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Abstract: Primary congenital hypothyroidism (CH) is a common neonatal endocrine disorder charac-
terized by elevated concentrations of thyroid stimulating hormone (TSH) and low concentrations
of free thyroxine (FT4). PAX8 and NKX2-1 are important transcription factors involved in thyroid
development. In this study, we detected three novel variants in PAX8 (c.149A > C and c.329G > A)
and NKX2-1 (c.706A > G) by whole exome sequencing (WES) in three unrelated CH patients with
variable phenotypes. The results of Western blot and immunofluorescence analysis showed that the
three variants had no effect on protein expression and subcellular localization. However, the results
of the electrophoretic mobility shift assay (EMSA) and dual-luciferase reporter assay suggested that
the three variants in PAX8 and NKX2-1 both affected their DNA-binding ability and reduced their
transactivation capacity. Moreover, a dominant-negative effect in K236E−NKX2-1 was identified by
dual-luciferase reporter assay. To sum up, our findings extend our knowledge of the current mutation
spectrum of PAX8 and NKX2-1 and provide important information for diagnosing, treating, and
preventing CH in these families.

Keywords: congenital hypothyroidism; PAX8; NKX2-1; whole exome sequencing (WES); novel
variants; functional study; dominant-negative effect

1. Introduction

Congenital hypothyroidism is the most common neonatal endocrine disorder world-
wide, with a global prevalence of about 1 in 2000–4000 newborns [1]. Congenital hy-
pothyroidism in early infancy leads to irreversible intellectual disability and physical
development retardation if left untreated [2,3].

Primary congenital hypothyroidism (CH) is diagnosed based on elevated TSH concen-
trations and low concentrations of free thyroxine (FT4), and hyperthyrotropinemia (HT) is
defined as having high TSH and normal FT4. In recent years, the incidence of CH caused
by dyshormonogenesis has increased to 40–50% compared to the previous reported level
of 15–25%, while the remaining 50–60% is due to thyroid dysgenesis (TD) [4–7]. With
the high coverage of neonatal screening, CH patients can be diagnosed at a very early
stage and receive timely therapy with thyroid hormone replacement with levothyroxine
(LT4) [8,9]. However, it is insufficient to rely on clinical biochemical examination and
thyroid ultrasound to give the prognosis of CH and formulate long-term treatment plans.

The thyroid gland is the body’s first endocrine gland to develop, which arises from
the pharyngeal pouches [10]. The known genes associated with thyroid development
are PAX8, NKX2-1, NKX2-5, FOXE1, GLIS3, and TSHR. Among them, the transcripts of
NKX2-1 are expressed in the median thyroid anlage, lung bud, and forebrain areas at days
32 and 33 in human embryonic development. The expression of PAX8 can be strongly
detected in the median anlage and the fourth pharyngeal arch ectoderm by day 32, and it

Int. J. Mol. Sci. 2023, 24, 786. https://doi.org/10.3390/ijms24010786 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24010786
https://doi.org/10.3390/ijms24010786
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-6010-6139
https://orcid.org/0000-0002-6636-6000
https://orcid.org/0000-0002-9451-8585
https://doi.org/10.3390/ijms24010786
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24010786?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 786 2 of 13

maintains a strong expression during thyroid development [10]. With the development of
the thyroid, the foregut endoderm cells differentiate a specific follicular linage—thyroid
follicular epithelial cells (TFCs). Through cell polarization, the follicles are formed by
TFCs, and the thyroid follicles are the basic unit of the thyroid [3,11]. Thyroid hormone
(TH) is synthesized by thyroid follicle epithelial cells. After a series of processes including
iodine trap, iodization, and condensation, it is stored in the follicles and released into the
blood under the control of thyroid-stimulating hormone (TSH) [9]. Several genes have
been implicated in hormone synthesis, including DUOX2, DUOXA2, TG, TPO, SLC5A5,
SLC26A4, SLC25A7, and IYD [12–14].

The advance of next-generation sequencing (NGS) is conducive to identifying the
genetic factors of CH and deepening our insight into the molecular cause of CH. Whole
exome sequencing (WES) can help us to identify mutations occurring in exons and splicing
sites to a relatively high degree of accuracy. Understanding the association between geno-
type and phenotype will help us in the accurate diagnosis of CH, creation of individualized
treatment, and providing reproductive guidance.

In this study, the genetic characteristics of three unrelated CH patients with variable
phenotypes were analyzed based on the results of the WES. Several mutations associated
with CH were detected, among which the pathogenicity of novel mutations in PAX8 and
NKX2-1 were determined by corresponding functional experiments.

2. Results
2.1. Clinical Presentation

The clinical information is recorded briefly in Table 1.

Table 1. Clinical information of the patients.

Patient YOB, Sex
Newborn Screening

Age at
Diagnosis, d

Confirmatory Test
Thyroid

Ultrasound Diagnosis
TSH, mU/L (<10) TSH, mU/L

(0.35−5.5)
fT4, pmol/L

(11.21−22.65)

P1 2016,
female 269.00 31 >100 5.02 Small

thyroid CH

P2 2018,
female 131.00 39 10.70 16.90 Normal PHT

P3 2016,
female 14.40 41 36.34 11.96 Small

thyroid CH

YOB, year of birth. The final diagnosis was based on TSH and FT4 levels at the time of the confirmatory test. The
instruments used for confirmatory test cannot measure values higher than 100 mU/L, The reference range of TSH
in screening, TSH and fT4 in confirmatory test are noted in parentheses.

P1 was a full-term female neonate with a birth weight of 3550 g, showing a thyroid
gland with small diameter. The TSH value at the time of newborn screening was as high
as 269 mU/L (TSH screening reference values <10 mU/L). CH was confirmed at the age
of 31 days, with a TSH of 100 mU/L (TSH screening reference values in confirmatory
test, 0.35–5.5 mU/L) and fT4 values of 5.02 pmol/L (fT4 reference values for neonates,
11.21–22.65 pmol/L). Urinary ultrasound did not reveal any anomalies at 4 years of age.

P2 was a full-term female infant with a birth weight of 2600 g. She was diagnosed as
having persistent hyperthyrotropinemia (PHT) and had a normal thyroid size according
to ultrasound. The TSH value at the time of newborn screening was 131 mU/L, and this
decreased to 10.7 mU/L by the time of a confirmatory test (39 days), with a normal level
of fT4 (16.9 pmol/L). We were unable to track the medication of P1 and P2 due to their
therapy being conducted at other local hospitals.

