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GCMB is a member of the small transcription factor family GCM (glial cells missing), which are important reg-
ulators of development, present in vertebrates and some invertebrates. In man, GCMB encodes a 506 amino
acid parathyroid gland-specific protein, mutations of which have been reported to cause both autosomal
dominant and autosomal recessive hypoparathyroidism. We ascertained 18 affected individuals from
12 families with autosomal recessive hypoparathyroidism and have investigated them for GCMB abnormal-
ities. Four different homozygous germline mutations were identified in eight families that originate from
the Indian Subcontinent. These consisted of a novel nonsense mutation R39X; a missense mutation, R47L
in two families; a novel missense mutation, R110W; and a novel frameshifting deletion, I298fsX307 in four
families. Haplotype analysis, using polymorphic microsatellites from chromosome 6p23-24, revealed that
R47L and I298fsX307 mutations arose either as ancient founders, or recurrent de novo mutations.
Functional studies including: subcellular localization studies, EMSAs and luciferase-reporter assays, were
undertaken and these demonstrated that: the R39X mutant failed to localize to the nucleus; the R47L and
R110W mutants both lost DNA-binding ability; and the I298fsX307 mutant had reduced transactivational abil-
ity. In order to gain further insights, we undertook 3D-modeling of the GCMB DNA-binding domain, which
revealed that the R110 residue is likely important for the structural integrity of helix 2, which forms part of
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the GCMB/DNA binding interface. Thus, our results, which expand the spectrum of hypoparathyroidism-
associated GCMB mutations, help elucidate the molecular mechanisms underlying DNA-binding and transac-
tivation that are required for this parathyroid-specific transcription factor.

INTRODUCTION

Hypoparathyroidism (HPT) is an endocrine disorder in
which hypocalcaemia and hyperphosphataemia are the
results of a deficiency of parathyroid hormone (PTH) (1–3).
Patients with HPT may develop seizures or tetany due to the
hypocalcaemia. The inherited forms of HPT may occur as
either isolated endocrinopathies with autosomal recessive,
autosomal dominant or X-linked recessive transmission, or
as part of complex congenital anomalies such as the DiGeorge
(MIM #188400) and hypoparathyroidism-deafness-renal (HDR)
dysplasia (MIM #146255) syndromes (http://www.ncbi.nlm.nih.
gov/sites/entrez-?db=OMIM) (1,2,4–10). Autosomal dominant-
HPT (AD-HPT) and autosomal recessive-HPT (AR-HPT) have
been reported in association with germline mutations of the PTH
gene (MIM ∗168450) (5–7), or the Glial Cells Missing
Homolog B (GCMB) gene located on chromosome 6p24.2
(MIM ∗603716) (8,11–14). GCMB belongs to a small family
of GCM transcription factors that are present in vertebrates
and some invertebrates (15), which share a common zinc-
coordinating DNA-binding domain (16), referred to as the
GCM domain, that characteristically binds to a consensus
motif 5′-ATGCGGGT-3′ (15,17,18). In mammals, there are
two GCM proteins, referred to in man as GCMA and
GCMB, and in mouse as Gcm1 and Gcm2. The N-terminal
GCM domain of both proteins is evolutionarily highly con-
served, but their C-terminal region, which contains two trans-
activation domains, is not conserved. The mammalian GCM
proteins also differ in their temporal–spatial expressions
(19–22). Gcm1 expression has been demonstrated in the
foetal placenta, the late embryonic thymus and perinatally in
the kidney (19,20), whereas Gcm2 expression appears to be
restricted to the developing and adult parathyroid glands
(21). Indeed, studies of a mouse deleted for Gcm2 have
shown that Gcm2-deficient mice develop HPT, which can
vary from severe hypocalcaemia causing early postnatal
death, to mild hypocalcaemia that does not affect the viability
or fertility of the mice (22). The HPT in these Gcm2-deficient
mice has been shown to be due to a lack of parathyroid
glands, thereby demonstrating the requirement of this
parathyroid-specific transcription factor during murine
parathyroid organogenesis (22).

To date, only three different homozygous GCMB mutations
have been reported in patients with AR-HPT (Fig. 1)
(8,11,12). These consist of a large intragenic deletion encom-
passing exons 1–4 and two missense mutations, R47L and
G63S, which involved residues within the GCM DNA-binding
domain (8,11–13). The R47L mutation abolished the normal
DNA binding ability of the GCMB protein (12), while the
G63S mutation did not alter DNA binding, but abolished
the transactivation capacity of the GCMB protein (11). In
order to understand further the mechanisms underlying this
parathyroid developmental disorder and the role of the

transcription factor, GCMB, we ascertained patients with
AR-HPT and investigated them for GCMB mutations and
their functional consequences.

RESULTS

GCMB genetic analysis in AR-HPT families

Eighteen individuals with AR-HPT from 12 families were
ascertained (Table 1). In 11 families, the parents of the pro-
bands were known to be consanguineous. Ten families origi-
nated from the Indian Subcontinent, one family was from
the Middle East and one family was from Somalia in Africa.
DNA sequence analysis of the entire 1521 bp coding region,
together with the associated splice sites and 5′ and 3′ untrans-
lated regions of the GCMB gene, revealed the presence of 9
DNA sequence alterations in 9 of the 12 AR-HPT probands
(Fig. 1 and Tables 1 and 2). Eight of these probands were
homozygous for the DNA sequence alterations, consistent
with an autosomal recessive trait, but one of the probands,
from family 19/01, was heterozygous for the nucleotide substi-
tution, and not consistent with an autosomal recessive associ-
ation with the phenotype. This heterozygous substitution,
which was located in exon 5 and resulted in a nonsynonymous
change in the GCMB protein (Y282D), has been previously
reported in an unrelated patient with HPT as a polymorphism,
as it did not co-segregate with HPT in the family (23). This
Y282D polymorphism was therefore not further investigated.

