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Abstract

Purpose Congenital primary hypothyroidism (CH) is a state of inadequate thyroid hormone production detected at birth, caused
either by absent, underdeveloped or ectopic thyroid gland (dysgenesis), or by defected thyroid hormone biosynthesis
(dyshormonogenesis). A genetic component has been identified in many cases of CH. This review summarizes the clinical
and biochemical features of the genetic causes of primary CH.

Methods A literature review was conducted of gene defects causing congenital hypothyroidism.

Results Mutations in five genes have predominantly been implicated in thyroid dysgenesis (TSHR, FOXE1, NKX2-1, PAXS, and
NKX2-5), the primary cause of CH (85%), and mutations in seven genes in thyroid dyshormonogenesis (SLC5AS5, TPO, DUOX?2,
DUOXA2, SLC6A4, Tg, and DEHALI). These genes encode for proteins that regulate genes expressed during the differentiation
of the thyroid, such as TPO and Tg genes, or genes that regulate iodide organification, thyroglobulin synthesis, iodide transport,
and iodotyrosine deiodination. Besides thyroid dysgenesis and dyshormonogenesis, additional causes of congenital hypothy-
roidism, such as iodothyronine transporter defects and resistance to thyroid hormones, have also been associated with genetic
mutations.

Conclusion The identification of the underlying genetic defects of CH is important for genetic counseling of families with an
affected member, for identifying additional clinical characteristics or the risk for thyroid neoplasia and for diagnostic and

management purposes.
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Congenital hypothyroidism (CH), defined as thyroid hormone
deficiency present at birth, is the most common neonatal met-
abolic disorder and one of the most preventable causes of
mental retardation and neurological alterations in children
[1]. It occurs in one of every 2 to 4 thousand newborns owing
to complete or partial failure of thyroid gland development or
function. The incidence may vary by geographic location [2].
Females are more frequently affected than males (female/male
ratio 2—4:1) [3]. The main causes of CH are shown in Table 1.

The clinical presentation is often subtle or not present at
birth, possibly due to placental passage of maternal thyroid
hormones or thyroid production of the embryo. Typical man-
ifestations include myxedematous face, macroglossia, umbil-
ical hernia, hypotonia, large fontanels, a distended abdomen,
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decreased activity and increased sleep, constipation, feeding
difficulty, and prolonged jaundice. Timely diagnosis of CH is
of the utmost importance because of the essential role of thy-
roid hormones in central nervous system maturation [4].
Intellectual disability can be prevented with early screening:
this was introduced in 1974 by using a blood sample from the
newborn via a heel prick collected on filter paper and has been
established worldwide ever since. Ideally, screening should be
done at 3—4 days of age. Levothyroxine is the treatment of
choice and should ideally be started in the first trimester of life
[5]. Thyroid hormone deficiency may become apparent clini-
cally and biochemically at a later stage; hence, despite normal
initial screening, CH should still be considered in the case of a
suggestive clinical phenotype.

CH is classified as permanent and transient and can be
caused by primary, secondary, or peripheral etiologies.
Permanent CH refers to the state of persistent thyroid hormone
deficiency and requires lifelong treatment. Transient forms
usually occur in areas of endemic iodine deficiency and are
characterized by recovery of thyroid hormone deficiency
within a few months or years. Thyroid dysgenesis and
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Table 1 Causes of congenital
hypothyroidism and related genes
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Causes of congenital hypothyroidism Related gene OMIM number Mode
of transmission
Todine deficiency or hyperexposure to iodine - - -
Thyroid dysgenesis (85%) TSHR 275200 AR
TITF2 241850 AR
NKX2 (TITF1) 610978 AD
PAXS 218700 AD
NKX2-5 225250 AD
DUOX2 607200 AR
GLIS3 610199 AR
TUBBI 613112 AR
CDCS8A 609977 AR
JAGI 118450 AD
NTNI 618264 AD
HHEX 604420 AR
HESI 139605 AR
HOXA3 142954 -
EYAI 601653 AD
Dyshormonogenesis (10-15%) TPO 274500 AR
SLC5A5 274400 AR
DUOXI 606758 AR
DUOX2 607200 AR
DUOXA2 274900 AR
SLC26A4 (PDS) 274600 AR
SLC26A7 608479 AR
Tg 274700 AR
DEHALI 274800 AR
TSH resistance (1-2%) TSHR 275200 AR, AD
GNAS1 103580 AD
DIO2 610413 -
Thyroid hormone transport defects MCTS8 300523 XL
OATPICI 613389 XLR
Thyroid hormone action defects THRA 614450 AD
THRB 188570 AD, AR
274300
Central hypothyroidism (secondary or tertiary) TRHR 618573 AR
TSHB 275100 AR
IGSF1 300888 XLR
HESX1 182230 AD, AR
LHX3 221750 AR
LHX4 262700 AD
SOX3 312000 XL
OoTX2 613986 AD
PROP1 262600 AR
POUIFI 613038 AD, AR

