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Abstract: Congenital iodide transport defect is an uncommon autosomal recessive disorder caused
by loss-of-function variants in the sodium iodide symporter (NIS)-coding SLC5A5 gene and leading
to dyshormonogenic congenital hypothyroidism. Here, we conducted a targeted next-generation
sequencing assessment of congenital hypothyroidism-causative genes in a cohort of nine unrelated
pediatric patients suspected of having a congenital iodide transport defect based on the absence of
99mTc-pertechnetate accumulation in a eutopic thyroid gland. Although, unexpectedly, we could
not detect pathogenic SLC5A5 gene variants, we identified two novel compound heterozygous TG
gene variants (p.Q29* and c.177-2A>C), three novel heterozygous TG gene variants (p.F1542Vfs*20,
p.Y2563C, and p.S523P), and a novel heterozygous DUOX2 gene variant (p.E1496Dfs*51). Splicing
minigene reporter-based in vitro assays revealed that the variant c.177-2A>C affected normal TG pre-
mRNA splicing, leading to the frameshift variant p.T59Sfs*17. The frameshift TG variants p.T59Sfs*17
and p.F1542Vfs*20, but not the DUOX2 variant p.E1496Dfs*51, were predicted to undergo nonsense-
mediated decay. Moreover, functional in vitro expression assays revealed that the variant p.Y2563C
reduced the secretion of the TG protein. Our investigation revealed unexpected findings regarding
the genetics of congenital iodide transport defects, supporting the existence of yet to be discovered
mechanisms involved in thyroid hormonogenesis.

Keywords: congenital hypothyroidism; thyroid dyshormonogenesis; iodide transport defect; sodium
iodide symporter; thyroglobulin
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1. Introduction

Congenital hypothyroidism, the most frequent inborn disorder detected in newborn
screening programs, is a dysfunction of the hypothalamic-pituitary-thyroid axis that is
present at birth, resulting in thyroid hormone deficiency [1]. Although iodine deficiency
remains the leading cause of hypothyroidism at birth, in iodide-sufficient areas, over 65%
of these patients present abnormalities in thyroid organogenesis (dysgenesis), with the
remaining 35% of the patients developing eutopic thyroid glands with impaired thyroid
hormonogenesis (dyshormonogenesis) [2]. Recent consensus guidelines from the European
Reference Network on Rare Endocrine Conditions recommend molecular diagnosis using
next-generation sequencing in order to explore the genetic basis of the disease, as well as
facilitating an interdisciplinary follow-up of the patients and guaranteeing the provision of
adequate genetic counseling to the families [3].

Current consensus guidelines also recommend that after the identification of the
disease in neonatal screening, the biochemical confirmatory diagnosis should be followed
by complementary biochemical and imaging studies to obtain a better understanding of
the underlying etiology of the disease [3], in particular by using Sanger sequencing-based
approaches to evaluate the sequence of candidate genes. The general clinical presentation of
congenital iodide transport defect, an autosomal recessive disorder due to impaired iodide
accumulation in the thyroid follicular cell, includes a variable degree of hypothyroidism,
reduced to absent radioiodide accumulation in a normal to hyperplastic eutopic thyroid
gland, a low saliva-to-plasma iodide ratio, and normal to increased thyroglobulin (TG)
serum levels [4–7].

Since iodine is a crucial component of thyroid hormones, iodide accumulation in the
thyroid follicular cell constitutes a critical requirement for thyroid hormonogenesis [8]. The
sodium/iodide symporter (NIS) is the basolateral plasma membrane glycoprotein involved
in the accumulation of iodide into the thyroid follicular cell [9]. The carboxy-terminus of this
protein, which is oriented towards the cytoplasm, contains the specific sorting and retention
signals required for NIS expression at the basolateral plasma membrane [10–12]. Over
thirty pathogenic variants in the NIS-coding SLC5A5 gene have been reported in patients
with dyshormonogenic congenital hypothyroidism. The functional characterization of loss-
of-function NIS variants identified in patients has provided mechanistic information about
the transporter [9]. Given the relevance of NIS in thyroid physiology, we recently developed
a machine learning-based NIS-specific variant classifier with the aim of improving the
prediction of the pathogenicity of missense NIS variants [13].

