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Genetics of congenital hypothyroidism: Modern concepts
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ABSTRACT
Congenital hypothyroidism (CH) is the most common neonatal endocrine
disorder and one of the most common preventable causes of intellectual dis-
ability in the world. CH may be due to developmental or functional thyroid
defects (primary or peripheral CH) or be hypothalamic-pituitary in origin
(central CH). In most cases, primary CH is caused by a developmental mal-
formation of the gland (thyroid dysgenesis, TD) or by a defect in thyroid
hormones synthesis (dyshormonogenesis, DH). TD represents about 65% of
CH and a genetic cause is currently identified in fewer than 5% of patients.
The remaining 35% are cases of DH and are explained with certainty at the
molecular level in more than 50% of cases. The etiology of CH is mostly
unknown and may include contributions from individual and environmental
factors. In recent years, the detailed phenotypic description of patients, high-
throughput sequencing technologies, and the use of animal models have
made it possible to discover new genes involved in the development or func-
tion of the thyroid gland. This paper reviews all the genetic causes of CH.
The modes by which CH is transmitted will also be discussed, including a
new oligogenic model. CH is no longer simply a dominant disease for cases
of CH due to TD and recessive for cases of CH due to DH, but a far more
complex disorder.
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INTRODUCTION

Thyroid hormones (THs), produced by the thyroid gland,
are essential to the development, growth, and metabolism
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Development.

of practically all human tissues. TH production (T4 and
T3) is regulated by the hypothalamic-pituitary-thyroid axis.
Low serum TH levels lead to increased release of thyroid-
stimulating hormone (TSH) by the pituitary, under the
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FIGURE 1 Hormonal regulation of the thyroid gland. TRH, thyrotropin-
releasing hormone; TSH, thyroid-stimulating hormone; T3, triiodothyro-
nine; T4, thyroxine.

influence of thyrotropin-releasing hormone (TRH) by the
hypothalamus. TSH, a key regulator of thyroid function,
stimulates the synthesis and secretion of THs by the thyroid
(Figure 1). A TH deficiency, at birth, congenital hypothy-
roidism (CH) results in severe retardation of growth and
neuropsychomotor development in the absence of replace-
ment therapy initiated quickly from the neonatal period.

CH affects about 1 out of 2500–3000 newborns world-
wide. Since the end of the 1970s, CH can be systematically
screened on the 3rd day of life by assaying TSH, allow-
ing treatment with L-thyroxine (L-T4).1 CH may be due to
a developmental or functional defect of the thyroid gland
(primary/peripheral CH), or to hypothalamic-pituitary axis
malformations (central CH), but also altered action, trans-
port, or metabolism of THs.

In the majority of cases (65%), primary CH is due to a
developmental defect of the thyroid gland or thyroid dysge-
nesis (TD) (CH due to TD, CHTD, online Mendelian inher-
itance in man [OMIM] #218700).2 CHTD may be isolated
or associated with extra-thyroidal signs. When the thyroid
gland is normally sized or hyperplasic (goiter) (35% of CH
cases), hypothyroidism is due to a defect in TH synthe-
sis or dyshormonogenesis (CH due to dyshormonogenesis,
CHDH, OMIM #274400–274900) (Figure 2).3

There is now a well-established correlation between the
occurrence of CH and the alteration of thyroid develop-

ment. The primitive thyroid develops from a median anlage
that appears around the 3rd gestational week (GW) in
Man, as a thickening then evagination of the floor of the
endodermis of the buccopharyngeal cavity. This median
anlage then migrates and fuses with the ultimobranchial
bodies derived from the posterior recess of the 4th pharyn-
geal pouch (sometimes called the 5th pharyngeal pouch),
positioned in front of the trachea to give the primary
thyroid from the 7th GW.4 The Nkx2-1, Foxe1, Pax8, and
HHex transcription factors are essential for the specifica-
tion of the thyroid. Migration of the progenitor cells is a
crucial stage for development and thyroid function. After
migration and fusion of the anlages, the cells differenti-
ate mostly into thyroid follicular cells (thyrocytes). The
markers of terminal differentiation are the TSH receptor
(TSHR), the iodine transporter (NIS, sodium/iodine sym-
porter coded by the SLC5A5 gene), thyroglobulin (TG),
thyroperoxidase (TPO), DUOX2 and DUOXA2, involved
in hormone synthesis (Figure 3). Iodine, drawn from the
bloodstream, enters the thyrocyte through the iodine trans-
porter (NIS). The iodine is then oxidized by TPO and the
H2O2 DUOX2/DUOXA2 producer complex to TG, TH
matrix protein, T4, and T3.5 Malformations at any stage
of thyroid development (such as the specification, prolifer-
ation, migration, growth, organization, differentiation, and
survival) can result in a congenital abnormality and/or an
alteration to hormone synthesis leading to varying degrees
of hypothyroidism.

