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The occurrence of neurological symptoms and developmental delay in patients
affected by congenital hypothyroidism (CH) has been attributed to the lack of
thyroid hormone in the developing CNS. Accordingly, after the introduction of
neonatal screening programs for CH, which allowed early and adequate treat-
ment, an almost normal outcome for most CH patients could be achieved. How-
ever, a few patients did not reach this favorable outcome despite early and ade-
quate treatment. Here we describe five patients with variable degrees of CH who
suffered from choreoathetosis, muscular hypotonia, and pulmonary problems,
an association of symptoms that had not been described before this study. Since
this clinical picture matched the phenotype of mice targeted for deletion of the
transcription factor gene Nkx2-1, we investigated the human NKX2-1 gene in
these five patients. We found heterozygous loss of function mutations in each
of these five patients, e.g., one complete gene deletion, one missense mutation
(G2626T), and three nonsense mutations (2595insGG, C2519A, C1302A).
Therefore, the unfavorable outcome in patients with CH, especially those with
choreoathetosis and pulmonary symptoms, can be explained by mutations in
the NKX2-1 gene rather than by hypothyroidism. Moreover, the association of
symptoms in the patients with NKX2-1 mutations points to an important role
of human NKX2-1 in the development and function of thyroid, basal ganglia,
and lung, as already described for rodents.

This article was published online in advance of the print edition.
The date of publication is available from the JCI website, http://www.jci.org.
J. Clin. Invest. 109:475-480 (2002). DOI:10.1172/JCI200214341.

Introduction

Choreoathetosis is defined as rapid
involuntary and slow writhing move-
ments due to congenital or acquired
defects of the basal ganglia. Hunting-
ton disease represents a late-onset
progressive variant of chorea with
neurodegeneration of the striatum

caused by inherited amplification of a
CAG repeat in exon 1 of the huntingtin
gene (1) (MIM 143100). In contrast,
the early onset and nonprogressive
chorea in few familial cases of “benign
hereditary chorea” (MIM118700) sug-
gest a molecular defect of basal gan-
glia development. Recently, benign

hereditary chorea was linked to a
region on chromosome 14 including
the NKX2-1 gene, known to be
expressed during basal ganglia devel-
opment in rodents (2).

The NKX2-1 gene is a member of the
NK-2 gene family (3), which is related
to Drosophila NK2/vnd (ventral nerv-
ous system defective) and which is
defined by a tyrosine residue at posi-
tion 54 of the DNA-binding home-
odomain (HD). Due to its expression
in the thyroid gland, the gene was ini-
tially named thyroid transcription fac-
tor-1 (TTF-1) (4). As described for
other NK2 genes, NKX2-1 follows a
complex pattern of expression during
mouse embryogenesis that includes
transcription in the forebrain, thyroid,
and developing lung (5). Developmen-
tal defects of these structures were
observed in homozygous Nkx2-1-null
mice (6) characterized by transforma-
tion of pallidum to striatum, a com-
plete absence of the thyroid gland, and
hypoplasia of the lung with severe res-
piratory failure and early death.

Based on the cloning from thyroid
cells (4) and the severe phenotype of
thyroid dysgenesis in Nkx2-2-/- mice
(6), the human NKX2-1 gene first
gained interest as a candidate gene for
congenital hypothyroidism (CH).
However, so far several studies have
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failed to show NKX2-1 mutations in
patients with various types of thyroid
dysgenesis (7-9). In contrast, two
patients with a large chromosomal
deletion spanning the NKX2-1 gene
were found to be affected by a variety
of symptoms in the CNS, thyroid, and
lung (10, 11). Therefore, it could be
hypothesized that mutations in the
human NKX2-1 gene might resultin a
complex disease including neurologi-
cal, thyroid, and respiratory problems.
We searched for mutations in the
NKX2-1 gene in patients with symp-
toms matching this predicted
NKX2-1-deficiency phenotype.

Methods
Mutational analysis. The entire coding
region of the NKX2-1 gene was ampli-
fied in one fragment from genomic
DNA (forward primer: 5'CGGGAG-
GCAGTCGATCCCTACTCAG; reverse
primer: 5° AGGGCCGGCCCGGCGTC-
CTCTCACC). Exon 1, 2, and 3 were
sequenced with an ABI prism 377
sequencer (Applied Biosystems, Fos-
ter City, California, USA) using
appropriate primers. Identified muta-
tions were confirmed by sequencing
of both alleles after cloning PCR frag-
ments into a TOPO cloning vector
(Invitrogen, Groningen, The Nether-
lands) or by restriction analysis of
PCR fragments using Mscl, Bfal, and
HpyCH4v (NEB, England Biolabs).
Immunobistochemistry. Histological
studies were performed using stan-
dard techniques for peroxidase stain-
ing using a NKX2-1/TTF-1-specific

Table 1
Phenotype of NKX2-1 mutant patients

Ab generated against rat recombinant
antigen (DAKO Corp., Carpinteria,
California, USA). The human tissues
were from autopsy sections. The rat
tissues were prepared without prior
extended fixation.

