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prematurely truncated protein (p.H60T fs X11) with undetect-
able activity in vitro. The c.153_166del14 leads to the gen-
eration of an elongated aberrant protein (p.A52R fs X351) 
able to translocate into the nucleus, but completely inactive 
on a responsive promoter.  Conclusions:  Two novel hetero-
zygous frameshift mutations of  NKX2-1  were identified in 2 
cases selected on the basis of a BLT-like phenotype among 
183 hypothyroid infants. The atypical hypothyroid pheno-
types of these 2 children (CH with lingual ectopy or IMH of 
postnatal onset) further expand the clinical spectrum that 
can be associated with  NKX2-1  mutations. 

 © 2014 European Thyroid Association
 Published by S. Karger AG, Basel 

 Introduction 

 In humans, heterozygous loss-of-function mutations 
in  NKX2-1  gene (OMIM #600635) have been reported to 
cause a complex phenotype called brain-lung-thyroid 
(BLT) syndrome (OMIM #610978)  [1–7] . The BLT syn-
drome is a rare disease characterized by a highly variable 
penetrance and expressivity and combining neurological 
manifestations (hypotonia evolving into benign chorea 
and ataxia), pulmonary disease (neonatal respiratory dis-
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 Abstract 

  Objectives:  To verify the involvement of  NKX2-1  gene in
infants with brain-lung-thyroid (BLT) syndrome and hypo-
thyroid phenotypes variable among congenital hypothy-
roidism (CH) or idiopathic mild hypothyroidism (IMH) of post-
natal onset.  Methods:  The candidates were selected by a 
case-finding approach in 130 CH and 53 IMH infants. The 
 NKX2-1  gene was analyzed by direct sequencing and multi-
plex ligation-dependent probe amplification. The variants 
were studied in vitro, by expression analyses and  luciferase  
bioassay.  Results:  Four cases (3 CH and 1 IMH) consistent 
with BLT syndrome were identified. Two children were af-
fected with respiratory distress and CH, but wild-type  NKX2-
1  gene. The remaining two presented choreic movements 
and no pulmonary involvement, but discrepant thyroid phe-
notypes: one had severe CH with lingual ectopy and the oth-
er one IMH with gland in situ. They were carriers of new 
de novo heterozygous frameshift mutations of  NKX2-1  
(c.177delG and c.153_166del14). The c.177delG leads to a 
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tress and/or interstitial lung disease), and congenital hy-
pothyroidism (CH) of variable severity, associated either 
with athyreosis, hypoplasia or an apparently normal 
gland in situ  [1–7] , but not with ectopy as recently indi-
cated also in the document of the CH Consensus Con-
ference Group  [8] .  NKX2-1  variants had also been report-
ed in isolated benign hereditary chorea (BHC; OMIM 
#118700)  [9] . Here, we examined the frequency of a pos-
sible BLT involvement among 183 children followed for 
hypothyroidism of congenital or early postnatal onset 
and identified two novel heterozygous  NKX2-1  frame-
shift mutations that were associated with typical neuro-
logical manifestations, absent pulmonary involvement 
and atypical thyroid phenotypes, such as lingual ectopy 
or non-autoimmune mild hypothyroidism.

  Materials and Methods 

 Patients 
 Among 183 children followed at our center for hypothyroidism 

(CH in 130 or early postnatal onset between 1 and 12 months of 
age in 53), we selected the patients who were candidates for  NKX2-
1  analysis on the basis of clinical manifestations consistent with a 
BLT syndrome. The local ethics committee approved the study and 
informed consent for genetic analyses was obtained from the par-
ents of all children.

  Genetic Analysis 
 Genomic DNA was extracted from peripheral blood lympho-

cytes using the GeneCatcher gDNA 96 × 10 ml Automated Blood 
Kit (Life Technologies, Foster City, Calif., USA). The entire coding 
regions and splicing sites of  NKX2-1 ,  PAX8  and  FOXE1  genes were 
screened by direct sequencing using the Big Dye Terminator Kit 
(Life Technologies) and analyzed on the ABI Prism 3100 auto-
mated sequencer (Life Technologies). Primer sequences are avail-
able upon request. Possible deletions or alterations in the 5 ′  region 
of  NKX2-1  gene were also analyzed by Multiplex Ligation Probe 
Amplification (SALSA MLPA P319 Thyroid Probemix; MRC-
Holland, Amsterdam, The Netherlands) or direct sequencing, re-
spectively.

