. The resulting
PTH/PTHrP receptor mutant despite reasonable
cell surface expression had severely impaired bind-
ing to radiolabeled PTH and PTHrP analogues,
resulting in greatly reduced agonist-stimulated
cAMP accumulation and no measurable inositol
phosphate response. Additional loss-of-function
mutations of the PTH/PTHrP receptor have
recently been identified in three unrelated patients
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with Blomstrand’s disease. Two of these frameshift
mutations secondary to a homozygous single
nucleotide deletion in exon EL2 [339] and 27 bp
insertion between exon M4 and EL2 led to a trun-
cated receptor protein [340]. The other defect, a
nonsense mutation at residue 104, also resulted in
the same receptor protein defect [341]. Affected
infants show abnormalities in other organs, includ-
ing secondary hyperplasia of the parathyroid
glands (presumably due to hypocalcemia), besides
the described skeletal defects. In addition, analysis
of fetuses with Blomstrand’s disease revealed
abnormal breast development and tooth impaction,
highlighting the involvement of the PTH/PTHrP
receptor in the normal development of breast and
tooth [342].

Hyperphosphatemic Disorders
with Reduced Secretion of Biologically
Active FGF23

Hyperphosphatemic Familial Tumoral
Calcinosis (HFTC)

HFTC needs to be differentiated from sporadic
and secondary TC. It is a rare autosomal recessive
disorder [343], which can be severe, sometimes
fatal, and is typically characterized by hyperpho-
sphatemia and often massive calcium deposits in
skin and subcutaneous tissues; in some patients,
however, only few minor abnormalities are noted
[344]. The biochemical hallmark of tumoral cal-
cinosis is hyperphosphatemia caused by loss-of-
function mutations in genes relevant to the pro-
duction of an intact bioactive form of FGF23, i.e.,
mutations in (1) FGF23 [40], (2) GALNT3 [345],
or resistance to the end-organ effects of FGF23
bioactivity (aKlotho) [346]. Homozygous or
compound heterozygous mutations in GALNT3,
which encodes a glycosyltransferase responsible
for initiating mucin-type O-glycosylation, appear
to occur more frequently. Furthermore, the disor-
der can be caused by loss-of-function mutations in
FGF23. Mutations in either gene lead to indistin-
guishable changes in FGF23, namely, low serum
intact FGF23, but significantly elevated
C-terminal FGF23 concentrations [347, 348].
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In contrast, HFTC caused by mutations in aKL is
characterized by profound increases of both forms
of FGF23.

Hyperostosis with Hyperphosphatemia
(HHS)

HHS is an autosomal recessive disorder, which
shares several clinical and metabolic features
with HFTC. The combination of hyperostosis
with hyperphosphatemia was first described in
1970 [349, 350]. Most cases appear to be spo-
radic, but consanguineous parents were described
for some patients, implying that the disease can be
recessive. All affected individuals in two
unrelated Arab-Israeli HHS families were found
to harbor a previously described splice site muta-
tion in GALNT?3, indicating that HFTC and HHS
are allelic variants [351]. Four novel GALNT3
gene mutations were found in additional unrelated
subjects with considerable phenotypic overlap,
again underscoring the fact that these two disor-
ders are variants of the same disease [352]. The
molecular reasons for the enhanced skeletal
involvement in HHS are currently unknown, but
could potentially be due to modifier gene
interactions.

Hypophosphatemic Disorders

The different forms of hypophosphatemia repre-
sent the most common cause of hereditary rickets,
which can be divided into two main groups
according to the predominant metabolic abnor-
mality [353, 354]. In the first group,
hypophosphatemia is the result of a renal tubular
defect, which may consist of either a single (iso-
lated) defect in renal phosphate handling, as it
occurs in the X-linked hypophosphatemia
(XLH), or of multiple tubular defects as encoun-
tered in Fanconi syndrome. In the second group,
vitamin D metabolism is abnormal, either because
of a defect in the la-hydroxylase enzyme or
because of defects in the 1,25-dihydroxyvitamin
D; receptor (VDR) leading to end-organ resis-
tance. The application of molecular genetics
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approaches has helped to elucidate some of the
mechanisms underlying these disorders of hered-
itary hypophosphatemic rickets (Table 1).