Electromobility shift assay. NKX2-1 HD
was cloned from genomic DNA of
patient 2 into the pCRT7/CT-TOPO
expression, and the correct sequence
was confirmed by direct sequencing of
the constructs. BL21PlysS cells were
chemically transformed and stimulat-
ed with isopropyl-B-p-thiogalactopy-
ranosid (IPTG) to produce an
HD/Flag fusion protein according to
standard protocols. Total protein
extracts were then purified using a
Bio-Rad Econo-Pac S Cartridge (Bio-
Rad, Miinchen, Germany). An electro-
mobility shift essay (EMSA) was per-
formed using 32P-labeled oligo-C
(5’-CAC TGC CCA GTC AAG TGT TCT
TGA-3") as a probe and mutated
oligo-C (5’-CAC TGC CCA GTC ACG
CGT TCT TGA-3') as a nonspecific con-
trol, as described previously (3). To
ensure equivalent amounts of wild-
type and mutant HD protein, Western
blot analysis was performed using a
monoclonal M2 anti-Flag Ab (Sigma,
Deisenhofen, Germany) according to
the improved manufacturer’s recom-
mendations. Equivalent amounts of
total protein were ascertained by top-
ping the samples with purified extract
from bacteria transformed with the
empty vector alone and measurement
of the correct protein load with the
Bio-Rad protein assay (Bio-Rad).

Three-dimensional model. Wild-type HD
protein vnd/NK2 was modeled with
RasMol using the atomic coordinates
from the Brookhaven Protein Data

Bank (http://www.rcsb.org/index.html).

Results

In a cohort of 150 children identified
in a neonatal screening program for
CH, we observed choreoathetosis,
neonatal respiratory distress, and fre-
quent severe pulmonary infections in
two patients (Table 1).

Cytogenetic studies identified an
interstitial deletion of chromosome 14
affecting the chromosomal region (14;
ql1.2q13.3) in patient 1 (Figure 1),
including the NKX2-1 locus confirmed
by comparative genomic hybridization
(data not shown). In patient 2, direct
sequencing of PCR products spanning
the entire coding region of the NKX2-1
gene revealed a heterozygous mutation
(G2626T) in exon 3 (Figure 1). This
missense mutation changes a highly
conserved valine at amino acid (aa)
position 45 of the DNA binding HD to
phenylalanine (Figure 2a).

Based on these results, we extended
the NKX2-1 mutational analysis to
other patients with CH and mild thy-
roid abnormalities associated with
neurological symptoms including
choreoathetosis, muscular hypotonia,
ataxia, and retarded development, as
well as pulmonary symptoms diag-
nosed in several other centers. Within
this group of 13 patients we detected
a boy (patient 3, Table 1) with a het-
erozygous GG insertion at nucleotide

Patient Current age Max. TSHA Min. T4 Thyroid gland Respiratory Pulmonary Choreoathetosis Mutation
[years] [mu/1] [ng/dl] imaging distress infection
(0.5-5) (6.5-15)

1 16 44 5.9 hypoplasia severe severe-frequent severe deletion
2 15 122 2.9 Bhypoplasia moderate severe-frequent severe G2626T
(missense)
3 3 12 11 normal no few-mild severe 2595insGG
(nonsense)

4 13 55 3.9 Bhypoplasia no no severe C2519A
(nonsense)

5 1.5 825 <1 Cagenesis severe no Pmuscle C1302A
hypotonia (nonsense)

ATSH concentrations of patients 1, 2, 4, and 5 are from the initial diagnosis in the neonatal period or from the off-treatment period at an age of 2 years. Patient 2
was diagnosed with euthyroid hyperthyreotropinemia at an age of 15 months. All TSH concentrations during the period of L-thyroxine treatment were normal, indi-
cating adequate substitution. BNo apparent thyroid tissue seen in scintigraphy performed in neonatal period; hypoplasia at reinvestigation by ultrasound. “So far
only scintigraphy performed in neonatal period. PMuscular hypotonia represents the initial symptom of infants developing choreoathetosis later in childhood.
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Figure 1

