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Abstract

Purpose
Primary congenital hypothyroidism (CH) is the most common endocrine disease in children and one of the
preventable causes of both cognitive and motor de�cits. We present a genetic and bioinformatics
investigation of rational clinical design in 16 Argentine patients suspected of CH due to thyroid
dyshormonogenesis (TDH).

Methods
Next-Generation Sequencing approach was used to identify variants in Thyroid Peroxidase (TPO) and Dual
Oxidase 2 (DUOX2) genes. A custom panel targeting 7 genes associated with TDH [(TPO, Iodothyrosine
Deiodinase I (IYD), Solute Carrier Family 26 Member 4 (SLC26A4), Thyroglobulin (TG), (DUOX2), Dual
Oxidase Maturation Factor 2 (DUOXA2), Solute Carrier Family 5 Member 5 (SLC5A5)] and 4 associated
with thyroid dysembryogenesis [PAX8, FOXE1, NKX2-1, Thyroid Stimulating Hormone Receptor (TSHR)]
has been designed. Additionally, bioinformatic analysis and structural modeling were carried out to predict
the disease-causing potential variants.

Results
Five novel variants have been identi�ed, two in TPO: c.2749-2A>C and c.2752_2753delAG,
[p.Ser918Cysfs*62] and three variants in DUOX2 gene: c.425C>G [p.Pro142Arg]; c.790delC
[p.Leu264Cysfs*57] and c.2695delC [p.Gln899Serfs*21]. Seventeen identi�ed TPO, DUOX2 and IYD
variants were previously described. We identi�ed potentially pahogenic bi-allelic variants in TPO and
DUOX2 in 8 and 2 patients, respectively. We also detected a potentially pathogenic mono-allelic variant in
TPO and DUOX2 in 4 and 1 patients respectively. Only two patients were heterozygous for digenic variants
in TPO/IYD and in TPO/DUOX2 genes.

Conclusions
22 variants have been identi�ed associated with TDH. All described novel mutations occur in domains
important for protein structure and function, predicting the TDH phenotype.

Introduction
Congenital hypothyroidism (CH) is the most common inherited neonatal endocrine disorder, affects an
estimated 1 in 2,000-4,000 newborns and it is characterized by elevated levels of thyroid stimulating
hormone (TSH) and low thyroid hormones (TH) serum levels [1–3]. If untreated, CH can lead to permanent
intellectual disability and slow growth.
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According to the candidate genes associated with primary CH, this pathology can be divided into two
groups: (a) disorders of thyroid gland development (thyroid dysembriogenesis or thyroid dysgenesis
group) or (b) defects in any of the steps of thyroid hormone synthesis (thyroid dyshormonogenesis (TDH)
group) [1–3]. The thyroid dysembryogenesis, accounts for the 80-85% of the cases in Caucasians. TDH,
which accounts for the remaining 15-20% of the cases, has been associated to variants in the Solute
Carrier Family 5 Member 5 (SLC5A5) (encoding NIS), Solute Carrier Family 26 Member 4 (SLC26A4)
(encoding pendrin), Solute Carrier Family 26 Member 7 (SLC26A7), Thyroid Peroxidase (TPO), Dual
Oxidase 1 (DUOX1), DUOX Maturation Factor 1 (DUOXA1), Dual Oxidase 2 (DUOX2), DUOX Maturation
Factor 2 (DUOXA2), Iodotyrosine Deiodinase (IYD) and Thyroglobulin (TG) genes [1–3]. These mutations
produce a heterogeneous spectrum of CH with Gland-in-situ (GIS) of normal or enlarged size,
characterized usually by an autosomal recessive inheritance. Thereafter, the patients are typically
homozygous or compound heterozygous for the mutations and their parents, carriers of one variant.
Iodide Organi�cation Defects (IOD) are linked with inactivating mutations in the TPO, DUOX1, DUOX2,
DUOXA1, DUOXA2, SLC26A4 or SLC26A7 genes [4]. Variants in TPO and DUOX2 appear to be the most
common cause of IOD. Recently, Wang et al., [5] analyzed a large cohort of patients with CH in the Chinese
population, identifying a high incidence of DUOX2 variants in patients with GIS, suggesting that DUOX2
variants may confer susceptibility to GIS via polygenic inheritance.

The aim of our study was to identify and conduct a thorough assessment of the TPO and DUOX2 variants
in sixteen patients from unrelated families with CH due to TDH. Five novel variants have been identi�ed,
two in TPO gene and three variants in DUOX2 gene.

