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Abstract
X linked recessive idiopathic hypopara-
thyroidism (HPT) has been observed in
two kindreds from Missouri, USA. Af-
fected subjects, who are males, suffer
from infantile onset of epilepsy and
hypocalcaemia, which appears to be the
result of an isolated congenital defect of
parathyroid gland development; females
are not affected and are normocalcaemic.
The gene causing HPT has been previ-
ously mapped to a 7 cM interval, flanked
centromerically by F9 and telomerically
by DXS98, in Xq26-q27, and an analysis of
mitochondrial DNA has established a
common ancestry for these two kindreds.
In order to define further the map
location ofHPT and thereby facilitate its
isolation, we have undertaken linkage
studies using polymorphic loci whose
order has been established as Xcen -
DXSlOOI - DXS294 - DXSl02 - F9 -
DXS1232 - DXS984 - CDRl - DXS105 -
DXSl205 - DXS1227 - DXS98 - DXS52 -
Xqter, within this region. Our results
established linkage (lod score >3) between
HPT and eight of these 12 loci and
indicated that the most likely location of
HPT was within a 1.5 Mb interval flanked
centromerically by F9 and telomerically
by DXS984. Thus, the results ofthis study
have helped to refine the map location of
HPT, and this will facilitate the identifi-
cation of this putative developmental
gene and its role in the embryological for-
mation of the parathyroids.
(7Med Genet 1998;35:905-909)

Keywords: parathyroid gland development; hypocalcae-
mia

Hypoparathyroidism is an endocrine disorder
in which hypocalcaemia and hyperphosphatae-
mia are the results of a deficiency of parathy-
roid hormone (PTH) secretion.' 2 There are a
variety of causes of hypoparathyroidism and
the disorder may occur after trauma to the para-
thyroids during neck surgery, or as part of the
autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED) syndrome,
or as a congenital defect as in DiGeorge
syndrome. In addition, hypoparathyroidism
may develop as a solitary endocrinopathy and
this form has been called isolated or idiopathic
hypoparathyroidism.' Familial occurrences of
idiopathic hypoparathyroidism have been re-

ported and autosomal dominant,4 autosomal
recessive,' ' and X linked recessive
inheritances'l0 have been established.' Some of
the autosomal forms of hypoparathyroidism
have been shown to be the result of either
mutations of the PTH gene,5 which is located
on chromosome llp 15,"1 ' or of the calcium
sensing receptor gene,'3 which is located on
chromosome 3q13.3-3q21.'" The gene causing
the X linked recessive form, which is likely to
involve a putative, developmental gene'6 and
has been mapped to Xq26-q27,'0 remains to be
isolated.
X linked recessive idiopathic hypoparathy-

roidism (HPT) has been reported to occur in
two multigeneration kindreds, family P/60 and
W/81 (fig 1), from Missouri, USA.89 Affected
subjects, who are males, suffered from neonatal
or infantile onset of hypocalcaemic seizures
that were invariably fatal if the hypocalcaemia
remained uncorrected. Further investigations
of these male patients showed undetectable
circulating immunoreactive PTH concentra-
tions and a normal renal response to bovine
PTH extract.9 In addition, necropsy of an
affected teenage boy from family P/60 indi-
cated that the deficiency in PTH was the result
of parathyroid gland agenesis.'6 Clinical immu-
nodeficiency, a notable feature of DiGeorge
syndrome,' 2 has not been observed in any of
the affected males. Unaffected relatives includ-
ing carrier females, who were the mothers or
grandmothers of affected boys, had no history
of epilepsy and were normocalcaemic.
The two HPT kindreds, which are both from

eastern Missouri, appeared to be unrelated, as
a common ancestor was not identified despite
extensive genealogy dating back to the mid-
1800s. However, an analysis of mitochondrial
DNA, which is maternally inherited, identified
that the D loop sequences in the affected males
from both kindreds were identical, thereby
establishing their common ancestry.'7 Linkage
studies have mapped the HPT gene to a 7 cM
interval flanked centromerically by factor IX
(F9) and telomerically by DXS98 in
Xq26-Xq27.'° We have pursued additional
linkage studies in these two HPT families using
12 polymorphic markers, with the aim of
further defining the chromosomal segment
containing HPT, and thereby facilitating its
identification by positional cloning.'8