Genotype of NKX2-1-deficient patients. The
complete genomic structure of NKX2-1 gene
is shown. Different transcription start sites
have been described leading to 5’-alternative
transcripts indicated by +1 in black, accord-
ing to Hamdan et al. (25), and in gray,
according to lkeda et al. (26). Numbering of
nucleotides are shown according to both ref-
erences and have been used to indicate the
mutations according to the most extended
genomic sequence reported by Hamdan et
al. (25). Numbering of aa residues are rela-
tive to the first residue of the DNA-binding
HD to achieve the best comparison between
mutations in different HDs containing tran-
scription factors, as suggested by the termi-
nology of vnd/NK2 gene mutations (13).
Mutations are indicated as arrows. If possi-
ble mutations were confirmed by restriction
enzyme analysis, as shown for patients 3, 4,
and 5, parental samples were obtained for
patient 2 (sequence data show normal
results, not shown) and patient 3; ctr, con-
trol DNA; nc, non-cut DNA; M, mother;
F, father; P, patient.

position 2595 in exon 3 (Figure 1). He
affected predominantly by
choreoathetosis and had only mild
thyroid dysfunction with elevated thy-
roid-stimulating hormone (TSH) and
normal serum thyroid hormone con-
centrations. The mutation resultsin a
frameshift that leads to a truncated
protein lacking the entire third helix
of the HD (Figure 2). In a fourth male
patient with CH and choreoathetosis,
a heterozygous point mutation
(C2519A) in exon 3 changed Ser at
position 9 of the HD to a premature
stop mutation. The fifth patient was
identified with severe CH associated
with muscular hypotonia and was
affected by severe respiratory distress
after birth, requiring oxygen adminis-
tration for several weeks. A nonsense
mutation in exon 2 was found
(C1320A) changing Cys at position
-75 relative to the HD into a prema-
ture stop codon (Figure 1). The clini-
cal data of all five patients are sum-
marized in Table 1. All described
mutations were heterozygous, and
available parental DNA of patient 2
and 3 were normal, suggesting de
novo mutations, at least in these two
patients (Figure 1).

For a better understanding of the
functional consequences of the muta-
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tions we generated a three-dimension-
al computer model using the pub-
lished coordinates of the NK2/vnd-
DNA complex (Figure 2b) (12).
According to this model, the change of
the highly conserved valine 45 to
phenylalanine predicts a marked dis-
tortion of the HD/DNA complex as
already described for the adjacent ala-
nine 35 threonine mutation found in
alethal Drosophila NK2 /vnd allele (13).
EMSAs confirmed this predicted loss
of binding of the mutant HD (Figure
2, cand d). Furthermore, according to
this model, the probable loss of the
entire binding helix 3 due to the non-
sense mutation of patient 3
(2595insGG) seems to result in a com-
plete loss of function of the NKX2-1
gene product (Figure 2e). The same
effect can be expected for the loss of
the entire HD due to the nonsense
mutation in patients 4 and 5.

To define more precisely the phe-
notype of patients with NKX2-1
mutations we reevaluated the struc-
tural and functional defects of the
NKX2-1-deficient patients in more
detail. Cranial magnetic resonance
imaging (MRI) with inversion recov-
ery imaging in patient 2 revealed
changes of the basal ganglia, includ-
ing a pallidum with reduced size

compared with normal values and
without visible division into a lateral
and medial part (Figure 3, a and b).
In addition, in patient 1 and 2 an
identical cystic mass was found in a
position craniodorsal to the pituitary
(Figure 3, c and d). At follow-up no
progression of the cystic mass was
evident. Functional tests revealed a
normal secretion of pituitary hor-
mones (data not shown).

The clinical data suggested a defect
of basal ganglia due to NKX2-1 defi-
ciency. Since it has already been
described that NKX2-1 is expressed
during embryogenesis in the pal-
lidum, a developmental defect can be
assumed. In addition, we asked if
NKX2-1 is also expressed in adult tis-
sue, which would imply an addition-
al functional defect of the basal gan-
glia. Therefore, expression of the
NKX2-1 protein in adult tissues
derived from human and rats was
investigated. By immunohistochem-
istry, nuclear staining was only visible
in the human lung (Figure 4b),
human thyroid (Figure 4c), rat lung
(Figure 4e), and rat hypothalamus
(Figure 4f). In contrast, NKX2-1
staining was negative in adult human
(Figure 4a) as well as rat pallidum
(Figure 4d).
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Figure 2