Hypophosphatemic Disorders
with Increased FGF23 Activity

Autosomal Dominant

Hypophosphatemic Rickets (ADHR)
Autosomal dominant hypophosphatemic rickets
is characterized by FGF23 excess due to “activat-
ing” mutations in the FGF23 gene. Genetic link-
age studies mapped the ADHR locus to
chromosome 12p13.3 [355] and defined a
1.5 Mb critical region that contained 12 genes.
Positional cloning in affected members of four
unrelated families identified three different mis-
sense mutations involving a new member of the
fibroblast growth factor (FGF) family [38].

The C-terminal and the N-terminal portions of
FGF23 are connected by an “RXXR” motif,
which is the recognition site for a furin-like pro-
tease. At this site, FGF23 can be cleaved and thus
inactivated. Missense mutations that replace the
arginine (R) residue at either position 176 or
179 with glutamine (Q) or tryptophan
(W) disrupt the cleavage site, thus making
FGF23 resistant to enzymatic cleavage (Fig. 2),
thereby stabilizing the intact bioactive FGF23
molecule [6, 39, 48, 356, 357]. Iron deficiency
stimulates FGF23 expression and leads mice
engineered to carry one of the ADHR mutations
to hypophosphatemia [358], and similar observa-
tions were made in human with ADHR [359].

Oncogenic Osteomalacia (OOM)

OOM (also referred to as tumor-induced osteoma-
lacia (TIO)) is a rare disorder characterized by
hypophosphatemia, phosphaturia, low circulating
levels of 1,25-dihydroxyvitamin D, and osteoma-
lacia that develops in previously unaffected indi-
viduals [360]. Similarities between OOM,
ADHR, and XLH suggested that they may
involve the same phosphate-regulating pathway,
and it is important to note that OOM tumors do
express PHEX [361, 362], which is mutated in
XLH (see below). The possibility that FGF23,
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which is mutated in ADHR, may also be
expressed in OOM tumors and that FGF23 may
be a secreted protein was therefore explored [39,
65, 356, 363]. Indeed, OOM tumors were found
by Northern blot analysis to contain high levels of
FGF23 mRNA and protein. Consistent with this
finding, FGF23 plasma concentrations can be
increased considerably in OOM patients, until
successful tumor removal [356, 357, 364, 365].

Tumors responsible for oncogenic osteomala-
cia produce two molecular forms of FGF23 (~32
and ~12 kDa), and both variants were also
observed when assessing conditioned medium
from different cell lines expressing full-length
wild-type FGF23 [39]. When conditioned
medium from cells expressing R176Q FGF23 or
R179Q FGF23 was investigated by Western blot
analysis, only the larger protein band was
observed [7, 8, 366]. These findings showed that
the ADHR mutations impair FGF23 degradation,
thus enhancing and/or prolonging its biological
activity. In addition to FGF23, these tumors have
also been shown to express other factors, includ-
ing DMP1, sFRP4, and MEPE [367].

X-Linked Hypophosphatemia (XLH)

Like ADHR, patients with XLH present with
hypophosphatemia, hyperphosphaturia, low cir-
culating 1,25-dihydroxyvitamin D levels, and
osteomalacia. XLH is caused by inactivating
mutations in PHEX, a gene located on Xp22.1
[368, 369], which shows significant amino acid
sequence homology to the M13 family of zinc
metallopeptidases. In the past, substrates for
PHEX considered were FGF23, matrix extracel-
lular phosphoglycoprotein (MEPE) [68, 370], and
secreted frizzled-related protein 4 (sFRP4) [65,
67]. Among these proteins, FGF23 levels were
found to be elevated in about two-thirds of XLH
patients [78, 261, 356] and more than tenfold in
Hyp mice, the murine homolog of XLH [63,371].
Although PHEX-dependent cleavage of FGF23
was observed in one study in vitro [372], these
findings were not confirmed by others [40]. How-
ever, genetic ablation of FGF23 in male Hyp
mice, i.e., animals that are null for FGF23 and
PHEX, led to blood phosphate levels that are
indistinguishable from those in mice lacking
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FGF23 alone [45, 46], indicating that FGF23
resides genetically downstream of PHEX. Fur-
thermore, recent studies have shown that Hyp
mice normalize their plasma phosphate concen-
tration and heal their rachitic changes, when
injected with inactivating antibodies to FGF23,
indicating that FGF23 is indeed the phosphaturic
principle in XLH [373]. XLH patients exhibited a
similar response to a single injection of anti-
FGF23 antibodies [374].