The eight homozygous GCMB mutations that were ident-
ified in eight of the AR-HPT probands consisted of four differ-
ent mutations and these comprised a nonsense mutation
(R39X), two missense mutations (R47L and R110W) and an
intragenic deletion of 1 nucleotide that is predicted to result
in a frameshift (fs) and a premature termination codon
(I298fsX307) (Table 2 and Fig. 2). The I298fsX307 mutation
was observed to occur in four AR-HPT families while the
R47L mutant was observed in two AR-HPT families
(Table 2 and Fig. 3). Haplotype analyses using three poly-
morphic microsatellite loci within a 4 Mbp region that
flanked the GCMB locus on chromosome 6p24.2, was under-
taken to assess for relatedness in these families that originated
from the North-West region of the Indian Subcontinent. This
revealed that among the four families with the I298fsX307
mutation (Fig. 2), two families (1/04 and 11/08) were likely
to have had a common ancestor, but that the other two families
(9/06 and 1/05) are unrelated (Fig. 3). Furthermore, analysis of
family 1/05, in which the parents are non-consanguineous,
revealed that the I298fsX307 mutation had arisen indepen-
dently in the father and mother (Fig. 3). These results,
which show the repeated occurrence of the I298fsX307
mutation on different haplotypes, indicated that this may be
a potential mutational ‘hot-spot’. A similar analysis of the
two families (11/07 and 16/08) harbouring the R47L mutation
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revealed that the families were unrelated and that the mutation
had arisen independently within a potential ‘hot-spot’. Three
of these mutations, the R39X, R110W and I298fsX307, have
not been previously reported, while the R47L has been
reported in two other families (12,13). The occurrences of
the mutations were confirmed by restriction endonuclease

analysis (Fig. 2 and Table 2), and individuals affected with
AR-HPT were demonstrated to be homozygous while their
unaffected normocalcaemic parents and siblings were hetero-
zygous, consistent with an autosomal recessive disorder
(Fig. 2). The absence of all of these DNA sequence abnormal-
ities in 110 alleles from 55 unrelated normal individuals

Figure 1. Schematic representation of the genomic structure of the GCMB gene illustrating the locations of mutations identified in AR-HPT patients. The human
GCMB gene consists of five exons, spanning �15 Kb of genomic DNA on chromosome 6p24.2 and encodes a 506 amino acid transcription factor that contains a
GCM DNA-binding domain (GCM DBD), two transactivation domains (TAD1 and TAD2), an inhibitory domain (ID) and a predicted nuclear localization signal
(NLS) at residues 176–191 (24). The sizes of exons 1, 2, 3, 4 and 5 are 162, 253, 113, 126 and 1703 bp, respectively. The ATG (translation start) and the TGA
(Stop) sites are in exons 1 and 5, respectively, and the untranslated regions (5′ and 3′) are shown in black. The locations of the four homozygous GCMB mutations
(letters A to D), together with one heterozygous polymorphisms (Y282D, letter E), identified in nine AR-HPT probands by the present study are shown. The details
of these DNA sequence alterations are shown in Table 2. In addition, the three previously reported homozygous mutations R47L, G63S and deletion involving exons
1–4, are shown numbered 1 to 3, respectively (8,11–13). The polymorphism Y282D (letter E) has been previously reported in an unrelated patient (23). Mutation D
was found to occur in four probands, and mutation B, which has been previously reported in two probands (mutation 1) (12,13), was found to occur in a further two
probands. This yields a total of six different homozygous GCMB abnormalities in 12 AR-HPT patients. In addition, the two previously reported heterozygous
AD-HPT-causing GCMB mutations c.1389delT and c.1399delC are shown labelled X and Y, respectively (13,14).

Table 1. Clinical and serum biochemistry findings in 18 AR-HPT patients in 12 families

Mutation/
polymorphisma

Family/patient (sexb) Hypoparathyroidism Geographical
origingSerum Ca2+ mmol/lc Serum PTH (assay range)d Presentatione Agef

A 1/07 Proband (M) 1.29 UD I 14 days In
B 11/07 Proband (F) 0.90 3 pg/ml (10–65) Se 9 days In

Brother (M) 1.36 ,10 pg/ml Se 5 days In
B 16/08 Proband (F) 1.35 ,10 pg/ml (10–50) Se 6 weeks In

Sister (F) 2.02 ,10 pg/ml As 1 week In
C 13/08 Proband (M) 1.10 ,0.3 (1–6) Se 1 year In

Mother (F) 1.36 N/D Se 25 years In
D 9/06 Proband (M) 1.17 ,1 pg/ml (7–53) Se 4 weeks In
D 1/04 Proband (F) 1.51 UD Te/Se 2 weeks In

Brother (M) 1.13 UD Te/Se ,4 weeks In
D 1/05 Proband (F)h 1.25 UD Se 9 days In
D 11/08 Proband (F) 1.74 ,6 pg/ml (11–65) Se 4 months In
E 19/01 Proband (M) 1.35 6.5 pg/ml (12–70) Te 8 years Me
Ndi 1/06 Proband (M) 1.26 ,5 pg/ml (10–60) Se 3 years Sa