Position of aa exchange due to the NKX2-7 mutations
and structural consequences for the DNA interaction.
(a) Alignment of the nine known mammalian NK2 HDs
(3, 27); Tyr54, which is characteristic for NK2 HDs, is
shown in white, mutations detected in our patients are
shown in white italic underlined, the known missense
mutations of the NKX2-5 HD are shown in gray (20).
(b) Three-dimensional model of NK2 HD-DNA com-
plex. Position of Val45Phe mutation in patient 2 is
shown in black. (¢) EMSA performed with in
vitro-expressed HD protein show a clear loss of bind-
ing capacity in the mutant. Lane 1: without protein,
lanes 2-5: wild-type protein (0.5, 1, 2, and 5 pul purified
protein) lane 6: unrelated oligo; lanes 7 and 8: compe-
tition with 100-fold excess of unlabeled oligo-C (lane
7) and unrelated oligo (lane 8) (amount of protein
applied corresponding to lane 3); lanes 9-11: mutant
protein (2, 5, and 10 pl of purified protein); lane 12:
mutant protein with unrelated and unlabeled oligo;
black arrow marks bound oligo, white arrow marks free
oligo. (d) Western blots using anti-Flag-antibody are
aligned with lanes 2-5 and 9-11 of (c) showing the
equivalence in amounts of HD protein used.(e) The
truncated HD due to the 2595insGG nonsense muta-
tion in patient 3 is shown in the predicted conforma-
tion relative to the DNA-binding groove lacking helix 3.
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Discussion
We identified the first five patients
with heterozygous NKX2-1 mutations
who are affected by choreoathetosis,
hypothyroidism, and respiratory prob-
lems, an association of symptoms as
yet not described. Since all five
patients were adequately treated with
L-thyroxine, the unfavorable neurolog-
ical outcome is most likely related to
NKX2-1 deficiency in the thyroid and
the brain rather than to the conse-
quence of hypothyroidism. Therefore,
the observation of a developmental
delay or neurological symptoms in CH
patients diagnosed in neonatal screen-
ing programs should lead to a molec-
ular diagnosis of genes expressed in
the developing thyroid and brain.
The finding of dysgenesis of the
pallidum in patient 2 corresponds to
developmental defects of the basal
ganglia in Nkx2-1-deleted mice (14).
In addition, the structural alteration
of the basal ganglia in patient 2
seems to explain the clinical find-
ing of choreoathetosis. Since im-
munohistochemical studies revealed
that the NKX2-1 gene product is
not expressed in adult neurons of
the basal ganglia, NKX2-1 seems to
be of importance in the develop-
mental regulation of basal ganglia

formation, but does not play a role in
continuous basal ganglia function.

This predominant role for CNS
organogenesis rather than CNS func-
tion was also suggested by the finding
of a cystic diencephalic mass in patient
1 and 2. Nkx2-1 is expressed in the
diencephalic endoderm leading to
subsequent expression of Fgf8, which
in turn promotes pituitary develop-
ment (15). In addition, homozygous
targeted disruption of Nkx2-1 results
in ablation of the pituitary gland (6).
This functional role of Nkx2-1 at the
interphase of diencephalic and pitu-
itary development in rodents corre-
lates with the formation of a cystic
mass exactly at the same position in
affected patients. Since in the het-
erozygous patients the morphology of
the pituitary appeared to be normal
and pituitary hormone secretion was
not altered, these findings suggest that
the cystic mass reflects an alteration of
diencephalic development rather than
pituitary function.

The variable spectrum of thyroid
abnormalities in the NKX2-1-mutant
patients includes functional as well as
developmental defects. While in
patient 3 the mild elevation of TSH
with normal thyroid hormone secre-
tion clearly points to a functional

defect only, the finding of thyroid dys-
genesis in the other four patients also
reflects a developmental defect of the
thyroid gland. A functional thyroid
defect can be explained by the reduced
activation of the well-known NKX2-1
target genes in thyroid follicular cells,
e.g., TSH receptor, thyroid peroxidase,
and thyroglobulin gene (16). The
molecular defects leading to thyroid
dysgenesis in the NKX2-1 mutation
carriers remains elusive since no target
genes of NKX2-1 during thyroid devel-
opment has been described.

