Familial isolated hypoparathyroidism caused by a mutation
in the gene for the transcription factor GCMB
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Hypoparathyroidism is characterized by hypocalcemia, hyperphosphatemia, and absent or marked-
ly reduced circulating concentrations of parathyroid hormone. The transcription factor GCMB is
predominantly, if not exclusively, expressed in parathyroid cells and is critical for development of the
parathyroid glands in mice. Thus, in the present study we examined the GCMB gene, mapped to
6p23-24, as a candidate for isolated hypoparathyroidism. We defined the boundaries of the five exons
of the human GCMB gene and then identified a large intragenic mutation in the GCMB genes of the
proband of an extensive kindred with isolated hypoparathyroidism. Her parents and several other
unaffected relatives were heterozygous for the mutation. Despite an absence of any history of con-
sanguinity, microsatellite analysis showed shared genotypes that flanked the GCMB gene over a span
of 5 cM, suggesting that both of the proband’s GCMB alleles had been derived from a single common
ancestor. Analysis of additional, unrelated cases did not disclose the same mutation. We conclude
that homozygous loss of function of the GCMB gene impairs normal parathyroid gland embryology

and is responsible for isolated hypoparathyroidism in a subset of patients with this disease.
J. Clin. Invest. 108:1215-1220 (2001). DOI:10.1172/JCI1200113180.

Introduction

Normal mineral metabolism and skeletal development
depend upon an intricate interplay of parathyroid, renal,
and skeletal factors. Crucial in this respect is parathyroid
hormone (PTH), which is synthesized and secreted from
the parathyroid glands at a rate that is inversely propor-
tional to the serum ionized calcium concentration. Hor-
mone secretion is tightly regulated through the interac-
tion of extracellular calcium (and to a lesser extent other
divalent cations) with specific calcium-sensing receptors
(1-3) that are present on the surface of the parathyroid
cell. Hypoparathyroidism is an uncommon metabolic
disorder characterized by hypocalcemia and hyperphos-
phatemia due to deficient or absent secretion of PTH.
Hypoparathyroidism may occur in combination with
other disorders, including autoimmune, e.g., autoim-
mune polyendocrinopathy-candidiasis-ectodermal dys-
trophy (APECED) syndrome (4-7), or developmental
defects, e.g., DiGeorge syndrome (DGS) (8-12), or the
hypoparathyroidism, sensorineural deafness, renal
anomaly (HDR) syndrome (13), or as an isolated
endocrinopathy termed isolated hypoparathyroidism
(14). Molecular genetic studies have indicated that iso-
lated hypoparathyroidism may be caused by defectsina
variety of genes (14). Mutations in the PTH gene are an
unusual cause of hypoparathyroidism and have been
associated with both autosomal-dominant (15) and
recessive (16, 17) forms of familial isolated hypoparathy-
roidism. By contrast, gain-of-function mutations in the

CASR gene encoding the calcium-sensing receptor have
been identified in many subjects with a mild variant of
hypoparathyroidism, termed autosomal dominant
hypocalcemia, that is associated with low or low-normal
levels of serum PTH and relative hypercalciuria (18, 19).
However, most cases of isolated hypoparathyroidism
remain unexplained, and thus other genes must be
involved in the molecular pathogenesis. One candidate
is the GCMB gene, which encodes a human orthologue
of the Drosophila glial cells missing (gem) gene, especially as
this protein is predominantly, if not exclusively,
expressed in developing (20) and mature parathyroid
cells (21) and is critical for development of the parathy-
roid glands in mice (22). Here, we report that mutation
of the human GCMB gene located at chromosome
6p23-24 (21, 23) is associated with autosomal recessive
isolated hypoparathyroidism. These findings confirm
the importance of this transcription factor as an embry-
ological regulator of parathyroid cell development.