Sister (F) 1.28 7 pg/ml (10–60) I/Te 9 years Sa
Ndi 1/03 Proband (M) 1.02 8.3 ng/l (10–29) Se 4 weeks In

Brother (M) 1.57 6 ng/l (10–29) Se 15 months In
Ndi 2/89 Proband (M) 1.71 ,16 ng/l (20–80) P 3 weeks In

aMutation/polymorphism, location and details are shown in Figure 1 and Table 2, respectively.
bSex: M, male; F, female.
cL: low, exact value not known, serum total calcium-pretreatment values (normal range ¼ 2.10–2.60). N/A denotes details not available.
dSerum PTH: UD, undetectable; N/D, not determined.
eAs, asymptomatic; I, irritability; Se, seizures; Te, tetany; P, poor feeding and weight gain.
fAge at diagnosis.
gIn, Indian Subcontinent; Me, Middle East; Sa, Somalia (Africa).
hNon-sanguineous family. All other families were consanguineous.
iNd, None detected.
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indicated that these DNA sequence changes were mutations
and not functionally neutral polymorphisms that would be
expected to occur in .1% of the population.

The R47L mutation has been previously reported to lead to
disruption of DNA binding activity, and the three newly ident-
ified mutations (R39X, R110W and I298fsX307), which
occurred in exons 2 or 5 (Fig. 1), predict structurally significant
changes (Table 2). Thus, the R39X mutation is predicted, if
translated, to lead to a truncated GCMB protein lacking the
DNA-binding domain (DBD), the predicted nuclear localiz-
ation signal (NLS) and both transactivation domains (TAD1
and 2); the R110W mutation involves substitution of a highly
conserved, basic, hydrophilic arginine for an aromatic, hydro-
phobic tryptophan residue within the DBD, and is predicted
to disrupt the correct folding of this protein domain and hence
affect its ability to bind DNA; and the frameshift deletion
I298fsX307 is predicted to lead to a loss of the C-terminal
209 amino acids of GCMB (298 to 506), and hence a loss of
the C-terminal TAD2 (Table 2) that would lead to a reduction
in transactivational ability. GCM mutations were not detected
in �33% (4 of the 12) of the AR-HPT families, although our
study did not search for intronic mutations. A comparison of
the phenotypes in patients harbouring GCMB mutations with
those without GCMB mutations revealed no significant differ-
ences (Table 1), suggesting that it would be difficult to
predict the likelihood of a GCMB mutation being the underlying
cause on the basis of clinical findings. The functional effects of
these four different identified GCMB mutations (Table 2 and
Fig. 1) were assessed further.

Nuclear localization studies

To assess the functional significance of the mutations on
GCMB (Table 2 and Fig. 1) which is known to contain a pre-
dicted NLS at residues 174 to 191 (24), we transfected COS-7
cells with green fluorescent protein (GFP)-tagged wild-type
and mutant GCMB constructs. Fluorescence microscopy
revealed that the wild-type GCMB protein and three of the
mutant (R47L, R110W and I298fsX307) GCMB proteins

that retain the predicted NLS were exclusively localized to
the nucleus. However, the R39X mutant, which lacks the pre-
dicted NLS, did not accumulate in the nucleus and resembled
the result found for GFP vector alone (Fig. 4), consistent with
a loss of nuclear localization. These results indicate that the
three mutants (R47L, R110W and I298fsX307) which localize
to the nucleus may alter the transactivating capacity of
GCMB, whereas the R39X mutant that lacks the DBD, NLS
and TAD1 and (Fig. 1 and Table 2) two domains and does
not localize exclusively to the nucleus is unlikely to influence
transactivation function. The three GCMB mutants, R47L,
R110W and I298fsX307, were therefore further investigated
for DNA-binding and transactivation activity.

DNA binding studies

The R47L, R110W and I298fsX307 GCMB mutants did not
affect the nuclear localization, and we therefore performed
electrophoretic-mobility shift assays (EMSAs) using nuclear
extracts from COS-7 cells transfected with wild-type or
mutant GCMB c-Myc tagged constructs to investigate the
DNA binding properties of the wild-type and mutant GCMB
proteins (Fig. 5). The GCMB mutant I298fs307X retained
DNA-binding, whereas the two GCMB missense mutants
R47L and R110W, which involve highly conserved residues
(Fig. 6) within the GCM DBD (residues 19–174) (Fig. 1
and Table 2), failed to bind the DNA consensus recognition
motif (Fig. 5). To elucidate further the structural requirements
of the R47 and R110 residues for DNA-binding we undertook
comparative modelling studies of the GCMB–DNA complex.

Three-dimensional modelling the GCMB–DNA complex
and the predicted effects of the GCMB mutants R47L
and R110W

The GCM family of proteins share a structurally common
DBD, and alignment of the mouse Gcm1 DBD (residues
14–171) with that of the human GCMB (residues 19–176)
demonstrated a 68% identity between the two domains

Table 2. GCMB DNA sequence alterations detected in nine AR-HPT patients

Mutation/polymorphisma Familyb Exon Codon Base change AA change REc Effectd

Nonsense mutation
A 1/07 2 39 CGA � TGA Arg � Stop DdeI Loss of DBD, TAD 1&2, NLS, and ID

Missense mutation
B 11/07 2 47 CGC � CTC Arg � Leu BsaHKAI Disruption of DBD
B 16/08 2 47 CGC � CTC Arg � Leu BsaHKAI Disruption of DBD
C 13/08 2 110 CGG � TGG Arg � Trp NlaIII Disruption of DBD