  Mutagenesis 
 The plasmid pSG5_h NKX2-1 _WT was kindly provided by 

Prof. Refetoff  [2] . The  NKX2-1  variants (p.A52R fs X351 and 
p.H60T fs X11) were obtained by mutagenesis using the GeneArt ®  
Site-Directed Mutagenesis PLUS System (Life Technologies). Each 
variant was confirmed by direct sequencing.

  Transient Transfections 
 NIH-3T3 cells were grown in Dulbecco’s modified Eagle me-

dium (D-MEM) (1×), with GlutaMAX TM  I supplemented with 10% 
new calf serum, and penicillin 1%-streptomycin 1% (all from Life 
Technologies). All transient transfections were performed using 
Lipofectamine TM  2000 Transfection Reagent (Life Technologies) in 
NIH-3T3 cells (80–90% confluence). Depending on the type of 
experiment, variable amounts of plasmids were mixed with Lipo-

fectamine TM  2000 in serum-free OptiMEM medium (Life Tech-
nologies) for 20 min before being added to the cells. After 4–5 h of 
incubation, the transfection medium was removed and complete 
medium was added for another 24 h.

  Expression Studies 
 Total RNA was extracted from transfected cells and the expres-

sion levels of the different constructs were evaluated by real-time 
quantitative PCR (RT-QPCR), as previously described  [10] . The 
primers are available upon request.

  For protein analyses, cells were lysed in 300 μl of lysis buffer (20 
m M  Tris pH 8, 150 m M  NaCl, 1% Triton X-100, 5 m M  EDTA, 0.2% 
BSA) containing protease inhibitors (Complete; Roche, Indianap-
olis, Ind., USA). The lysates were loaded at two different concen-
trations (5 and 20 μg) on NuPAGE 4–12% Bis-Tris gel (Life Tech-
nologies) and electrophoretically transferred to nitrocellulose 
membrane (GE Healthcare, Little Chalfont, UK). Membranes 
were probed overnight at 4   °   C with two different anti-NKX2-1 
monoclonal antibodies (Clone 8G7G3/1; Dako A/S, Glostrup, 
Denmark, or clone SPT24; Monosan, Uden, The Netherlands) di-
rected against the N-terminal domain or with anti-tubulin (Ther-
mo Scientific Pierce Antibodies, Rockford, Ill., USA), and then in-
cubated for 1 h at room temperature with secondary antibody. De-
tection was performed utilizing the ECL Plus Western Blotting 
Detection Reagents (GE Healthcare).

  For the immunofluorescence experiments, cells were plated on 
glass coverslips and 24 h after transfections they were fixed in 4% 
paraformaldehyde, and incubated for 1 h with the monoclonal an-
tibody (Clone 8G7G3/1; Dako). The Alexa Fluor 488 goat anti-
mouse IgG (Life Technologies) was used for detection, and signal 
was visualized using a confocal microscope Nikon C2+.

  Luciferase Reporter Assay 
 NIH-3T3 cells were transiently transfected with a mixture of 

500 ng of the firefly luciferase construct driven by the human thy-
roglobulin enhancer/promoter  [2] , 20 ng of the pRL-TK Renilla 
construct (Promega, Madison, Wisc., USA), as an internal control 
for transfection efficiency, and variable amounts of the WT or mu-
tant  NKX2-1  constructs. The cells were harvested at 24 h, and fire-
fly/Renilla luciferase activities were measured using the Dual-Lu-
ciferase Reporter Assay System (Promega). The efficiency of trans-
fection was normalized to the activity of Renilla construct, and the 
activity was expressed as ratio of firefly to Renilla Luciferase activi-
ties. Three independent experiments were performed in triplicate.

  Statistical Analysis 
 Statistical analyses were carried out using PRISM 4.0 software 

and we performed a one-way ANOVA analysis followed by the 
Kruskal-Wallis comparison test.