Transient neonatal hypothyroidism
(antithyroid drugs, maternal inhibitory
antibodies, iodine deficiency or excess,
prematurity
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dyshormonogenesis cause primary hypothyroidism.
Secondary or central hypothyroidism at birth results from a
deficiency of thyroid-stimulating hormone (TSH). Congenital
TSH deficiency may be isolated or associated with congenital
hypopituitarism, which is characterized by additional pituitary
hormone deficiencies [2]. Peripheral etiologies include defects
in thyroid hormone transport, metabolism, or action [2].

It is well known that a genetic component is frequently
involved in CH. The known genes associated with primary
congenital hypothyroidism are primarily divided into those
causing thyroid dysgenesis and those causing
dyshormonogenesis.

The exact cause of CH remains obscure in many instances;
however, developmental abnormalities of the thyroid gland,
i.e., thyroid dysgenesis, accounts for the majority of the
known cases, followed by abnormal thyroid hormone synthe-
sis. Of note, normal thyroid hormone synthesis requires a
normally developed thyroid gland and adequate nutritional
iodide intake.

In order to summarize the known genetic causes and high-
light the importance of genetic abnormalities in the develop-
ment of CH, additional clinical features and, in rare cases,
neoplasia, this review focuses on the genetic defects of the
genes involved in primary congenital hypothyroidism caused
by thyroid dysgenesis, dyshormonogenesis, TSH resistance,
defects in thyroid hormones transport, and defects in the
bioactivation of the thyroid hormones.

Thyroid dysgenesis and congenital
hypothyroidism

Thyroid dysgenesis represents the leading cause of CH, ac-
counting for 85% of CH cases, and the most common cause of
permanent CH. It involves defective thyroid gland develop-
ment with different forms include thyroid aplasia or agenesis
(35-40% of all cases), hypoplasia (5%), and ectopy (30-45%,
more frequently located in a sublingual position), which is the
most common form (48—61%) [6]. It is usually sporadic but
2% of cases are found to be familial [7].

Current evidence suggests that the development of the em-
bryonic thyroid gland and its normal migration from the base
of the tongue to the anterior neck is a multistage process of
highly regulated biochemical steps that requires the participa-
tion of certain transcription factors, such as TTF-2 or FOXE1,
TTF-1 or NKX2-1, PAX-8, NKX2-5, DUOX2, GL153, and
transcription regulators, such as GLIS3. These proteins are
known to regulate genes expressed during the differentiation
of the thyroid, such as thyroid peroxidase (TPO) and Tg
genes. Mutations in these factors can result in thyroid dysgen-
esis [8].

Genes associated with thyroid gland dysgenesis cause ei-
ther nonsyndromic CH (7SH receptor) or syndromic CH

(TITF-1, NKX2, PAXS, THOX2, CDCAS, TUBBI, JAGI,
NTNI, and GL153) [9, 10].

Extrathyroid genes that regulate the migration of the medi-
an thyroid bud during embryogenesis have also been reported
to cause faulty embryogenesis when mutated. These include
adhesion molecules and vascular factors which promote the
stabilization of the bilobed thyroid structure [9].

Thyroid dysgenesis and nonsyndromic CH
TSHR gene

The TSH receptor belongs to a group of G protein-coupled
receptors with seven transmembrane regions and mediates the
effects of TSH, secreted by the anterior pituitary gland. It is
divided into two subunits ( and 3). Thyroid-stimulating hor-
mone receptor (TSHR) activation results in intracellular sig-
naling via Gsx protein, which leads to activation of cyclic
adenosine monophosphate (AMP) cascade, and via Gq pro-
tein, that leads to activation of phospholipase C (PLC) cas-
cade. cAMP binds to protein kinase A (PKA), which phos-
phorylates different components of intracellular signaling and
activated PLC leads to the generation of inositol 1,4,5-triphos-
phate and diacylglycerol, which stimulate Ca®* release into
the cytoplasm and activate the protein kinase C (PKC) path-
way. Increased concentrations of intracellular Ca** and PLC
activity are important for H,O, production, iodination of thy-
roglobulin, and iodide efflux, whereas adenylate cyclase and
cAMP regulate the transcription of sodium-iodide symporter
(NIS), Tg and TPO, as well as iodide uptake [11].
Homozygous or heterozygous mutations in the 7SHR gene
result in variable TSH resistance expressed as euthyroid
hyperthyrotropinemia with a normal or a hypoplastic thyroid
gland (fully compensated TSH resistance) [12—16] mild or
borderline hypothyroidism with high TSH concentrations
and a normal thyroid gland (partially compensated TSH resis-
tance), or severe hypothyroidism with a hypoplastic thyroid
gland or athyreosis (severe uncompensated TSH resistance)
[25-30]. Heterozygous loss of function mutations in the 7SHR
gene have also been associated with mildly elevated TSH
levels [12, 14, 16].