Intragenic deletion
D 1/04 5 298 ATC � A–C Frameshift RsaI Premature terminatione

D 1/05 5 298 ATC � A–C Frameshift RsaI Premature terminatione

D 9/06 5 298 ATC � A–C Frameshift RsaI Premature terminatione

D 11/08 5 298 ATC � A–C Frameshift RsaI Premature terminatione

Polymorphism
E 19/01 5 282 TAT � GAT Tyr � Asp HphI Nonef

aMutation/polymorphism letter refers to location shown in Figure 1.
bFamily identification refers to clinical details shown in Table 1.
cMutation/polymorphism confirmed using analysis by restriction endonuclease (RE) digestion.
dDNA-binding domain (DBD); transactivation domain (TA); nuclear localization signal (NLS); inhibitory domain (ID).
eMissense peptide 9 amino acids from 298 to 306, followed by premature stop at codon 307; truncated protein with disruption of the ID and loss of TAD2.
fLikely no functional effect, as previously reported to not co-segregate with HPT (23).
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(Fig. 6A). This level of homology allowed a reliable model of
the GCMB DBD in complex with DNA to be determined by
comparative modelling, based on the previously published
Gcm1-DNA crystal structure (PDB ID: 1ODHA, http://www.
ebi.ac.uk/pdbe/) (25) (Fig. 6B). This model was used to
study the structural consequences that may explain the disrup-
tion of DNA-binding by the R47L and R110W mutants. The
AR-HPT associated GCMB R47L mutation is not located on
the DNA-binding interface of GCMB, thereby suggesting
that this mutation affects DNA binding through an indirect
mechanism (12,25). More recently, using modelling of the
GCMB–DNA complex at an atomic structural level, it has
been shown that R47 forms a side-chain hydrogen bond
with D22, which cannot form in the L47 mutant, and that
this interaction is important for stabilizing the amino-terminal
region of GCMB (Fig. 6C) (26). Thus, loss of this polar side-
chain interaction in the R47L mutant is likely to lead to mis-
folding or destabilization of the GCMB protein. A similar
analysis of the AR-HPT associated GCMB R110W mutation,
which is located within a helix that forms part of the DNA-
binding interface, predicts that three side-chain hydrogen
bonds form between R110 and the highly evolutionarily con-
served residues A104, I105 and D107 (Fig. 6D and E).
These three hydrogen bonds are likely required, in the wild-
type protein, for the stabilization of the strand-bend-helix
structure that fits into the DNA groove (Fig. 6D). However,
the W110 mutation predicts a loss of formation of these poten-
tially stabilizing polar contacts as the substitution of the aro-
matic tryptophan residue at this position, which has a larger
van der Waals volume compared with arginine, may sterically
hinder the correct folding of the GCMB protein, and thereby
disrupt the DNA binding interface with a consequent loss of
DNA-binding by the mutant GCMB protein.

Luciferase reporter assays

The effects of the AR-HPT GCMB mutants on gene expression
were assessed by luciferase reporter assays (Fig. 7), in which
wild-type and mutant GCMB c-Myc tagged constructs were
co-transfected into DF-1 cells, with a CaSR-promoter (P1) luci-
ferase reporter vector, which has recently been shown to contain
a responsive endogenous GCMB DNA recognition site (13).
Co-expression of the P1 construct with wild-type GCMB
resulted in a significant increase, by �2-fold increase in relative
luciferase activity, when compared with that of the empty
pCMV-Myc vector. Expression of each of the mutant GCMB
(R47L, R110W or I298fsX307) constructs alone with the P1
construct did not increase relative luciferase activity when com-
pared with that of empty vector, thus indicating loss of transac-
tivational capacity of these mutant GCMB proteins (Fig. 7).
However, co-transfection of the mutant GCMB R47L or
R110W constructs with the wild-type GCMB construct had
no effect on the transcription activity which was similar to
that of the wild-type alone (Fig. 7). These results are consistent
with the autosomal recessive inheritance of these GCMB
mutations. However, co-transfection of the mutant GCMB
I298fsX307 construct with the wild-type GCMB construct
resulted in only a �1.1-fold increase in transcriptional activity
when compared with that of the empty vector (Fig. 7). The
I298fsX307, which can bind DNA (Fig. 5) and has an intact

Figure 2. Detection of a GCMB frameshifting-deletion mutation in exon 5 in
four families with AR-HPT by restriction enzyme analysis. (A) DNA sequence
analysis of each proband revealed a 1 bp deletion (nucleotide 893) at codon
298, thus altering the wild-type (WT) sequence ATC, encoding an isoleucine
(Ile, I), to the mutant (m) sequence ACC, encoding a threonine (Thr, T). This
single base deletion is predicted to lead to a frameshift with the incorporation
of nine missense amino acids followed by a premature termination signal at
codon 307. The frameshift deletion also resulted in the gain of an Rsa I restric-
tion endonuclease recognition motif (GT/AC). (B) Rsa I restriction endonu-
clease analysis facilitated the confirmation of the mutation in the families
(probands are denoted by an asterisk). (C) PCR amplification and Rsa I diges-
tion would result in two products of 291 and 92 bp from the wild-type (WT)
allele, but three products of 210, 92 and 80 bp from the mutant (m) allele, as
illustrated in the restriction map. All the five individuals affected with HPT are
homozygous, whereas their asymptomatic, normocalcaemic parents are het-
erozygous, consistent with an autosomal recessive inheritance of this disorder.
The parents in families 11/04, 11/08 and 9/06 were known to be consangui-
neous, whereas the parents from family 1/05, who were heterozygous for
the mutation, were not known to be consanguineous and this was confirmed
by haplotype analysis (Fig. 3). Absence of this frameshifting deletion in 110
alleles from 55 unrelated normal individuals (N1 to N3 shown) indicates
that it is not a common DNA sequence polymorphism. Individuals are rep-
resented as male (square); female (circle); unaffected (open symbol); affected
(filled symbol); S, DNA size markers from a 100 bp ladder; -, no DNA control.
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TAD1 (Fig. 1), only resulted in AR-HPT in homozygous indi-
viduals but not in heterozygous individuals (Fig. 2), indicating
that the mildly decreased level of �1.1-fold activity may still be
above a threshold value needed to fulfil the cellular function of
GCMB as a transcription factor in heterozygous individuals.
This would be consistent with the findings of other transcription
factors for which such dosage effects, which are above a critical
level and able to promote organ development, have been
reported (27).