Materials And Methods
Patients

Patients with CH, goiter, high TG levels and negative anti-TG and anti-TPO auto antibodies were selected
to participate in this study (Supplementary Figure 1). Patients from families 1, 3, 4, 5, 7, 10, 11, 12 and 15
were followed at Endocrine Division of Hospital de Niños “Ricardo Gutiérrez”, patients from families 2, 6, 8,
9 and 14 were followed at Endocrine Unit of Hospital de Niños “Santísima Trinidad” and patients from
families 13 and 16 were followed at Servicio de Endocrinología of Hospital de Niños “Sor María
Ludovica”. The case reports of each of the patients analyzed are shown in Supplementary Notes 1.  Table
1 shows the clinical and biochemical characteristics of the patients studied. Replacement treatment was
started with a daily dose of L-thyroxine (L-T4) of 12-15 µg/kg of weight for each child. 

 

Next-Generation Sequencing

A custom panel targeting 7 genes associated with TDH (SLC5A5, SLC26A4, DUOX2,
DUOXA2, TPO, IYD, TG) and 4 associated with thyroid dysembryogenesis (PAX8, FOXE1, NKX2-1, TSH
receptor (TSHR) has been designed in order to amplify all exons and exon-intron junctions of the
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respective genes by multiplex PCR. Genomic DNA was isolated from peripheral blood leucocytes by the
standard cetyl trimethyl ammonium bromide method. The TruSeq NGS libraries were prepared according
to the manufacturer’s instructions (Truseq Custom Amplicon Library Preparation, Illumina, San Diego, CA).
Pooled libraries were sequenced on an Illumina MiSeq sequencer (Illumina). Basic data analysis was
performed according to the default parameters of the Illumina Variant Studio versión 22.1 software. For
each subject, a .vcf �le containing variant was generated, further reviewed, and �ltered. For every
equivocal call in the .vcf �les, visual inspection of the mapped data was performed using the Integrated
Genomics Viewer 2.4 software (IGV; Broad Institute, Cambridge, MA, USA). All variants detected in the
patients were further validated by Sanger sequencing using the primers and PCR conditions reported
previously [6,7].

 

Protein homology analysis 

Amino acid sequence homology between several TPO species and between several DUOX2 species was
investigated using the MegAlign (DNASTAR, Hauser University of California-SF) and Search for Conserved
Domains (http://www.ncbi.nlm.nih.gov/BLAST) software programs. 

 

Amino acid substitution prediction tools.

Missense variants were analyzed with the sequence based predictors: Protein Variation Effect Analyzer
(PROVEAN) and Sorting Intolerant From Tolerant (SIFT) [http://provean.jcvi.org/genome_submit_2.php?
species=human], Polymorphism Phenotyping v2 (PolyPhen-2, HumVar trained
model) [http://genetics.bwh.harvard.edu/pph2/], PANTHER-Position-Speci�c Evolutionary Preservation
(PSEP) [http://www.pantherdb.org/tools/csnpScoreForm.jsp?] and MutPred2 [http://mutpred.mutdb.org/]. 

 

Splice site prediction tools

Searching for potential 5´ and 3´ splice site (ss) sequences in the TPO gene was accomplished using the
NNSplice [http://www.fruit�y.org/seq_tools/splice.html], FSplice [http://linux1.softberry.com/berry.phtml?
topic=fsplice&group=programs&subgroup=g�nd], SPL [http://linux1.softberry.com/berry.phtml?
topic=spl&group=programs&subgroup=g�nd] and SPLM [http://linux1.softberry.com/berry.phtml?
topic=splm&group=programs&subgroup=g�nd] prediction tools. Scores of the 23-nt sequences (20 bases
in the intron and 3 bases in the exon), corresponding either to wild-type and mutated 3´ ss, were calculated
by means of the MaxEntScan
program [http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq_acc.html].  Finally, the analysis
of exon sequences that allows the identi�cation of putative exonic splicing enhancer (ESE) responsive to



Page 6/24

the human Ser/Arg-rich proteins (SR proteins) was performed using the ESE�nder
program [http://rulai.cshl.edu/tools/ESE/].

 

Classi�cation and determination of pathogenicity

We applied American College of Medical Genetics and Genomics (ACMG) recommendations to classify
variants as pathogenic, likely pathogenic, variants of uncertain signi�cance (VUS), likely benign, or
benign [8]. Variants classi�ed as either pathogenic or likely pathogenic were considered to be involved in
the CH development. 