Thyroid dysgenesis and syndromic CH
Thyroid transcription factor-2

Thyroid transcription factor-2 (TTF-2), also known as
forkhead box E1 (FOXEL), is a transcription factor involved
in thyroid gland development. Although the role of TTF-2 in
thyroid gland development has been well established, the un-
derlying mechanisms remain obscure. It is a member of the
forkhead/winged helix domain transcription factor family [17]
and has been identified as a nuclear protein that recognizes
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and binds to a DNA sequence present in the promoters of 7g
and TPO, regulating the expression of thyroid-specific genes
[18, 19]. TTF-2 is encoded by the TITF2 gene, one of the
thyroid dysgenesis-related genes, which is located on chromo-
some 9q22 and consists of a single exon [20]. Three homozy-
gous loss-of-function missense mutations within the forkhead
DNA-binding domain have been reported to result in clinical
symptoms of CH including thyroid agenesis or an ectopic
sublingual gland with added features of bilateral choanal atre-
sia, spiky hair, hypoplastic bifid epiglottis and cleft palate
(Bamforth syndrome) [21].

TTF-1

Thyroid transcription factor-1 (TTF-1), also known as
thyroid-specific enhancer binding protein (T/EBP), is a
homeodomain containing transcription factor which plays a
critical role in the development of the thyroid gland by regu-
lating the transcription of 7g, TPO, and TSH receptor genes in
thyroid follicular cells [18, 22]. It is encoded by the NKX2
gene family, and more specifically by 7/7F'] gene, which is
located on chromosome 14q13 and comprises 3 exons [23].
The TITF1 gene is expressed at the very beginning of thyroid
differentiation and mutations can cause thyroid agenesis or
ectopy due to pathological migration of the thyroid precursor
cells. Reports show that 777F-] is also expressed in the lungs
and in the ventral forebrain [24]. In the lung, TTF-1 is present
at the earliest stages of differentiation and is later confined to
the branchial epithelium. It also regulates the transcription of
surfactant protein B (SPB) in epithelial lung cells.
Heterozygous TITF-1 gene mutations and an autosomal dom-
inant 7/TF-1 gene mutation have been associated with com-
pensated congenital hypothyroidism and unexplained respira-
tory distress due to lung hypoplasia in neonates with no path-
ological bronchial morphology [25]. In addition, de novo or
dominant 7/7F-1 mutations have been associated with neuro-
logical symptoms including ataxia, benign chorea or
choreathetosis, hypotonia, dysarthria, developmental delay,
feeding difficulties, and microcephaly, suggesting a role of
TITF-1 in brain development also [26, 27]. CH combined with
unexplained respiratory distress is a strong indicator of the
NKX2 mutation. The NKX2.5 gene has been found to be
involved in cardiac development; hence, mutations lead to
congenital heart defects in addition to CH.

PAX8

PAXS, a transcription factor, is one of the nine members of the
mammalian paired homeodomain family. The PAXS gene is
mapped to chromosome 2q12-q14 and consists of 11 exons. It
plays a fundamental role not only in the initiation of thyroid
cell differentiation, but also in cell proliferation [28]. It acti-
vates the transcription of TPO, Tg, and NIS and acts in
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combination with TTF-1 to activate the promoter of the Tg
gene. TPO is dependent on PAXS, and therefore, defective
PAXS8 function leads to reduced TPO expression and partial
organification defect [28]. Heterozygous human PAXS muta-
tions have been described in patients with hypoplastic thyroid
gland and others with ectopic thyroid gland. PAXS is also
expressed in the kidney, where it activates the Wilm’s tumor
(WTT1) gene promoter, as well as in the developing brain [29].
Heterozygous mutations have been associated with renal
hemiagenesis, ipsilateral to thyroid hemiagenesis when pres-
ent, and hypercalciuria. CH due to PAX8 mutations may be
either syndromic or nonsyndromic.