Nkx2-1 was shown to participate
both in lung morphogenesis and in
respiratory epithelial cell gene regula-
tion, especially of surfactant protein
(SP) genes (17). It has been shown that
SP-B is critical for reduction of alveo-
lar resistance leading to respiratory
distress in SP-B~/~ mice (18). SP-A and
-D play an important role in pul-
monary host defense (19). Variable
pulmonary problems were found in
all patients, including neonatal respi-
ratory distress requiring mechanical
ventilation (for a short time in
patients 1 and 2 and for several weeks
in patient 5). In addition, frequent
and sometimes severe pulmonary
infections in the first years of life were
present (patient 1 and 2). In patient 1,
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Figure 3

Morphological brain alterations of patients with NKX2-1 mutations.
(a) Inversion recovery view of MRI sequence of supratentorial struc-
tures in a normal age-matched proband. White matter maturation is
complete; basal ganglia appear hypointense in comparison. Medial
and lateral parts of the pallidum are clearly distinguishable. ¢, cau-
date; p, putamen; Ip, lateral part; mp, medial part. (b) MRI of patient
2 demonstrates abnormal basal ganglia. At a comparable level of MRI
section a hypoplastic pallidum with a lack of differentiation into medi-
al and lateral part can be seen (arrow). Structure and signal intensity
of putamen and caudate nucleus are normal. Brain maturation is
unaltered, and there is no malformation of cerebral cortical structure.
(¢) MRI of the pituitary-diencephalic region of patient 1 (T1-image)
showing a cystic mass in the posterior part of the sella turcica (arrow).
(d) MRI of this region of patient 2 (T2-image) showing an identical
mass at the same position (arrow). Isodense appearance in respect to
ventricular structures clearly demonstrates its cystic character.

a developmental defect appearing as
lung sequestration was diagnosed and
resected within the first year of life.
Therefore, alteration of NKX2-1 func-
tion during development could have
resulted in the lung sequestration of
patient 1, whereas the predisposition
to pulmonary infections and neonatal
respiratory distress can be explained

a

on a molecular level by the reduced
expression of SPs.

The detailed description of defects in
homozygous Nkx2-1-null mice show a
more severe phenotype compared with
the symptoms observed in the het-
erozygous human patients. Moreover
heterozygous mice were not reported
to have any abnormalities (6). The
same differences in human versus mice
phenotypes were found in another
member of the NK2 gene family, e.g.,
NKX2-5. In humans carrying a het-
erozygous NKX2-5 mutation an atri-
oventricular conduction block associ-
ated with mild to severe morphological

pu
Figure 4
Expression of the NKX2-1 protein in
human and rat adult tissues. (a)
Human basal ganglia. The inset
shows no nuclear staining of the
NKX2-1 Ab. Nuclear staining is vis-
ible in human lung (b) and human
thyroid (c). In the rat brain (d) ke
staining is negative in the pallidum
(as shown in the inset) on a cellular
level but positive in the lung (e) and

the hypothalamus (f). pu, puta- e

men; pa-l, lateral pallidum; pa-m,
medial pallidum; ic, internal capsle.

cardiac defects was described (20). In
contrast, heterozygous Nkx2-5*/~ mice
were reported to be normal while in
NKX2-57- mice an arrest of heart
development at an early stage was
reported (21). Subsequent reinvestiga-
tion of heterozygous Nkx2-5 mice
revealed subtle functional and mor-
phological cardiac defects influenced
by the genetic background (22). Simi-
lar findings in heterozygous NKX2-1
mice have now been reported (23). This
dominant inheritance of transcription
factor mutations with species-specific
sensitivity to gene dosage has already
been described for members of other

pa-1 pa-m

transcription factor gene families
involved in early development, such as
PAX genes (24).

Our data show that NKX2-1 muta-
tions result in a complex phenotype
resembling the tissue expression pat-
tern of the NKX2-1 gene, affecting
brain, thyroid, and lung. This pattern of
organ manifestation of NKX2-1 muta-
tions appears to be similar in the affect-
ed patients. This clinical similarity in
patients affected by a large deletion of
chromosome 14q and by loss of func-
tion mutations within the NKX2-1 gene
implies that this phenotype is entirely
due to NKX2-1 haploinsufficiency. The
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spectrum of developmental and func-
tional defects further point to a dual
role of NKX2-1 in organogenesis as well
as in gene expression in adult tissues.
The finding of dysplasia of the pal-
lidum associated with choreo-
athetosis in NKX2-1-deficient patients
represents, to our knowledge, the first
monogenetic defect leading to a devel-
opmental disorder of basal ganglia. The
prominent finding of nonprogressive
choreoathetosis in NKX2-1-deficient
patients may suggest that other con-
genital extrapyramidal movement dis-
orders could be caused by NKX2-1
mutations. This is supported by recent
link of benign hereditary chorea to a
region on chromosome 14 including
the NKX2-1 gene locus (2).
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