Here, using targeted next-generation sequencing, we investigated the presence of
pathogenic variants in the SLC5A5 gene in a cohort of nine pediatric patients with
dyshormonogenic congenital hypothyroidism, suspected of being due to an iodide trans-
port defect based on the absence of 99mTc-pertechnetate accumulation in the thyroid gland.
Unexpectedly, we could not identify any pathogenic SLC5A5 gene variants. Therefore, we
extended our analysis to a comprehensive panel of 16 other known causative congenital
hypothyroidism genes. Surprisingly, we identified two novel compound heterozygous
TG gene variants (p.Q29* and c.177-2A>C), three novel heterozygous TG gene variants
(p.F1542Vfs*20, p.Y2563C, and p.S523P), and a novel heterozygous DUOX2 gene variant
(p.E1496Dfs*51). A functional in vitro characterization using splicing minigene reporter
assays revealed that the c.177-2A>C variant caused exon 3 skipping during the pre-mRNA
splicing process, leading to the TG pathogenic variant p.T59Sfs*17. Moreover, functional
in vitro expression assays suggested that the variant p.Y2562C causes a defect in the se-
cretion of TG polypeptides, thus resulting in a reduced export of the protein toward the
colloid for thyroid hormonogenesis. Remarkably, the frameshift TG variants p.T59Sfs*17
and p.F1542Vfs*20, but not the DUOX2 variant p.E1496Dfs*51, were predicted to undergo
degradation by nonsense-mediated decay. In conclusion, our investigation revealed un-
expected findings regarding the genetic and phenotypes of congenital iodide transport
defects, suggesting the existence of yet to be discovered mechanisms being involved in
thyroid hormonogenesis.
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2. Results
2.1. Clinical, Biochemical and Imaging Characteristics of the Study Cohort

The study recruited a cohort of nine patients with permanent congenital hypothyroidism
and suspected of iodide transport defect based on non-detectable 99mTc-pertechnetate uptake in
a eutopic non-goitrous thyroid gland (Table 1). All patients were detected through newborn
screening for congenital hypothyroidism using TSH levels (Table 1). Confirmatory thyroid
function tests showed increased TSH and reduced total and free T4 serum levels. TG serum
levels were mostly found to be in the normal range, and all patients tested negative for thyroid
autoantibodies (Table 1).

Table 1. Summary of biochemical, imaging, and molecular findings.

Patient 1 2 3 4 5 6 7 8 9

Neonatal screening
Age (days) 20 3 30 6 20 2 30 3 15

TSH (<10 mU/L) >200 190 >100 157 >100 >100 >100 >100 >100
Biochemical analysis

Age (days) 37 15 50 27 22 12 43 15 21
TSH (0.8–7.8 µg/dL) >200 193 >100 372 >100 290 >100 170 >100

T4 (6–16.5 µg/dL) 2.6 0.4 0.4 1.4 0.4 1.6 0.4 2.8 3.5
Free T4 (1–2.1 ng/dL) - 0.3 - 0.1 0.1 0.1 0.1 0.2 0.4
T3 (100–310 ng/dL) - 73 32 35 19 57 - 94 -
TG (6–83 ng/mL) - 65 50 12 60 14 1.8 46 22

Anti-TPO/TG antibodies Nd Nd Nd Nd Nd Nd Nd Nd Nd
Imaging studies
Ultrasonography Eu Eu Eu Eu Eu Eu Eu Eu Eu

99mTc-pertechnetate
scintigraphy (thyroid)

Nd Nd Nd Nd Nd Nd Nd Nd Nd

99mTc-pertechnetate
scintigraphy (salivary glands)

Nd Nd Po Po Po - Po Po -

Molecular diagnosis

Gene variant TG
p.

Q
29

*/
c.

17
7-

2A
>C

TG
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F1
54

2V
fs

*2
0

TG
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Y
25

63
C

D
U

O
X

2
p.

E1
49

6D
fs

*5
1

TG
p.

S5
23

P

Abbreviations: Eu: Euthyroid. Po: Positive. Nd: Non-detectable. (-): Data not available.

2.2. Genetic Analysis of Congenital Hypothyroidism Using Targeted Next-Generation Sequencing

Based on the radionuclide scintigraphy analysis revealing non-detectable 99mTc-
pertechnetate uptake in the thyroid gland, we explored the presence of pathogenic SLC5A5
gene variants using targeted next-generation sequencing. Unexpectedly, pathogenic
SLC5A5 gene variants were not detected. Interestingly, a radionuclide imaging of the
salivary glands revealed an unexpected classification of the patient phenotype into two
groups; patients with detectable (thyroid iodide transport defect) or non-detectable (com-
plete iodide transport defect) 99mTc-pertechnetate uptake (Table 1). Patients with congenital
iodide transport defects caused by pathogenic SLC5A5 gene variants do not accumulate
iodide either in the thyroid or in the salivary gland, as NIS-mediated iodide transport is
impaired [14,15].