 

3D modeling analysis of the identi�ed TPO, DUOX2 and IYD variants 

In order to study the three-dimensional (3D) structure, homology models were generated by using the
Swiss Model program [https://swissmodel.expasy.org]. The best scored template among many generated
by Swiss Model was chosen in each case in order to create a suitable TPO and DUOX2 structure models.
Available crystal structures of IYD are shorter versions of the protein which do not include the position
292. So, a structure model of the full protein, in particular isoform 2, was created using the RaptorX
Structure Prediction program [http://raptorx.uchicago.edu]. In order to validate the created TPO, DUOX2
and IYD models, we used Verify3D program and ERRAT program from SAVES v6.0
server [http://saves.mbi.ucla.edu] and QMEAN from Swiss Model [http://swissmodel.expasy.org/qmean/].
The different protein models were submitted to the Swiss PDB Viewer v4.1.0 [https://spdbv.vital-it.ch/] in
order to evaluate potential structure changes due to mutations. Stability changes were calculated using
the FoldX [http://foldxsuite.crg.eu/] suite through the arti�cial reality application YASARA
[http://www.yasara.org/]. 

Results
Screening of variants in the TPO and DUOX2 genes 

In order to identify the deleterious TPO and DUOX2 variants from the index patients of
16 unrelated families, all exons of the TPO and DUOX2 genes with their exon/intron boundaries were
screened by NGS (Figure 1a,b). 

A total of 21 variants have been identi�ed, 15 in TPO and 6 in DUOX2 gene (Figure 1 a,b; Table 2). In
regards to TPO, two novel variants associated with thyroid disease were identi�ed. One of them, detected
in Family 6: II-1, consists of an adenine to cytosine transversion in the acceptor splice site of intron 16
(c.2749-2A>C) (Figure 1a; Table 2). The other one is a deletion of adenine and guanine at nucleotide
positions c.2752 and 2753 (c.2752_2753delAG, p.Ser918Cysfs*62) in the index Family 13: II-1. Two
identi�ed variants, c.1727C>A (p.Ala576Glu) in Family 4: II-1 and Family 5:II-3 (Figure 1a; Table 2),  and
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c.2116A>G (p.Met706Val) in Family 9: II-3 (Figure 1b; Table 2) have not been associated previously to CH
and have been recorded in gnomAD and in dbSNP databases (Table 2). Only one allele of a total alleles
number of 251454 has been identi�ed in population latino/admixed American presenting an estimated
total Minor Allele Frequency (MAF) of   0.000003977 % for the allele adenine1727. Guanine2116 is present
with a frequency of 0,0158 in gnomAD. This variant was widely distributed in all populations in
heterozygous state. Additionaly it appears as homozygous in African/African-American population. 

If we refer to DUOX2 gene, three novel variants associated with thyroid disease have been identi�ed. The
�rst variant, characterized in Family 15: II-1 was the c.425C>G (p.Pro142Arg) (Figure 1b; Table 2). The
second variant, also identi�ed in Family 15:II-1 was the c.790delC (p.Leu264Cysfs*57) (Figure 1b; Table
2). The third novel variant found in the Family 14: II-1 consists of another cytosine deletion, c.2695delC
(p.Gln899Serfs*21) (Figure 1b; Table 2). Although the variant present in the Family 16: II-1, c.2759C>T
(p.Thr920Ile) (Figure 1b; Table 2),   has not been associated with CH, has been registered in dbSNP
(rs1401530068) and in gnomAD presenting a MAF of 0.000003976 % for the allele adenine920 (1/ 251478
alleles). 

In addition to the variants identi�ed in the TPO and DUOX2 genes, only one variant was detected in the rest
of the genes screened by the NGS panel. A missense variant (c.874C>T, p.Arg292Cys) was identi�ed in
IYD gene (Family 6: II-1), which have not been associated previously to CH and have been recorded in
gnomAD and in dbSNP databases (Figure 1a; Table 2).

The genotypes associated to the clinical and biochemical characteristics of the patients studied are
shown in Table 1; the segregation analysis is shown in Figure 1a and 1b.

 

 Protein homology analysis 

Multiple sequence alignment of the p.Ala576Glu and p.Met706Val human TPO variants with other animal
wild-type TPO sequences found in the GenBank database, using Clustal method, revealed that wild-type
alanine576 residue is strictely conserved in all TPO species analyzed (Supplementary Figure 2). In contrast,
wild-type methionine706 is not conserved. However, valine706 is present in the species Rattus norvergicus
and Mus musculus (Supplementary Figure 2). Aditionally, evolutionary conservation degree studies were
conducted for p.Pro142Arg and p.Thr920Ile. Our results show that both proline142 and threonine920 are
highly conserved in evolution (Supplementary Figure 3).