NKX2-5

NKX2-5 is a homeodomain-containing transcription factor
that has been shown to be involved in heart and thyroid de-
velopment. However, data on the pathogenic role of NKX2-5
gene mutations on thyroid dysgenesis are inconclusive [30].

DUOX2

The gene DUOX2 or THOX2 encodes the human protein dual
oxidase 2 (DUOX2), a member of the NADPH oxidase fam-
ily. Hydrogen peroxide (H,0,) is essential for
thyroperoxidase-mediated thyroid hormone synthesis in the
follicular lumen of the thyroid gland. DUOX2 and its matu-
ration factor and essential partner, DUOXA2, play a crucial
role in H,O, generation, necessary for the biological activa-
tion of TPO [31]. However, DUOX?2 defects have been asso-
ciated with cases of both thyroid dysgenesis and
dyshormonogenesis [32].

GL153

GL153 is a transcription factor encoded by its gene located on
chromosome 9q24. Its role in thyroid function is yet to be
described. Mutation of the transcription factor is described
with a rare syndrome of neonatal diabetes and congenital glau-
coma along with CH [33].

GLIS3

The human GLIS3 gene, located on chromosome 9p24.2, en-
codes the transcription factor Gli-similar 3 (GLIS3), which
belongs to the family of the Kruppel-like zinc finger transcrip-
tion factor [34]. Heterozygous GLIS3 missense variants have
been identified in Caucasian patients with primary congenital
hypothyroidism, with half of the affected cases presenting
with thyroid dysgenesis (athyreosis, thyroid hypoplasia, and
thyroid ectopy) [35]. Neonatal diabetes, hepatitis, and congen-
ital hypothyroidism in the form of thyroid aplasia with
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diminished colloid and temporary TSH resistance upon treat-
ment with thyroxine have also been described [36].

TUBB1

Another gene associated with thyroid dysgenesis is TUBBI
(tubulin beta 1 class VI), a member of the (3-tubulin protein
family. 3-Tubulins heterodimerize to form o/f-tubulin di-
mers, which are incorporated into one of the major cytoskel-
etal structures, microtubules [37]. An unsuspected role of tu-
bulin isotype 1, TUBBI, in thyroid development has been
reported and carriers of TUBBI mutation present with thyroid
dysgenesis in the form of ectopia, hypoplasia, hemithyroid or
asymmetric thyroid gland, and abnormal platelet morphology
[38]. Not all carriers of the mutation show thyroid phenotype,
suggesting that a second hit, such as a somatic mutation in the
thyroid gland or an epigenetic defect, may be necessary for the
expression of hypothyroidism.

CDCA8 gene

The CDCAS gene encodes borealin, a member of the chro-
mosomal passenger complex, which plays a key role in cyto-
kinesis and chromosome segregation [39]. It is expressed in
human thyroid tissue during embryonic development and has
been associated with congenital hypothyroidism due to defec-
tive migration and adhesion of human thyrocytes [40].

JAG1

Jagged canonical notch ligand 1, JAGI, is encoded by the
JAGI gene and loss-of-function mutations cause thyroid hy-
poplasia, liver, heart, skeleton, eye, and facial defects (Alagille
syndrome) [41].

NTN1

Mutations in the NTNI gene, encoding netrin 1, have been
associated with congenital ventricular septum defect and thy-
roid ectopy in a single patient [42].

Several genes, including HHEX, HES1, HOXA3, and
EYAI, have been associated with thyroid dysgenesis in mice.

HHEX

HHEX, hematopoietically expressed homeobox, refers to a
transcription factor that is expressed in the thyroid gland in
mice and contributes to thyroid gland differentiation [43, 44].
It has been reported that embryos with a mutation in the
HHEX gene exhibit arrest of thyroid development at the bud-
ding stage (E9.5), whereas later in the developmental stages,
the absence of HHEX expression is accompanied by a regres-
sion in the morphology of the developing gland [45, 46].

HES1

Helix-loop-helix protein HES1 (Hes family BHLH transcrip-
tion factor 1), encoded by the HES! gene, transactivates the
NIS promoter and controls thyrocyte and C-cell precursors
[47]. Mutations in the HES! gene in mice have been associ-
ated with thyroid aplasia [48].

HOXA3

The HOXA3 gene encodes homeobox protein HOX-A3.
Mutations in the HOXA3 gene in mice results in thymus and
thyroid hypoplasia due to a reduced number of follicular and
parafollicular cells [49].