Next, we extended our analysis to a comprehensive panel of 16 other known causative
congenital hypothyroidism genes. Targeted next-generation sequencing analysis revealed
novel compound heterozygous (p.Q29* and c.177-2A>C) and heterozygous (p.F1542Vfs*20)
TG gene variants in patients with a complete iodide transport defect phenotype (Table 1).
Moreover, the sequencing analysis revealed novel heterozygous TG gene variants (p.Y2563C
and p.S523P) and DUOX2 gene variants (p.E1496Dfs*51) in patients with a thyroid iodide
transport defect phenotype (Table 1).
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The variant prioritization pipeline led to the absence of significant variants in any of
the sequenced genes in four patients of the study cohort (Table 1). Among these patients,
two revealed thyroid iodide transport defects and two were not classified, as no record of
99mTc-pertechnetate scintigraphy in the salivary glands was available.

2.3. In Silico Analysis of Variants Identified in Congenital Hypothyroidism-Causative Genes

Although not associated with congenital hypothyroidism, the TG variants p.Q29*,
p.Y2563C and p.S523P have been reported in the Single Nucleotide Polymorphism database
in heterozygosis, which showed a minor allele frequency of less than 1% (rare variants)
according to The Genome Aggregation Database (Table 2). Nonsense (p.Q29* TG) vari-
ants and frameshift variants leading to premature stop codons (p.F1542Vfs*20 TG and
p.E1496Dfs*51 DUOX2) were considered to be pathogenic. The algorithm NMDEscPre-
dictor [16] predicted that the transcript encoding the frameshift TG variant p.F1542Vfs*20,
but not the DUOX2 variant p.E1496Dfs*51, undergoes degradation by nonsense-mediated
decay. Moreover, an in silico analysis of missense TG variants using prediction algorithms
revealed that p.S523P is benign, whereas p.Y2563C is pathogenic (Table 2).

Table 2. Overview of genetic variants and in silico analysis of missense variants.

Gene Nucleotide
Variant

Protein
Variant SNP

Allele Frequency
gnomAD

In Silico Analysis ACMG
GuidelineSIFT PolyPhen-2 MetaLR

TG c.85C>T p.Q29* rs1554648860 0.0000007 PVS1, PM2, PM3, PM4
(Pathogenic)

TG c.177-2A>C p.T59Sfs*17 PVS1, PS3, PM2, PM3,
PP3 (Pathogenic)

TG c.4623_4624insG p.F1542Vfs*20 PVS1, PM2 (Pathogenic)

TG c.7688A>G p.Y2563C rs368587657 0.0000318 0 0.995 0.586 PM2, PP3
(Uncertain significance)

TG c.1567T>C p.S523P rs116062097 0.001536 0.06 0.026 0.222 BS1, BP4 (Likely benign)
DUOX2 c.4487_4488insC p.E1496Dfs*51 PVS1, PM2 (Pathogenic)

In silico predictions were carried out using SIFT (score: 1 = tolerated, 0 = deleterious), PolyPhen-2 (score:
0 = benign, 1 = probably damaging), and MetaLR (score: 0 = tolerated, 1 = damaging). Pathogenic scores are
indicated in bold. Abbreviations: SNP, Single Nucleotide Polymorphism. gnomAD, Genome Aggregation
Database. SIFT, Sorting Intolerant from Tolerant. Polyphen-2, Polymorphism Phenotypic version 2. ACMG,
American College of Medical Genetics.

All TG variants were mapped in the primary structure of the human TG monomer
(Figure 1A). The variant p.Q29* is adjacent to the type 1 TG-like repeat A, where the variant
p.T59Sfs*17 (protein product of c.177-2A>C, see below) is located, with the variant p.S523P
being located in the linker domain spacing type 1 TG-like repeats D and F (domain E) within
the amino-terminal domain (NTD). Recently, the functional characterization of the missense
variant p.L571P revealed the relevance of the linker domain in the intracellular trafficking
of TG [17]. The variant p.F1542Vfs*20 is located in the type-1 repeat P within the arm
domain, while the variant p.Y2563C is located in the homodimerization carboxy-terminal
V domain, also known as the choline esterase-like (ChEL) domain. The ChEL domain is
known to be determinant for TG intracellular trafficking along the apical secretory pathway
to the follicular lumen, where thyroid hormonogenesis occurs [18,19].
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Figure 1. Schematic representation of detected TG variants. (A) Representation of TG variants in the
primary structure of the human TG monomer. In the context of the 3D structure, the monomer of
TG was divided into five regions: the amino-terminal domain (NTD), and the core, flap, arm, and
carboxy-terminal domains (CTD), corresponding to the dimeric choline esterase-like domain (ChEL).
Primary sequence-based internal homology domains named type 1, 2, and 3 TG-like repeats, as well
as the ChEL domain are labeled as A to V. The hormonogenic tyrosines Y24, Y1310, Y2573, and Y2766
are indicated. (B) Representation of the residue p.Y2563C (colored in pink) in one monomer of the
cryo-electron microscopy structure of TG homodimer (PDB ID 6SCJ). Monomers are displayed in
orange and green. Close-up view of the structure showing Y2563-interacting residues Y2564, D2714
and F2717.