 

Classi�cation and determination of pathogenicity.

Amino acid prediction analysis in missense variants. 
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In order to analyze and classify the missense variants identi�ed, a bioinformatic prediction study was
performed.  The in silico algorithms PROVEAN, SIFT, Polyphen 2-Hum Var, PANTHER-PSEP and MutPred2
were used to predict the levels of pathogenicity of each variant. The sequence variants were then
classi�ed according to the results of these programs and ACMG standards and guidelines, grouping them
according to the coincidence shown among the programs. The classi�cation guidelines of the missense
variants and their predictions are exhibited in Table 3. The predictors exhibited as likely pathogenic the
TPO variants: p.Asn307Thr, p.Pro499Leu, p.Thr561Met, p.Ala576Glu, p.Gln660Glu, p.Arg665Trp,
p.Val748Met and p.Glu799Lys, whereas the p.Ser398Thr was classi�ed as VUS and p.Met706Val as likely
benign variant. When analyzing the DUOX2 variants, we can see that of the 3 of the variants that were
identi�ed, two belong to VUS group (p.Pro138Leu and p.Pro142Arg) and the remaining to the likely
pathogenic variants group (p.Thr920Ile). The p.Arg292Cys variant in the IYD was classi�ed as likely
benign.

 

3’ Splice site prediction analysis

In order to evaluate in silico the relevance of the c.2007-9_-7delTCT and c.2749-2A>C TPO variants, wild-
type and mutated 3'ss located in the introns 11 and 16, respectively were analized using the NNSplice,
FSplice, SPL and SPLM tools.  As shown in Figure 2a, the both wild-type 3′ss were recognized by all four
programs. NNSplice does not recognize the mutated 3′ ss located in the intron 11, while the rest of the
programs only showed a slightly lower score in relation to the wild-type 3′ ss. Regarding mutated 3′ ss
located in the intron 16, it was not identi�ed as an acceptor site of splicing by NNSplice, FSplice, SPL and
SPLM programs (Figure 2a). 

The strength of mutated and physiologic 3'ss sites were also compared by MaxEntScan program,
maximum entropy model (MAXENT), the �rst-order Markov model (MM) and the weight matrix model
(WMM) and the scores were consistently lower for the mutated 3′ ss with respect to wild-type 3′ ss (Figure
2a) in both variants (c.2007-9_-7delTCT and c.2749-2A>C).  

ESE sequences act as binding sites for SR proteins (SF2/ASF, SC35, SRp40 and SRp55). Both mutated
and wild type 3' ss in both variants (c.2007-9_-7delTCT and c.2749-2A>C) were recognized by SF2/ASF,
SC35, SRp40 and SRp55 proteins. Interestingly, according to ESE�nder, c.2007-9_-7delTCT
variant decreases the score of the SRp40 proteins that bind to ESE sequences located around the intron
11/exon 12 junction (Figure 2b), whereas c.2749-2A>C variant decreases the score of the SRp40
and SF2/ASF proteins that bind to ESE sequences located around the intron 16/exon 17 junction (Figure
2b). 

 

3D modeling analysis of the identi�ed TPO, DUOX2 and IYD mutants
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In order to study the consequences in the protein structure and function and to achieve a possible
explanation of the pathogenic mechanism of the identi�ed variants, we carried out in silico studies. The
quality of the created TPO, DUOX2 and IYD structure models was evaluated using Verify3D, ERRAT and
QMEAN programs. According to Verify3D our models passed the test with 92.86% (TPOperoxidase domain),
100% (TPOCCP domain), 100% (TPOEGF-like domain) and 81.91% (IYD); amino acids scored ≥ 0.2 in the 3D/1D
pro�le. The overall quality factors were 85.91 (TPOperoxidase domain), 84.61 (TPOCCP domain), 53.12 (TPOEGF-

like domain), 94.63 (DUOX2) and 93.88 (IYD). In accordance with QMEAN4, the chosen models were suitable
with scores of -1.72 for TPOperoxidase domain, -0.63 for TPOCCP domain, -1.97 for TPOEGF-like domain, -2.17 for
DUOX2 and -0.78 for IYD. To evaluate the impact of the identi�ed variants on 3D structure of proteins we
submitted the created models to Swiss PDB Viewer and the FoldX suite. Then, comparative analysis
between wild type and mutated proteins (carrying the identi�ed missense mutations) was carried out by
studying conformational and molecular changes (see Supplementary Notes 2) (Figure 3). Also, the
electrostatic potential surface which is explained as the distribution of exposed charges in the protein
surface, was calculated for each variant. In addition, using FoldX suite we obtained the stability changes
for each variant. This parameter can be calculated as the difference between the free energy of the wild-
type (WT) and the mutant (MT) protein: ΔΔG(change) = ΔG(MT) - ΔG(WT). If this value is above 0 the
variant is destabilizing (with an error margin of 0.5kcal/mol).

