
hormone (PTH) secretion. PTH levels measured in serum
of HDR patients range from low-normal to undetectable.
This leads to symptomatic or subclinical manifestations
such as hypocalcaemic seizures, calcium deposits and
bone demineralisation. The deafness found in HDR pa-
tients is of the sensorineural type, bilateral and present at
birth. The hearing loss is more pronounced at the higher
frequencies and the severity ranges from moderate to se-
vere, necessitating the use of hearing aids. The renal
anomalies observed in HDR patients belong to a spec-
trum of malformations including renal hypo- and dys-
plasia, vesico-ureteral reflux and agenesis of the kidney.
Penetrance of these renal anomalies is variable, since
some HDR patients lack renal abnormalities. However,
renal malformations may be subtle or even resolve spon-
taneously with age, and remain therefore undetected. 

Unravelling the molecular basis of the HDR syndrome

The gene responsible for the HDR syndrome was identi-
fied during a detailed study of individuals with the DiGe-
orge syndrome (MIM 188400). These patients present ab-
normalities in organs derived from the third and fourth
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Abstract. Recently, a member of the GATA-binding fa-
mily of transcription factors was shown to be involved in
the human hypoparathyroidism, sensorineural deafness
and renal anomalies (HDR) syndrome. Deletion-map-
ping studies and subsequent mutation analysis revealed
that haploinsufficiency for GATA3 is the underlying me-
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chanism of the HDR syndrome. Here we discuss the cli-
nical characteristics of the HDR syndrome and present an
overview of the role of GATA3 and related GATA-bin-
ding transcription factors during vertebrate embryonic
development and their involvement in human disease.

Key words. GATA3; transcription factor; HDR syndrome; DiGeorge; embryonic development.

The human HDR syndrome

The combination of hypoparathyroidism, sensorineural
deafness and renal anomalies was described for the first
time in 1992 by Bilous et al. [1] in a family with autoso-
mal dominant hypoparathyroidism, sensorineural deaf-
ness and renal dysplasia (fig. 1), and termed the HDR
syndrome. This autosomal dominant malformation syn-
drome represented a new clinical entity and was given a
separate entry in the Mendelian Inheritance in Man cata-
logue (MIM 146255, [2]). Since then, only a few other
patients with HDR have been reported; they include a pa-
tient with HDR reported by Beetz et al. [3] and a family
with partial HDR reported by Watanabe et al. [4]. This
latter family features autosomal dominant hypoparathy-
roidism and sensorineural deafness without renal dys-
plasia. Besides these patients, two further families were
reported by Barakat et al. [5] and Shaw et al. [6], but in
these families, the pattern of inheritance is not clear and
the renal anomalies are not well defined. 
Clinically, the hypoparathyroidism is characterised by
low serum calcium as a result of deficient parathyroid
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branchial arches, including the parathyroid glands,
thymus and outflow tract of the heart. A microdeletion in
chromosome 22q11 is present in the majority of Di-
George patients. However, in a small group of patients,
there is evidence of deletion or aberration in chromosome
10p. Since the first description by Elliot et al. [7], more
than 40 patients with a “DiGeorge-like” phenotype and a
partial deletion of chromosome 10p have been reported in
the literature [8]. Molecular deletion analyses of these pa-
tients have delineated two non-overlapping regions on
chromosome 10p that contribute to this phenotype. Ter-
minal 10p deletions (10p14–10pter) are associated with
hypoparathyroidism, renal anomalies and sensorineural
deafness, whereas interstitial deletions (10p13–14) are
associated with cardiac malformations and immune defi-
ciency (fig. 2) [9–13].
As has often been the case in disease gene discovery, a pa-
tient carrying a rare cytogenetic reciprocal insertional
translocation [13] enabled cloning of the gene respon-
sible for the HDR syndrome. Using deletion-mapping
studies in this patient and in the original reported HDR
family [1], a critical HDR region on chromosome
10p14–15 was delineated, which contains the GATA3
gene (fig. 2). Mutation analysis in HDR patients without
cytogenetic abnormalities confirmed the involvement of
GATA3 in the human HDR syndrome [14]. All mutations
found thus far result in absence of DNA binding by the
mutant GATA3 protein, leading to haploinsufficiency.