Methods

Casereport. The proband (subject IV-2 in Figure 1),a 32-
month-old female, was the product of a full-term preg-
nancy complicated only by hyperemesis gravidarum, for
which the mother was hospitalized twice for adminis-
tration of intravenous fluids. The proband had a birth
weight of 3.04 kg and a birth length of 48 cm. There was
no neonatal distress and no dysmorphic features were
noted on physical examination. At 5 weeks of age she
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Pedigree of family described in text. The figure above shows the pedi-
gree of the family, with the proband indicated by the arrow. Squares

deno

te male family members, circles female family members, and solid

symbols subjects with symptomatic hypocalcemia. Markers under each
symbol indicate the genotype for the GCMB gene allele; WT denotes

serum calcium concentrations of 7.0 and 8.0 mg/dl. At
19 months of age the serum concentration of intact
PTH was 10 pg/ml (normal range 10-65) with a corre-
sponding serum calcium concentration of 9.6 mg/dl
Her physical examination is normal, and her growth
has been parallel, but below, the second percentile for
age and is consistent with a predicted adult height that
reflects her parents’ short stature (father’s height 149.9
cm and mother’s height 157.5 cm). Her weight has
remained along the fifth percentile, and her head cir-
cumference has continued along the 75th percentile.

The proband’s 6-year-old brother (Subject IV-1), 30-
year-old mother (Subject III-2), and 31-year-old father
(Subject III-1) have normal serum concentrations of
calcium and intact PTH. A 22-year-old paternal uncle
(Subject III-9) developed seizures at 2 months of age
and is presumed to have hypoparathyroidism. He is

wild-type allele; M denotes AGCMB allele. NT, not tested. institutionalized in a chronic care facility and cannot
walk, talk, or attend to his daily needs. A 24-year-old
female cousin (Subject III-1) was given a diagnosis of
was brought to medical attention because of general- idiopathic hypoparathyroidism at 2 weeks of age when
ized seizures. Evaluation revealed a serum calcium con-  she experienced seizures and was found to have a serum
centration of 5.1 mg/dl and a serum phosphorus con-  calcium concentration of 5.8 mg/dl. The serum phos-
centration of 9.8 mg/dl. The serum concentration of phorus concentration was 12.2 mg/dl, and serum mag-
magnesium was 1.6 mg/dl, the serum concentration of nesium concentration was 1.3 mg/dl. The serum con-
25-hydroxyvitamin D was 7 ng/ml (normal range 5-42), centration of immunoreactive PTH was 55 ul Eq/ml
and the serum concentration of 1,25-dihydroxyvitamin ~ (normal range 25-90) when measured in an assay that
D was 34 pg/ml (normal range 8-72). The serum con-  is primarily reactive with midmolecule-carboxyl termi-
centration of intact PTH (Nichols Intact PTH immuno- nal PTH fragments with a corresponding serum calci-
metric assay) was undetectable. FISH analysis for DGS  um concentration of 6.6 mg/dl. She is treated with vita-
did not reveal a diagnostic deletion on chromosome 22  min D and calcium and currently attends college.
and high-resolution karyotype analysis using the stan- ~ The proband’s father and all paternal relatives are
dard trypsin-Wright G-banding (GTW) method from Jalisco, Mexico, whereas the mother and her fam-
revealed a normal complement of chromosomes (46  ily are from northern Guatemala. There is no indica-
XX) without macro deletions or translocations. The tion of parental consanguinity. The Joint Committee
diagnosis was idiopathic hypoparathyroidism, presum-  on Clinical Investigation of The Johns Hopkins Uni-
ably congenital, and the infant was treated with cal-  versity School of Medicine approved the study proto-
citriol plus supplemental calcium. col, and written informed consent was obtained from
The infant experienced no further seizures after treat-  all subjects or their parents.
ment of hypocalcemia, and she has reached all cogni- DNA analysis. DNA was extracted from peripheral-
tive and developmental milestones appropriately. blood leukocytes by standard methods (24). Based on
Serum concentration of intact PTH at 8 months of age  analysis of published sequences for the complete com-
was below the detectable limit with corresponding plementary and partial genomic DNAs for rodent
Table 1
PCR conditions for GCMB gene analysis
Exon Primer sequences Annealing temperature Expected size of amplicon (bp)
1 Forward:GCM2-24 5-CGT CCG TTC GGG TGG AGA ACG CCC A-3’ 60°C 440
Reverse: GCM2-25 5"-GTG GGT GTG ATG GCC CGT CCG CAA-3’
2 F: GCM2-26 5-GGT TTG TAT CCT AAT GTG CTC AGA G-3’ 56°C 474
R: GCM2-11 5’-CTG AGT GAC AGA GTG AGG CTC CAT-3’
3 F: GCM2-12 5-GAGTTCTTT GTT CCC AGC TAATTT-3’ 54°C 384
R:GCM2-13 5’-CTATTT CTG GCC ACT GGG GCT GTA-3’
4 F: GCM2-14 5'-TCT TGA GAT GTT GGG AAA GGC ATG-3’ 52°C 314
R: GCM2-15 5'GTA ATT AAT GTATGA CCT TCATA-3’
5 F: GCM2-16 5’-AGA GCC CAG CAC ATG GAT GTC TG-3’ 57°C 1,080
R: GCM2-12 5’-GCC TGC ATG CAC ACT GCT ATT ATG-3’
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GCMB gene. (a) An EcoRl restriction map of the human GCMB gene,
with approximate genomic distances between restriction sites noted.
(b) The genomic organization of the human GCMB gene, with exons
1-5 indicated by the boxes and introns indicated by the connecting
lines. The numbers above each exon indicate the corresponding
nucleotide number of the cloned cDNA. (c) The area of the gene
deleted in the AGCMB allele. (d) The cDNA, with the 5" and 3’
untranslated regions (UTR), and the open reading frame that pre-
dicts a protein of 506 amino acids.