Recently, the cryo-electron microscopy 3D structure of the human TG dimer has re-
vealed that the monomers are intertwined, with each monomer being entangled and revolv-
ing around the central ChEL dimer that interacts with the Arm and Core domains of the
same monomer, and with the NTD of the partner monomer involving the E domain [20,21].
Using the web-based molecular visualization Mol* Viewer platform [22], we observed that
the residue Y2563 was located in a short alpha-helix stretch in the ChEL dimer interface,
forming a putative non-covalent intramonomeric hydrogen-bond interaction with D2714
and also pi-stacking interactions with Y2564 and F2717 (Figure 1B). The presence of cysteine
residue at position 2563 may not only disrupt intramonomeric molecular interactions, but
also reorder the complex disulfide bond network, thereby having an effect on the overall
folding of the protein.

2.4. The Pathogenic Variant c.177-2A>C Impairs Normal TG Pre-Messenger RNA Splicing

In silico analysis using splicing prediction algorithms revealed that the variant c.177-
2A>C, located in the canonical splicing acceptor site at the boundary of TG intron 2 and
exon 3, had a deleterious effect on normal TG pre-messenger RNA splicing (Table 3). To
assess the impact of the variant c.177-2A>C, pSPL3-based minigenes were generated and
functionally tested in transiently transfected HeLa cells (Figure 2A). The wild-type (WT)
minigene generated a major transcript of 470 bp compatible with the canonical spliced
transcript including exons 2 and 3 (α splicing product), and also a minor transcript of
372 bp compatible with a partially spliced transcript including exon 2 alone (β splicing
product) (Figure 2B). In contrast, minigene assays revealed that the variant c.177-2A>C
generated only one transcript of 372 bp compatible with the skipping of exon 3 (β splicing
product). As expected, the empty reporter vector generated a transcript of 263 bp (γ splicing



Int. J. Mol. Sci. 2022, 23, 9251 6 of 14

product) (Figure 2B). Sanger sequencing confirmed the identity of all these PCR products
(Figure 2C). Significantly, the variant c.177-2A>C changed the open reading frame of the
transcript and generated a downstream premature translation stop codon, leading to the
TG pathogenic variant p.T59Sfs*17. The algorithm NMDEscPredictor [16] predicted that
the transcript encoding the frameshift variant p.T59Sfs*17 is subjected to degradation by
nonsense-mediated decay.

Table 3. In silico analysis of the variant c.177-2A>C TG.

Variant Sequence NNSplice
(0–1)

HSF
(0–100)

MES
(0–16)

ASSP
≥4.5

WT cctcagGAC 0.93 94.22 9.4 9.878

c.177-2A>C cctccgGAC 0
(deleterious)

65.28
(deleterious)

1.36
(deleterious)

0
(deleterious)

The variant c.177-2A>C, located at position -2 in the splice acceptor site of intron 2 (lowercase) of the TG gene, is
underlined. The exon 3 sequence is shown in capital letters. Scores obtained for WT and the c.177-2A>C splice
acceptor site using the indicated software are shown. For each software, the scale range is indicated in parentheses.
A deleterious effect of the variant is predicted if the change in variation is greater than 15% relative to WT (%
variation = [(variant score—WT score)/WT score] × 100). Abbreviations: NNSplice, Splice Site Prediction by
Neural Network. HSF, Human Splicing Finder. MES, MaxEntScan. ASSP, Alternative Splice Site Predictor.