Autosomal Recessive

Hypophosphatemia (ARHP)

There are different forms of autosomal recessive
hypophosphatemia (4RHP) characterized by renal
phosphate wasting. ARHP can be caused by muta-
tions in DMP1 (Dentin matrix protein 1), which
belongs to the family of integrin-binding ligand
N-linked glycoproteins (SIBLING proteins) that
are secreted phosphoproteins involved in bone
mineralization [375]. DMP1 mutations lead to
increased FGF23 expression and thus increased
urinary phosphate excretion and defective osteo-
cyte maturation [376, 377]. ARHP was first
reported in consanguineous kindreds, suggesting
an autosomal recessive form of hypophosphatemia
[378-380]. Patients affected by ARHP have
FGF23 levels that are either elevated or inappro-
priately normal for the level of serum phosphorous
[48, 51]. Of the several different DMP1 mutations
identified thus far, one mutation alters the transla-
tion initiation codon (M1V), two mutations are
located in different intron-exon boundaries, and
three are frameshift mutations within exon 6. All
mutations appear to be inactivating, suggesting that
the loss of DMP1 causes increased FGF23 produc-
tion leading to hypophosphatemia. Accordingly,
Dmp1-null mice show severe defects in dentine,
bone, and cartilage, as well as hypophosphatemia
and osteomalacia [381, 382]. Furthermore, FGF23
levels in osteocytes and in serum are drastically
elevated in these animals [48]. Given the
established importance of DMPI1 in osteoblast
function, loss of DMP1 actions in osteoblasts and
extracellular matrix may also contribute to the phe-
notype of patients with ARHR. Consistent with
this hypothesis, a high-calcium/high-phosphate
diet which is capable to rescue osteomalacia in
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VDR-null mice does not seem to prevent bone and
dentine mineralization defect in Dmp1-null mice
[383]. Other forms of ARHP are caused by muta-
tion in the gene encoding ENPP1 gene
(ectonucleotide pyrophosphatase/phosphodiester-
ase), which catalyzes phosphoester cleavage of
adenosine triphosphate, thereby generating pyro-
phosphate, a mineralization inhibitor. All forms of
hypophosphatemia are often associated with ossi-
fication of the posterior spinal ligaments, and
ENPP1 mutations can also be associated with cal-
cifications of the vascular endothelium, as
observed in GACI (generalized arterial calcifica-
tion of infancy) [51, 54, 384].

Hypophosphatemic Disorders
with Normal or Suppressed FGF23
Activity

Nephrolithiasis and Osteoporosis
Associated with Hypophosphatemia

Two different heterozygous mutations (A48P and
V147M) in NPT2a, the gene encoding a sodium-
dependent phosphate transporter, have been
reported in patients with urolithiasis or osteoporo-
sis and persistent idiopathic hypophosphatemia
due to decreased tubular phosphate reabsorption
[385]. When expressed in Xenopus laevis oocytes,
the mutant NPT2a showed impaired function and,
when co-injected, dominant-negative properties.
However, these in vitro findings were not con-
firmed in another study using oocytes and OK
cells, raising the concern that the identified
NPT2a mutation alone cannot explain the findings
in the described patients [386]. On the other hand,
additional  heterozygous NPT2a variations
(in-frame deletion or missense change) have
recently been identified upon analyzing a large
cohort of hypercalciuric stone-forming kindreds;
however, these genetic variations do not seem to
cause functional abnormalities [387]. Homozygous
in-frame duplication of 21 bp in SLC34Al
resulting in complete loss of function of the mutant
NPT2a, one of two sodium-dependent phosphate
cotransporters expressed in the proximal renal
tubules, was identified in two siblings from a con-
sanguineous family with autosomal recessive
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Fanconi  syndrome
rickets [388].

These findings are similar to those observed
in mice with homozygous ablation of Npt2a
(Npt2a—'") [389]. Due to hypophosphatemia,
Npt2a™'~ mice show an appropriate elevation in
the serum levels of 1,25-dihydroxyvitamin D, lead-
ing to hypercalcemia, hypercalciuria and decreased
serum parathyroid hormone levels, and increased
serum alkaline phosphatase activity.

and hypophosphatemic

Hereditary Hypophosphatemic Rickets
with Hypercalciuria (HHRH)

Homozygous or compound heterozygous mutations
in the sodium phosphate cotransporter NPT2c
(SLC34A3) are the cause of HHRH, an autosomal
recessive disorder affecting renal tubular phosphate
reabsorption, leading to hypophosphatemia,
increased 1,25(OH), vitamin D levels, and
hypercalciuria, which lead in a considerable number
of patients to nephrolithiasis [390-393]; even indi-
viduals with heterozygous NPT2c mutations can
show laboratory abnormalities and nephrolithiasis.
Long-term phosphate supplementation as the sole
therapy leads, with the exception of persistently
decreased TmP/GFR, to reversal of the clinical and
biochemical abnormalities [390]. Treatment with
calcitriol is contraindicated since it can further
increase urinary calcium excretion.