Discussion
The present study reveals the clinical and molecular analysis of a cohort of sixteen children from
unrelated families with CH and IOD in Argentinian population. Patients with IOD have a variable degree of
primary hypothyroidism characterized by elevated TG serum levels, an increased and rapid uptake of
iodine, a signi�cant discharge of thyroidal radioiodine after perchlorate discharge test
(PDT) (Supplementary Figure 1) and a thyroid gland enlargement depending on the severity of the
defect. PDT allows to distinguish Total IOD (TIOD) from Partial IOD (PIOD, between 10 and 90%) [1]. In
untreated patients, a complete defect causes a severe phenotype resulting in mental retardation with a
large goiter. Due to late initiation of treatment, many late-diagnosed hypothyroid patients suffer typical
signs and symptoms of hypothyroidism even though they receive regular L-T4 treatment. Unfortunely this
is the case of some of our patients who, together with others who interrupted their treatment for different
reasons, experimented severe repercussions (patients 3:II-1, 4:II-1, 5:II-3, 6:II-1, 7:II-1, 8:II-1, 8:II-2, 12:II-1)
(Supplementary Notes 1). So, they needed psycho-pedagogical or phonoaudiological assistance. The
remaining 8 patients (1:II-1, 2:II-1, 9:II-3, 10:II-1, 11:II-1, 13:II-1, 14:II-1, 15:II-1 and 16:II-1) grew and
developed normally attending normal schooling with good performance (Supplementary Notes 1). All the
cases studied correspond to permanent CH (PCH) except the index patients of the families 10 and 11
whom transient CH (TCH) was diagnosed. It has been reported that TDH can cause PCH or
TCH [52]. Although variants in TPO and DUOX2 appear to be the most common cause of IOD, patients with
hipoplasia and non-goitrous hypothyroidism have been reported recently harboring TPO [53] and DUOX2
mutations [50]. 
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Previous reports indicate that CH caused by variants in the TPO gene is an autosomal recessive disorder,
and most patients with biallelic TPO variants have PCH [13].  In the present study, TPO variants have been
associated to TCH as can been seen in the index patients of family 10 and 11 who presented severe
hypothyroidism in the neonatal period. 

Most cases of CH associated with alterations in the DUOX2 gene are caused by either biallelic or
monoallelic variants which lead to extremely complex correlation between DUOX2 genotypes and clinical
phenotypes [49, 54, 55]. Both biallelic and monoallelic DUOX2 variants could be associated with TCH or
PCH [13, 46, 55-57].  DUOXA2 variants also are associated with TCH or PCH [1, 55]. Recently, Lui et
al. [58] identi�ed two monoallelic missense variants in DUOX1 and DUOXA1 genes causing TCH and PCH,
respectively. Of note, biallelic inactivation of TG, SLC5A, SLC26A4 or SLC26A7 causes PCH too [59, 60]. 

Molecular diagnosis of CH has been traditionally established by PCR-based approaches followed by
systematic Sanger sequencing analysis. The identi�cation of simultaneous variants in the same gene or
in different thyroid speci�c genes by introduction of NGS platforms contributes to the accurate diagnosis
and classi�cation of the defects CH. TPO and DUOXs variants were identi�ed in a total of 205 (in 38
papers) and 663 (in 40 papers) patients with CH, respectively, using targeted NGS panel (TNGS) or whole-
exome sequencing (WES). Patients and variants are summarized in Supplementaries Tables 1 and
2. These �ndings suggested that, not only monogenic inheritance, but also digenic or oligogenic
inheritance are involved in the pathogenesis of IOD.