EYA1

Thyroid hypoplasia, lack of isthmus, and reduction in
calcitonin-producing cells have been reported in mice with
inactivation of the eyes absent gene, EYA I, which is involved
in the regulation of mature thyroid gland formation [50].

Dyshormonogenesis and congenital
hypothyroidism

Dyshormonogenesis, also referred to as inborn errors of thy-
roid hormone biosynthesis, is a disorder in the enzymatic cas-
cade of thyroid hormone synthesis and accounts for 10-15%
of CH cases. Thyroid hormone biosynthesis, storage, and se-
cretion compose a multistep process that occurs in the thyroid
follicle (Fig. 1). After iodide uptake occurs in the basolateral
membrane of NIS, iodide is transported to the apical mem-
brane and then into the follicular lumen, partly by the protein
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Follicular
cell
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Fig. 1 Schematic diagram of a follicular cell, illustrating the molecules
involved in thyroid hormone synthesis
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pendrin (Fig. 1). Within the follicular lumen, iodine is oxi-
dized by TPO in the presence of H,0O,, the generation of
which is catalyzed by dual oxidase DUOX2 and its maturation
factor, DUOXAZ2. Subsequently, iodine is incorporated into
tyrosyl residues of thyroglobulin (organification) to form
monoiodotyrosine (MIT) and diiodotyrosine (DIT).
Iodotyrosines are coupled by TPO to form the thyroid hor-
mones, trildothyronine (T3), and thyroxine (T4), which re-
main bound to this protein until they are secreted into the
bloodstream [51] (Fig. 1). TSH regulates all the stages of
thyroid hormone synthesis. Defects in each of the aforemen-
tioned steps of thyroid hormone synthesis have been detected,
leading to dyshormonogenesis and variable severity of hypo-
thyroidism and goiter development, due to thyroid gland stim-
ulation by TSH [52].

Specifically, gene mutations involved in
dyshormonogenesis include enzymes that are required for io-
dide organification (TPO, DUOX2, DUOXA2, and SCL26A4),
thyroglobulin synthesis (7G), iodide transport (SCL5AS), and
iodotyrosine deiodination (DEHALI) [53].

TPO

TPO is a heme-binding protein localized in the apical mem-
brane of the thyroid follicular cell and consisting of 933 amino
acids. TPO enzymatic activity is responsible for iodide oxida-
tion, organification, and iodotyrosine coupling (52). The hu-
man 7PO gene is mapped to chromosome 2p25 and includes
17 exons. Over 60 mutations in the 7PO gene have been
reported, accounting for the majority of cases of
dyshormonogenesis [54]. The most common phenotype of
this autosomal recessive disorder is a total iodide
organification defect with severe symptoms of CH as a
consequence.

NIS

NIS is responsible for the accumulation of iodide in the thyroid
gland through active membrane transport [55]. It is a mem-
brane protein of approximately 65 kDA that consists of 12
transmembrane domains, including both a carboxyl and ami-
no termini location inside the cell [55]. NIS expression has
been detected not only in normal and neoplastic thyroid tissue,
but also in salivary glands, gastric mucosa, breast, colon, ova-
ries, placenta, skin, and the choroid plexus. The human gene
SLC5AS5 is located on chromosome 19p and contains 15
exons, encoding a protein of 643 amino acids. Several studies
have shown that TSH up-regulates NIS gene expression, NIS
protein abundance, and bioactivity. The first report of a muta-
tion in the NIS gene was made in 1997, followed by the de-
tection of several mutations, mostly inherited in an autosomal
recessive manner [56]. The symptoms of CH may vary from
fully compensated hypothyroidism to severe hypothyroidism.
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Goiter is not always present, and an absence of radioactive
iodine intake is also described. People with heterozygous mu-
tations are euthyroid. Patients with higher dietary iodine in-
take seem to present less severe symptoms of hypothyroidism;
therefore, it seems that iodine supplementation is preferable to
thyroxine treatment [57].