Vitamin D-Dependent Rickets (VDDR)
Patients with VDDR type I (pseudo-vitamin
D-resistant rickets) show clinical and laboratory
findings that are similar to patients with vitamin
D-deficient rickets but do not respond to treatment
with 25(OH) vitamin D; instead treatment with
1,25(0OH), vitamin D is required [394]. Clarifica-
tion of the abnormal vitamin D metabolism [395]
led to the recognition of two different forms of
rickets: VDDR type 1 (defect in the 1-
a-hydroxylation) and vitamin D-dependent rick-
ets type II (VDDR type II) (end-organ resistance
to 1,25(0OH),D).

1-Alpha Hydroxylase Deficiency

(VDDR Type I)

Patients affected by VDDR type I (autosomal
recessive) show almost all the clinical and
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biochemical features of vitamin D-deficient rick-
ets except that vitamin D intake is usually ade-
quate. The permanent teeth show marked enamel
hypoplasia unlike in XLH [396]. The serum con-
centration of 1,25(OH), vitamin D is low in
untreated patients [397] and in vitamin
D-sufficient patients with normal or elevated
serum 25(OH)D3 levels, which provided the first
hint that the renal la-hydroxylase is deficient
[398—400]; molecular genetic studies later con-
firmed this conclusion. Indeed, genetic linkage
studies in affected French-Canadian families
mapped VDDR type I to a region on chromosome
12q13.3 [401], which is the location of the gene
encoding the 25(0OH)D  la-hydroxylase
(CYP27B). DNA sequence analysis of patients
affected by VDDR type 1 identified more than
20 different mutations of CYP27B [402-406] in
26 kindreds. All patients with VDDR type 1 were
found to carry homozygous or compound hetero-
zygous mutations, while the obligate carriers were
heterozygous for the mutant allele. Mutations that
confer partial enzyme activity in vitro were found
in the two patents with mild laboratory abnormal-
ities, suggesting that such mutations contribute to
the phenotypic variation observed in patients with
la-hydroxylase deficiency [407].

End-Organ Resistance (VDR Mutations,
VDDR Type II)
Vitamin D-dependent rickets type II is an autoso-
mal recessive disorder caused by end-organ resis-
tance to 1,25(0OH), vitamin D [408-410].
Alopecia, ectodermal defects like oligodontia,
and epidermal cysts might be present. The disease
varies in its clinical and biochemical manifesta-
tions, which suggest heterogeneity in the under-
lying molecular defects [410]. Most of the patients
have early-onset rickets, but the first reported
patient was a 22-year-old woman who had skele-
tal pain for 7 years [408], and another patient
presented at the age of 50 years following
5 years of symptoms [411]. Alopecia in some
cases is associated with poor therapeutic response
to the 1a-(OH) vitamin D [412, 413].

1,25(0OH), vitamin D actions are mediated by
an intracellular receptor that binds DNA and con-
centrates the hormone in the nucleus [414],
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analogous to the classical steroid hormones
[415]. The interactions between 1,25(OH), vita-
min D and its intracellular receptor have been
studied using cultured skin fibroblasts from con-
trol subjects and VDDR type II patients [416,
417]. Several defects were identified, including
absent receptors, a decreased number of receptors
with normal affinity, a normal receptor-hormone
binding but a subsequent failure to translocate the
hormone to the nucleus, and a post-receptor
defect, in which normal receptors are present,
but there is a deficiency in the induction of the
25-OHD-24 hydroxylase enzyme in response to
1,25(OH), vitamin D. Thus, the heterogeneity
suggested from clinical observations in VDDR
type II patients could be demonstrated at the cel-
lular level with various combinations of defective
receptor-hormone binding and expression. Vita-
min D receptor (VDR) is an intracellular protein,
which has a molecular weight of 60,000 Daltons.
The binding site for 1,25(OH), vitamin D resides
in the C-terminal part of the protein, while the
N-terminal part of the molecule possesses the
DNA-binding domain [418]. This hormone-
receptor complex binds to a DNA region, which
is located upstream of the promoter of genes
encoding calcium-binding proteins and other
proteins.