In this report, we have identi�ed novel variants associated with CH and other variants previously
described. Some of the latter were not associated with this pathology. So, ours results show that variants
were most frequently found in TPO (68.2%), followed by DUOX2 (27.3%) and IYD (4.5%) genes. No
de�nitively variants were found in SLC5A5, SLC26A4, DUOXA2 and TG by NGS technology. 10 missense
mutations, 2 splice site variants, 2 duplications and 1 deletion were identi�ed in TPO gene (Figure 4a),
whereas, 6 variants were identi�ed in DUOX2 gene: 3 missense and 3 deletions (Figure 4b). Only 1
missense variant was identi�ed in IYD gene. Sixteen out of a total number of 22 variants was identi�ed as
likely pathogenic variants. We have identi�ed 3 likely benign variants, two of them, in TPO gene:
p.Met706Val and c.2007-9_-7delTCT and the other, in IYD gene: p.Arg292Cys as it was evidenced by
Clinvar database and our studies using in silico predictive tools, whereas 3 variants, 1 in
TPO (p.Ser398Thr) and two in DUOX2 gene (p.Pro138Leu and p.Pro142Arg) were classi�ed as VUS. 13
variants are found in the extracellular portion of the TPO (Figure 4), in the myeloperoxidase (MPO)-like
domain: p.Asn307Thr, p.Ala397Profs*76,  p.Ser398Thr, p.Pro499Leu, p.Thr561 Met, p.Ala576Glu,
p.Gln660Glu, p.Arg665Trp, c.2007-9_-7delTCT and p.Met706Val; in the Sushi domain: p.Val748Met and in
the EGF domain: p.Glu799Lys and p.Cys808Leufs*72. Two variants are located in the intracellular part of
TPO: c.2749-2A>C and p.Ser918Cysfs*62 (Figure 4). 

The most frequent variants are, the reported previously p.Val748Met identi�ed in 4 patients, the
p.Thr561Met presents in 3 patients, the p.Ala397Profs*76 found in 2 patients and the p.Asn307Thr
identi�ed en 2 patients too. The pathogenic p.Val748Met variant produces several changes in molecular
surface. Signi�cant structural alterations have been detected in the p.Thr561Met variant, which would
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alter the secundary structure and affect the function of TPO protein. Our results agree with the
investigations of Fu et al. [13]. On the other hand additional prediction studies would indicate the
pathogenity of the p.Thr561Met variant. The p.Ala397Profs*76, described for the �rst time by Abramowicz
et al. [31] is a common alteration of the TPO gene in Caucasian population. 

The p.Asn307Thr identi�ed previously in our laboratory [7] has been classi�ed in the present study as
likely pathogenic variant. The change origines a new hydrogen bond, a local increase in electropositive
charges. On the other hand, the position 307 is a known glycoslylation site for which we hyphotesize that
the alteration of the normal protein glycosylation pattern could affect its transport and correct localization
in the thyrocyte membrane.

Three variants identi�ed here have been previously functionally characterized, p.Ser398Thr [9, 10],
p.Pro499Leu [12] and p.Glu799Lys [27]. The variant p.Ser398Thr has been classi�ed by us as VUS, which
would be consistent with the following explanations: (a) the 3D modelling analysis of the p.Ser398Thr
showed the breaking of a hydrogen bond between an asparagine at position 557 and an isoleucine at
position 497 and several changes in the molecular surface of the mutated protein; (b) Guria et al. [9],
demostrated that p.Ser398Thr had and slightly decreased enzyme activity determinated by the I− and
guaiacol assays, this �ndings are consistent with the molecular docking-based study carried out by
Begum et al. [10] in which p.Ser398Thr showed a moderate in�uence on the interaction between the TPO
protein and the heme prosthetic group. If we establish a genotype-phenotype relationship, we could
hypothesize that this variant would not be the cause of the CH, since the mother and one of the index
patient's siblings are euthyroid and homozygous for it (Figure 1a). In a previous work we have functionally
analyzed the p.Pro499Leu variant, described here as likely pathogenic variant using the Baculovirus
System as a model of enzyme expression of human TPO. Signi�cantly lower activity was recorded
[12]. Bikker et al. [27] expressed the p.Glu799Lys in CHO-K1 cells. The protein appeared to insert normally
in the cell membrane, since it showed distribution similar to that of wild-type TPO. The position of the
variant is far from the active site, but still the mutant protein is devoid of enzymatic activity, suggesting
that the exchange of an acidic for a basic amino acid in exon 14 may lead to improper folding of the
molecule [28].

Most cases of CH associated with alterations in the TPO gene are caused by either homozygous or
compound heterozygous genotypes. However, two or even more variations in one or more CH associated
genes can be found in a single patient, and the coexistence of multiple variants may affect the severity of
the hypothyroid condition. In the present study, a variant heterozygous for c.2749-2A>C in TPO combined
with the heterozygous IYD variant for p.Arg292Cys were identi�ed in patient 6: II-1 and three variants have
been identi�ed in patient 9:II-3, two in TPO gene: the homozygous p.Met706Val and the heterozygous
p.Val748M and one homozygous variant in DUOX2 gene: p.Pro138Leu. 