  Results 

 Patients 
 Only 4 out 183 hypothyroid children were candidates 

for  NKX2-1  analysis due to clinical manifestations consis-
tent with BLT syndrome. Cases 1 and 2 were born at term, 
they were affected with CH due to thyroid hypoplasia 
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(neonatal TSH screening >100 mU/l), and respiratory dis-
tress syndrome since the first weeks after birth. Both died 
of respiratory distress syndrome but were negative for 
 NKX2-1  alterations, also after the analysis of the regula-
tory regions of the gene or the search of possible deletions.

  The remaining 2 children had no lung disease, but 
neurological defects despite the early start of  L -thyroxine 
treatment in 1 case and the normal results of TSH screen-
ing at birth in the other. Patient 3 was born after an un-
eventful pregnancy and delivery at term. He was suspect-
ed to have CH at neonatal screening ( table 1 ). Serum eval-
uation confirmed severe hypothyroidism with high TSH 
(>200 mU/l) and low FT 4  serum levels (0.2 ng/dl, normal 
range for age 1.78–4.2 ng/dl)  [11] . Thyroid  99 Tc scintig-
raphy and US scan revealed a lingual thyroid ectopy, 
therefore  L- T 4  replacement therapy was introduced on 
the 9th day of postnatal life at 12.2 μg/kg/day. No respira-
tory problems occurred in the neonatal period or over the 
first years of life, but at 6 months of age the child mani-

fested psychomotor retardation with athetosic move-
ments and spasticity. Brain MRI as well as tests for meta-
bolic disorders were negative ( fig. 1 a, b).

  Patient 4 was born at term after an uneventful preg-
nancy. He had a negative CH screening (blood TSH at  

 Table 1.  Data of patients with NKX2-1 mutations
a   Clinical and biochemical data

Patient 3 Patient 4

Neonatal TSH screening on whole blood (normal values <10 mU/l) >100 negative
Age at diagnosis of hypothyroidism 9 days 10 months
TSH at diagnosis (normal values 0.4 – 6.3 mU/l) >200 15.9
FT4 at diagnosis (normal values 1.78 – 4.2 ng/dl) 0.2 1.4
Thyroid US scan ectopy normal
99Tc thyroid scintigraphy ectopy –
Respiratory disease none none
Age at onset of choreoathetosis 6 months 10 months
Brain MRI normal normal
NKX2-1 mutation p.H60TfsX11 p.A52RfsX351

b   Neuropsychological outcome

Patient 3 Patient 4
(2 years)

6 months 1 year 4 years

Developmental quotient
Locomotor quotient
Personal-social quotient
Hearing and language quotient
Eye and hand coordination quotient
Performance quotient

110
107
110
121
103
108

87
61
81
96
95

104

89
56

109
113

65
87

75
60
90
60
72
90

 Patient 3 underwent repeated neuropsychological evaluations at 6 months, 1 year and 4 years of age showing 
a progressive deterioration of most quotients, particularly evident in the locomotor and eye-hand coordination 
quotients consistent with the type of neurological defect.

a b

  Fig. 1.   a ,  b  Scintiscan showing the lingual thyroid ectopy (arrows) 
in patient 3 with the p.H60TfsX11 mutation. 

Downloaded from Bioscientifica.com at 11/14/2024 01:51:50PM
via free access

http://dx.doi.org/10.1159%2F000366274


 de Filippis   /Marelli   /Vigone   /Di Frenna   /
Weber   /Persani    

Eur Thyroid J 2014;3:227–233
DOI: 10.1159/000366274

230

birth <10 mU/l)  [11] . At 6 months, postural defects were 
noted in association with failure to thrive; at 10 months 
of age the baby came to our attention because of the find-
ing of idiopathic mild hypothyroidism (IMH; serum TSH 
values 14.5–15.9 mU/l, normal values 0.4–6.3) with nor-