The availability of cDNAs encoding the avian
and human VDR [419] helped to clarify the
molecular basis of VDDR type II [420]. Nucleo-
tide sequence analysis of genomic DNA revealed
that the human VDR gene consists of nine exons;
exons 2 and 3 encode the DNA-binding domain,
while exons 7, 8, and 9 encode the vitamin
D-binding domain. The gene is located on chro-
mosome 12q12—q14 in man [401], i.e., in a region
that comprises the gene encoding the 1-
a-hydroxylase. Mutational analysis of the VDR
gene in VDDR type II patients demonstrated the
presence of nonsense and missense mutations
affecting different parts of the receptor. The
expression of these mutations in COS-1 monkey
kidney cells demonstrated that these mutations
result in a reduction or a loss of VDR function
similar to the heterogeneous effects observed in
cultured fibroblasts from VDDR type II patients.
Furthermore, null mutant, i.e., “knockout” mice
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for VDR produced by targeted gene disruption
[421, 422], was found to have features consistent
with those observed in patients with VDDR type
II. The severity of resistance to 1,25(OH), vitamin
D is variable, and some patients have improved
following therapy with very large doses of vita-
min D [423] or 1,25(OH), vitamin D
[424-426]. However, currently most patients are
treated with long-term nocturnal intravenous cal-
cium infusions followed by oral calcium supple-
mentation [427, 428]; cinacalcet to reduce PTH
secretion has been tried with some success [429].

Other Hypophosphatemic Disorders

There are several other genetic disorders associated
with hypophosphatemia and often with other
defects in proximal tubular function. These include
Dent’s disease, an X-linked recessive disorder,
which is caused by mutations in CLCNS encoding
the chloride/proton antiporter, chloride channel
CLC-5 [430, 431], and Lowe syndrome (oculocer-
ebrorenal syndrome) [432], another X-linked reces-
sive disorder that is caused by mutations in OCRL1
[433, 434]. Other rare diseases that can be associ-
ated with severe hypophosphatemia are the
Fanconi-Bickel syndrome, which is caused by
homozygous or compound heterozygous mutations
in GLUT?2 [435, 436], a glucose transporter local-
ized on the basolateral membrane of the proximal
renal tubules. The hallmarks of this disorder are
severe failure to thrive, hepatomegaly, and proximal
renal tubular dysfunction with massive glycosuria,
fasting hypoglycemia, and postprandial hypergly-
cemia, in addition to variable phosphaturia, acido-
sis, and aminoaciduria. Other hypophosphatemic
disorders include osteoglophonic dysplasia (OGD)
[437], an autosomal dominant disorder, which was
shown to be caused by different heterozygous mis-
sense mutations in the FGFR1 [438, 439], and
linear nevus sebaceous syndrome (LNSS), also
known as epidermal nevus syndrome (ENS) or
Schimmelpenning-Feuerstein-Mims syndrome, in
which elevated FGF23 was observed [440,
441]. Somatic activating mutations of HRAS or
NRAS (mitogen-activated protein kinase) associ-
ated with giant epidermal or melanocytic nevi
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cause increased endogenous FGF23 from bone,
thus causing hypophosphatemia and osteomalacia
[442]. Furthermore, fibrous dysplasia can be asso-
ciated with increased urinary phosphate excretion.
This disorder is caused by heterozygous activating,
post-zygotic mutations in exon 8 of GNAS, the gene
encoding the alpha-subunit of the stimulatory G
protein (Gyo) [443, 444]. These mutations lead in
the dysplastic regions to a cAMP-dependent
increase in FGF23 production by osteoblasts/oste-
ocytes and fibrous cells [44, 445].

Acute and Chronic Treatment
of Calcium and Phosphorus Disorders

Goals of acute and chronic therapy are dependent
upon the specific clinical setting in which the dis-
turbance occurs, and management decisions usu-
ally require individual attention to the underlying
pathophysiology of each patient’s underlying dis-
order. Broad principles for correcting calcium and
phosphorus abnormalities are discussed.