Aditionally we have identi�ed 6 DUOX2 variants. p.Pro138Leu, p.Pro142Arg and p.Leu264Cysfs*57 are
located in the peroxidase-like domain, whereas p.Gln899Serfs*21, p.Thr920Ile and p.Phe966Serfs*29 are
present in the transmembrane domain. Only two variants were described previously associated with
congenital hypothyroidism, the p.Pro138Leu [46, 47] and the p.Phe966Serfs*29 variant [6, 11, 24, 40, 41,
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46, 48-51].  The frameshift p.Phe966Serfs*29, commonly reported as p.S965fsX994 is one of the most
frequent mutations in DUOX2 gene. Muzza et al. [46] showed that the transcripts carrying this deletion
were submitted to nonsense mRNA decay, indicating the existence of mRNA quality control active on the
DUOX2 gene. Despite p.Pro138Leu appears functionally silent, with limited damaging impact, has been
signi�cantly associated with CH in Japanese and Italian patients and has been classi�ed in this study  as
VUS [60]. Several molecular surface changes can be seen in the affected area and in the whole protein in
our 3D modeling analysis.

In this study, eight patients were monogenic and compound heterozygous for variants in TPO and DUOX2
genes (Patients 1:II-1, 2:II-1, 3:II-1, 4:II-1, 5:II-3, 7:II-1, 14:II-1, 15:II-1). All of them harbored variants that were
possibly contributing to CH.  Five likely pathogenic and monoallelic variants have been identi�ed here, all
of them were absent in the healthy control (Patients 8:II-1 and 8:II-2, 11:II-1, 12:II-1, 13:II-1, 16:II-1). These
variants are usually assumed to coexist with an additional undetected CNV, intronic or regulatory mutation
on the other chromosome [40]. This may occur in our patients since the sequencing techniques used here
would not detect mutations in noncoding regions of the genome and although CNVs were not
identi�ed. On the other hand, monoallelic variants could coexist with other genes not incorporated in the
design of our panel and that also contribute to the hypothyroid phenotype. Only two patients were
heterozygous for digenic variants in TPO/IYD (6:II-1) and in TPO/DUOX2 (9:II-3) genes. In the �rst case
only the TPO variant would be the cause of the pathology due to the IYD variant is likely benign according
to bioinformatics predictors. 

In summary, �ve novel variants have been identi�ed, two en TPO: c.2749-2A>C and c.2752_2753delAG,
[p.Ser918Cysfs*62] and three variants in DUOX2 gene: c.425C>G  [p.Pro142Arg];  c.790delC
[p.Leu264Cysfs*57] and c.2695delC [p.Gln899Serfs*21] expanding so the causative mutation spectrum of
TDH in Argentinian patients. 
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Figure 1

a, b. Pedigrees showing the thyroid peroxidase (TPO), dual oxidase 2 (DUOX2) and iodotyrosine
deiodinase (IYD) genotype results for the families from 1 to 16. Partial sequencing chromatograms of
genomic DNA are shown. Squares represent males and circles females. Filled symbols denote affected
individuals and half-�lled symbols, unaffected heterozygous individuals. The solid symbols indicate the
p.Glu799Lys, p.Ala397Profs*76, p.Pro499Leu, p.Asn307Thr, p.Arg292Cys, p.Val748Met,
p.Phe966Serfs*29, p.Leu264Cysfs*57 mutated alleles and the hatched symbols the p.Arg665Trp,
p.Thr561Met, p.Ala576Glu, p.Ser398Thr, p.Ala576Glu, c.2749-2A>C, p.Cys808Leufs*72, c.2007-9_-7delTCT,
p.Gln660Glu, p.Ser918Cysfs*62, p.Gln899Serfs*21, p.Pro142Arg and p.Thr920Ile mutated alleles. Sense
strands are shown except for sequences c.2007-9_-7delTCT/WT (Family 10:II-1) and
p.Leu264Cysfs*57/WT (Family 15:II-1). Black arrows denote the position of identi�ed mutations, single
chromatogram peaks indicate homozygosity and two overlapping peaks at the same locus,
heterozygosity. The DNA of the fathers from families 1 (1:I-1), 5 (5:I-1), 6 (6:I-1), 7 (7:I-1), 10 (10:I-1) and the
fathers and mothers from families 3 (3:I-1, 3:I-2), 4 (4:I-1, 4:I-2), 12 (12:I-1, 12:I-2), 13 (13:I-1, 13:I-2), 15
(15:I-1, 15:I-2) and 16 (16:I-1, 16:I-2) were not available for analysis. Families 8 (8:II-1, 8:II-2), 11 (11:II-1), 12
(12:II-1), 13 (13:II-1) and 16 (16:II-1) did not show a second inactivating mutation. Open arrows denote
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index patient. The nucleotide position is designated according to the Homo sapiens TPO, DUOX2 and IYD
mRNA sequence reported in the National Center for Biotechnology Information (NCBI), reference sequence:
NM_000547.6, NM_014080.5 and NM_001164694.2, respectively. The A of the ATG of the initiator
methionine codon is denoted nucleotide +1. The amino acid positions are numbered including the signal
peptide, following the NCBI (TPO: NP_000538, DUOX2: NP_054799, IYD: NP_001158166.1) and Uniprot
(TPO: P07202, DUOX2: Q6PHW0, IYD: Q9NRD8) numbering. 