In recent years, the use of new genetic approaches such
as high-throughput sequencing (next-generation sequenc-
ing, NGS; whole-exome sequencing, WES) and the
detailed phenotypic description of patients and/or families
affected by CH have given new genetic avenues for CH
research. Furthermore, they have made it possible to extend
the thyroid phenotype associated with certain mutated
genes.

This paper presents all the known genes and recently dis-
covered genes responsible for CH, as well as the modes of
transmission of this complex pathology.

RECENTLY DISCOVERED GENES
INVOLVED IN PRIMARY CH

Thyroid dysgenesis

There is a broad spectrum of TD ranging from athyreosis
(21% of CH cases) due to failure of the thyroid progenitor
cells, to thyroid ectopia (41% of CH cases) to the failure of
the anlages to migrate during development, in most cases in
a sublingual position, or to hypoplasia, hemithyroid/single
lobe (3% of CH cases).2

A genetic cause is identified in fewer than 5% to 10%
of TD cases, including mutations in the TSHR6 and in
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FIGURE 2 Diagrammatic representation of thyroid development and function, as well as associated congenital hypothyroidism.

FIGURE 3 Production of thyroid hormones in the thyrocytes. NIS,
sodium/iodide symporter; KCNQ1 and KCNE2, voltage-gated K+ chan-
nels; TSH, thyroid-stimulating hormone; MCT8, monocarboxylate trans-
porter 8; DUOX2, dual oxidase 2; DUOXA2, maturation factor of dual
oxidase 2; TPO, thyroperoxidase; DEHAL, iodotyrosine dehalogenase.
(Reprinted with permission5 Carvalho 2007)

the genes coding for the transcription factors involved in
thyroid development (NKX2-1/TTF1, PAX8, FOXE1/TTF2,
NKX2-5, and GLIS3).7,8 In general, the mode of transmis-
sion of CHTDs is dominant, except for GLIS3 and FOXE1.
Based on the thyroid phenotype of transgenic animal
models, the involvement of these genes has been validated
by the search for mutations in cohorts of patients with
CH, whether or not associated with syndromic forms. The
phenotypes associated with the different mutated genes are
described in Table 1.

In addition, below we describe the genes identified
described in the last 5 years as responsible for cases of
CHTD.

CDCA8/BOREALIN (OMIM #609977)

Using WES in the case of family TD, we have demonstrated
the involvement of BOREALIN/CDCA8 in the migra-
tion and adhesion of thyrocytes explaining certain thyroid
ectopia cases.9 Borealin is a major component of the chro-
mosomal passenger complex involved in various stages of
mitosis. Biallelic mutations of BOREALIN have been iden-
tified in one blood-related family and two distinct monoal-
lelic mutations in two other families (Figure 4). Patients
carrying these mutations have either athyreosis (n = 1),
ectopia (n = 2), some family members had normal thyroid
function with a hemithyroid, an asymmetric thyroid (n =

3), or nodules (n = 2). Furthermore, one of the patients
with asymmetric lobes developed papillary thyroid cancer.
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TABLE 1 Genes associated with primary congenital hypothyroidism with thyroid dysgenesis

Gene (OMIM) Thyroid phenotype
Transmission
mode Associated pathologies

TSHR (603372) Complete or partial resistance
to TSH: evident athyreosis,
a gland in place, and
variable hypothyroidism