DISCUSSION

Our results, which have identified four different mutations of
the GCMB gene (Table 2) in eight probands and their families,
expand the spectrum of mutations, report the first nonsense
and frame-shifting deletion mutations, and further establish
the role of GCMB in the aetiology of this developmental

disorder. In addition, our studies of these GCMB mutations
help increase our understanding of the underlying DNA
binding and transactivation that are involved in the function
of this parathyroid gland-specific transcription factor. Thus,
the four mutations (R39X, R47L, R110W and I298fsX307)
identified in GCMB which cause AR-HPT lead to reduced
transactivation by one of three mechanisms: mislocalization
(R39X), loss of DNA binding (R47L and R110W) or loss of
transactivation (I298fsX307). Finally, our findings show that
the I298fsX307 and R47L mutations have arisen independently
in unrelated AR-HPT families from the North-West region of
the Indian Subcontinent. Such recurrent mutations have been
called mutation ‘hotspots’ (28), and these may be associated
with nucleotide substitutions or deletions within homonucleo-
tide repeats, or during the repair of mismatches caused by het-
eroduplex formation between imperfect direct repeats (29–32).
However, neither of these recurrent mutations, R47L and

Figure 3. Haplotype analysis using chromosome 6p23-24 loci and the GCMB mutation in AR-HPT families. The genotypes at the 3 chromosome 6p23-24 micro-
satellite polymorphic loci 6pter-D6S470-D6S1721-D6S1653-6pcen that span an approximate 4 Mb region were ascertained in the four families with the GCMB
frameshifting deletion (I298fsX307) in exon 5 (Fig. 2) and the 2 families with the R47L mutation (Table 2). The GCMB locus is flanked by D6S470 and
D6S1721 and the size of the respective intervals are indicated in parenthesis. The paternal haplotypes are on the left and the maternal haplotypes are on the
right. Analysis of the four families (1/04, 1/05, 9/06 and 11/08) harbouring the I298fsX307 mutation demonstrated inheritance of a single mutant allele
within each of the three families (1/04, 9/06 and 11/08) consistent with consanguinity. In addition, the haplotypes carrying the GCMB mutation in families
1/04 and 11/08 are identical, thereby suggesting relatedness. Analysis of family 1/05 demonstrated that the two parental mutant allele haplotypes differed at
2 of the 3 loci, thereby indicating that this mutation had likely arisen independently in the ancestors of the father and mother. Analysis of the two families
(11/07 and 16/08) harbouring the R47L mutation demonstrated inheritance of a single mutant allele in family 16/08, consistent with consanguinity.
However, in family 1/05 the two parental haplotypes harbouring the GCMB mutation differed at 2 of the 3 loci, thereby indicating that the parents are non-
consanguineous and that this R47L mutation had arisen independently in the ancestors of the father and mother. The symbols denoting individuals are as
described in Figure 2. N/A, not available.
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I298fsX307, occurred within such repeat elements, and the
underlying mechanisms causing these remain to be elucidated.

Our functional studies provide interesting insights into the
structural–functional relationships of the GCM domains. Thus,
the mutations that disrupt the GCM DBD, lead to a loss of
DNA binding (Fig. 5), whereas the C-terminal truncation does
not lead to a loss of DNA binding, but instead reduces the

transactivational ability of the protein (Fig. 7). The two missense
mutations, R47L and R110W (Fig. 1 and Table 2), which result
in alterations of evolutionarily conserved basic residues within
the DBD of the GCM family members, are predicted to disrupt
the tertiary structure of the DBD (Fig. 6). This in turn is predicted
to result in a loss of DNA binding (Fig. 5) and hence a likely
reduction in the transcription of target genes. In contrast to the
GCM DBD missense mutants, the frameshift-deletion mutant,
I298fsX307, retains DNA-binding ability (Fig. 5), but has a
reduced transactivation potential due to lack of the C-terminal
TAD2 (amino acids 428–506) (Figs 1 and 7). This is consistent
with previous studies that have shown TAD2 to be important for
the transactivation potential of mouse Gcm2 (33). Interestingly,
the transactivational ability of the truncated I298fsX307 mutant,
which still retains TAD1, is comparable to that observed for the
two missense mutants (R47L and R110W) that fail to bind DNA,
suggesting that TAD2 is the major determining factor of GCMB
transactivation potential. In addition, the I298fsX307 mutation
only resulted in AR-HPT in homozygous individuals, but not
in heterozygous individuals (Fig. 2), demonstrating the recessive
nature of this mutation. However, when the heterozygous state