The wild-type and mutated ampli�ed fragments corresponding to exons: 8 (Family 2:II-1 and Family 5:II-3),
12 (Family 10:II-1), 14 (Family 8:II-2) and 17 (Family 13:II-1) of the TPO gene and exons: 7 (Family 15:II-1),
21 (Family 14:II-1) and 22 (Family 14:II-1) of the DUOX2 gene were T-A cloned into pGEM-T Easy vector
(Promega, Madison, WI, USA) and sequenced using the T7 primer.

Figure 2

c.2007-9_-7delTCT and c.2749-2A>C thyroid peroxidase (TPO) variants, in silico analysis of the wild-type
and mutated 3′ splice sites. a) Individual scores for each 3′ splice sites obtained by a panel of acceptor
site prediction programs (NNSplice, FSplice, SPL, SPLM and MaxEntScan program by selecting for the
analyses the maximum entropy model (MAXENT), the �rst-order Markov model (MM) and the weight
matrix model (WMM)). The NNSplice, FSplice, SPL, SPLM splice site models assign a log-odd ratio (score)
to a 23-mer (3'ss) sequence. The higher the score, the higher the probability that the sequence is a true
splice site. b) Potential SR binding sites (SF2/ASF, SC35, SRp40 and SRp55) identi�ed by the ESE�nder
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3.0 program. The height of each bar represents the motif scores, whereas its width indicates the length of
the binding site motifs for SR proteins and its position along the sequence. Note that the wild-type and
mutated 3′ splice site are potentially recognizable by SR proteins. 

Figure 3

a, b. Tertiary structure prediction of the identi�ed human thyroid peroxidase (TPO), dual oxidase 2
(DUOX2) and iodotyrosine deiodinase (IYD) mutants. The different protein models were submitted to the
Swiss PDB Viewer v4.1.0 in order to evaluate potential structure changes due to mutations. Electropositive
charges are shown in blue, electronegative charges in red and neutral areas appears in white. Stability
changes were calculated using the FoldX suite through the arti�cial reality application YASARA. The
arrows indicate the differences in the protein structure.
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Figure 4

Structural organization of the thyroid peroxidase (TPO) and dual oxidase (DUOX2) proteins with reference
to the position of the identi�ed variants. a) TPO variants. The signal peptide (SP), complement control
protein (CCP) domain, also known as Sushi domain, calcium-binding EGF (EGF like) domain and heme-
binding sites (proximal histidine (pHis494), distal histidine (dHis239), aspartic acid (Asp38), glutamic acid
(Glu399), drawn to scale, are shown. The identi�ed TPO variants are indicated. The amino acid positions
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are numbered including the signal peptide (SP), following the NCBI (NP_000538) and Uniprot (P07202)
numbering. ECD: extracellular domain, TM: transmembrane domain, ICD: intracellular domain, aa: amino
acid. b) DUOX2 variants. The peroxidase-like and gp91phox/NOX2-like domains, glycosilation sites
(NXS/T site), EF-hand calcium binding motifs and FAD and NADPH binding sites, drawn to scale, are
shown. The seven alpha helice transmembrane domains are represented by boxes (I, II, III, IV, V, VI and VII).
The identi�ed TPO variants are indicated. The amino acid positions are numbered including the signal
peptide, following the NCBI (NP_054799) and Uniprot (Q6PHW0) numbering.
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