AD/AR No

NKX2-1 (600635) Variable AD Respiratory distress,
choreoathetosis

FOXE1 (602617) Athyreosis, severe hypoplasia AR Cleft palate, choanal atresia, hair
standing on end

PAX8 (167415) Variable AD Urogenital tract defects

NKX2-5 (600584) Gland in place, variable
hypothyroidism

Unknown Congenital heart defects

GLIS3 (610192) Gland in place AR Neonatal diabetes, polycystic
kidneys, cholestasis

JAG1 (601920) Thyroid hypoplasia AD Heart defects, hepatic cholestasis

NTN1 (601614) Thyroid ectopia unknown Arthrogryposis

BOREALIN (609977) Thyroid ectopia, hemithyroid,
thyroid asymmetry

AD/AR No

TUBB1 (612901) Variable (mainly ectopia) AD Macroplatelets and platelet
hyperaggregation

TRPC4AP (608430) Thyroid hypoplasia AD No

GBP1 (600411) Thyroid dysgenesis (not
described) or normal
thyroid size

AD/AR No

Abbreviations: AD, dominant autosomal; AR, recessive autosomal; OMIM, Online Mendelian Inheritance in Man (https://www.ncbi.nlm.nih.gov/omim/).

FIGURE 4 Family trees of families carrying BOREALIN and TUBB1 mutations.9,16 CH/E, congenital hypothyroidism with ectopia; CH/A, congenital
hypothyroidism with athyreosis; Asym, asymmetry of the lobes; LU, single lobe; m: disease allele; N or +, normal allele; NA, not available, thyroid
ultrasonography.
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At present, it is difficult to associate BOREALIN mutations
with nodules or papillary thyroid cancer. This work made it
possible to show: 1) expression of BOREALIN in the thy-
rocytes of the human fetal gland before and after the onset
of TH synthesis (8 and 12 GW), unlike very weak expres-
sion in the adult thyroid; and 2) the involvement of BORE-
ALIN in the human thyrocyte migration and adhesion pro-
cess, corresponding to the ectopic phenotypes of certain
patients. Since then, another mutation BOREALIN/CDCA8
has been described, c.585-1G>C, to the heterozygous state
in a patient with TD.10 The 4 mutations described up to now
are found in exons 6, 7, and 8 and intron 8, which are in the
same region of the gene coding for one part of the protein
that is probably not essential for mitosis but is important for
the adhesion and migration of thyrocytes.

NTN1/Netrin-1 (OMIM #601614)

NTN1 codes for Netrin 1, which is involved in
regulating various developmental processes, such as
angiogenesis, the migration of non-neuronal cells, and
epithelial morphogenesis.11 Mutations have been identi-
fied in patients presenting congenital mirror movement
disorders.12 A patient with a congenital heart defect and
TD (ectopia) has been described with a de novo deletion of
NTN1.13 Embryos of the zebrafish with the ntn1a gene dis-
abled have abnormal morphogenesis of the thyroid, proba-
bly due to abnormal vascularisation not enabling the thyroid
progenitor cells to be correctly guided by the vessels.

JAG1 (OMIM #601920)

JAG1 codes for the protein Jagged1, ligand of the Notch
signaling pathway. Heterozygous mutations have been
described in Alagille syndrome, a rare genetic disorder
that can affect multiple organ systems. The Notch pathway
is involved in thyroid development and disabling jag1a/b
results in hypothyroidism in the zebrafish.14,15

Thyroid function in 21 patients with JAG1 mutations was
analyzed and genetic analysis of JAG1 was carried out in
an Italian cohort of 100 CH patients.15 De Filippis et al.
reported the predominance of CH in 6/21 patients with
Alagille syndrome, two of which had thyroid hypoplasia. In
the Italian cohort of 100 patients with CH, two JAG1 vari-
ants to the heterozygous state were found in 4/100 cases
(three with TD, two with heart malformations). These data
suggest a role for JAG1 in the etiopathology of TDs, prin-
cipally thyroid hypoplasia.