Materials and methods
FAMILIES
Two kindreds from Missouri, in whom idio-
pathic hypoparathyroidism had been inherited
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Figure 1 Pedigreesfrom families
W181 (A) and P160 (B),
segregatingforXlinked recessive
idiopathic hypoparathyroidism and
the 12 polymorphic loci (Xcen -

DXSIOO1 - DXS294 - DXS102 -

F9 - DXS1232 - DXS984 -

CDRI - DXS105 - DXS1205 -

DXS1227 - DXS98 - DX52 -

Xqter) from Xq26-Xq27, whose
respective alleles are indicated.
Filled in symbols are affected
subjects, symbols with a dot in the
middle are carriers. In some
females, the inheritance ofpaternal
and maternal alleles can be
ascertained, and in these the
paternalX chromosome haplotype
is shown on the left. Deduced
genotypes are shown in brackets.
Recombinants between HPT and
each locus, observed in the affected
males, carrierfemales, and
unaffected males, are indicated by
an asterisk. Thus, in family W/81,
II.6, I.13, IV. i, IV7, IVI 0,
IVl1, V. 1, and V.3, and in family
P160, IV10, show recombinants
between HPTand theX linked
polymorphic loci; these
recombinants located HPT in the
interval telomeric to F9 and
centromeric to DXS984.
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sion 5.1, on a 64 megabyte RAM Sun 4-90
computer running Sun 0S4.1.1 as described.'0
The fixed order of loci and the genetic
distances between the respective intervals
required for multilocus analysis were deduced
from published genetic maps,""' and the order
of loci was taken as Xcen - DXS 1001 -

DXS294 - DXS102 - F9 - DXS1232 -
DXS984 - CDR1 - DXS105 - DXS1205 -
DXS1227 - DXS98 - DXS52 -Xqter.'4 The

108 frequency ofHPT was estimated to be 10-4 and
the allele frequencies of the polymorphisms

108 were obtained from the published genetic maps
(GenBank). Varying the disease or allele

104 frequencies had no effect on the results of the
linkage analysis. Multipoint crossovers were
analysed to determine the order of loci around

102 HPT using a fixed framework of markers, as
0° previously described.'0 The likelihood for each

position ofHPT within the fixed framework of
n genetic markers was expressed as a location

10-2 0 score, which was twice the natural logarithm of
the odds ratio. The probability of the most

10-4 likely locus order and the relative likelihood of
other orders were then ascertained from this
location score curve, as previously described.'0

104-

Figure 2 Location scores ofHPT versus nine polymorphic locifrom Xq26-Xq27. The
horizontal axis is the genetic distance (d) in Morgansfrom DXS984 which has been taken
as the arbitrary origin. The right vertical axis is the odds ratio for the location ofHPT at a
given distance compared with a location ofHPT at an infinite distancefrom the ninefixed
loci. The left axis is the location score, 1(d), defined as twice the natural logarithm of the
odds ratio. A location ofHPT between FIX and DXS984 wasfavoured over al the other
locations (table 2).

in an X linked recessive manner in five or more
generations and in whom linkage between the
disease and the Xq26-q27 locus DXS98 had
been established,'0 were investigated. The fam-
ily reported by Peden8 in 1960 was designated
P/60 and that reported by Whyte and Weldon9
in 1981 was designated family W/81 (fig 1).
Venous blood was obtained, after informed
consent, from 61 family members (six affected
males, 11 carrier females, and 44 unaffected
(16 males, 28 females) subjects).