P3 was a full-term female with a birth weight of 3400 g who exhibited a small-sized
thyroid gland (Figure S1). The TSH value at the time of newborn screening was 14.4 mU/L,
and she was diagnosed as CH in a confirmatory test (41 days), with the TSH value of
36.34 mU/L and the fT4 value of 11.96 pmol/L, (very close to the lower limit of the reference
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range). It is worth noting that the girl suffered recurrent pneumonia after 6 months of
age, and markedly delayed motor development and language development were observed
after 9 months of age. Multiple development-related indicators showed markedly delayed
development of motor and language skills at 5 years old (Figure S2).

2.2. Identification of Variants

The WES detected eight heterozygous missense variants in six CH-related genes
among our patients (Tables 2 and 3). Variants in PAX8 and NKX2-1 were suspected to
cause CH. P1 carried the novel heterozygous PAX8 variant (c.149A > C p.Q50P), which
is a de novo variant that was not inherited from her parents (Figure 1A). This variant
is classified as “likely pathogenic” following the American College of Medical Genetics
and Genomics (ACMG) criteria. P2 presented with novel heterozygous PAX8 variant
(c.329G > A p.R110Q), which is classified as “variant of uncertain significance”. Unfor-
tunately, we could not obtain blood samples from the family members of P2 for family
co-segregation analysis. The genetic study showed P3 carried the novel heterozygous
NKX2-1 missense variant (c.706A > G p.K236E), which is also a de novo variant and
classified as a variant of uncertain significance (Figure 1B).

Table 2. Potential pathogenic variants in our patients.

Patient Gene Localization Nucleotide
Substitutions

Amino Acid
Change

Population
Frequency

(ExAC or 1000 G)
ACMG Classification

P1 PAX8 Exon 3, Paired
box domain c.149A > C p.Q50P 0 LP (PS2_Moderate, PM1,

PM2_Supporting, PP3)

P2 PAX8 Exon 4, Paired
box domain c.329G > A p.R110Q 0 VUS (PM1,

PM2_Supporting, PP3)

P3 NKX2-1 Exon 4 c.706A > G p.K236E 0 VUS (PS2_ Moderate,
PM2_Supporting, PP3)

PAX8: MN_003466.3, NKX2-1: NM_001079668.2. ACMG, American College of Medical Genetics. LP, likely
pathogenic. VUS, variant of uncertain significance.

Table 3. Other variants in CH related genes in our patients.

Patient Gene Localization Nucleotide
Substitutions

Amino Acid
Change

P2 SLC26A4 Exon 17, c.1983C > A p.D661Q
P2 SLC26A4 Exon 7, c.853G > A p.V285I
P2 SECISBP2 Exon 42 c.1698T > A p.R2455H
P3 FOXE1 Exon 1 c.571C > T p.P191S
P3 SLC26A7 Exon 10 c.1074C > G p.F358L

2.3. In Silico Studies

The variants of PAX8 (Q50P and R110Q) occurred in the paired box domain that is
highly conserved across species; this is considered as an important functional domain
for DNA binding (Figure 2A). K236E−NKX2-1 was located in the C-downstream of the
homeobox domain, which is highly conserved among species (Figure 2B).

Three-dimensional structural models were built in order to visualize the structural
changes in nearby protein regions after amino acid changes (Figure 2C). The variants
Q50P−PAX8 and R110Q−PAX8 were located at the second α-helix region and the fifth
α-helix region, respectively, of the paired-box domain. It was observed that hydrogen
bonds between glutamine at position 50 and aspartic acid at position 46 were lost in the
Q50P mutant model. Two hydrogen bonds between arginine at position 110 and glutamate
at 114 were lost in the R110Q mutant model. No hydrogen bond change was observed in
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K236E−NKX2-1. Furthermore, the change in the protein surface charge was predicted in
the three mutant protein models.
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Figure 2. Location diagram and conservation analysis of PAX8 variants and NKX2-1 variants. (A) The
Q50 and R110 residues of PAX8 located at the paired box domain were highly conserved across
various species. (B) The K236 residues of NKX2-1 was highly conserved across various species.
(C) 3D structural model of wild-type and mutant proteins. Amino acids are displayed using a color
rod structure. Hydrogen bonds between amino acids are marked by yellow dashed lines. In the
upper level are WT−PAX8 and Q50P−PAX8; in the medium level are WT−PAX8 and R110Q−PAX8;
in the bottom level are WT-NKX2-1 and K236E−NKX2-1. The surface charge distribution is shown
in the outer layer; blue represents a positive charge, red represents a negative charge, and white
represents a neutral charge.
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2.4. The Three Variants Showed Normal Expression Level and Localization

Western blot was applied to investigate whether the mutants affected the expression
level of the protein. There was no significant decrease in the expression levels of Q50P-
PAX8, R110Q−PAX8, and K236E−NKX2-1 compared to the wild type. Cells with empty
vector pCMV3 were used as the negative control group. Moreover, we found that PAX8
and NKX2-1 were not expressed endogenously in 293 T cells (Figure 3A,B).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 14 
 

 

Three-dimensional structural models were built in order to visualize the structural 
changes in nearby protein regions after amino acid changes (Figure 2C). The variants 
Q50P−PAX8 and R110Q−PAX8 were located at the second α-helix region and the fifth α-
helix region, respectively, of the paired-box domain. It was observed that hydrogen bonds 
between glutamine at position 50 and aspartic acid at position 46 were lost in the Q50P 
mutant model. Two hydrogen bonds between arginine at position 110 and glutamate at 
114 were lost in the R110Q mutant model. No hydrogen bond change was observed in 
K236E−NKX2-1. Furthermore, the change in the protein surface charge was predicted in 
the three mutant protein models. 

2.4. The Three Variants Showed Normal Expression Level and Localization 
Western blot was applied to investigate whether the mutants affected the expression 

level of the protein. There was no significant decrease in the expression levels of Q50P-
PAX8, R110Q−PAX8, and K236E−NKX2-1 compared to the wild type. Cells with empty 
vector pCMV3 were used as the negative control group. Moreover, we found that PAX8 
and NKX2-1 were not expressed endogenously in 293 T cells (Figure 3A,B). 