mal FT 4  levels (normal range for age 1.5–2.4 ng/dl) ( ta-
ble 1 ). Thyroid ultrasound showed a normal gland, the 
antithyroid antibodies were negative and  L -T 4  replace-
ment therapy was started. The neurological evaluation re-
vealed hypotonia and choreoathetosis. At 2 years of age 
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Fig. 2.  a  Deduced amino acid sequences of mutant proteins (diver-
gent sequences in red; colors refer to the online version only) com-
pared with the NKX2-1 WT protein (in black). The canonical and 
putative NLS signals of NKX2-1 are in bold and underlined. The 
described homeodomain is included in a dotted box, the gluta-
mine-rich regions are highlighted in blue, and the Cys involved in 
dimerization are in green, and the Ser involved in phosphorylation 
are in yellow  [12–14] .  b ,  c  mRNA and protein expression. NIH-
3T3 cells were transiently transfected with the different constructs: 
1 = empty vector; 2 =  NKX2-1  WT; 3 = p.A52R fs X351, and 4 = 
p.H60T fs X11. The mRNA and proteins expression levels were an-

alyzed by RT-QPCR ( b ) and Western blot ( c ), respectively. In RT-
QPCR, the mRNA levels were not statistically different (one-way 
ANOVA followed by Kruskal-Wallis comparison test; n.s. = not 
significant). At Western blot, similar results were obtained with 
two different anti-NKX2-1 antibodies directed against the N-ter-
minal domain of NKX2-1. Note the 40-kDa size of NKX2-1 WT 
and the increased weight of the elongated mutant p.A52R fs X351. 
The protein expression of the p.H60T fs X11 was not detectable de-
spite the conservation of the first 60 residues, and even after the 
loading of 20-μg proteins.
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neurological defects persisted and speech was modestly 
retarded, therefore we performed brain MRI that revealed 
normal myelinization. No respiratory defect occurred 
during the first years of life.

  The neuropsychological outcome was poor in both 
cases, and a progressive deterioration was seen in case 3 
over the years ( table 1 ).

  Genetic Analysis 
 Sequencing analysis of the  NKX2-1  gene identified two 

distinct new heterozygous mutations. Both mutations are 
located in exon 2  [12] . In case 3, we detected a deletion at 
position 177 (c.177ΔG, reference sequence NM_003317.3) 
leading to a frameshift affecting the histidine-60 and gen-
erating a premature stop codon (p.H60T fs X11) ( fig. 2 a). In 
case 4, we found the deletion of 14 nucleotides at position 
153 (c.153_166Δ14, reference sequence NM_003317.3) 
leading to a frameshift involving also exon 3 and the 3 ′  un-
translated region, and generating a postponed stop codon 
(p.A52R fs X351) ( fig. 2 a). The aberrant protein is predicted 
to be 31 amino acids longer than wild-type NKX2-1 pro-

tein. Due to premature truncation or aberrant divergent 
sequence of the elongated protein, both mutants lack the 
described homeodomain, glutamine-rich domains and the 
Cys involved in dimerization of NKX2-1 protein  [12–14] .

  Both mutations occurred de novo in the 2 probands. 
Both patients have wild-type  PAX8-  and  FOXE1- coding 
sequences.

  Expression and Subcellular Localization of the
NKX2-1 Mutants 
 Despite the detection of both variant transcripts at 

RT-QPCR experiments ( fig.  2 b), the expression of the 
only mutant protein p.A52R fs X351 can be detected in 
transfected cells by Western blot ( fig. 2 c). At confocal mi-
croscopy ( fig. 3 a), both WT and p.A52R fs X351 NKX2-1 
proteins are efficiently targeted into the nucleus, despite 
the loss of the canonical nuclear localization signal (NLS) 
at amino acid residues 161–165 (RRKRR). The analysis 
of the mutated sequence revealed the generation of a po-
tential alternative NLS at position 58–62 (RRHRR) 
( fig. 2 a).
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      Fig. 3.   a  Subcellular localization of NKX2-1 
WT and p.A52R       fs X351 proteins. Nuclei are 
stained in blue with DAPI, and green fluo-
rescence stains the NKX2-1 variants; both 
of them are efficiently targeted to the nu-
cleus (colors refer to the online version 
only).      b  A reporter luciferase expression 
vector was co-transfected into NIH-3T3 
cells with the    NKX2-1  WT or mutated plas-
mids. The cDNA amounts and combina-
tions used in transfection experiments are 
indicated. Promoter activity is expressed as 
fold induction relative to the activity of the 
empty vector. Luciferase activity is normal-
ized to Renilla activity derived from the co-
transfection of pRL-TK vector.  *  p < 0.0001 
vs. 250 ng WT-NKX2-1;  *  *  p not signifi-
cant vs. 125 ng WT-NKX2-1 + 125 ng emp-
ty vector.   
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  Luciferase Assay 
 The  luciferase  activity detected in cells transiently trans-