TUBB1 (OMIM #612901)

Three mutations in the TUBB1 gene (tubulin beta 1
class VI) have recently been identified by our team in
patients belonging to three families affected by TD (mainly
ectopia) associated with abnormal platelet morphology

and aggregation.16 The first mutation was found using
WES in a blood-related family then two other mutations
were detected in two other families from a cohort of 270
patients with CHTD, analyzed using a panel of target
genes (Figure 4). TUBB1 mutations were initially found
in patients with macrothrombocytopaenia. TUBB1 codes
for a protein in the β-tubulins family. β-tubulins combine
with α-tubulins in dimers, which auto-assemble into micro-
tubules, one of the main structures of the cell cytoskele-
ton. Each of the three TUBB1 mutations results in non-
functional α/β-tubulin dimers that cannot be incorporated
into microtubules. The three mutations, therefore, cause
loss of function. Tubb1 is expressed in the thyroid dur-
ing development and in the adult thyroid in Man and
mice. Mice with disabled Tubb1 have microplatelets and
hypothyroidism, matching the phenotype found in TUBB1-
mutated patients (Figure 5). The thyroids of Tubb1-/- mice
show growth defects during the early stages of develop-
ment (embryo day E9.5), altered migration at E11.5 and
E13.5, and a TH secretion defect at E17.5. Thus, all these
mechanisms – growth, migration, TH secretion – require
appropriate microtubule function. Furthermore, two of the
TUBB1 mutations were associated with increased basal
cell activation and platelet hyper-aggregation in mutated
patients.

TRPC4AP (OMIM #608430)

A first de novo TRPC4AP mutation has been identified
using WES in a child with TD.17 Next, 179 patients with
CHTD were sequenced using a panel of target genes mak-
ing it possible to find four variants in TRPC4AP. Dur-
ing development, Choukair et al. showed that Trpc4ap is
expressed in the brain, the thyroid bud, and the kidney of the
African clawed frog (Xenopus laevis). This team showed
that disabling Trpc4ap in the African clawed frog leads to
thyroid hypoplasia during development. It was also shown
that TRPC4AP interacted with IKBKG which activates the
NF-κB signaling pathway and regulates the genes involved
in the growth and survival of thyrocytes. Furthermore, the
NF-kB would control the expression of NKX2-1, PAX8,
TPO, NIS, and TG.18 The authors conclude that TRPC4AP
would be a new candidate gene for TDs, the specific role of
which remains to be elucidated.

GBP1 (OMIM #600411)

By analyzing the exome of 98 patients with CH, four
GBP1 (Guanylate-binding protein 1) mutations were iden-
tified in three patients with CH, two of whom had TD and
the third a gland in place.19 The mutations were found
in the heterozygous state, or composite heterozygote for
one of the patients with TD. By using a methylation-
specific PCR, it was shown that a CpG site (cg12054698)
of GPB1 was hypermethylated in the genome DNA of two
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FIGURE 5 (A) Diagram of a microtubule with tubulin dimers (α/β). (B) Location of TUBB1 mutations in cDNA (exons from 1 to 4) and corresponding
protein changes in the GTP (guanosine triphosphate), MAP (protein binding activity domains associated with microtubules). In bold: mutations asso-
ciated with congenital hypothyroidism; in italics: mutations associated with macrothrombocytopaenia. (C) Phenotype analysis of Tubb1-/- mice. Top:
Morphology of the thyroid analyzed by immunohistochemistry with Nkx2-1 in red at E9.5 and E11.5 (sagittal sections) and at E13.5, E15.5, and E17.5
(transverse sections) of Tubb1-/- and wild-type (wt) mice. Delays in migration of the thyroid were observed at E11.5 and E13.5 (arrow) in Tubb1-/- mice.
tr: trachea; ub: ultimobranchial body. Scale bar: 50 μm. Bottom, from left to right: percentage of growth: proportion of Nkx2-1-positive cells marked
with Ki67 at E9.5 in proportion to the total number of Nkx2-1-positive cells. The total area of the thyroid (μm2). Percentage of the T4 or calcitonin (CT)
surface area in proportion to the total surface area of the thyroid at the E17.5 stage. (D) Top: Serum assays of TSH and T4 in 3-month-old Tubb1-/- and
wild-type mice. Tubb1-/- mice have hypothyroidism with a high level of TSH and reduced T4. Bottom: Ultrastructural alterations highlighted by electron
microscopy in the thyroids of Tubb1-/- and wild-type mice: disorganization of secretion vesicles (white asterisks) and rods with identical density to the
secretion vesicles (white arrow).16 TSH, thyroid-stimulating hormone; Co, colloid. The results are given in the form of mean ± SEM. Student t-test,
*P < 0.05, **P < 0.01 and ***P < 0.001.