GENETIC MARKERS

Leucocyte DNA was prepared from venous
blood samples and used to detect restriction
fragment length polymorphisms (RFLPs) and
polymorphisms in microsatellite tandem re-

peats, as previously described.'0 '9 The six loci
DXS294, F9, CDR, DXS105, DXS98, and
DXS52 defined RFLPs and the six loci
DXS1001, DXS102, DXS1232, DXS984,
DXS1205, and DXS 1227 defined microsatel-
lite polymorphisms (GenBank).

LINKAGE ANALYSIS
The data from the present and previously
reported study'0 of both the families, which
were established by mitochondrial DNA analy-
sis to be related,'7 were pooled for linkage stud-
ies. Conventional two point lod scores and
multipoint location scores were calculated
using the LINKAGE computer programs, ver-

Results
Eleven of the 12 polymorphic markers, whose
order in Xq26-q27 has been established as
Xcen - DXS 1001 - DXS294 - DXS 102 - F9 -
DXS1232 - DXS984 - CDR1 - DXS105 -
DXS1205 - DXS1227 - DXS98 - DXS52 -
Xqter,'4 25 proved informative in the two HPT
families. An examination of the haplotypes
within the 21 cM interval flanked centromeri-
cally by DXS1001 and telomerically by
DXS105 showed a haplotype (6, A, 2, B, 2, 4,
D, E) that was shared between the two oldest
carrier females (11.2 in family W/81 and 11.2 in
family P/60). This finding further supports the
relatedness of the two families and is consistent
with the results of our mitochondrial genome
analysis'7 that established a common ancestry
for these two families from eastern Missouri.
The data from the two families were therefore
pooled for linkage analysis.

Linkage between HPT and eight of the 12
polymorphic loci (table 1) from Xq26-27 was
established with the highest peak lod score of
7.06 at a recombination fraction (0)=0.05 (95%
confidence interval=0.001 to 0.15) being ob-
tained between DXS984 and HPT. These
results helped to confirm the previous
localisationl' ofHPT to this region, which was
on the basis of linkage (lod score=3.82) to only
one marker, DXS98. Analysis of individual
recombinants (fig 1) helped to define the region
containing the HPT locus further. In family
W/81, HPT is segregating in the eight affected
or carrier subjects II.2, III.2, m.9, 11m.16,
m. 18, IV.4, IV.9, and V.2 with the haplotype (6,
A, 2, B, 2, 4, D, E, 3, 1, g, 3) defined by the loci
DXS1001, DXS294, DXS 102, F9, DXS 1232,
DXS984, CDR1, DXS105, DXS1205,
DXS1227, DXS98, and DXS52, respectively.
However, in the remaining four affected or car-
rier subjects (I1.13, IV.15, V.1, and V.3),
recombinants are observed and these locate
HPT in a 19 cM interval between F9 and
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Table 1 Lod scores for linkage of markers from Xq26-q27 and hypoparathyroidism

Peak Lod scores Z(0)

Locus Z(6) 0 Z(O.001) Z(O.01) Z(0.05) Z(0. 10) Z(0. 15) Z(0.20) Z(0.25) Z(0.30)

DXS1001 2.24 0.15 -4.65 -0.76 1.55 2.15 2.24 2.12 1.88 1.56

DXS294 3.40 0.05 2.08 3.02 3.40 2.76 3.00 2.64 2.20 1.74

DXS102 4.24 0.05 1.44 3.33 4.24 4.21 3.92 3.51 3.03 2.50

F9* 2.02 0.10 -1.25 0.69 1.79 2.02 1.99 1.85 1.64 1.38

DXS1232 1.58 0.00 1.58 1.54 1.39 1.20 1.02 0.84 0.67 0.52

DXS984 7.06 0.05 6.10 6.97 7.06 6.58 5.95 5.24 4.47 3.65

CDR1 3.61 0.00 3.61 3.54 3.30 2.96 2.62 2.27 1.92 1.56

DXS105 6.23 0.05 5.24 6.11 6.23 5.79 5.20 4.53 3.82 3.10

DXS1205 4.58 0.05 1.86 3.74 4.58 4.48 4.10 3.60 3.03 2.42

DXS1227 4.03 0.05 1.32 3.19 4.03 3.91 3.52 3.02 2.45 1.85

DXS98* 3.40 0.05 2.08 3.02 3.40 3.28 3.00 2.64 2.21 1.74

DXS52* 2.49 0.15 -4.45 -0.56 1.78 2.39 2.49 2.38 2.14 1.81

*The previously published'0 data for F9, DXS98, and DXS52 were pooled with the present data.