 

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 14 
 

 

Figure 3. Western blot analysis and immunofluorescence localization of the wild-type and mutant 
PAX8 and NKX2-1. (A) No statistically significant difference in normalized amounts was seen be-
tween the wild-type and mutant proteins. The expression was quantified as the gray scale ratio of 
PAX8/Lamin B. (Mann–Whitney test, ns: p > 0.05) (B) NKX2-1−GFP fusion proteins were detected 
using anti-GFP antibody. No statistically significant difference in normalized amounts was seen 
between wild-type and mutant proteins. The expression was quantified as the gray scale ratio of 
GFP/Lamin B. The results of three independent experiments were compared for analysis (Mann–
Whitney test, ns: p > 0.05). (C) Subcellular localization of PAX8−WT, Q50P, and R110Q were exam-
ined using confocal microscopy; nuclei were identified by DAPI staining. Analysis of the subcellular 
localization showed that 2 variants were predominantly localized to the nucleus, similar to WT. (D) 
Analysis of the subcellular localization of NKX2-1−GFP showed that K236E was predominantly lo-
calized to the nucleus, similar to WT. The scale bars indicate 5 μm. 

Given that the mutants may cause the abnormal subcellular localization of the pro-
tein, further immunofluorescence analysis was performed. The results showed that the 
variants Q50P−PAX8, R110Q−PAX8, and K236E−NKX2-1 were mainly located in the nu-
cleus compared with the wild type (Figure 3C,D). These results suggested that the variants 
did not result in the abnormal subcellular localization of PAX8 and NKX2-1. 

2.5. Variants Affected the Ability of DNA binding and Transactivation 
Subsequently, EMSA experiments were conducted to evaluate the DNA binding abil-

ity of the mutant protein. The results showed that the WT−PAX8 and WT−NKX2-1 can 
both specifically bind to DNA, and this binding was competed by a 20-fold excess cold com-
petitor (Figure 4A,B). In contrast, the DNA binding ability of Q50P−PAX8 and R110Q−PAX8 
was abrogated (Figure 4A). K236E−NKX2-1 lost its binding ability as well (Figure 4B). 

Figure 3. Western blot analysis and immunofluorescence localization of the wild-type and mutant
PAX8 and NKX2-1. (A) No statistically significant difference in normalized amounts was seen
between the wild-type and mutant proteins. The expression was quantified as the gray scale ratio of
PAX8/Lamin B. (Mann–Whitney test, ns: p > 0.05) (B) NKX2-1−GFP fusion proteins were detected
using anti-GFP antibody. No statistically significant difference in normalized amounts was seen
between wild-type and mutant proteins. The expression was quantified as the gray scale ratio of
GFP/Lamin B. The results of three independent experiments were compared for analysis (Mann–
Whitney test, ns: p > 0.05). (C) Subcellular localization of PAX8−WT, Q50P, and R110Q were examined
using confocal microscopy; nuclei were identified by DAPI staining. Analysis of the subcellular
localization showed that 2 variants were predominantly localized to the nucleus, similar to WT.
(D) Analysis of the subcellular localization of NKX2-1−GFP showed that K236E was predominantly
localized to the nucleus, similar to WT. The scale bars indicate 5 µm.
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Given that the mutants may cause the abnormal subcellular localization of the protein,
further immunofluorescence analysis was performed. The results showed that the variants
Q50P−PAX8, R110Q−PAX8, and K236E−NKX2-1 were mainly located in the nucleus
compared with the wild type (Figure 3C,D). These results suggested that the variants did
not result in the abnormal subcellular localization of PAX8 and NKX2-1.

2.5. Variants Affected the Ability of DNA Binding and Transactivation

Subsequently, EMSA experiments were conducted to evaluate the DNA binding
ability of the mutant protein. The results showed that the WT−PAX8 and WT−NKX2-1
can both specifically bind to DNA, and this binding was competed by a 20-fold excess
cold competitor (Figure 4A,B). In contrast, the DNA binding ability of Q50P−PAX8 and
R110Q−PAX8 was abrogated (Figure 4A). K236E−NKX2-1 lost its binding ability as well
(Figure 4B).
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Figure 4. Results of EMSA and dual-luciferase reporter assay (EV: empty vector for negative control).
(A) EMSA of PAX8: Lane 1, EMSA with oligo only; Lane 2, EMSA with empty vector transfected control
extract; Lane 3, EMSA with competitive oligo and PAX8-WT; Lane 4, super shift EMSA with PAX8−WT
and anti-PAX8 antibody; Lane 5, EMSA with oligo and PAX8−WT; Lane 6, EMSA with oligo and
PAX8−Q50P; Lane 7, EMSA with oligo and PAX8−R110Q. Lane 5 showed a specific binding shift.
(B) EMSA of NKX2-1: Lane 1, EMSA with oligo only; Lane 2, EMSA with empty vector transfected
control extract; Lane 3, EMSA with competitive oligo and NKX2-1−WT; Lane 4, EMSA with oligo and
NKX2-1−WT; Lane 5, EMSA with oligo and NKX2-1−K236 E (t test, ns: p > 0.05; *: p < 0.05; **: p < 0.01).
(C) TG transactivation by PAX8−WT and PAX8 mutants was assessed; the transactivation ability of
Q50P and R110Q to TG promoter was shown to decrease. (D) Co-transfection of PAX8−WT and
variants (200 ng in total). (E) Transactivation activity of NKX2-1 on TG promoter; a significant decrease
was observed for K236E−NKX2-1. (F) Co-transfected NKX2-1−WT and K236 E (200 ng in total). K236
E exerted a dominant-negative effect. The data shown represent the mean ± SEM of at least three
independent experiments (each performed in triplicate) (t test, *: p < 0.05; **: p < 0.01).
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The transactivation ability of the mutant protein to the TG promoter was also investi-
gated via dual-luciferase reporter assay. As compared to PAX8−WT, the transactivation
ability of Q50P and R110Q to TG promoter decreased by 46.4% and 38.9%, respectively
(Figure 4C). Compared with WT−NKX2-1, a more significant decrease (73.5%) was ob-
served for K236E−NKX2-1 (Figure 4D).

2.6. Dominant-Negative Effect Was Found in K236E-NKX2-1

In order to explore whether the mutant protein has a dominant negative effect, we
co-transfected WT−PAX8/pCMV3, WT−PAX8/Q50P, WT−PAX8/R110Q, WT−NKX2-
1/pCMV3, and WT−NKX2-1/K236E. The total amount of transfected plasmid was equal-
ized for all strategies. It was found that Q50P−PAX8 and R110Q−PAX8 had negligible
effects on the transactivation ability of WT, indicating that the two missense variants of
PAX8 exerted no dominant-negative effect (Figure 4E). However, the transactivation ability
of the TG promoter under the co-transfection of K236E−NKX2-1 with WT was significantly
lower than that of WT−NKX2-1 transfected alone, suggesting that the mutant protein
affected the transactivation ability of the WT protein and exerted a dominant-negative
effect (Figure 4F).