Figure 2. The variant c.177-2A>C causes exon 3 skipping during TG pre-mRNA splicing. (A) Scheme
of pSPL3-based minigenes used in functional assays. The genomic fragment containing exons 2
(109 bp) and 3 (98 bp) along with a portion of the flanking introns 1 and 3 (247 and 236 bp, respectively),
and the spacing intron 2 (1505 bp) was cloned in the multiple cloning site engineered within the single
intron spanning splice donor (SD) and acceptor (SA) exons using the XhoI and BamHI restriction
sites. Asterisk indicates the position of the variant c.177-2A>C. Arrows show the pSPL3 vector
SD and SA exon-specific primers (SD2 and SA4) used in the RT-PCR analysis. Canonical (α) and
aberrant (β) splicing products are indicated. (B) Agarose gel electrophoresis of RT-PCR products from
non-transfected (no vector) and empty, WT or c.177-2A>C pSPL3 minigenes transiently transfected
into HeLa cells. In the negative PCR control, cDNA was replaced by nuclease-free water. The empty
pSPL3 vector, where only SD-SA exon splicing occurred, led to a 263 bp PCR product (92 bp from exon
SD and 171 bp from exon SA) (γ splicing). The WT pSPL3 minigene yielded a 470 bp PCR product
including SD-SA exons flanking the exons 2 and 3 of the TG gene (α splicing). The c.177-2A>C pSPL3
minigene led to a PCR product of 372 bp including SD-SA exons flanking exon 2 alone (β splicing).
The schemes represent the sequence of α, β and γ splicing RT-PCR products. (C) Sequencing analysis
confirmed the sequence of α, β and γ splicing RT-PCR products.
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2.5. The Variant p.Y2563C Reduces TG Secretion

In order to assess the pathogenicity of the TG variant p.Y2563C, we conducted func-
tional assays in the HEK-293T cells, which do not express TG endogenously. HEK-293T
cells were transiently transfected with an empty expression vector (Mock) or expression
vectors encoding full-length mouse WT or p.Y2562C TG (equivalent to p.Y2563C in human
TG). Western blot analysis revealed an expected specific band for TG with a molecular
mass corresponding to ~330 kDa both in the cell lysate and in the supernatant, denoting TG
expression and secretion, respectively (Figure 3A) [17,23]. In contrast, p.Y2562C TG protein
expression in the cell lysate and its secretion to the supernatant was significantly reduced
compared to WT TG (Figure 3B). In addition, we conducted a flow cytometry analysis to
assess TG expression in permeabilized HEK-293T cells transiently expressing empty vector
and WT or p.Y2562C TG. The data analysis showed that, although the percentage of trans-
fection efficiency was comparable between WT and p.Y2562C TG transiently expressing
cells, the levels of p.Y2562C TG were significantly lower than those of WT TG (Figure 3C). A
putative dominant negative effect of p.Y2562C TG on the secretion of WT TG was dismissed
as TG serum levels in patient #3 carrying p.Y2563C TG in the heterozygous state were
found to be in the normal range (Table 1). Taken together, our findings suggest that the
pathogenic variant p.Y2562C causes a possible defect in the stability of TG polypeptides in
HEK-293T cells, thereby leading to a reduced expression and secretion of the protein for
thyroid hormonogenesis.

Figure 3. The variant p.Y2563C reduces the secretion of TG polypeptides. (A) Representative western
blot analysis of TG expression in serum-free supernatants (S) and cell lysates (C) of HEK-293T cells
transiently transfected with an empty expression vector (Mock) or expression vectors encoding
full-length mouse TG or p.Y2562C TG. Monomers of TG were resolved as a single band of a molecular
mass corresponding to ~330 kDa. (B) Densitometric analysis of TG expression levels in cell lysates
(C) and supernatants (S). Data are expressed as relative units calculated based on the background-
subtracted mean intensity of WT or p.Y2562C TG bands± SD (n = 4). * p < 0.05 vs. WT TG-expressing
cells (ANOVA, Holm-Sidak tests). (C) Flow cytometry analysis to assess transfection efficiency and
TG expression levels in permeabilized HEK-293T cells transiently expressing WT or p.Y2562C TG. The
TG expression levels are expressed as median fluorescence intensity (MFI) ± SD (n = 4). * p < 0.05 vs.
WT TG-expressing cells (Student’s t-test).

3. Discussion

Using targeted next-generation sequencing, we investigated the presence of pathogenic
variants in the SLC5A5 gene in a study cohort of nine unrelated patients with permanent
dyshormonogenic congenital hypothyroidism and that were suspected of having an iodide
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transport defect. Unexpectedly, our analysis did not uncover pathogenic variants in the
SLC5A5 gene to account for the genetic basis of the thyroid disease. Recently, we reported a
Sanger sequencing-based study which also assessed the presence of pathogenic SLC5A5
gene variants in a study cohort of four patients suspected of congenital iodide transport
defect, but we only identified the homozygous synonymous c.1326A>C variant, which led
to aberrant NIS pre-mRNA splicing in one patient of the study cohort [24]. Although we
focused on the coding region and exon-intron boundaries, other potential mechanisms, such
as large genomic rearrangements or pathogenic variants that affect regulatory elements,
including regulatory and deep intronic regions, should also be considered. Interestingly,
two recent reports provided functional evidence that intronic variants (c.970-3C>A and
c.970-48G>C) cause exon skipping during NIS pre-mRNA splicing, thus leading to iodide
transport defects [25,26].