Pendred syndrome gene

Pendred syndrome (PDS) is an autosomal recessive disease
caused by a homozygous or heterozygous mutation of the
SLC26A4 (solute carrier family 26, member 4) or PDS gene.
It is characterized by goiter and sensorineural deafness due to
a Mondini cochlear defect, present at birth [58]. It represents
the most common cause of syndromic deafness, accounting
for 10% of cases [59]. The goiter becomes manifest in the
second decade of life and may be multinodular or diffuse.
Despite the presence of goiter, congenital hypothyroidism is
rarely present and the subjects are usually euthyroid.
However, TSH levels are often at the upper end of the normal
range and, with the progression of time, hypothyroidism of
variable severity may develop [59]. The relative gene is
mapped to chromosome 7q: it contains 21 exons and is
expressed in the thyroid gland as well as the cochlea. It en-
codes pendrin, a 760 amino acid chloride-iodide transporter
with 11 transmembrane domains, localized in the apical mem-
brane of the thyrocyte [60], but also in the inner ear, endome-
trium, and kidney [61]. Mutation in the gene leads to mild
organification defect, due to disruption of iodide transporta-
tion across the apical membrane of the thyrocyte into the col-
loid space [62]. Both TPO defects and Pendred syndrome may
present with hypothyroidism, goiter, partial iodide
organification defects, and a positive perchlorate test [63]. A
definite diagnosis is only possible with molecular testing.

SLC26A7

SLC26A7 has recently been described as being a novel iodide
transporter in the human thyroid, with similar function to that
of SLC26A4. It is predominantly expressed on the luminal
side of thyroid follicular cells and homozygous nonsense mu-
tations in the SLC26A7 gene result in defective thyroid
hormonogenesis and congenital goitrous hypothyroidism
[64].

NADPH oxidases (DUOX1, DUOX2)

The oxidation of the different substrates is dependent on the
presence of hydrogen peroxide and the peroxide enzyme that
catalyzes the process (TPO). Hydrogen peroxide is generated
on the apical surface of the cell through the catalytic action of
NADPH:O(2) oxidoreductase flavoproteins or NADPH oxi-
dases, DUOX1 and DUOX2 [65]. NADPH oxidases are
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encoded by two genes, DUOXI and DUOX2, mapped to chro-
mosome 15, and are located at the apical membrane of
thyrocytes where they play a fundamental role in H,0, gener-
ation [66]. H,O, is the substrate of TPO and essential for the
biological activation of TPO so that iodide organification (io-
dination of tyrosine residues and incorporation of iodide into
TG) and hormonogenesis are completed. Inactivating muta-
tions of the DUOX?2 gene have been associated with perma-
nent or transient CH. Heterozygous mutations lead to mild
transient CH and partial iodide organification defect. On the
other hand, homozygosity leads to severe symptoms of CH
and complete organification defect [67]. DUOXAZ2, a resident
endoplasmic reticulum (ER) protein, is required for the matu-
ration and plasma membrane localization of DUOX2 [68].

Tg

Thyroglonulin (Tg) is a homodimer with subunits of
330,000 Da, synthesized exclusively in the thyroid gland.
The Tg gene is located on chromosome 8q24 and includes
42 exons [69]. The primary functions of Tg include iodide
storage and thyroid hormonogenesis. Hormone synthesis from
TG occurs via the iodination and coupling of pairs of tyrosine
residues and is completed by Tg proteolysis. In the case of a
mutated 7g gene, formation of T4 and T3 is ineffective due to
a coupling defect. Gene mutations lead to mild to severe
symptoms of CH with low concentrations of Tg and goiter
[70].

DEHAL1

Iodotyrosine dehalogenase (DEHALL) is a nitroreductase-
related enzyme responsible for deiodination of iodotyrosines
(monoiodotyrosine and diiodotyrosine) [71]. Homozygous
mutations of the DEHALI gene have been reported to cause
hypothyroidism from early infancy in the majority of cases, as
well as intellectual deficits [72].

TSHR

The TSHR gene represents yet another gene that, when mutat-
ed, can cause nongoitrous CH [12]. As mentioned previously,
TSHR is a G protein-coupled transmembrane receptor
through which TSH mediates its effects towards thyroid hor-
mone synthesis. Loss of function mutations in 7SHR cause
resistance to TSH, with a clinical presentation ranging from
congenital nonautoimmune hyperthyrotropinaemia or com-
pensated hypothyroidism (elevated TSH and normal thyroid
hormone concentrations) to overt hypothyroidism with thy-
roid hypoplasia. Thus far, more than 60 biallelic inactivating
TSHR mutations have been described [73]. In the case of
complete resistance to TSH levothyroxine treatment is

considered essential, but it remains controversial whether
treatment is required in partial resistance to TSH [74].

GNAS1

Resistance to TSHR is also caused by mutations in the GNAS/
gene, which encodes for the o-stimulatory subunit of G pro-
tein (Gso). Heterozygous mutations also cause hypocalcemia
and hyperphosphatemia due to impaired parathyroid hormone
(PTH) signaling. This syndrome is known as Albright hered-
itary osteodystrophy and is characterized by short stature,
short metacarpals, round face, short neck, obesity, subcutane-
ous ossification, and mental retardation [75].