patients, carriers of a heterozygous GBP1 mutation, com-
pared with their euthyroid parents, who had the same vari-
ant. Pyrosequencing also revealed hypermethylation of the
CpG site in both patients but no difference with their par-
ents. Analysis of thyroid tissues by immunohistochemistry
and quantitative PCR showed a reverse correlation between
the degree of cg12054698 methylation and GBP1 expres-
sion. Thus, genetic and epigenetic factors could participate
in the penetrance of CHs in these two patients. Further-
more, Yang et al. showed that zebrafish with disabled Gbp1
had thyroid hypoplasia during development and hypothy-
roidism. In addition, disabling Gbp1 could disrupt thyro-
cyte adhesion complexes, including the E-Cadherin and
β-catenin proteins, probably leading to abnormal thyroid
development.

Syndromic CH with TD

Patients with CHTD or a gland in place can have extra-
thyroid abnormalities. The commonest forms of syn-
dromic CH with TD are Bamforth-Lazarus syndrome
(FOXE1) and brain-lung-thyroid syndrome (NKX2-1).
Genetic research has identified new genes associated with
syndromic CHs, such as TBX1 (Di George syndrome),
SALL1 (Townes-Brocks syndrome), URB1 (Johanson-

Blizzard syndrome), ELN and BAZ1B (Williams-Beuren
syndrome), KMT2D and KDM6A (Kabuki syndrome),
KAT6B (Ohdo syndrome)20 and CDC42 (Takenouchi-
Kosaki syndrome).21 It has also been shown that apical con-
striction during the formation of the thyroid anlage would
be dependent on Cdc42.22 In addition, two new genes,
CDH1 (coding for E-cadherin) and CTNND1 (coding for
catenin delta 1 or p120ctn) have been found mutated in
patients with Blepharo-cheilo-dontic syndrome following a
dominant mode of transmission. This syndrome combines
facial malformations, including ectropion of the lower eye-
lids, a cleft lip/palate, and ectodermal dysplasia. Accord-
ing to the authors, the CDH1 mutations seem to be more
severe. The spectrum of pathologies associated with this
syndrome has been enlarged since patients carrying CDH1
or CTNND1 mutations have been reported with CH and thy-
roid hypoplasia or athyreosis.23 Other patients also have
synpolydactyly, anal atresia, and neural tube defects. E-
cadherin is known for its role in the intercellular junc-
tions of epithelial cells, including thyrocytes. E-cadherin is
linked to p120ctn, stabilizing E-cadherin at the membrane.

Newborns and very young infants with Down’s syn-
drome often have subclinical hypothyroidism or primary
CH.24 Thyroid malfunction is still poorly understood.

https://wileyonlinelibrary.com/journal/ped4
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However, it was shown that Dyrk1a+/++ mice have abnor-
mal thyroid development and function.25 Transgenic mice
(Dyrk1a+/++) have been studied, as they have neuron,
synaptic, learning, and memory disorders like those found
in Down’s syndrome. Chromosome 21 in Man corresponds
to chromosome 18 in the mouse and includes DYRK1a.
At E15.5, Dyrk1a+/++ mice have a larger thyroid with
reduced T4 and TG levels, deregulation of transcription fac-
tors involved in thyroid development, ultimately leading to
morphological and functional abnormalities of the thyroid.
Indeed, the thyroids of adult Dyrk1a+/++ mice are disor-
ganized with large regions made up of small follicles. These
abnormalities are like those found in the thyroids of human
fetuses affected by Down’s syndrome. Thus, DYRK1A, a
gene located in the critical region of Down’s syndrome,
is therefore implicated in CHTD. Table 1 summarizes the
genes associated with CHTD.