3. Discussion

The protein encoded by PAX8 (OMIM 218700, 2q12−q14) is a transcription factor
belonging to the paired box (PAX) family. The PAX8 gene was first revealed to participate
in thyroid gland development in 1990. PAX8 protein plays an important role in thyroid
formation and maintaining the normal morphology of thyroid cells [15,16]. This protein
has a highly conserved paired-box domain, which can combine the promoter sequence of
the TG, TPO, and NIS genes and regulate the transcription and expression of the target
genes. PAX8 is expressed in other organs during embryogenesis as well [17], and renal
hypoplasia has been reported in a CH patient with PAX8 variants [18], but no extra-thyroid
phenotype was found in our patients.

The phenotypic heterogeneity caused by PAX8 variation is remarkable; the two vari-
ants p.Q50P and p.R110Q we identified were both located in a highly conserved paired-box
domain, but the patients P1 and P2 showed variable clinical and biochemical phenotypes.
Compared with the relatively mild phenotype of P2, P1 was diagnosed with severe CH
with thyroid dysplasia. Our experiment data clearly showed that the variant p.Q50P of
P1 is deleterious. The protein structural model shows that when the 50 Gln mutates into
Pro, the hydrogen bond originally linked to the amino acid residue of 46 Asp disappears,
which may have a remarkable impact on the α-helix structure and cause functional changes.
However, the mutant p.R110Q only lost part of its hydrogen bonds. We speculate that such
a change has less effect on the structure of the α-helix. The experimental results also show
that p.R110Q experienced less decrease in its transactivation ability than p.Q50P. These
results may explain the milder phenotype of P2. The results of the EMSA showed that
p.Q50P and p.R110Q did not have a binding band; correspondingly, the transactivation
ability of the mutant was significantly decreased compared with the wild type, which also
proved the pathogenicity of the two variants. Due to the weaker capability of the EMSA
for quantitative detection, the reduction in its binding capacity may lead to there being
no binding band, while the dual-luciferase reporter assay can quantitatively show the
reduction of transactivation.

It is worth noting that P2 also presented with two heterozygous variants in SLC26A4
(c.1983C > A and c.853G > A), but we cannot confirm whether the two variants were in cis
or in trans, since the parents of P2 refused to provide their DNA samples. The homozygous
or compound heterozygosity of pathogenic variants in SLC26A4 cause Pendred syndrome,
which is described as including sensorineural hearing loss, developmental malformations
of the inner ear, and thyroid dyshormonogenesis [7]. Follow-up revealed that P2 and her
parents had no related phenotypic involvement, but we informed the family about the
risk of Pendred syndrome and recommended referral to otolaryngology. Moreover, the
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heterozygous variant SECISBP2:c.1698T > A was detected in P2. SECISBP2 is an essential
factor for selenoprotein synthesis, affecting thyroid hormone metabolism by regulating the
synthesis of iodothyronine deiodinase [19]. SECISBP2 variants may cause abnormal thyroid
hormone metabolism; however, all reported affected cases include homozygous or complex
heterozygotes [19–25]. In P2, HT may have an oligogenic origin, and the variants in PAX8,
SLC26A4, and SECISBP2 may be involved in the pathogenesis of HT. After determining the
pathogenicity of PAX8 variant, follow-up will be maintained to observe the impact of other
mutations on the disease.

Thyroid transcription factor-1 (TTF-1/NKX2-1) protein is encoded by NKX2-1 (OMIM
600635, 14q13.3). NKX2-1, which has a key homeobox domain, participates in the develop-
ment of thyroid, lung, forebrain regions, basal ganglia, and hypothalamus [26]. In thyroid
tissues, NKX2-1 cooperates with PAX8, has a transactivation effect on TG promoter, and
regulates the expression of surfactant protein-B (SP-B) and surfactant protein-C (SP-C) in
lung tissues [27]. Pathogenic variants in the NKX2-1 gene could cause brain–lung–thyroid
syndrome (BLTS) [28–32].

According to NBS and confirmatory tests, P3 was diagnosed as CH and L-T4 therapy
was initiated timely. However, the patient showed global developmental delay, dysarthria,
ataxia, and recurrent pneumonia during subsequent follow-up. Diagnosis of BLTS was
not made until the variant NKX2-1:c.706A > G was identified by WES. FOXE1: c.571C > T
and SLC26A7: c.1074C > G were also detected in P3; however, these two genes cause CH
in autosomal recessive inheritance pattern and the variants were classified as VUS. The
variant NKX2-1:c.706A > G was novel and there was a lack of the pathogenicity evidence
needed for genetic diagnosis; thus, an in vitro functional experiment was conducted. Then,
the results of EMSA and dual-luciferase reporter assay demonstrated that the primary
reason for the impaired function of the mutant protein was the weaker DNA-binding
capacity and reduced transactivation ability of the TG promoter. Based on our findings,
the patient was diagnosed as having brain–lung–thyroid syndrome, and the personalized
therapeutic regimen, including L-T4 and rehabilitation training, was scheduled to optimize
the outcome of the patient.

Moreover, the dual luciferase reporter assay showed that K236E−NKX2-1 significantly
reduced the transactivation ability of wild-type NKX2-1 to TG promoter. Up to now, more
than 100 variants of NKX2-1 have been reported, and the pathogenesis of most variants in
NKX2-1 was attributed to haploinsufficiency. However, a dominant-negative effect was
observed in K236E. Only six NKX2-1 variants have been reported to have a dominant-
negative effect on the TG promoter, including three missense variants (L176V, R178P, and
I207F) and three frameshift variants (R165fs, L263fs, and P275fs) [28,30,33–36]. In our
3D protein structure model, although the variant did not affect the stability of the helix
structure, E236 caused an abnormal surface charge distribution. Changes in molecular
mechanics may cause multiple effects, which may result in abnormal binding with other
cofactors in the preinitiation complex, thus affecting the trans activation ability of the wild
type of NKX2-1, but the specific mechanism involved still needs further investigation [37].
In addition, Li et al. reported the dominant negative effect of NKX2-1−Lys182 acetylation
site mutation on the transcription of SP-B gene, which supported the important effect of
lysine acetylation in the conservative sequence on NKX2-1 transcription activity, which may
partly explain why our K236E has a dominant negative effect [38]. Our findings confirmed
the functional impairment of K236E−NKX2-1, providing a reference for other researchers
to expand their studies on the more complex pathogenesis of NKX2-1.