Over a decade ago, Fukata et al. [27] questioned whether the determination of the
saliva-to-plasma radioactive iodide ratio is a requirement for the diagnosis of iodide trans-
port defects. In addition to the thyroid, NIS also mediates active iodide transport in several
extra-thyroidal tissues, including the salivary glands, stomach, small intestine, and lacrimal
glands [28]. Consequently, in the absence of functional NIS molecules, iodide has no access
to the thyroid (hampering thyroid hormonogenesis) or any extra-thyroidal tissue. These
authors recommended first confirming the presence of eutopic thyroid glands by neck
ultrasonography, and, if present, then conducting radionuclide scintigraphy to explore
NIS-mediated iodide accumulation [27]. If neither the thyroid gland nor the salivary glands
are observed to show NIS-mediated iodide accumulation during radionuclide scintigraphy,
then a screening of pathogenic SLC5A5 gene variants is encouraged for molecular diagno-
sis [27]. Here, we uncovered through a radionuclide scintigraphy analysis of the salivary
glands an unexpected classification of patients with defective iodide accumulation in the
thyroid gland into two groups: patients with detectable (thyroid iodide transport defect)
or non-detectable (complete iodide transport defect) 99mTc-pertechnetate accumulation in
the salivary glands. Based on these findings, it is reasonable to speculate that pathogenic
variants may exist in yet to be discovered thyroid-specific genes, which were not targeted
in our sequencing strategy, and are likely to be required for NIS-mediated iodide transport
in the thyroid follicular cell. In line with this, the thyroid-stimulating hormone (TSH) is
the primary hormonal regulator of thyroid NIS expression [29], and pathogenic variants
in the TSH receptor-coding TSHR gene have been identified in patients with congenital
hypothyroidism showing hypoplastic or normal-sized eutopic thyroid glands with reduced
to absent radionuclide uptake on thyroid scintigraphy [30,31]. However, we could not
reveal pathogenic variants in the TSHR gene in any patient of our cohort with thyroid
iodide transport defect.

Targeted next-generation sequencing analysis demonstrated an unexpected enrich-
ment in pathogenic compound heterozygous (p.Q29* and c.177-2A>C) and heterozygous
(p.F1542Vfs*20) TG gene variants in patients with a complete iodide transport defect phe-
notype. Moreover, this analysis revealed pathogenic heterozygous TG (p.Y2563C) and
DUOX2 (p.E1496Dfs*51) gene variants in some patients with a thyroid iodide transport
defect phenotype. Based on the autosomal recessive nature of dyshormonogenic hypothy-
roidism, despite a discordant correlation between genotype and phenotype, the compound
heterozygous variants in the TG gene leading to defective TG synthesis may partially ex-
plain the etiology of the disease in one of our patients (patient #1). Patients with TG defects
usually present goiter, moderate to severe hypothyroidism, low to undetectable TG serum
levels, and normal to increased iodide accumulation [18]. Unfortunately, TG serum levels
were not available in our patient in order to establish further correlation between genotype
and phenotype. Although heterozygous pathogenic TG variants are unlikely to explain
the defective iodide transport phenotype, they may contribute to modulate the thyroid
phenotype in patients with oligogenic forms of congenital hypothyroidism. Structurally de-
fective TG variants tend to misfold and accumulate in the endoplasmic reticulum, causing
severe thyroidal reticulum stress [32], which could lead to a reduced iodide accumulation
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and expression of proteins involved in thyroid hormonogenesis, thereby being a possible
TSH signaling-dependent counter-regulatory mechanism to reduce endoplasmic reticulum
stress [33]. In addition, the absence of TG variants in the only patient of our cohort showing
reduced TG serum levels (patient #7) does not explain the etiology of the disease. Taking
these results together, our analysis reinforces the need to expand the current knowledge on
the genetic landscape of the disease.