Figure 4. Subcellular localization of wild-type and GCMB mutants identified
in patients with AR-HPT. COS-7 cells were transfected with either EGFP–
GCMB constructs or empty EGFP-vector. COS-7 cells that were transfected
with EGFP alone or that were untransfected were used as controls. At 24 h
post-transfection, cells were fixed and stained using propidium iodide to ident-
ify nuclei. Fluorescence microscopy, using the appropriate filters, was per-
formed to detect EGFP (green) and propidium iodide (red) signals. Nuclear
localization was confirmed by merging the images and detection of yellow
emission. The wild-type GCMB localized to the nucleus. In addition, the
three GCMB mutants, R47L, R110W and I298fsX307, also localized to the
nucleus. However, the R39X GCMB mutant was distributed in both
the nucleus and cytoplasm, similar to that observed with EGFP alone,
thereby demonstrating that this nonsense GCMB mutant has disrupted
nuclear localization. Images were captured under identical conditions. Scale
bar ¼ 10 mm.

Figure 5. Analysis of DNA-binding properties of wild-type and GCMB
mutants associated with AR-HPT. (A) Western blot analysis of cell lysates
obtained from COS-7 cells transiently transfected with c-Myc-tagged
GCMB wild-type or mutant constructs. Use of a c-Myc monoclonal antibody
detected the expected 58 kDa GCMB wild-type and mutant, R47L and
R110W, proteins. However, the GCMB frameshift deletion (I298fsX307)
yielded the predicted truncated 38 kDa product (Table 2). An untransfected
cell lysate (UT) was used as a control. (B) Electrophoretic mobility shift
assay, EMSA. COS-7 cells were transfected with either the wild-type or
mutant c-Myc-tagged GCMB constructs, and whole cell lysates were prepared
for binding reactions, which used a (32)P-radiolabeled double-stranded (ds)
oligonucleotide containing the GCM consensus DNA sequence (15,17,18)
and an anti-c-Myc antibody (9E10). Control binding reactions using untrans-
fected (UT) cell lysates and oligonucleotide alone (OA), i.e. without nuclear
extract, were performed. Wild-type GCMB protein bound the dsDNA oligonu-
cleotide, whereas the two GCMB missense mutants (R47L and R110W),
which alter residues within the DBD (Fig. 1), did not bind the dsDNA
oligo. However, the frameshift deletion (I298fsX307) GCMB mutant retained
the ability to bind the GCM consensus DNA sequence.
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Figure 6. Sequence alignment and three-dimensional modelling of the human GCMB DBD. The mammalian GCM proteins, GCMA and GCMB in man and
Gcm1 and Gcm2 in mouse, have a conserved GCM DBD (Fig. 1). (A) Protein sequence alignment of the DBD of mouse Gcm1 (residues 14–171) and human
GCMB (residues 19–176) using BLAST 2 sequences (39) revealed a 68% identity between the two domains. Amino acid residues shared between these DBDs
are shown, similar residues are depicted with a plus sign, and non-conserved residues are indicated by a gap. This level of homology allows a reliable model of
the GCMB DBD in complex with DNA to be determined by comparative modelling, based on the previously published Gcm1 DBD-DNA crystal structure (PDB
ID: 1ODH_A) (25). The locations of the GCMB residues, R47 and R110, are numbered and shown in bold. (B) The model of the GCMB DBD (residues 19–176)
in complex with DNA (5′-CGATGCGGGTGCA-3′) is shown with the protein shown in grey, DNA double-helix coloured orange and two coordinated Zn2+

atoms as magenta spheres. The residues D22, R47, A104, I105, D107 and R110 are shown in stick presentation coloured by element (carbon, grey; oxygen,
red; nitrogen, blue) and polar side-chain contacts made by R47 and R110 are shown as dotted green lines. (C) Expanded view of the structural effect of the
R47L GCMB mutant causing AR-HPT. Models of the wild-type R47, and mutant L47 proteins are shown on the left and right, respectively, with important
residues shown in stick presentation coloured by element. In the wild-type model (left), the side-chain hydrogen bond formed between the nitrogen of R47
and the oxygen of D22 is depicted as a dotted green line. In the mutant model (right), a hydrogen bond cannot form between L47 and D22. This hydrogen
bond is very near the N-terminal of the protein and is likely to be required for the correct folding or stabilization of the mature protein. Thus, loss of this
polar side-chain interaction in the R47L mutant is likely to lead to mis-folding or destabilization of the GCMB protein. (D) Expanded view of the structural
effect of the R110W GCMB mutant causing AR-HPT. Models of the wild-type R110, and mutant W110 proteins are shown on the left and right, respectively.
In the wild-type model (left), three side-chain hydrogen bonds (dotted green lines) are predicted to form between R110 and the highly conserved residues A104,
I105 and D107. In the mutant model (right), these hydrogen bonds cannot form between W110 and these residues. The hydrogen bonds, present in the wild-type
protein, formed by R110, located in helix 2, are likely required for the stabilization of the strand-bend-helix structure that fits into the DNA groove. In addition to
loss of these potentially stabilizing polar contacts in the mutant protein, it is also important to recognize that the aromatic side chain of the mutant W110 residue
has a larger van der Waals volume than the wild-type R110 residue, and therefore this could also lead to destabilization of the strand-bend-helix structure. (E)
These residues (D22, A104, I105 and D107) that are important for the functional effects of the R47L and R110W mutations are highly evolutionarily conserved
and shown bold on protein sequence alignment of the DBD of human GCMB (residues 19–176), mouse Gcm2, chicken Gcm2, D. Rerio GCMB, X. Laevis
GCMB, and Drosophila GCM, using BLAST 2 sequences (39). Amino acid residues shared with Human GCMB DBD are shown, similar residues are depicted
with a plus sign, and non-conserved residues are indicated by a gap.
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was mimicked in the in vitro luciferase reporter assay
(I298fsX307 + wild-type), the transactivation potential was
only slightly increased compared with I298fsX307 alone,
whereas the missense mutants co-transfected with wild-type
recovered a transactivation potential comparable with wild-type.
This could suggest that the I298fsX307 mutant is acting in a
partial dominant-negative fashion, or that the critical threshold
dosage requirement for GCMB is very low, and that only a com-
plete absence of functional GCMB protein would result in
AR-HPT. This would be consistent with the findings from the
Gcm2 mouse knockout model in which only Gcm22/2 mice
developed hypocalcaemia and hypoparathyroidism (22). This
would suggest that GCMB function may not depend on grada-
tions in the dosage of the transcription factor, as reported for
other transcription factors (34,35), but may instead depend on
an ‘on-off’ binary mechanism.