DXS52. A comparison of the haplotypes
observed in the affected and carrier subjects
between families W/81 and P/60, which have a

common ancestry,'7 shows a recombination
between HPT and the telomeric loci DXS 1205,
DXS1227, DXS98, and DXS52. The com-

bined results from all of these recombinants in
affected males and carrier females locates HPT
in the 5 cM interval between F9 and DXS 1205.
The recombinant observed in the unaffected
male IV. 11 from family W/81 helps to narrow

the limits of the region containing HPT further.
IV. 11 has the affected haplotype at the telo-
meric loci DXS984, CDR1, DXS1205,
DXS1227, DXS98, and DXS52 but remains
unaffected, thereby indicating a location for
HPT that is centromeric to DXS984. Thus, the
results ofthese recombinants indicate that HPT
is located between F9 and DXS1205, a region
of 5 cM, which can be narrowed further to a 2.5
cM interval by taking into account the recom-

binant observed in the unaffected subject IV. 11.
The likelihood of this location of HPT within
the fixed order Xcen DXS294 - DXS 102 - F9
DXS1232 DXS984 - CDR1 - DXS105

DXS1205 DXS1227 - Xqter was quantita-
tively assessed using the LINKMAP program.

Analysis using the LINKMAP program yielded
the location score curve shown in fig 2. There is
a high peak telomeric to F9 and centromeric to

DXS984, maximum location score=42.8, 1.1
cM telomeric to F9. This coincides with the
location of DXS 1232 which showed no recom-

bination with HPT. There are seven subsidiary
peaks with location scores ranging from 11.7 to

33.8 (table 2). An analysis of these indicates
that the odds ratio favouring the order Xcen
DXS294 DXS102 - F9 - (HPT, DXS1232)
DXS984 - CRD1 - DXS105 - DXS1205
DXS1227 - Xqter versus a location of HPT
unlinked to this cluster of nine loci is >1.3 x

109:1 (table 2). In addition, the odds ratio
favouring other locations of HPT within this
framework of nine loci is also significant. How-
ever, a location ofHPT telomeric as opposed to

centromeric to F9 is approximately 34 000
times more likely, and a location of HPT
centromeric as opposed to telomeric to

DXS984 is approximately 60 times more likely.
These results indicate that HPT maps between
F9 and DXS984, an interval that is estimated
by genetic mapping to be 2.5 cM in size and by
physical mapping to be 1.5 Mbp in size.25

Discussion
Our location of the HPT gene to a 1.5 Mbp
region between F9 and DXS984 considerably
advances the search for this putative develop-
mental gene. However, it is important to note

that the location of HPT centromeric to

DXS984 is only 60 times more likely than telo-
meric, and thus this interval may possibly be
larger. The interval between F9 and DXS984 is
contained within a YAC contig25 26 and three
candidate genes, represented by SOX3,27 28

MCF.2,29 and the expressed sequence tag

(EST) AS6,25 have been mapped to this region.
SOX3 represents a member of the SRY family
of developmental genes and MCF.2 is a mem-

ber of the guanine nucleotide exchange factors
for the RHO family of small GTP binding pro-

teins. Investigation of these candidate genes for
mutations in the HPT patients will help to elu-
cidate their roles in the aetiology of this disor-
der of parathyroid gland development. How-
ever, such an analysis may require cautious
interpretation as patients with deletions of this
region24 25 30 have not been reported to suffer
from hypocalcaemia or hypoparathyroidism;
such patients have been identified as they have
deletions of F9 that extend into this region to

include DXS98, and they suffer from haemo-
philia B (Christmas disease).