The advent of next-generation sequencing has expanded the mutational landscape of
monogenic forms of congenital hypothyroidism, as well as uncovering the potential oligogenic
origin of the disease [2]. Lately, whole-exome sequencing has revealed pathogenic variants in
novel genes that lead to thyroid dysgenesis [34–36] and dyshormonogenesis [37–39]. Although
the genetic basis underlying defective iodide accumulation in our study cohort remains elusive,
the future implementation of next-generation sequencing-based approaches (i.e., whole-exome
or whole-genome sequencing) might reveal novel disease-causing gene variants leading to the
complete or thyroid phenotype of defective iodide accumulation. This hypothesis is supported
by the observation that the function of the TSH-stimulated KCNQ1/KCNE2 potassium channel
is required for thyroid hormonogenesis by sustaining normal NIS-mediated iodide transport in
the thyroid follicular cell [40].

4. Material and Methods
4.1. Patients

Nine unrelated patients with permanent dyshormonogenic congenital hypothyroidism
suspected of an iodide transport defect were enrolled in the study. All patients were full-
term newborns of non-consanguineous Caucasian (of European descent) parents, and
showed an abnormally high thyroid-stimulating hormone (TSH) serum level (cut-off value
15 mIU/L) during the newborn screening program (Table 1). The diagnosis of congenital
hypothyroidism was made by assessing increased TSH serum levels, with total or free
thyroxine (T4) levels being below the normal range (Table 1). The patients revealed variable
clinical signs of hypothyroidism at birth, including jaundice, umbilical hernia, cutis mar-
morata, puffy dull face, and macroglossia, with delayed bone maturation on a knee X-ray
suggesting severe intrauterine hypothyroidism. The inclusion criterion was congenital
hypothyroidism with a reduced to absent 99mTc-pertechnetate accumulation in the thyroid
gland, as assessed by radionuclide scintigraphy, and with the eutopic thyroid gland being
examined by ultrasonography. In addition, the accumulation of 99mTc-pertechnetate in
the salivary glands was recorded during thyroid gland scintigraphy. A determination of
the saliva-to-plasma iodide ratio was not available. Levothyroxine therapy was started
immediately after diagnosis at doses of 10–15 µg/kg per day. All patients were re-evaluated
at approximately three years of age, as recommended by consensus guidelines [3], with
the discontinuation of levothyroxine treatment for a month revealing permanent hypothy-
roidism. All parents were clinically and biochemically euthyroid. Parental DNA samples
were not available for segregation analysis.

4.2. Targeted Next-Generation Sequencing

Genomic DNA was purified from peripheral blood mononuclear cells using the
Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). Genomic DNA
(10 ng/per sample) was used for library preparation, using the DNA prep with an en-
richment protocol (Illumina, San Diego, CA, USA) and a custom targeted panel of the
17 congenital hypothyroidism-causative genes TG (NM_003235.4), TPO (NM_000547.5),
DUOXA2 (NM_207581.3), DUOX2 (NM_014080.4), SLC5A5 (NM_000453.2), SLC16A2
(NM_006517.4), SLC26A4 (NM_000441.1), TSHR (NM_000369.2), GNAS1 (NM_000516.4),
THRB (NM_000461.4), THRA (NM_003250.5), PAX8 (NM_003466.3), NKX2.1
(NM_001079668.2), NKX2.5 (NM_004387.3), FOXE1 (NM_004473.3), IYD (NM_001164694.1),
and SECISBP2 (NM_024077.4) [41]. Next-generation sequencing was performed on the
NextSeq 550 platform using the Mid Output kit v2.5 (Illumina). Sequencing coverage of
30x reads was considered to be the minimum requirement for a sequence variant to be
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considered. Sequence data were processed using custom bioinformatic software pipelines
to align reads to the HG19 reference genome. All reported variants were explored using
public databases, as well as literature searches. All variants were confirmed by Sanger
sequencing on a capillary ABI 3500XL sequencer using the BigDye Terminator v3.1 Cycle
Sequencing kit (Thermo-Fisher Scientific, Waltham, MA, USA).

4.3. Cloning and Site-Directed Mutagenesis

The mouse TG cDNA sequence (NM_009375.2) cloned into the pcDNA3.1 expres-
sion vector has been described previously [42]. The variant p.Y2562C in the mouse Tg
cDNA was introduced by site-directed mutagenesis using the QuikChange Lightning
Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA) and the muta-
genic primers 5′-GTGCTCCAAGGAGTAACACCATACAGCAGCAGC (forward) and 5′-
GCTGCTGCTGTATGGTGTTACTCCTTGGAGCAC (reverse).