Gem2 (25-27) and human GCMB (6p23-24) (21,23, 28)
(plus GenBank accession number 8979543), we devised
a series of oligonucleotide primers that enabled us to
ascertain the exon-intron organization of the human
gene by PCR. To analyze the GCMB gene for mutations,
ten oligonucleotide primers were designed to amplify
and sequence the five exons plus the exon-intron junc-
tions from genomic DNA (Table 1). The PCR was per-
formed with 2.5 mM magnesium chloride, 0.2 mM
deoxynucleoside triphosphates, 0.5 UM of each primer,
and 1 unit of Taq polymerase (Amplitaq; Perkin-Elmer
Applied Biosystems, Foster City, California, USA) with
the manufacturer’s buffer; information on the primers
and PCR conditions is presented in Table 1. Amplified
DNA was analyzed first by polyacrylamide gel elec-
trophoresis to assess the size of the amplicons. Frag-
ments were excised from gels and directly sequenced by
the dideoxy chain termination method using the
AmpliTaq Cycle Sequencing Kit (Perkin Elmer, Branch-
berg, New Jersey, USA).

For restriction endonuclease analysis, 10-1g aliquots
of genomic DNA were digested with EcoRI (New Eng-
land Biolabs Inc., Beverly, Massachusetts, USA) accord-
ing to the manufacturer’s recommendations. Products
were separated on 1% agarose gels (SeaKem; FMC Corp.,
Rockland, Maine, USA), transferred to nylon mem-
branes, and hybridized to radiolabeled GCMB genomic
probes by techniques described previously (29).

Microsatellite marker analysis. Simple sequence repeat
polymorphisms were analyzed using markers D6S289
and D6S422 (from the Perkin-Elmer Applied Biosys-
tems mapping set), D6S1006 (from Weber v.6 mapping
set), and D6S470, D6S1721, and D6S1653 (from the
map of chromosome 6 at http://cedar.genetics.soton.
ac.uk/pub/chrom6/map) with GCTTCT added to the
5" end of each reverse primer to help eliminate prob-
lems associated with dinucleotide repeats. For D65S470,
D6S1721,D6S1653, three distinct alleles were resolved
in the proband, parents, and three normal controls. For
D6S1006, three alleles were observed and for D6S289
four alleles were observed.