Thyroid DH

Defects in one of the proteins essential for TH synthesis
result in DH. In these patients, development and differenti-
ation of the thyroid are normal, but one of the critical stages
of TH synthesis in the thyrocytes is altered. An ultrasound
scan is used to determine if the thyroid gland is normal
size or hyperplasic (goiter). Cases of CHDH can be classi-
fied using scintigraphy to measure the uptake of radioactive
iodine by the thyroid and the perchlorate test:

1. Defects in iodine absorption by the thyrocytes with lit-
tle or no radioactive iodine uptake due to NIS/SLC5A5
mutations,

2. Partial or total iodine organification defects (P/TIOD)
dues to mutations in the TPO, DUOX2, DUOXA2, and
PENDRIN (SLC26A4) genes. Iodine uptake is normal
but the perchlorate test is positive. In a healthy patient,
during the perchlorate test, >90% of the radioactive
iodine is immediately organified in the thyroid follicles
and therefore bound to TG, the perchlorate test is nega-
tive. Conversely, in patients with iodine organification
defects, 10% to 90% of the radioactive iodine is not
organified and immediately comes out in the blood, and
the perchlorate test is recorded as positive,

3. Defects in synthesis, storage, or release of TG, or IYD
defects (DEHAL1) result in disruption of iodide recy-
cling by the thyrocytes.26 In these cases, iodine uptake is
normal, and the perchlorate test is negative, but where a
DEHAL1 defect exists there is a characteristic very rapid
decrease in iodine fixation in the thyroid gland.

Unlike TDs, DHs have a recessive autosomal mode of trans-
mission and are generally without associated malforma-
tion. Pendred syndrome, due to SLC26A4 mutations, is the
exception, patients have a thyroid goiter and neurosensory
hearing loss.

SLC26A7 (OMIM #608479)

Biallelic SLC26A7 mutations have recently been reported
in patients with CH, goiter, or a partial iodine organifica-
tion defect.10,27 SLC26A7 is a member of the same family
of transporters as SLC26A4 (Pendrin), an anion exchanger
with an affinity for iodide and chloride. However, SL26A7
does not alter iodide efflux in the thyrocytes and people
affected have normal hearing.10,27

We have recently shown that the rate of genetic diagnosis
of CHDH is 50% in the previously-cited known genes, in
a cohort of patients selected for CHDH (CH with goiter or
CH with gland in place and a positive perchlorate test).28

New thyroid phenotypes in known genes

SLC26A4,29 DUOX230 and TPO31 mutations have been
found unexpectedly in patients with CH without goiter or
with thyroid hypoplasia. Recently, DUOX2 mutations have
also been found in patients having CH with thyroid ectopia;
however, other studies are needed to explain this phenotype
and the involvement of DUOX2 in the migration of the thy-
roid.32 These results show a possible overlap in the genes
involved in the etiology and etiopathology between TDs
and DHs. The first patients with CH carrying DUOX1 and
DUOX2 mutations have been reported, suggesting a possi-
ble digenic cause of CH.33 Table 2 summarises the genes
associated with DHs.

NEW GENES IN CENTRAL CH

Central CH (CeCH) may be isolated or be found in circum-
stances of multiple/combined pituitary hormone deficiency
(CPHD). The number of probable genetic causes of iso-
lated or syndromic CeCH has increased due to progress in
genetic analyses, for primary CH.

CeCH is frequently part of CPHD and can be associated
with one or more other pituitary hormone deficiencies.
In addition, certain affected patients show morphological
abnormalities of the pituitary or hypothalamus, or other
neurological abnormalities.34,35

Isolated CeCH is due mainly to biallelic mutations of
TSHβ36,37 and TRHR,38 affecting few families. Below we
present the new genes identified in patients affected by
CeCH. Table 3 shows the genes involved in CeCH.