GATA3 belongs to an important family 
of transcription factors

GATA3 belongs to a family of transcription factors that
bind to a GATA consensus motif (A/TGATAA/G)

through a highly conserved C4 zinc finger domain [15].
Six members (GATA1–GATA6) of this family have been
identified, all showing distinctive tissue-specific expres-
sion [16], and playing an essential role during vertebrate
development [17–20]. Among different vertebrate spe-
cies, the GATA proteins are also highly conserved with,
for example in the case of GATA3, a 96% amino acid (aa)
identity between human and mouse, 92% aa identity be-
tween human and chicken and 80% aa identity between
human and Xenopus species. Even in invertebrates,
GATA family members have been identified, such as the
Caenorhabditis elegans protein elt-1 [21] and several
single-finger GATA-binding fungal factors [22–24].
The expression pattern of GATA3 during embryonic de-
velopment, at least at the tissue level, is highly conserved
among different vertebrates [25–28]. In human embryos,
GATA3 expression can be detected from the beginning of
the 4th week of gestation [29]. From then on, GATA3
transcripts are observed in various developing embryonic
and foetal tissues, including the developing kidney [30],
the parathyroids and the inner ear [29], consistent with
the human HDR phenotype. 
A homozygous Gata3 knock-out mouse has been report-
ed by Pandolfi et al. [18] and displays multiple organ ab-
normalities, especially of the central nervous system 
together with a total block of T-cell differentiation and
massive internal bleeding, resulting in lethality at mid-
gestation. This embryonic lethality is partially due to a
noradrenaline deficiency of the sympathetic nervous sys-
tem, as shown by pharmacological rescue of mutant mice
using catechol intermediates [31]. In these mice, later-
occurring embryonic defects mimicking the human pa-
thology could be detected, encompassing the kidney and
cephalic neural crest [31]. In contrast to human GATA3
haploinsufficiency, heterozygous Gata3 knock-out mice

Figure 1. Pedigree of the family reported by Bilous et al. [1] with autosomal dominant hypoparathyroidism, sensorineural deafness and re-
nal dysplasia. Solid symbols represent family members affected with HDR. Striped symbols represent family members who were possibly
affected. The cause of death in the deceased family members is listed below the symbol. SIDS, sudden infant death syndrome; *normo-
calcaemia and normal audiometric results; ++ normal kidneys and parathyroids on post-mortem examination.
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were reported to be normal. However, careful re-exami-
nation of these animals showed the presence of sensori-
neural deafness in the heterozygous mutants (F. Grosveld,
personal communication). This was already suspected
from detailed GATA3 expression studies during ear mor-
phogenesis in normal and mutant mice [32]. 
The precise pathogenesis of the developmental anomalies
caused by GATA3 haploinsufficiency is unknown and
difficult to assess at this time. To date, no potential target
genes of GATA3 are known in the developing kidney, in-
ner ear or parathyroids. It will be interesting to determine
if related GATA3-regulated developmental pathways are
present in these functionally and morphogenetically dif-
ferent organs. However, the expression of GATA3 in hu-
man and mouse embryos is not restricted to these organs
alone. GATA3 expression can also be detected in the
foregut, the liver, the developing eye, the branchial arches
and in different regions of the developing brain and peri-
pheral nervous system [25, 29]. This indicates that these
developing tissues and organs might be less susceptible to
GATA3 haploinsufficiency. Alternatively, redundancy by
other GATA family members in these organs cannot be
excluded. So far, redundancy for GATA transcription fac-
tors has been observed in haematopoiesis, where GATA2
[19], and GATA3 can partially rescue GATA1 loss of
function [33]. A close interaction between GATA2 and
GATA3 has also been detected in the developing hind-
brain. Temporally, GATA2 expression precedes that of
GATA3 and is required to initiate GATA3 expression in
rhombomere 4 [34].
Thus far, in two HDR patients, no mutations in the coding
part of the GATA3 gene have been found [14]. The pre-
sence of mutations in the intron sequences or in the regu-