Our studies demonstrate the importance of GCMB in the
aetiology of autosomal recessive-isolated hypoparathyroidism,
particularly within families from the Indian subcontinent
where GCMB mutations may account for up to 80% of
cases, and highlight that GCMB gene mutational analysis be
undertaken even when there is no evidence of parental consan-
guinity. Finally, �33% of probands with AR-HPT in our study

did not have GCMB coding region or splice site mutations,
even though they were clinically indistinguishable from those
who had GCMB mutations (Table 1). This reflects the
genetic heterogeneity of AR-HPT, which may also be caused
by PTH mutations (5,6), or mutation of as-yet-unidentified
genes. In conclusion, our results expand the spectrum of
AR-HPT associated GCMB mutations and increase our under-
standing of mechanisms by which GCMB mutations cause
this developmental disorder.

MATERIALS AND METHODS

Patients

Eighteen patients from 12 families with AR-HPT were ascer-
tained. Ten of these families originated from the North-West
region of the Indian Subcontinent and two families, in
whom GCMB mutations were not identified, originated from
the Middle East and Somalia in the Horn of Africa
(Table 1). All of the affected individuals were hypocalcaemic
with serum calcium ranging from 0.90 to 2.02 mmol/l, and this
was associated with tetany or seizures in 15 patients (Table 1).

DNA sequence analysis of the GCMB gene

Venous blood was obtained after informed consent, as
approved by the local ethical committee (MREC/02/2/93),
and used to extract leukocyte DNA (10). Eight pairs of
GCMB-specific primers (details available on request) were
used for the PCR amplification of the five coding exons and
adjoining splice junctions (Fig. 1) utilizing 150 ng of
genomic DNA. The DNA sequences of both strands were
determined by Taq polymerase cycle sequencing and resolved
on a semi-automated detection system (ABI 377 sequencer;
PE Applied Biosystems, Foster City, CA, USA) (10). DNA
sequence abnormalities were confirmed by restriction endonu-
clease analysis, using methods previously described (10).

Microsatellite polymorphic loci

The genotypes at the microsatellite polymorphic loci D6S470,
D6S1721, D6S1653 from chromosome 6p23-24 (8) were
determined using a 5′ fluorescently labelled forward primer
and an unlabelled reverse primer, as previously described (36).

GCMB constructs

A wild-type GCMB construct was prepared in pGEM-T
(Promega) and used as a template for the generation of
mutant GCMB constructs by use of site-directed mutagenesis
(Quikchange, Stratagene, CA, USA) (37). The DNA
sequences of all constructs were verified by Taq polymerase
cycle sequencing and resolved on a semi-automated detection
system (ABI 377 sequencer; PE Applied Biosystems, Foster
City, CA, USA), as previously described (10). The wild-type
and mutant GCMB constructs were subcloned in-frame into
the mammalian expression vectors pEGFP-C3 and
pCMV-Myc (BD Biosciences Clontech, CA, USA), to yield
GCMB tagged at the N-terminus with EGFP or c-Myc,
respectively (10,38).

Figure 7. Luciferase reporter assay of wild-type and mutant GCMBs associ-
ated with AR-HPT. Wild-type and mutant GCMB constructs were
co-transfected with the pGL3-CaSR luciferase reporter vector (pGL3-CaSR
luc) containing a GCMB binding site and a plasmid encoding Renilla lucifer-
ase (pRL-null Vector) into DF-1 cells. Cells were harvested 48 h after trans-
fection and assayed for luciferase activity. Three separate experiments were
performed in triplicate, and the data are represented as mean firefly: renilla
ratio+SEM of all experiments. Wild-type (WT) GCMB expression resulted
in 2-fold increase in relative luciferase activity when compared with transfec-
tion with the empty pCMV-Myc vector (V). Expression of the GCMB mutants
(R47L, R110W or I298fsX307) alone failed to increase the relative luciferase
activity above that observed with the empty vector. However, co-transfection
of the wild-type GCMB with the GCMB mutants R47L and R110W (WT +
R47L, WT + R110W) restored luciferase activity, whereas co-transfection
with the I298fsX307 GCMB mutant (WT + I298fsX307) failed to restore
the full luciferase activity.