Several CH-related genes have been identified so far; the detection rate of pathogenic mu-
tations in CH patients has increased with the inclusion of more genes in NGS-panel [39–41].
WES can help to identify the pathogenic mutations in CH-related genes to greater extent
and even provides the possibility to search for novel causative genes for CH [42–44]. More
significantly, the identification of causative genes can clarify the molecular mechanism of CH,
and the detection of genes associated with complex syndrome is conducive to intervention in
the extra-thyroid phenotype of patients in a timely manner.
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In summary, we identified two PAX8 variants (c.149A > C and c.329G > A) and a NKX2-
1 variant (c.706A > G) from three CH patients with different phenotypes. All of these were
heterozygous missense variants which have not been previously described. The mutation
spectra of PAX8 and NKX2-1 were enriched. Combined with the experimental data, the
classification of three variants could be upgraded to “likely pathogenic” or “pathogenic”.
Our findings contribute to the genetic diagnosis of patients with CH, help to improve their
clinical follow-up, and provide a basis for long-term individualized treatment.

4. Materials and Methods
4.1. Patients and Clinical Information

Patients’ blood samples were collected after obtaining written informed consent from
their guardians. Their medical records were extracted from the newborn screening (NBS)
information system (data collection ended on 30 September 2020). Gestational weeks,
birth weight, length, thyroid ultrasound, and TSH level at the newborn screening of P1-P3
are recorded in Table 1. The TSH level and FT4 level at reevaluation are covered as well.
Additionally, an evaluation of behavior development was taken for P3 (Figure S2).

4.2. Whole Exome Sequencing and Mutation Detection

In our previous study, we sequenced the whole exons of 233 patients with CH (data
not yet published). Genomic DNA was extracted from dried blood spots (DBSs) with
the Blood gDNA Kit (RC1002, Concert Biotech, Xiamen, China). Exome enrichment and
library preparation were performed using the Human Whole Exome Detection Kit (KR9011,
Berry Genomics, Beijing, China). A capture rate of 95% and a duplication rate of 30% were
achieved. Next, the candidate variants associated with CH were screened. The screening
process was based on sequencing depth, population frequency, software prediction and
phenotype correlation. Additionally, the dried blood spots of some family members
were collected as DNA sources for Sanger sequencing (Tsingke Biotechnology Co., Ltd.,
Beijing, China).

The variants with a minor allele frequency (MAF) <0.1% in the Exome Aggregation
Consortium (ExAC), the 1000 Genomes project (1000 Genomes), and the Genome Aggrega-
tion Database (gnomAD) were filtered in the first step. Then, the candidate variants asso-
ciated with hypothyroidism were screened. Multiple bioinformatics methods were used
to predict the pathogenicity of candidate variants, including Polyphen-2 (http://genetics.
bwh.harvard.edu/pph2/, accessed on 20 August 2021), SIFT (http://blocks.fhcrc.org/
sift/SIFT.html, accessed on20 August 2021), MutationTaster (http://www.mutationtaster.
org/, accessed on 20 August 2021), PROVEAN (http://provean.jcvi.org/index.php, ac-
cessed on 20 August 2021), ClinPred (https://sites.google.com/site/clinpred/, accessed
on 20 August 2021), REVEL (https://sites.google.com/site/revelgenomics/, accessed on
20 August 2021), GERP (http://mendel.stanford.edu/SidowLab/downloads/gerp/, ac-
cessed on 20 August 2021), and MutationAssessor (http://mutationassessor.org/r3/, ac-
cessed on 20 August 2021) (Table S1).

4.3. In Silico Studies

The sequences of PAX8 (MN_003466.3) and NKX2-1 (NM_001079668.2) were obtained
from the NCBI (National Center for Biotechnology Information, https://www.ncbi.nlm.nih.
gov/, accessed on 20 August 2021) database and UCSC (University of California Santa Cruz,
http://www.http://genome.ucsc.edu/index.html, accessed on 20 August 2021) database.
The functional domain of PAX8 was predicted according to the literature [14]. The amino
acid sequences of different species were obtained from NCBI and compared with the
SnapGene software to analyze their conservation. The Swiss model (https://swissmodel.
expasy.org, accessed on 20 August 2021) was used to build a homology model of the wild
type of PAX8 and NKX2-1. PyMOL (The PyMOL Molecular Graphics System, Schrödinger,
LLC., New York, NY, USA) was used for mutation and molecular visualization.

http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://blocks.fhcrc.org/sift/SIFT.html
http://blocks.fhcrc.org/sift/SIFT.html
http://www.mutationtaster.org/
http://www.mutationtaster.org/
http://provean.jcvi.org/index.php
https://sites.google.com/site/clinpred/
https://sites.google.com/site/revelgenomics/
http://mendel.stanford.edu/SidowLab/downloads/gerp/
http://mutationassessor.org/r3/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.http://genome.ucsc.edu/index.html
https://swissmodel.expasy.org
https://swissmodel.expasy.org
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4.4. Plasmids and Cell Culture

In vitro functional experiments were designed to verify the pathogenicity of PAX8 and
NKX2-1 variants. Wild-type expression vectors (PAX8−WT−pCMV3, NKX2-1−WT−pCMV3)
were purchased from Sino Biological (Sino Biological Inc., Beijing, China). Mutant vectors
(PAX8−Q50P−pCMV3, PAX8−R110Q−pCMV3, and NKX2-1−K236E−pCMV3) were con-
structed using the Mut Express II Fast Mutagenesis Kit V2 (Vazyme Biotechnology Co., Ltd.,
Nanjing, China) through a PCR-based site-specific mutagenesis strategy. The GFP vector
(NKX2-1−GFP−pcDNA3.1 and NKX2-1−K236E−GFP-pcDNA3.1) was constructed using re-
striction endonuclease EcoRI (New England Biolabs, Beijing, China) and the ClonExpress II One
Step Cloning Kit (Vazyme Biotechnology Co., Ltd., Nanjing, China). The TG Promoter sequence
(−322/+89) was cloned into the luciferase reporter vector (pGL3−basic, Promega, Madison,
WI, USA) [15]. All the specific primers were ordered from Tsingke (Tsingke Biotechnology
Co., Ltd., Beijing, China) (Table S2). The plasmids were extracted using the Endo-Free Plasmid
DNA Maxi Kit (Omega Bio-Tek Inc., Guangzhou, China), and the sequences of all vectors were
verified by Sanger sequencing prior to cell transfection. Then, the plasmids were extracted
using the Endo-Free Plasmid DNA Maxi Kit (Omega Bio-Tek Inc., Guangzhou, China).