Hypercalcemia

Acute Intervention

Hypercalcemia is the biochemical hallmark of
increased PTH or 1,25(0OH), vitamin D levels,
less frequently in patients with fat necrosis or malig-
nancies. When severe it can be life-threatening and
requires urgent medical intervention. If cardiac and
renal function is normal, increasing sodium clear-
ance, maximizing glomerular filtration rate, and
correcting dehydration increase calcium excretion.
Other available pharmacological options are calci-
tonin, bisphosphonates, and cinacalcet. Calcitonin
causes rapid reduction in serum calcium level by
inhibiting bone resorption and enhancing urinary
calcium excretion, but its use is limited by the
requirement for frequent dosing and tachyphylaxis.
Bisphosphonates inhibit osteoclast activity. Typi-
cally, a clinical response is seen within 1-4 days,
with nadir in calcium observed by 4-7 days. Cau-
tion is required, because acute renal failure and
osteonecrosis of the jaw can be encountered as
rare side effects. Cinacalcet is an allosteric activator
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of CaSR (calcimimetic) that increases the receptor’s
affinity for calcium, leading to a reduction in PTH
synthesis and an increase in renal calcium excretion
because of reduced distal tubular calcium
reabsorption. Peritoneal or hemodialysis with low
calcium concentration in the dialysis fluid might be
required in severe cases. Corticosteroids to reduce
intestinal calcium absorption are not always
effective.

Chronic Intervention

Chronic treatment is guided by the underlying dis-
order. Primary hyperparathyroidism (PHPT), e.g.,
parathyroid tumors, NSPHT, and MEN, respond
well to surgical removal of the parathyroid glands.
No effective medical therapy for the long-term
management of PHPT is currently approved for
children. In some NSHPT patients, pamidronate
[446] has been used to manage life-threatening
hypercalcemia and skeletal demineralization prior
to parathyroidectomy. Intraoperative PTH mea-
surements have been shown to be effective for
monitoring whether parathyroidectomy is com-
plete [447]. Cinacalcet has been used as well,
but with equivocal results, since CaSR mutations
can disrupt interaction with this drug. Heterozy-
gous loss-of-function mutations of the CaSR
(FHH) usually cause mild-to-moderate hypercalce-
mia that is not driven by excess PTH. FHH is a
benign disorder characteristically associated with
hypocalciuria, which unlike PHPT requires no
treatment except reassurance. Parathyroidectomy
is not indicated.

Hypercalcemia driven by increased intestinal
calcium absorption, e.g., Williams syndrome,
usually responds to a low-calcium diet with elim-
ination of vitamin D. Low-calcium milk (Locasol)
and protection from the sunlight can be useful
[148]. Corticosteroids may be a useful adjunct to
lower plasma calcium levels by decreasing
absorption from the gut. Steroids can be usually
discontinued after a few days when dietary
changes have shown to be effective. Treatment
of infantile hypercalcemia consists of calcium-
and vitamin D-restricted diets, steroids, and
bisphosphonates, if necessary. Cellulose phos-
phate has also been used to decrease calcium
absorption.
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Hypercalcemia associated with AHH may
improve following glucocorticoid administration
in some, but not all, patients [118].

Hypocalcemia

A decrease in ionized calcium is frequently a
manifestation of defective vitamin D homeostasis
or inadequate PTH secretion or action. The
PTH-dependent renal production of 1,25-
dihydroxyvitamin D is deficient in all
hypoparathyroid states.

Acute Intervention

Symptomatic hypocalcemia or severe asymptom-
atic hypocalcemia is a medical emergency and
often requires intravenous 10 % calcium gluco-
nate or calcium chloride infusion. Concomitant
hypomagnesemia and hyperkalemia, if present,
should be corrected. The transition from acute
management of hypocalcemia to chronic mainte-
nance is highly dependent on the individual clin-
ical situation. It is often possible to begin oral
supplementation within a few days of intravenous
therapy with a few days of overlap. Some children
with abnormal parathyroid development, e.g.,
DGS, maintain normal calcium when healthy,
but have decreased parathyroid reserve and there-
fore develop symptomatic hypocalcemia when
stressed, for example, due to surgery or infections,
or when normal intestinal calcium intake is
reduced because of diarrhea or vomiting.