2036 Human Molecular Genetics, 2010, Vol. 19, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/19/10/2028/702400 by U
.S. D

epartm
ent of Justice user on 16 August 2022



Nuclear localization studies using enhanced green
fluorescent protein–GCMB fusion constructs

COS-7 cells were cultured on glass coverslips to 50–60% con-
fluency, and transiently transfected with 0.4 mg DNA of the
appropriate expression construct using FuGENE 6 (Roche,
Basel, Switzerland). Twenty-four hours post-transfection, the
cells were washed with phosphate buffered saline (PBS),
fixed in 4% paraformaldehyde, permeabilized using Triton
X-100 (0.5% v/v) containing RNaseA (100 mg/ml), stained
with propidium iodide (3 mg/ml) (Sigma, MO, USA) and
mounted with Vectashield (Vector Laboratories, CA, USA)
(38). The subcellular localizations of the fusion proteins
were visualized using a Nikon Eclipse fluorescence micro-
scope and NIS-elements BR 2.30 imaging software (27).
Images were recorded under identical conditions.

Electrophoretic mobility shift assays (EMSAs)

COS-7 cells, which do not endogenously express GCMB, were
transfected with either a wild-type or mutant c-Myc-tagged
GCMB construct. Forty-eight hours post-transfection, the
cells were harvested, and total cell extracts were prepared,
as previously described (18). Western blot analysis using
9E10 monoclonal antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) against c-Myc confirmed the presence
of GCMB-tagged protein in the extracts. For super-shift
EMSAs, extracts were incubated for 10 min on ice, 1 ml
9E10 antibody added and incubated on ice for a further
10 min before addition of 0.5 ng of a (32)P-labelled double-
stranded oligonucleotide containing the GCM consensus, as
previously described (18). After a 20 min incubation on ice,
the binding reactions were loaded onto native-polyacrylamide
gels and electrophoresed in 0.5X TBE at 200 V for 40 min.
Gels were dried and exposed for autoradiography.

Computer modelling of GCMB DNA-binding
domain structure

The evolutionary conservation of human GCMB residues and
their homologies to mouse Gcm1, and other vertebrate and
invertebrate GcmB factors were assessed using the online
Basic Local Alignment Search Tool (BLAST) available at
the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
(39). The three-dimensional crystal structure of the murine
Gcm1 GCM DNA-binding domain in complex with DNA
has been reported (25), and because the DNA-binding
domains of mouse Gcm1 and human GCMB are 68% identical
(82% similar), we modelled the position of the GCMB
mutants R47L and R110W, on this framework. The mouse
Gcm1 GCM domain-DNA complex three-dimensional
structure is archived in the Protein Data Bank (PDB) at the
European Bioinformatics Institute (EBI) with the PDB ID:
1ODH_A (http://www.ebi.ac.uk/pdbe/), and was visualized
using the MacPyMOL program (DeLano Scientific LLC).

Generation of luciferase reporter constructs and assays

To test the transcriptional activity of GCMB mutant proteins, a
CaSR-promoter luciferase reporter construct, containing an

endogenous GCMB DNA motif (13), was generated by PCR
amplification of the promoter region and exon 1A (40) from
genomic DNA using the forward primer CaSR-pr-F tagged
with a KpnI restriction site (5′-ggtaccatgcccaggtgtaatccgacc)
and reverse primer CaSR-pr-R tagged with XmaI restriction
site (5′-cccgggccaaactcttactcattctg). This PCR product was
subcloned into pGEM-T (pGEM-T-promoter construct). An
expressed sequence tag (EST) clone was obtained from
I.M.A.G.E. consortium (IMAGE: 5925-107) and was used in
PCR amplification of CaSR cDNA containing the partial
exon 1A (overlapping with promoter sequence cloned into
pGEM-T) and exon 2 using forward primer CaSR-Im-F
(5′-aaggagggagctgtttgccagc), and reverse primer CaSR-Im-R
tagged with XmaI restriction site (5′-cccgggttctgccgtctctcca
gggca). This PCR product was subcloned into pGEM-T,
digested with PshAI and XmaI, and ligated into
pGEM-T-promoter construct digested with the same
enzymes. The fused promoter region, exon 1A and exon 2,
were digested from pGEM-T with KpnI and XmaI and
cloned upstream of the luciferase gene into pGL3 basic
vector (Promega) digested with the same enzymes. The
DNA sequences of both strands of the pGL3-CaSR lucifera
se reporter construct were verified by Taq polymerase cycle
sequencing and resolved on a semi-automated detection
system (ABI 377 sequencer; PE Applied Biosystems, Foster
City, CA, USA) (10).

DF-1 cells were transiently transfected in 24-well plates
with a total of 400 ng of plasmid DNA per well using
FuGENE 6 transfection reagent as follows: 100 ng/well of
pGL3-CaSR luciferase reporter plasmid containing a GCMB
binding site in its promoter; 0.5 ng/well of plasmid encoding
Renilla luciferase (pRL-null Vector; Promega, Madison, WI,
USA) to allow normalization of the data; and a total of
300 ng of plasmid encoding wild-type or mutant GCMB
and, when appropriate, empty vector pCMV-Myc to keep
the amount of transfected plasmid DNA constant. Cells were
harvested 48 h after transfection and assayed for luciferase
activity using the Dual Luciferase Reporter Assay (Promega,
Madison, WI, USA). Three experiments were carried out
in triplicate, and the data are represented as mean firefly:
renilla ratio+SEM of all experiments, as previously
reported (27).
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