HEK293T human cell lines were cultured for Western blots, immunofluorescence,
electrophoretic mobility shift assay (EMSA), and dual-luciferase reporter assay. Briefly, cells
were inoculated in DMEM supplemented with 10% fetal bovine serum (GIBCO, New York,
NY, USA) and cultured in 37 ◦C and 5% CO2, and cells were transfected with wild-type
or mutant plasmids using LipofectamineTM3000 Transfection Reagent (Thermo Fisher
Scientific, Shanghai, China).

4.5. Western Blot and Immunofluorescence

For Western blot analysis, 293 T cells were seeded in 6-well plates at a level of 5 × 105

per well and transfected with 2.5 µg plasmid per well. After 48 h, each sample was prepared
for the 2X SDS solution with PMSF, and then we added loading buffer after boiling for
10 min. The protein was separated on a 10% sodium dodecyl sulfate-polyacrylamide gel
and then transferred to polyvinylidene fluoride (PVDF) membranes for Western blot. Here,
anti-PAX8 antibody (1:4000, ab191870, Abcam, Cambridge, UK) and anti-GFP antibody
(1:10000, GTX113617, GeneTex Inc., Irvine, CA, USA) were used as the primary antibodies
for PAX8 and NKX2-1, respectively. After stripping the primary antibodies, the internal
reference was diluted with anti-Lamin B antibody (1:10000, Proteintech, Beijing, China).
Images were captured using a Chemiluminescence Imaging System (Bio-red Molecular
Imager ChemiDocTM XRS+, CA, USA).

For immunofluorescence analysis, 293 T cells were grown on 24-well dishes and
transfected with 500 ng plasmid per well when cells were cultured to 50–60% confluence.
Upon 48 h, cells washed twice with PBS were fixed in 4% paraformaldehyde for 30 min,
permeabilized in PBS containing 0.5% Triton X-100 for 20 min, and finally blocked in
5% BSA for 30 min. Then, the cells were incubated with primary antibody for 12 h at
4 ◦C, secondary Dylight 488 Rabbit Anti-Goat antibody for 2 h, and DAPI for 10 min.
Immunofluorescence imaging was observed by TCS SP5 laser confocal microscopy (Leica,
Wetzlar, Germany).

4.6. Electrophoretic Mobility Shift Assay

For EMSA, 293 T cells were transfected with untagged expression vectors. After 48 h,
the nuclear protein was isolated with the Nuclear and Cytoplasmic by Protein Extraction
Kit (Beyotime Biotechnology Co., Ltd., Shanghai, China). The design and synthesis of
biotin-modified probes were based on JASPAR (https://www.jaspar.genereg.net, accessed
on 14 December 2021) predictions and the previous literature [29]. The sequence of the
TG-probe for PAX8 was 5-TCCTCATGCTCCACTGGCCA-3, and that for NKX2-1 was
5-TCAGGACACACAAGAGGCCCGGCGC-3. Each reaction contained 4 µg protein and
500 fmol probe. For competition experiments, a large excess (20 times) of unlabeled
competitor oligonucleotides was included in the binding reactions. The anti-PAX8 antibody

https://www.jaspar.genereg.net
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was used to distinguish the specific binding shift. A protein-free sample and a protein-
containing sample from empty vector-transfected cells served as negative control groups.

Chemiluminescence imaging was performed with the Chemiluminescent EMSA Kit
(Beyotime Biotechnology Co., Ltd., Shanghai, China) and Chemiluminescence Imaging
Systems (Bio-red Molecular Imager ChemiDocTM XRS+).

4.7. Dual-Luciferase Reporter Assay

For the dual-luciferase reporter assay, the cells were inoculated one day before trans-
fection on 24-well plates. TG-pGL3 reporter vector (300 ng/well), renilla fluorescein
reporter vector pRL-TK (Promega, Madison, WI, USA) (5 ng/well), and expression vec-
tor (200 ng/well) were transiently co-transfected. After transfection for 48 h, cells were
washed with phosphate buffered saline and lysed with 100 µL 5× PLB buffer for 30 min
in the dark. The chemiluminescence signal was read on the multifunctional microplate
reader (spectramax ID3) using the Dual-Luciferase Reporter (DLR) Assay System (Promega,
Madison, WI, USA), and the reading of pRL-TK carrier renilla fluorescein was used as the
internal reference.

4.8. Statistical Analysis

Statistical analyses were performed using SPSS (IBM Corp) and Prism 9 (Graph-Pad,
La Jolla, CA, USA).
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Weiss, R.E.; et al. Clinical and Molecular Analysis in 2 Families with Novel Compound Heterozygous SBP2 (SECISBP2) Mutations.
J. Clin. Endocrinol. Metab. 2020, 105, e6–e11. [CrossRef]

21. Dumitrescu, A.M.; Liao, X.-H.; Abdullah, M.S.Y.; Lado-Abeal, J.; Majed, F.A.; Moeller, L.C.; Boran, G.; Schomburg, L.; Weiss,
R.E.; Refetoff, S. Mutations in SECISBP2 Result in Abnormal Thyroid Hormone Metabolism. Nat. Genet. 2005, 37, 1247–1252.
[CrossRef] [PubMed]

22. Azevedo, M.F.; Barra, G.B.; Naves, L.A.; Ribeiro Velasco, L.F.; Godoy Garcia Castro, P.; de Castro, L.C.G.; Amato, A.A.; Miniard, A.;
Driscoll, D.; Schomburg, L.; et al. Selenoprotein-Related Disease in a Young Girl Caused by Nonsense Mutations in the SBP2
Gene. J. Clin. Endocrinol. Metab. 2010, 95, 4066–4071. [CrossRef] [PubMed]

23. Çatli, G.; Fujisawa, H.; Kirbiyik, Ö.; Mimoto, M.S.; Gençpinar, P.; Özdemir, T.R.; Dündar, B.N.; Dumitrescu, A.M. A Novel
Homozygous Selenocysteine Insertion Sequence Binding Protein 2 (SECISBP2, SBP2) Gene Mutation in a Turkish Boy. Thyroid
2018, 28, 1221–1223. [CrossRef] [PubMed]