A human TG sequence containing exons 2 (109 nucleotides) and 3 (98 nucleotides)
along with the last 247 nucleotides of intron 1, 1505 nucleotides of intron 2, and the first
236 nucleotides of intron 3, was amplified by PCR using the following primers containing
XhoI and BamHI restriction sites 5′-CACACTCGAGGCTGCCTGAGACTTGGTGCCTCATG
(forward) and 5′-CACAGGATCCGTGGCTCATGGGAGGAACTGGGTAG (reverse). The
DNA fragments were cloned into the corresponding cloning sites of the splicing reporter
pSPL3 vector [43]. Site-directed mutagenesis was performed by PCR with the muta-
genic oligonucleotides 5′-TGTGTCTCCTCCTCCGGACTGTCCAGTGC (forward) and 5′-
GCACTGGACAGTCCGGAGGAGGAGACACA (reverse), using Phusion Hot Start II DNA
Polymerase (Thermo-Fisher Scientific). Methylated template plasmid was digested with
DpnI (Promega, Madison, WI, USA), and the resulting PCR products were transformed into
XL1-Blue competent cells [44]. All constructs were sequenced to verify specific nucleotide
substitutions (Macrogen, Seoul, South Korea).

4.4. Cell Culture and Transfections

Human embryonic kidney (HEK)-293T (CRL-3216) and HeLa cells (CCL-2, Ameri-
can Type Culture Collection, Rockville, MD) were cultured in Dulbecco Modified Eagle’s
Medium (Thermo-Fisher Scientific) supplemented with 10% fetal bovine serum (Natocor,
Córdoba, Argentina) and antibiotics [45,46]. HEK-293T cells were transiently transfected
with 500 ng plasmid/well in 24-well plates using ViaFect transfection reagent (Promega),
and HeLa cells were transfected with 2 µg plasmid/well in 6-well plates using Lipofec-
tamine 2000 (Thermo-Fisher Scientific) [47].

4.5. Splicing Minigene Reporter Assays

Total RNA was extracted 24 h after transfection with pSPL3-based minigene reporters
using the Direct-zol RNA MiniPrep Kit (Zymo Research, Irvine, CA, USA). Complementary
DNA synthesis and PCR amplifications were carried out as previously described [48]. The
pSPL3-specific primer set was as follows: SD2 5′-GTGAACTGCACTGTGACAAGCTGC and
SA4 5′-CACCTGAGGAGTGAATTGGTCG. RT-PCR products were analyzed by agarose gel
electrophoresis. The PCR products were gel purified using Wizard SV Gel and the PCR Clean-Up
System (Promega), and sequenced to verify the identity of spliced exons (Macrogen).

4.6. Western Blot

One day after transfection, the cells were washed and fed with fresh serum-free me-
dia. Then, after 24 h, the supernatants were collected and centrifuged to remove cellular
debris. The cells were lysed in RIPA buffer containing protease inhibitor cocktail [17],
and equal volumes of supernatants and cell lysates were resolved in SDS-PAGE gel under
non-reducing conditions, followed by electrotransference to nitrocellulose membranes and
immunoblotting, as previously described [23]. Membranes were blocked and incubated
with rabbit monoclonal anti-TG primary antibody (ab156008, Abcam, Cambridge, UK)
diluted 1:3000 in PBS containing 0.05% Tween-20. After washing, membranes were incu-
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bated with HRP-conjugated donkey anti-rabbit secondary antibody (NA934, GE Healthcare,
Piscataway, NJ, USA) diluted 1:5000 in PBS containing 0.05% Tween-20. Bands were visu-
alized using the Bio Lumina kit (Kalium Technologies, Quilmes, Argentina), and images
were recorded using a GeneGnome XRQ chemiluminescence imaging system (Syngene
Synoptics, Cambridge, UK).

4.7. Flow Cytometry

Transfected cells were fixed in 2% paraformaldehyde, permeabilized, and stained
with rabbit polyclonal anti-TG primary antibody [49] diluted 1:500 in PBS containing 0.2%
human serum albumin and 0.2% saponin [15]. After washing, cells were incubated with
Alexa-488-conjugated goat anti-rabbit antibody (A-11008, Molecular Probes, Eugene, OR,
USA) diluted 1:250 in PBS containing 0.2% human serum albumin and 0.2% saponin. The
fluorescence of ~5 × 104 events per tube was quantitated in a BD FACSCanto II Flow
Cytometer (BD Biosciences, San Jose, CA, USA). Data analysis was performed with FlowJo
software (Tree Star, Ashland, OR, USA).

4.8. Statistical Analysis

Results are presented as the mean ± SEM of at least three independent experiments.
Statistical tests were performed using Prism 5.0 software (GraphPad Software, La Jolla, CA,
USA). Multiple group analysis was conducted by a one-way ANOVA followed by Holm-
Sidaks multiple-comparison post hoc tests. Comparisons between two groups were carried
out using the unpaired Student’s t-test. Differences were considered significant at p < 0.05.
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