Chronic Intervention

The main treatment options available for patients
with acute or chronic hypoparathyroidism are cal-
cium salts, vitamin D or vitamin D analogues, and
drugs that increase renal tubular reabsorption of
calcium (i.e., thiazides). The selection of the dose
and type of the vitamin D analogue varies with the
underlying condition and the response to therapy.
Calcitriol is the preferred metabolite as it is consis-
tently effective at nontoxic doses and has a short
half-life, thus allowing rapid correction should
hypercalcemia develop. Monitoring of therapy is
essential to avoid hypercalcemia, hypercalciuria,
and nephrocalcinosis. Furthermore, recombinant
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PTH has been used in some cases of severe hypo-
parathyroidism. Compared with twice-daily deliv-
ery, pump delivery of PTH(1-34) appears to provide
the most promising modality for improving calcium
homeostasis and bone turnover in these children
[154]. The absence of functional PTH and the
resulting lack of PTH-dependent -calcium
reabsorption in the distal renal tubules predispose
to hypercalciuria, nephrolithiasis, and chronic kid-
ney disease. Maintaining serum calcium at the lower
end of the normal range avoids clinical symptoms
and minimizes the risk of hypercalciuria. This is
exactly important, and if the hypocalcemia is not
symptomatic, maintenance of lower serum Ca level
is recommended. Hypercalciuria, if it occurs, may
respond to oral hydrochlorothiazide. Monitoring for
these complications at regular intervals is the key to
avoid complications.

Hypocalcemia due to vitamin D deficiency is
treated with cholecalciferol or related analogues.
It is important to ensure an adequate calcium
supply with the vitamin D replacement, as rapid
mineralization of the skeleton may follow initial
treatment, potentially causing a precipitous drop
in serum calcium (hungry bone syndrome). Treat-
ment of VDDR 1 (la-hydroxylase deficiency)
requires lifelong replacement with calcitriol or
alphacalcidiol,  thus  bypassing the 1-
a-hydroxylation step. Some patients with VDDR
I (end-organ resistance to 1,25(OH,) vitamin D)
may respond to very high doses of calcitriol or
alphacalcidiol, but most pediatric patients require
regular intravenous calcium infusions or high
doses of oral calcium.

Hypocalcemia due to calcium-sensing receptor
(CaSR) mutations is due to increased CaSR sen-
sitivity (ADHH). These patients therefore have
serum PTH levels that are in the low-normal
range, which is different from patients with hypo-
parathyroidism, who often have undetectable
serum PTH levels or patients with pseudohypo-
parathyroidism, who typically have major PTH
elevations. Treatment with active metabolites of
vitamin D to correct the hypocalcemia can result
in marked hypercalciuria, nephrocalcinosis,
nephrolithiasis, and renal impairment, which
may be only partially reversible after cessation
of the vitamin D treatment.
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Bartter syndrome is characterized by increased
prostaglandin E2 production, which stimulates the
la-hydroxylase activity, thereby increasing 1,25
(OH),D levels. Indomethacin (or other COX2
inhibitors) decreases prostaglandin levels, which
furthermore restricts intestinal calcium and vita-
min D absorption from the diet, thus helping to
correct hypercalciuria and nephrocalcinosis.
However, indomethacin itself possesses serious
nephrotoxicity; appropriate dose in each patient
should be considered.

Long-term therapy of hypocalcemia due to
pseudohypoparathyroidism (PHP) is similar to
other forms of hypoparathyroidism, namely, oral
calcium and calcitriol. However, PHP patients are
at little risk of developing increased urinary cal-
cium excretion, unless medications are not suffi-
ciently reduced after the skeleton is fully
mineralized after pubertal development. Treat-
ment with calcitriol can thus be usually more
aggressive than that of other forms of hypocalce-
mia, and normocalcemia and normal or close-to-
normal PTH should be achieved. Patients with
PHP-Ia (and PHP-Ib) should furthermore be rou-
tinely screened and eventually treated for any
associated endocrinopathy, in particular, hypothy-
roidism. In addition, careful physical examination
and, when necessary, specific psychological
investigations should be performed annually to
detect and follow up the presence/evolution of
specific AHO features (heterotopic ossifications,
cognitive delay, brachydactyly). Increasing evi-
dence suggests that children should be screened
with appropriate provocative tests for GH defi-
ciency [448]; note that PHP-Ia patients often
show “normal” growth rates early in life, but
fuse their growth plates prematurely, making it
necessarily to start treatment with thGH as soon
as possible. Finally, there are no specific treat-
ments for the various manifestations of AHO.

Hyperphosphatemia

Acute Intervention

Acute hyperphosphatemia usually does not cause
symptoms unless reciprocal reduction in serum
calcium leads to hypocalcemia. In the setting of
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normal kidney function, hyperphosphatemia is
usually self-limited because of the capacity of
kidney to excrete the phosphorus load. In the
setting of markedly compromised renal function,
dialysis can be required, in addition to oral phos-
phate binders.