Results
To analyze the GCMB gene for possible mutations, we
first determined the intron-exon organization of the
gene. The gene spans approximately 15 kb and com-
prises 5 exons based on a comparison with the human
cDNA sequence (21, 23) (Figure 2). By comparison, the
murine Gem2 gene consists of only four exons (22, 25).
The transcription start site and the translational-ini-
tiator codon are present in exon 1, and the termination
codon is present in exon 5. The open reading frame of
the gene agrees with that of the GCMB cDNA sequence
and encodes a predicted peptide of 506 amino acids.
In our preliminary analyses, we used oligonucleotide
primers corresponding to exons 1 and 2 of the GCMB
gene to amplify genomic DNA from the propositus
and three other patients with isolated hypoparathy-
roidism (Figure 3). Figure 3 shows that products of the
expected sizes (and appropriate sequences) were gen-
erated for patients 1, 3, and 4, but no specific product
was generated for patient 2 (the propositus, subject
IV-2 in Figure 1). By contrast, PCR of genomic DNA
from the parents of subject 2 resulted in normal prod-
ucts for both exon 1 and 2 (not shown). PCR analysis
of exons 3 through 5 of the GCMB gene showed ampli-
fication of normal products for both of the parents,
but only an exon S product for the proband (Figure 4),
suggesting that exons 1-4 were deleted. To exclude the
possibility that contaminating substances were
inhibiting amplification of exons 1 through 4 we per-
formed mixing experiments in which PCR was per-
formed on samples containing equal amounts of
genomic DNA from the proband and a normal control
subject. PCR of these hybrid samples resulted in suc-
cessful amplification of fragments corresponding to
exons 1-4 (data not shown). Moreover, PCR of genom-
ic DNA from the proband resulted in successful ampli-
fication of multiple exons from other complex genes
(e.g., GNASI and PTH), providing further evidence that
a large, homozygous deletion of a portion of the
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Figure 3

Amplification of exons 1 and 2 by PCR. Genomic DNA from four
unrelated subjects with familial isolated hypoparathyroidism was
amplified using oligonucleotide primers flanking exon 1 (left panel)
or exon 2 (right panel); the proband shown in Figure 1 corresponds
to subject 2. The positions of molecular-weight markers are indicat-
ed on the left. DNA from subjects 1, 3, and 4 showed amplification
of appropriate-sized fragments, whereas DNA from subject 2 failed
to amplify a fragment corresponding to either exon 1 or exon 2.
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Amplification of exons 3, 4, and 5 by PCR. Genomic DNA from the
proband (Pt), her father (F) and mother (M), and two unrelated nor-
mal subjects (NL) was amplified using oligonucleotide primers flank-
ing exon 3 (upper panel), exon 4 (middle panel), or exon 5 (bottom
panel). Arrows indicate the position of the appropriately sized ampli-
fied product. DNA from the proband (Pt) failed to amplify fragments
corresponding to exons 3 and 4 but did yield an appropriate PCR
product corresponding to exon 5. Genomic DNA from the parents
and two normal subjects yielded appropriate-sized PCR products for
all three exons.

GCMB gene (AGCMB), and not artifact, accounted for
the inability to amplify exons 1 through 4 of GCMB.

To verify the deletion, we performed restriction
endonuclease analysis of genomic DNA from the
proband, her parents, and normal control subjects.
Hybridization of a radiolabeled probe corresponding to
exon 3 of GCMB to genomic DNA that had been digest-
ed with EcoRI revealed a single predicted band of approx-
imately 10-11 kb in normal subjects and the propositus’
parents but not in the propositus (Figure 5, left panel),
confirming homozygous deletion of this portion of the
gene (Figure 2). To further refine the AGCMB allele, we
hybridized a radiolabeled DNA probe spanning exons 3
to 5 to equivalent amounts of EcoRI-digested DNA from
these individuals. DNA from the normal subjects
revealed two hybridizing fragments of expected sizes
(11.5 kb and 4.6 kb spanning exons 1-4 and exon 5,
respectively; Figure 2) that were also present but at
reduced (~50%) signal intensity in DNA from the
propositus’ parents (Figure 5, right panel). By contrast,
DNA from the proband hybridized with only a single
fragment of abnormal size (~8.0 kb), which was also pres-
ent at reduced signal intensity in her two parents (Figure
S, right panel). These results indicated that the proband
was homozygous for a partial deletion of the GCMB gene
that includes the EcoRI site present at the exon 4-intron
4 boundary. To delineate the deletion more precisely, we
designed a series of sense oligonucleotide primers that
hybridized to sequences in the 5 region of the GCMB
gene and tested the ability of each to amplify genomic
DNA from the proband using an antisense primer locat-
ed in intron 4. These experiments demonstrated that that
the 5" boundary of the deletion is located 1901 bp
upstream from the initiator codon, and the 3" boundary
is located at the exon 4-intron 4 border, with loss of the
EcoRI site. The calculated size of the deletion is 7,792 bp,
which agrees well with the size (approximately 8 kb) pre-

dicted from the results of the restriction endonuclease
analyses (Figure 5). In addition, our analyses indicated
that each parent was heterozygous for the same gene dele-
tion. Similar molecular analyses of ten additional, unre-
lated patients with isolated hypoparathyroidism failed to
disclose an analogous mutation.