fected with 250 ng of WT- NKX2-1  cDNA is about fourfold 
higher over baseline, whereas no activation of the TG pro-
moter can be detected with both mutant proteins ( fig. 3 b). 
In cells co-transfected with equal amounts of WT and mu-
tant  NKX2-1 , thus mimicking the heterozygous condition 
in vivo, we detect about 50% of the WT activity ( fig. 3 b). The 
co-transfection of different WT/mutant proportions fails to 
show interference by mutant proteins on WT bioactivity.

  Discussion 

 Among a series of 183 infants followed for hypothy-
roidism, the BLT phenotypes suggesting a possible  NKX2-
1  involvement were detected in 4 cases. However, we 
identified two new heterozygous frameshift mutations in 
 NKX2-1  gene in only 2 of them, showing typical neuro-
logical defects but a completely different thyroid pheno-
type. One was affected with severe CH, whereas the sec-
ond was negative at neonatal TSH screening, but was
diagnosed with IMH at the age of 10 months during
examinations for the onset of choreoathetosis. These thy-
roid phenotypes are atypical in patients with  NKX2-1  
pathogenic variants  [4–8]  and patient 3 represents the 
first CH case of lingual ectopy associated with a mutation 
in this gene  [8] . Differently, the finding of mild hypothy-
roidism of postnatal onset in the second child under-
scores the importance to evaluate thyroid function in pa-
tients coming to the pediatrician or neurologist attention 
for choreic movements. Indeed,  NKX2-1  mutations were 
previously reported in patients with isolated BHC  [9] .

  The pathogenic role of both frameshift variations is in-
deed supported by several findings: first, the concomitant 
de novo appearance of the genetic and phenotypic defects 
in the two families  [15] ; in addition, in vitro experiments 
demonstrate the complete loss-of-function for both muta-
tions. The p.H60T fs X11 truncated protein was undetect-
able at Western blot, whereas the aberrant elongated pro-
tein p.A52R fs X351 is translated and can translocate into 
the nucleus of transfected cells, but fails to activate the  TG  
promoter and to interfere with WT- NKX2-1  activity. In-
deed, the sequences of NKX2-1 functional domains are 
lacking in p.H60T fs X11 or are completely divergent in p.
A52R fs X351 ( fig. 2 ), consistent with the lack of interference 
on wild-type NKX2-1 activity. A bioinformatic analysis re-
vealed that, despite causing the loss of the canonical NLS 
(RRKRR)  [7] , the frameshift mutation p.A52R fs X351 gen-
erates a potential novel NLS sequence (RRHRR), which 

could justify the nuclear localization. This prediction is 
supported by the similar chemical and physical properties 
of Lys (K) and His (H) that belong to the same group of 
basic amino acids at neutral pH, together with Arg (R).

  Despite their complete loss-of-function, the frameshift 
mutations are associated with highly discrepant pheno-
types, indicating the existence of modifying genes or fac-
tors that contribute to the variable expression of BLT phe-
notype. In agreement with this hypothesis, experimental 
studies showed the possible existence of multigenic de-
fects underlying the pathogenesis of CH and thyroid dys-
genesis  [16–19] .

  Conclusions 

 We identified novel heterozygous  NKX2-1  frameshift 
mutations in 2 patients with atypical phenotypes of BLT 
syndrome: choreoathetosis associated with discrepant thy-
roid phenotypes (severe CH with lingual ectopy or mild 
hypothyroidism of early postnatal onset). Interestingly, the 
 NKX2-1  mutation p.H60T fs X11 is the first genetic abnor-
mality that can be linked with thyroid ectopy. Therefore, 
the spectrum of clinical expressivity of heterozygous 
 NKX2-1  mutations is wider than previously thought.
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