There may be at least three possible explana-
tions for these contradicting observations from
the deletion mapping studies in haemophilia B
patients and our linkage mapping ofHPT. First,
in the haemophilia B patient with a loss of this
region, there may be a non-contiguous deletion
with preservation of the HPT gene. However,

Table 2 Order ofgenetic loci and their respective odds ratios as calculated from multipoint linkage analysis

Locus order Peak location score Odds ratio

Xcen-DXS294-HPT-DXS102-FIX-DXS 1232-DXS984-CDR1-DXS 105-DXS 1 205-DXS1227-Xqter 21.1 3.8 x 104

Xcen-DXS294-DXS102-HPT-FIX-DXS1232-DXS984-CDR1-DXS105-DXS1205-DXS1227-Xqter 18.9 1.3 x 104

Xcen-DXS294-DXS 102-FIX-(HPT-DXS 1232)-DXS984-CDR1-DXS105-DXS1205-DXS 1227-Xqter 42.8 1.3 x 109

Xcen-DXS294-DXS102-FIX-DXS11232-DXS984-HPT-CDR1-DXS105-DXS 1205-DXS1227-Xqter 33.8 2.2 x 107

Xcen-DXS294-DXS 102-FIX-DXS 1232-DXS984-CDRI-DXS 105-HPT-DXS 1205-DXS 1227-Xqter 19.3 1.6 x 104

Xcen-DXS294-DXS 102-FIX-DXS 1232-DXS984-CDR1-DXS 105-DXS1205-HPT-DXS1227-Xqter 11.7 3.5 x 102
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this seems unlikely as the 11 STSs, which
include those for SOX3, MCF.2, and AS6, are
all deleted.25 26 Second, there may be a complex
mode of diallelic inheritance for HPT that
requires mutations in two (or more) different
genes. Such diallelic inheritance has. been
described for retinitis pigmentosa (RP) in three
families.3' However, the high lod scores we
observed in the HPT kindred(s) make this
possibility unlikely, as digenic or polygenic
inheritance would reduce the lod scores by
inclusion of subjects who have the requisite
mutations in only one of the necessary genes.
Third, instead of a functional loss, the aetiology
ofHPT may involve a gain of function owing to
an activating mutation. Thus, patients with
deletions of the gene, for example, the haemo-
philia B patients, would be either unaffected or
have a phenotype different from HPT. Such
activating mutations involving the calcium
sensing receptor gene, which is located on
chromosome 3q21-q24,'5 have been reported to
result in a form of hypoparathyroidism." In
addition, such gain of function mutations could
involve a duplication and it is important to note
that X linked genes are particularly likely to
show dose dependent effects and that the
differentiation of organs is sensitive to the
prevailing concentrations of morphogenetic
factors.32 Interestingly, a regional duplication in
Xq25-q26 involving DXS102, which is located
centromeric to F9, has been observed in a fam-
ily with X linked recessive panhypopituitarism,
and it is postulated that this gene may encode
for a dosage sensitive protein that is of
importance in the development of the
pituitary.33 The situation in X linked recessive
hypoparathyroidism may be analogous, but it is
important to note that our analysis of the 11
STSs from this region has not indicated
evidence for such a duplication, and it may be
that this possibility is also unlikely or that the
duplication is of a small size and has therefore
not been detected by the current markers.
The characterisation of the HPT gene, which

represents a putative parathyroid gland develop-
mental gene located in Xq26-Xq27, will help to
elucidate these possibilities. These studies will
be facilitated by our results which have rendered
the target region small enough for a complete
DNA sequence analysis. This will enable the
direct analysis of this region for gene content,
rare mutations, and duplications and thus help
to elucidate the role of this gene in the embryo-
logical formation of the parathyroid glands.
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