We performed a molecular analysis of the GCMB gene
in all available relatives of the propositus by EcoRI
restriction analysis of genomic DNA (Figure 1). In addi-
tion to her two parents, the propositus’ paternal grand-
father was also heterozygous for the AGCMB allele. By
contrast, her unaffected brother was homozygous for
the wild-type GCMB allele. Three of her father’s six unaf-
fected sibs were also heterozygous for the mutation.
Regrettably, neither of the other two affected subjects,
III-1 and III-9, agreed to participate in these studies.

Given the rarity of familial isolated hypoparathy-
roidism, an extended haplotype analysis using closely
linked microsatellite markers was performed in the par-
ents and proband (Table 2 and Figure 6), with genotype
analyses performed for marker D6S470 on the
proband’s paternal grandparents in order to establish
phase assignments unambiguously. This analysis
showed shared genotypes that flanked the GCMB gene
over a span of 5 cM. Based on this limited data set, we
believe that it is exceedingly unlikely that this mutation
would have arisen independently twice on the same
genetic background. Accordingly, a founder affect, with
homozygosity by descent of the chromosomal segment
containing the GCMB deletion, is the most probable
explanation for our results (30) (Figure 6). This model
is consistent with the observation of a rare allele occur-

NL Pt F M NL NL Pt F M NL

Exon 3 probe

Exons 3-5 probe

Figure 5

Southern blot analysis of GCMB gene. Genomic DNA from the
proband (Pt), her father (F) and mother (M), and two unrelated nor-
mal subjects (NL) was digested using EcoRl and hybridized to a radio-
labeled genomic DNA corresponding to either exon 3 (left) or exons
3-5 (right). The positions of molecular-weight markers are indicated.
Genomic DNA from the proband (Pt) failed to hybridize to the exon 3
probe, and a unique 8.4-kb EcoRI fragment hybridized to the exon 3-5
probe. The proband’s parents showed hybridization of the exon 3-5
probe with two restriction fragments of expected size and with the
abnormal 8.4-kb fragment, all with reduced signal intensity (see text).
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Haplotype analysis of the GCMB locus. The figure above shows the
haplotypes for the GCMB locus obtained using microsatellite poly-
morphisms. The proband is denoted by the solid circle, and her het-
erozygous father and mother are indicted by the half-filled square and
circle, respectively. This figure demonstrates that the two parental
mutant alleles (AGCMB) have identical haplotypes for a series of mark-
ers that span over 5 cM of genomic DNA on chromosome 6p23-24.

ring in the homozygous state and suggests that both of
the proband’s AGCMB alleles are likely to have been
derived from a single common ancestor.

Discussion

We have identified mutation of the GCMB gene as a
novel mechanism for isolated hypoparathyroidism.
The genetic defects responsible for most cases of iso-
lated hypoparathyroidism remain largely unknown.
Two loci associated with monogenic early-onset forms
of this disease have been identified, but in each case the
molecular defect impairs synthesis (i.e., PTH gene
defects) or secretion (i.e., CASR gene defects) of PTH
rather than development of the parathyroid glands
(15-19). Although candidate genes have recently been
identified that account for parathyroid hypoplasia in
patients with DGS (31, 32) or HDR (13), the expression
of these genes in diverse tissues during embryogenesis
suggests a more complex role in vertebrate develop-
ment. By contrast, the GCMB gene is a likely a specific
regulator of parathyroid gland development, as it is
predominantly, if not exclusively, expressed in parathy-
roid cells, and Gem2-deficient mice lack parathyroid tis-
sue (22). Our data extend this role to humans and show
that loss of GCMB is sufficient to produce the charac-
teristic clinical and biochemical findings of severe
early-onset hypoparathyroidism and

that heterozygous mutation of the

GCMB gene is associated with an Table 2

of the extended family live and the lack of an obvious
heterozygous phenotype likely account for the propa-
gation of this allele and the occurrence of hypoparathy-
roidism in multiple members of this kindred.