Concurrent loss-of-function 7SHR mutations and D/O?2
T92A polymorphism have also been described. TSH stimu-
lates DIO2 activity; therefore this “double hit” results in a
significant reduction in DIO2 activity, which converts inactive
T4 to active T3. The identification of this form of abnormal
thyroid hormone metabolism is important because combined
L-T3 and L-T4 treatment is the optimal treatment [76].
Mutations in the TPO or Tg genes are the most frequent ge-
netic defects in thyroid dyshormonogenesis.

lodothyronine transporter defects
and congenital hypothyroidism

The thyroid hormones, thyroxine (T4) and triiodothyronine
(T3) are crucial for growth and brain development in infants
and for metabolic activity in adults. In fact, they affect the
function of virtually every organ system [77]. T4 is the prin-
cipal hormone synthesized and secreted by the thyroid gland
under the stimulation of TSH, which is secreted by the anterior
pituitary gland. T4 is a prohormone and it is converted to the
active form of thyroid hormone, T3, by 5’-monodeiodination
in all tissues. Following its transmembrane passage into the
target cells, T3 acts on nuclear receptors causing DNA struc-
tural changes and resulting in the transcription of different
genes.

Several plasma membrane thyroid hormone transporters
have been described, including the monocarboxylate trans-
porter 8 (MCT®8) and organic-anion transporting polypeptide
1C1 (OATPI1C1) [78].

MCTS8

MCTS, also referred to as SLC16A2 (solute carrier family 16,
member 2), is a membrane thyroid hormone transporter, high-
ly expressed in the brain, thyroid, pituitary, and placenta. The
MCTS gene is localized on the Xq13.2 chromosome and con-
tains five exons [79]. Mutations in the MCT8 gene have been
associated with Allan-Herndon-Dudley syndrome (AHDS),
an X-linked condition of mental retardation. The syndrome
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is characterized by global developmental delay, central hypo-
tonia, spastic quadriplegia, dystonia, poor head control, rotary
nystagmus, absent speech, and impaired hearing [80].
Reported biochemical findings include elevated free T3
levels, low free T4 levels and TSH levels slightly elevated or
varying from normal to high [80]. AHDS was first described
in 1944 and only in 2005 was it clearly associated with MCT8
mutations [81]. This is the first example of X linked congen-
ital hypothyroidism owing to a defect in target tissue and not
in the pituitary-thyroid biosynthetic pathway.

OATP1C1

Organic-anion transporting polypeptide 1C1 (OATP1C1) is a
high affinity T4 transporter expressed in cells of the blood-
brain barrier, choroid plexus, human ciliary body epithelium,
and testicular Leydig cells [82]. It is considered to play a major
role in the transportation of T4 across the blood-brain barrier.

RTHs and congenital hypothyroidism

The pleiotropic actions of thyroid hormones are mediated
through the thyroid hormone receptors (TRs), which represent
a group of transcription factors also important for the devel-
opment of mammalian nervous system [83].

The TRs, which bind T3 with high affinity, are members of
the steroid/thyroid hormone receptor superfamily [84]. After
binding to T3, they bind to hormone response elements
(HREs), which are located in the promoter regions of target
genes. Two major splice variants (TRx1l and TR«2) are
encoded by the THRA gene and two isoforms (TR31 and
TR[2) are encoded by the THRB gene. TR«l is mainly
expressed in the heart, bone, and skeletal muscle. TRx2 is
expressed throughout the body. TR31 is expressed predomi-
nantly in the brain, liver, and kidney and TR32 in the pitui-
tary, retina, and cochlea. TRx1, TR 1, and TR(32 bind T3
with similar affinity [85].

Resistance to thyroid hormone f3 is a rare disorder (inci-
dence 1/50,000 live births) and is characterized by elevated
concentrations of free thyroid hormones, inappropriately nor-
mal or elevated TSH and decreased peripheral responses to
iodothyronines [86]. More than 160 mutations in the THRB
gene have been identified, and in 80% of the cases inheritance
follows a dominant pattern [87].

The clinical phenotype of THRB mutations varies from the
absence of clinical symptoms to severe manifestations, includ-
ing goiter and hypothyroidism-related symptoms originating
from tissues that express predominantly express TRf3 (liver,
kidney, and lung), growth impairment, mental retardation, at-
tention deficit hyperactivity disorder (ADHD) in 50% of
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cases, deafness in 20% of cases, and symptoms of hyperthy-
roidism (tachycardia, growth acceleration, etc.) [84].