24. Di Cosmo, C.; McLellan, N.; Liao, X.-H.; Khanna, K.K.; Weiss, R.E.; Papp, L.; Refetoff, S. Clinical and Molecular Characterization
of a Novel Selenocysteine Insertion Sequence-Binding Protein 2 (SBP2) Gene Mutation (R128X). J. Clin. Endocrinol. Metab. 2009,
94, 4003–4009. [CrossRef] [PubMed]

25. Hamajima, T.; Mushimoto, Y.; Kobayashi, H.; Saito, Y.; Onigata, K. Novel Compound Heterozygous Mutations in the SBP2
Gene: Characteristic Clinical Manifestations and the Implications of GH and Triiodothyronine in Longitudinal Bone Growth and
Maturation. Eur. J. Endocrinol. 2012, 166, 757–764. [CrossRef]

26. Schoenmakers, E.; Agostini, M.; Mitchell, C.; Schoenmakers, N.; Papp, L.; Rajanayagam, O.; Padidela, R.; Ceron-Gutierrez, L.;
Doffinger, R.; Prevosto, C.; et al. Mutations in the Selenocysteine Insertion Sequence-Binding Protein 2 Gene Lead to a Multisystem
Selenoprotein Deficiency Disorder in Humans. J. Clin. Investig. 2010, 120, 4220–4235. [CrossRef]

27. Grasberger, H.; Ringkananont, U.; LeFrancois, P.; Abramowicz, M.; Vassart, G.; Refetoff, S. Thyroid Transcription Factor 1 Rescues
PAX8/P300 Synergism Impaired by a Natural PAX8 Paired Domain Mutation with Dominant Negative Activity. Mol. Endocrinol.
2005, 19, 1779–1791. [CrossRef] [PubMed]

28. Narumi, S.; Muroya, K.; Asakura, Y.; Adachi, M.; Hasegawa, T. Transcription Factor Mutations and Congenital Hypothyroidism:
Systematic Genetic Screening of a Population-Based Cohort of Japanese Patients. J. Clin. Endocrinol. Metab. 2010, 95, 1981–1985.
[CrossRef]

29. Shinohara, H.; Takagi, M.; Ito, K.; Shimizu, E.; Fukuzawa, R.; Hasegawa, T. A Novel Mutation in NKX2-1 Shows Dominant-
Negative Effects Only in the Presence of PAX8. Thyroid 2018, 28, 1071–1073. [CrossRef]

http://doi.org/10.1210/clinem/dgac534
http://doi.org/10.1159/000358198
http://doi.org/10.1210/jc.2011-1175
http://doi.org/10.1001/jama.1978.03280490032017
http://doi.org/10.1210/er.2003-0028
http://www.ncbi.nlm.nih.gov/pubmed/15466939
http://doi.org/10.1016/j.beem.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/30086865
http://www.ncbi.nlm.nih.gov/pubmed/25231445
http://doi.org/10.1007/s42000-020-00267-x
http://www.ncbi.nlm.nih.gov/pubmed/33400193
http://doi.org/10.1210/clinem/dgaa711
http://www.ncbi.nlm.nih.gov/pubmed/33029631
http://doi.org/10.1242/dev.110.2.643
http://www.ncbi.nlm.nih.gov/pubmed/1723950
http://doi.org/10.1038/nrendo.2014.186
http://www.ncbi.nlm.nih.gov/pubmed/25350068
http://doi.org/10.1210/jc.2004-0166
http://www.ncbi.nlm.nih.gov/pubmed/15356023
http://doi.org/10.1016/j.ijporl.2013.06.017
http://doi.org/10.1210/clinem/dgz169
http://doi.org/10.1038/ng1654
http://www.ncbi.nlm.nih.gov/pubmed/16228000
http://doi.org/10.1210/jc.2009-2611
http://www.ncbi.nlm.nih.gov/pubmed/20501692
http://doi.org/10.1089/thy.2018.0015
http://www.ncbi.nlm.nih.gov/pubmed/29882503
http://doi.org/10.1210/jc.2009-0686
http://www.ncbi.nlm.nih.gov/pubmed/19602558
http://doi.org/10.1530/EJE-11-0812
http://doi.org/10.1172/JCI43653
http://doi.org/10.1210/me.2004-0426
http://www.ncbi.nlm.nih.gov/pubmed/15718293
http://doi.org/10.1210/jc.2009-2373
http://doi.org/10.1089/thy.2017.0481


Int. J. Mol. Sci. 2023, 24, 786 13 of 13

30. Hermanns, P.; Kumorowicz-Czoch, M.; Grasberger, H.; Refetoff, S.; Pohlenz, J. Novel Mutations in the NKX21 Gene and the PAX8
Gene in a Boy with Brain-Lung-Thyroid Syndrome. Exp. Clin. Endocrinol. Diabetes 2018, 126, 85–90.

31. Guillot, L.; Carré, A.; Szinnai, G.; Castanet, M.; Tron, E.; Jaubert, F.; Broutin, I.; Counil, F.; Feldmann, D.; Clement, A.; et al.
NKX2-1 Mutations Leading to Surfactant Protein Promoter Dysregulation Cause Interstitial Lung Disease in “Brain-Lung-Thyroid
Syndrome”. Hum. Mutat. 2010, 31, 1146–1162. [CrossRef] [PubMed]

32. Pohlenz, J.; Dumitrescu, A.; Zundel, D.; Martiné, U.; Schönberger, W.; Koo, E.; Weiss, R.E.; Cohen, R.N.; Kimura, S.; Refetoff, S.
Partial Deficiency of Thyroid Transcription Factor 1 Produces Predominantly Neurological Defects in Humans and Mice. J. Clin.
Investig. 2002, 109, 469–473. [CrossRef] [PubMed]

33. Carré, A.; Szinnai, G.; Castanet, M.; Sura-Trueba, S.; Tron, E.; Broutin-L’Hermite, I.; Barat, P.; Goizet, C.; Lacombe, D.;
Moutard, M.-L.; et al. Five New TTF1/NKX2.1 Mutations in Brain-Lung-Thyroid Syndrome: Rescue by PAX8 Synergism in One
Case. Hum. Mol. Genet. 2009, 18, 2266–2276. [CrossRef]

34. Nettore, I.C.; Mirra, P.; Ferrara, A.M.; Sibilio, A.; Pagliara, V.; Kay, C.S.K.; Lorenzoni, P.J.; Werneck, L.C.; Bruck, I.;
Dos Santos, L.H.C.; et al. Identification and Functional Characterization of a Novel Mutation in the NKX2-1 Gene: Comparison
with the Data in the Literature. Thyroid 2013, 23, 675–682. [CrossRef] [PubMed]