latory sequences flanking the gene, however, cannot be
excluded. These transcriptional regulatory elements are
located at substantial distances 5¢ and 3¢ to the gene, as
shown in experiments with transgenic mice [35, 36]. On
the other hand, the absence of GATA3 mutations in these
patients may indicate non-allelic genetic heterogeneity
for the HDR syndrome. The existence of specific
GATA3-interacting proteins may present a possible alter-
native. Two GATA cofactors have been identified. Friend
of GATA1 (FOG1), a multitype zinc finger protein, inter-
acts with GATA1 and is predominantly expressed in
haematopoietic lineages, as is GATA1 [37]. Mice lacking
FOG1 display a similar block in erythroid cell maturation
as is seen in GATA1 null mutants [38], indicating close
co-operation during erythroid and megakaryocytic cell
differentiation. In humans, the importance of this
GATA1-FOG1 interaction was recently illustrated in a fa-
mily with dyserythropoietic anaemia and thrombocyto-
penia due to a GATA1 mutation affecting this multi-pro-
tein complex [39]. For GATA4, a similar interaction with
another cofactor, FOG2, is present. GATA4 is expressed
in the developing heart, gut and gonads [40] and Gata4
knock-out mice display defects in early cardiac and gut
morphogenesis [17, 41]. In humans, also, GATA4 ha-
ploinsufficiency is suspected to cause the cardiac malfor-
mations observed in patients with partial chromosome 8p
deletions which include the GATA4 gene [42]. It is of in-
terest that targeted mutation of the FOG2 gene in mice
also leads to a cardiac malformation, namely tricuspid
valve atresia [43]. 
Besides these two cofactors, a whole array of other pro-
teins has been described that interact with GATA proteins
and function as transcriptional activators or repressors

Figure 2. Schematic representation of the two non-overlapping regions on chromosome 10p, the HDR region at 10p14–15 and the region
for heart malformations and immune deficiency at 10p13–14. The microdeletions (grey and black solid bars) found in the translocation
patient and in the reported HDR family overlap, thereby delineating a critical HDR region (between the arrowheads). The GATA3 gene
(black square) maps within the HDR critical region. Nearby polymorphic microsatellite markers are shown (open boxes). Not drawing to
scale.



[44]. The tissue and organ specificity of these widely ex-
pressed GATA transcription factors is likely orchestrated
by cell type-specific interactions with other transcription
factors, which are expressed in a restricted pattern.
Perhaps one of the most unexpected findings is the ab-
sence of immune deficiency in patients with GATA3 ha-
ploinsufficiency. None of the patients that were tested
suffered from recurrent or clinically significant infec-
tions, and their lymphocyte counts, B and T subsets and
functional tests were normal [14]. This is surprising,
since GATA3 is known to play an essential role in T-cell
development [18, 45]. GATA3, GATA1 and GATA2 are
necessary factors for haematopoiesis: gene disruption of
any of them results in major haematopoietic defects in the
mouse [19, 20, 45]. However, GATA1, GATA2 and GATA3
display different lineage-restricted patterns of expression.
GATA3 is expressed mainly in very immature haemato-
poietic progenitors and subsequently only in the T-cell
and natural killer-cell lineages. In Gata3–/– mice, T-cell
differentiation is blocked at the earliest stages of thy-
mocyte development [45]. Based on these findings, and
in analogy with GATA1 mutations, one might expect T-
cell abnormalities in patients lacking one functional
GATA3 allele. However, thus far, no abnormalities have
been found. Redundancy by other GATA factors can be
excluded, since GATA3 is the only GATA factor expres-
sed in the T-cell lineage. This suggests that these haema-
topoietic developmental processes are probably less or
not susceptible to haploinsufficiency of GATA3, compar-
ed to the morphogenetic events. The immune abnormali-
ties observed in patients with large 10p deletions must be
caused by other genes on 10p, most likely located within
the region 10p13–14 (fig. 2).
In conclusion, besides unravelling the molecular cause of
the human HDR syndrome, the finding that GATA3 ha-
ploinsufficiency results in a distinct pattern of malforma-
tions will stimulate further research into the developmen-
tal role of this transcription factor and related proteins. 
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