The vertebrate glial cells missing (GCM) transcription
factors are a small family of unique proteins that are
orthologues of the gem gene originally identified in
Drosophila melanogaster (33). In the fly, the gem gene is
specifically and transiently expressed in the glial lineage
and promotes choice between glial versus neuronal fate
in a multipotential neural stem cell. Loss of function
mutations in the gem gene result in conversion of pre-
sumptive glial cells into neurons (33). Based on its
nuclear localization and sequence-specific DNA-bind-
ing activity, GCM has been proposed to be a transcrip-
tional activator of glial-specific genes. Two mammalian
GCM homologues have been identified, encoded by the
GCMA and GCMB genes. Both genes encode peptides of
504-506 amino acids and contain a number of motifs
that are signatures of the GCM family of nuclear tran-
scription factors, including an evolutionarily conserved
DNA-binding domain in the amino-terminal region, a
nuclear localization signal, and several potential PEST
sequences, which are typical of proteins displaying a
rapid turnover (20, 23, 25, 26, 33). Despite the signifi-
cant homology of the GCMA and GCMB proteins to
their Drosophila orthologue, the unique expression pat-
terns of these two mammalian genes suggest that the
roles of these proteins have evolved and diverged signif-
icantly from those in the fly. Although GCMB is
detectable at low levels in embryonic neural tissues and
kidney (21, 23, 25), transcripts for both GCMA and
GCMB are found primarily in non-neural tissues.
Whereas GCMA is most highly expressed in the placen-
ta (25, 26), where it plays a critical role in trophoblast
differentiation (34), the GCMB gene is expressed pre-
dominantly, if not exclusively, in the PTH-secreting cells
of the developing and mature parathyroid gland (25).

Recently, parathyroid agenesis was demonstrated in
Gem2-deficient mice that were generated by targeted
deletion of the Gem2 gene (22). Similar to the patient
we describe in this report, Gem2-deficient mice develop
severe hypocalcemia and hyperphosphatemia shortly
after birth. Serum levels of intact PTH were marked
reduced or undetectable in our patient and her affect-
ed cousin, III-1, but circulating PTH in Gem2-deficient
mice was unexpectedly normal (although inappropri-
ately low relative to the hypocalcemia) and shown to

asymptomatic carrier state. As expect-
ed for a rare mutation occurring in the
homozygous state, both of
proband’s AGCMB alleles appear to
have been derived from a single com-
mon ancestor. Despite the absence of
a history of consanguinity, the restrict-
ed geographic area in which members

Marker heterozygosity and allelic frequency

The Journal of Clinical Investigation

the D6S470  D651721 D651006 D651653 D65289
Heterozygosity 0.80 0.78 Unknown 0.75 0.79
GDB accession ID 242420 674078 689069 660465 62794
Frequency allele 1 0.21 0.02 0.11 0.07
Frequency allele 2 0.25 0.02 0.08
Frequency allele 3 0.04 0.02 0.02 0.14
| October2001 | Volume108 | Number8 1219
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arise from the thymus, which shares a common embry-
ological origin with the parathyroids (22). This dis-
crepancy might reflect differences in the performance
characteristics of the PTH assays used in these studies
or could indicate that the thymus plays a less impor-
tant role as an auxiliary source of PTH in humans than
in mice, which have only two parathyroid glands.
Although we cannot exclude the possibility that the
low levels of PTH in the serum of the patients we
describe here derive from residual parathyroid tissue, it
is tempting to speculate that the human thymus does
contain PTH-secreting cells. In that case, the measura-
ble levels of circulating PTH detected in subjects III-1
and IV-2 might indicate that the thymus can provide an
auxiliary source of PTH in humans as well as mice.
Moreover, it would also suggest that the occurrence of
parathyroid rests or adenomas in patients with hyper-
parathyroidism (35-37) may not always represent
ectopic migration of an errant parathyroid gland (38).

In summary, we describe a syndrome of autosomal
recessive isolated hypoparathyroidism due to absence
of the GCMB transcription factor. Loss of the GCMB
gene appears to cause a highly specific embryological
defect that is limited to parathyroid cells. The restrict-
ed phenotype of this syndrome confirms that GCMB
controls differentiation of cells in the third and fourth
branchial pouches into parathyroid glands and indi-
cates that further study of GCMB and its regulated
genes will help to elucidate the embryological pathways
for parathyroid development.
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