35. Maquet, E.; Costagliola, S.; Parma, J.; Christophe-Hobertus, C.; Oligny, L.L.; Fournet, J.-C.; Robitaille, Y.; Vuissoz, J.-M.; Payot, A.;
Laberge, S.; et al. Lethal Respiratory Failure and Mild Primary Hypothyroidism in a Term Girl with a de Novo Heterozygous
Mutation in the TITF1/NKX2.1 Gene. J. Clin. Endocrinol. Metab. 2009, 94, 197–203. [CrossRef]

36. Moya, C.M.; Perez de Nanclares, G.; Castaño, L.; Potau, N.; Bilbao, J.R.; Carrascosa, A.; Bargadá, M.; Coya, R.; Martul, P.;
Vicens-Calvet, E.; et al. Functional Study of a Novel Single Deletion in the TITF1/NKX2.1 Homeobox Gene That Produces
Congenital Hypothyroidism and Benign Chorea but Not Pulmonary Distress. J. Clin. Endocrinol. Metab. 2006, 91, 1832–1841.
[CrossRef]

37. Biljan, I.; Giachin, G.; Ilc, G.; Zhukov, I.; Plavec, J.; Legname, G. Structural Basis for the Protective Effect of the Human Prion
Protein Carrying the Dominant-Negative E219K Polymorphism. Biochem. J. 2012, 446, 243–251. [CrossRef] [PubMed]

38. Yang, L.; Yan, D.; Bruggeman, M.; Du, H.; Yan, C. Mutation of a Lysine Residue in a Homeodomain Generates Dominant Negative
Thyroid Transcription Factor 1. Biochemistry 2004, 43, 12489–12497. [CrossRef] [PubMed]

39. Li, L.; Jia, C.; Li, X.; Wang, F.; Wang, Y.; Chen, Y.; Liu, S.; Zhao, D. Molecular and Clinical Characteristics of Congenital
Hypothyroidism in a Large Cohort Study Based on Comprehensive Thyroid Transcription Factor Mutation Screening in Henan.
Clin. Chim. Acta 2021, 518, 162–169. [CrossRef] [PubMed]

40. Stoupa, A.; Al Hage Chehade, G.; Chaabane, R.; Kariyawasam, D.; Szinnai, G.; Hanein, S.; Bole-Feysot, C.; Fourrage, C.; Nitschke,
P.; Thalassinos, C.; et al. High Diagnostic Yield of Targeted Next-Generation Sequencing in a Cohort of Patients with Congenital
Hypothyroidism Due to Dyshormonogenesis. Front. Endocrinol. 2021, 11, 545339. [CrossRef]

41. Zou, M.; Alzahrani, A.S.; Al-Odaib, A.; Alqahtani, M.A.; Babiker, O.; Al-Rijjal, R.A.; Binessa, H.A.; Kattan, W.E.; Al-Enezi, A.F.; Al
Qarni, A.; et al. Molecular Analysis of Congenital Hypothyroidism in Saudi Arabia: SLC26A7 Mutation Is a Novel Defect in
Thyroid Dyshormonogenesis. J. Clin. Endocrinol. Metab. 2018, 103, 1889–1898. [CrossRef] [PubMed]

42. Vick, P.; Eberle, B.; Choukair, D.; Weiss, B.; Roeth, R.; Schneider, I.; Paramasivam, N.; Bettendorf, M.; Rappold, G.A. Identification
of ZBTB26 as a Novel Risk Factor for Congenital Hypothyroidism. Genes 2021, 12, 1862. [CrossRef] [PubMed]

43. Carré, A.; Stoupa, A.; Kariyawasam, D.; Gueriouz, M.; Ramond, C.; Monus, T.; Léger, J.; Gaujoux, S.; Sebag, F.; Glaser, N.; et al.
Mutations in BOREALIN Cause Thyroid Dysgenesis. Hum. Mol. Genet. 2017, 26, 599–610. [CrossRef] [PubMed]

44. Stoupa, A.; Adam, F.; Kariyawasam, D.; Strassel, C.; Gawade, S.; Szinnai, G.; Kauskot, A.; Lasne, D.; Janke, C.; Natarajan, K.; et al.
TUBB 1 Mutations Cause Thyroid Dysgenesis Associated with Abnormal Platelet Physiology. EMBO Mol. Med. 2018, 10, 1–18.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/humu.21183
http://www.ncbi.nlm.nih.gov/pubmed/20020530
http://doi.org/10.1172/JCI0214192
http://www.ncbi.nlm.nih.gov/pubmed/11854318
http://doi.org/10.1093/hmg/ddp162
http://doi.org/10.1089/thy.2012.0267
http://www.ncbi.nlm.nih.gov/pubmed/23379327
http://doi.org/10.1210/jc.2008-1402
http://doi.org/10.1210/jc.2005-1497
http://doi.org/10.1042/BJ20111940
http://www.ncbi.nlm.nih.gov/pubmed/22676969
http://doi.org/10.1021/bi049283o
http://www.ncbi.nlm.nih.gov/pubmed/15449938
http://doi.org/10.1016/j.cca.2021.03.015
http://www.ncbi.nlm.nih.gov/pubmed/33773966
http://doi.org/10.3389/fendo.2020.545339
http://doi.org/10.1210/jc.2017-02202
http://www.ncbi.nlm.nih.gov/pubmed/29546359
http://doi.org/10.3390/genes12121862
http://www.ncbi.nlm.nih.gov/pubmed/34946811
http://doi.org/10.1093/hmg/ddw419
http://www.ncbi.nlm.nih.gov/pubmed/28025328
http://doi.org/10.15252/emmm.201809569
http://www.ncbi.nlm.nih.gov/pubmed/30446499

	Introduction 
	Results 
	Clinical Presentation 
	Identification of Variants 
	In Silico Studies 
	The Three Variants Showed Normal Expression Level and Localization 
	Variants Affected the Ability of DNA Binding and Transactivation 
	Dominant-Negative Effect Was Found in K236E-NKX2-1 

	Discussion 
	Materials and Methods 
	Patients and Clinical Information 
	Whole Exome Sequencing and Mutation Detection 
	In Silico Studies 
	Plasmids and Cell Culture 
	Western Blot and Immunofluorescence 
	Electrophoretic Mobility Shift Assay 
	Dual-Luciferase Reporter Assay 
	Statistical Analysis 

	References