THRA mutations affect the hypothalamus-pituitary-thyroid
axis less severely but can cause severe growth retardation,
dysmorphic features, gastrointestinal disorders, such as severe
constipation or megacolon, bradycardia, reduced muscle tone,
and impaired fine and gross motor development due to resis-
tance to T3 [87].

Genetic mutations in CH and malignancy

Albeit rare, malignant transformation in a dyshormonogenetic
goiter is one of the most serious complications of CH. Both
papillary or follicular thyroid cancer have been reported in the
literature, with equal frequency [87]. One case of follicular
thyroid cancer with anaplastic components has also been re-
ported in a patient with Pendred syndrome [88], as well as a
case of anaplastic thyroid cancer in a patient with thyroid
dyshormonogenesis and 7G gene mutation [89]. TPO and
Tg mutations may predispose patients to thyroid cancer, with
Tg representing the most common gene mutation implicated
in dyshormonogenesis, CH and thyroid cancer [58, 59, 61]. Of
note, elevated TSH concentrations and longstanding congen-
ital goiter are present in all the reported cases, suggesting that
TSH is a key player for the onset and progression of thyroid.
TSH serves as a growth factor for thyroid epithelial cells and
chronic TSH stimulation can promote the formation of thyroid
nodules and cancer progression, hypothetically by activating
genes involved in cancer promotion [90-92]. Moreover, long-
term thyroid hormone deficiency, chronic TSH stimulation,
and genetic defects may increase the incidence and aggres-
siveness of thyroid cancer in patients with thyroid
dyshormonogenesis. Several case reports of thyroid
dyshormonogenesis have been published in the literature re-
vealing the presence of multiple thyroid nodules, large thyroid
cysts, and thyroid cancer [93]. Approximately 25% of pediat-
ric thyroid nodules are considered to place the children at risk
for thyroid neoplasia, whereas in adults the corresponding
percentage is 5% [94].

Since differentiating between neoplastic change and nucle-
ar atypia in dyshormonogenic glands is of the utmost impor-
tance, particularly in the presence of thyroid nodules, careful
follow-up of patients with thyroid dyshormonogenesis and
timely genetic diagnosis is recommended. A lower threshold
for thyroidectomy has also been proposed [95].

Although this review focuses on primary congenital hypo-
thyroidism, a brief reference to central congenital hypothy-
roidism, an uncommon form of congenital hypothyroidism,
follows. Central hypothyroidism is caused by insufficient or
defective stimulation of the thyroid gland by TSH, resulting in
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inadequate thyroid hormone biosynthesis [96]. TSH deficien-
cy may be isolated or may occur in the context of coexisting
evolving pituitary hormone deficiencies [97]. In the first case,
defects in genes that control the TSH biosynthetic pathway
may present, including the thyrotropin-releasing hormone re-
ceptor (TRHR) gene, the 3 subunit of the thyroid stimulating
hormone (7SHB), and the immunoglobulin superfamily mem-
ber 1 (IGSFI) gene [98]. In the scenario of multiple pituitary
hormone deficiencies, mutations in genes encoding signaling
molecules and transcription factors that are involved in normal
pituitary development, such as HESX1, LHX3, LHX4, SOX3,
OTX2, PROPI, or POUIFI, may be identified [97, 99].
Despite recent advances in the current knowledge regarding
the genetic component of congenital hypothyroidism, no iden-
tifiable defects in known genes are found in the majority of
cases of central congenital hypothyroidism.

In conclusion, CH is the most common congenital endo-
crine disorder, diagnosed in early infancy in the majority of
cases, after the initiation of neonatal screening programs.
However, severe cognitive impairment can still be a major
problem in the case of delayed treatment initiation or poor
compliance, as can also be thyroid goiter and cancer in severe
cases. The potential of genetic inheritability of several forms
of CH has been recognized and the molecular and genetic
mechanisms implicated in the pathogenesis of the disease
have, to a significant degree, been elucidated. Gene mutations
causing thyroid dysgenesis, organification defects, or other
disorders involved in thyroid hormone biosynthesis have
now been identified. Genetic characterization of patients with
SC is important in order to enhance our understanding of this
entity, to enable individualized treatment approaches, and to
determine the risk for potential thyroid cancer in specific
cases. Further studies are needed so that the genetic underly-
ing causes of CH can be fully understood.
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