Chronic Intervention

Chronic  hyperphosphatemia management is
dependent on the underlying disorder. Acetazol-
amide has been used to treat hyperphosphatemia
and tumor-like extraosseous calcifications due to
inactivating mutations in FGF23 [449] or
GALNTS3 in patients with FTC. This treatment
induces mild metabolic acidosis, thus improving
calcium-phosphate complex solubility. In severe
cases, regular hemodialysis has been prescribed
with reasonable success.

Secondary hyperparathyroidism seen in
chronic kidney disease is driven by hyperpho-
sphatemia, reduced 1,25(OH),D production and
thus hypocalcemia, and possibly elevated FGF23
levels. The cornerstone of management is dietary
phosphate restriction, use of phosphate binders,
and dialysis to aid with phosphate removal.
Cinacalcet has been shown in EVOLVE trial to
decrease bone turnover and tissue fibrosis
[450]. Parathyroidectomy is often reserved for
ESRD patients, who have profound PTH eleva-
tions and thus increased bone resorption.

Hypophosphatemia

Acute Intervention

Acute severe hypophosphatemia particularly
presenting as hemolysis, rhabdomyolysis, flaccid
paralysis, or cardiac dysfunction is a medical
emergency that should be corrected promptly
with intravenous sodium- or potassium-
phosphate, as appropriate. Cumulative phosphate
deficit cannot be accurately predicted from serum
levels. Once the levels are above 1.5 mg/dL, tran-
sition to oral replacement should be attempted.

Chronic Intervention
The cornerstone of management is oral phospho-
rus replacement, which needs to be administered
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in 4-5 daily doses; high doses of phosphate are
associated with diarrhea. Other adjunctive therapy
is guided by the underlying disorder. Furthermore,
anti-FGF23 antibodies may become available for
FGF23-dependent hypophosphatemic disorders.
In patients with oncogenic osteomalacia
(OOM), complete resection of the FGF23-
secreting tumor leads to rapid correction of the
biochemical abnormalities. Somatostatin and
cinacalcet has been tried with some success if
tumor resection is incomplete. Anti-FGF23 anti-
bodies are likely to ameliorate potentially harmful
effects of long-standing phosphorus and vitamin
D therapy before the tumor is found and resected.
The primary goal for the treatment or X-linked
hypophosphatemia (XLH) and other FGF23-
dependent forms of hypophosphatemia is to cor-
rect or minimize rachitic changes and aim for an
acceptable height velocity; in addition, meticu-
lous dental care is advised because of the high
incidence of dental abscesses. Serum alkaline
phosphatase is the most useful laboratory bio-
marker to gauge the success of therapy, in addition
to radiographs. The current therapy consists of the
oral administration of phosphate and calcitriol.
Cinacalcet and calcitonin have been tried with
some success as adjunctive therapies. Anti-
FGF23 antibodies were recently shown to normal-
ize blood phosphate levels in adult XLH patients
[374]. Treatment with recombinant human growth
hormone (rthGH) is controversial given the lack of
adequately controlled trials. Lower limb correc-
tive osteotomies or minimally invasive
hemiepiphysiodesis are needed for severe bony
deformities in older children. For all patients
with inherited forms of hypophosphatemia, iron
stores should be replenished, if deficient.
Hereditary hypophosphatemic rickets with
hypercalciuria (HHRH) is a hypophosphatemic
disorder characterized by normal or suppressed
FGF23 activity and thus elevated 1,25(OH), vita-
min D levels. This disorder is therefore managed
differently from the hypophosphatemia such as
XLH, ARHP, or ADHR. Oral phosphate supple-
ments are effective. Calcitriol is contraindicated,
as 1,25(0OH), vitamin D levels are elevated.
Fanconi-Bickel syndrome is a disorder of gen-
eralized proximal tubular dysfunction that is
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caused by GLUT2 mutations. Treatment aims at
correcting acidosis, treating the hypophosphatemic
rickets, and using fructose-based diets to circum-
vent hypoglycemia. Long-term prognosis is
unknown, but there is a risk of atherosclerotic
vascular disease, repeated fractures from general-
ized osteopenia, and markedly short stature.

Concluding Remarks

Remarkable advances have been made in identify-
ing key proteins that are involved, either directly or
indirectly, in the regulation of calcium and phos-
phate homeostasis, the hormones that are involved
in these mechanisms, and receptors that mediate
these hormonal actions in the different target tissues.
Although most of these conditions are rare, their
molecular definition resulted in the identification of
several proteins that are involved in the normal
regulation of mineral ion homeostasis and/or bone
development. These advances have added to
targeted therapy for some of these disorders.
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