IGSF1 (OMIM #300137)

Mutations of the gene coding for member 1 of the
immunoglobulins superfamily (IGSF1) are the cause of a
syndrome linked to the X including a moderately severe
CeCH. The associated characteristics are abnormal testic-
ular growth leading to macro-orchidism at adult age, some-
times delayed puberty, low prolactin level, and sometimes a
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TABLE 2 Genes associated with thyroid dyshormonogenesis

Gene (OMIM)
Ultrasound scan/
scintigraphy of the thyroid TG assay

Severity of CH, associated
pathology

Transmission
mode

SLC5A5
(601843)

Goitre, iodine uptake absent
or –

High serum TG Variable hypothyroidism AR

SLC26A4/PDS
(605646)

Goitre, iodine uptake +, PIOD
(perchlorate +)

High serum TG Mild to moderate
hypothyroidism, Pendred
syndrome: deafness

AR

DUOX1/DUOX2
(606758/606759)

Goiter
iodine uptake +, PIOD or
TIOD (perchlorate +)

High serum TG Variable severity, transient
or permanent
hypothyroidism

AR/AD

DUOXA2
(612772)

Goiter
iodine uptake +, PIOD or
TIOD (perchlorate +),

High serum TG Variable severity, transient
or permanent
hypothyroidism

AR

TPO
(606765)

Goitre, iodine uptake +, TIOD
(perchlorate +)

High serum TG Severe hypothyroidism AR

TG
(188450)

Congenital or fast growth
goiter, iodine uptake +,
perchlorate negative

Low serum TG Variable hypothyroidism AR

IYD/DEHAL1
(612025)

Normal size gland in place,
goiter, iodine uptake +,
perchlorate negative

High serum TG, serum
MIT/DIT, and urine

Variable hypothyroidism AR (incomplete
penetrance)

SLC26A7
(608479)

Goiter, PIOD (perchlorate +) High serum TG Variable hypothyroidism AR

Abbreviations: AD, dominant autosomal; AR, recessive autosomal; CH, congenital hypothyroidism; DIT, diiodityrosine; Perchlorate, perchlorate test;
MIT, monoiodotyrosine; OMIM, Online Mendelian Inheritance in Man; PIOD, partial iodine organification defect; TG, thyroglobulin; TIOD, total iodine
organification defect (https://www.ncbi.nlm.nih.gov/omim/). MIT and DIT derive from catabolism/recycling of thyroid hormones.

reversible growth hormone deficiency.39 Some women car-
riers can have altered thyroid function. Recent data indicate
that IGSF1 is now the gene most frequently implicated in
cases of CeCH.40

TBL1X (OMIM #300196)

Mutations in the TBL1X gene are the second most com-
mon cause responsible for X-linked cases of CeCH.
TBL1X, transducin-like protein 1, participates in the
corepressor complex of the thyroid hormone’s receptor.
This protein is expressed in Man from the hypothala-
mus (paraventricular nucleus) and pituitary. The trans-
genic mouse model with inactivation of the nuclear
receptor corepressor protein leads to a thyrotroph defi-
ciency. Hearing loss is often an associated clinical charac-
teristic in men.41

IRS4 (OMIM #300904)

Recently, IRS4 mutations have been identified in cases of
X-linked CeCH in five families. The substrate family of the
insulin receptor (IRS) acts as an interface between tyrosine
kinase receptors, including receptors for insulin, leptin, and
insulin-like growth factor 1 (IGF-1), and several intracellu-
lar signaling pathways. Given that IRS4 is involved in leptin
signaling, the proposed mechanism of this CeCH could be
disrupted by leptin signalling.42

PCSK1 (OMIM #162150)

The proprotein convertase 1/3 (PC1/3) deficiency caused
by PCSK1 mutations, based on a recessive mode of trans-
mission, leads to hyperphagia, early-onset obesity, hypog-
onadotropic hypogonadism, CeCH, and hypocortisolism.43

Since then, other patients have been described with chronic
diarrhea, malabsorption, and diabetes insipidus. To date, 26
patients have been reported with PC1/3 deficiency, 56% of
whom have CeCH.

RNPC3 (OMIM #618016)

Recently, biallelic variants of RNPC3 have been identified
in two families whose children have a growth hormone defi-
ciency, CeCH, congenital cataracts, learning deficiencies,
and delayed puberty.44 These cases show the relationship
between the biallelic RNPC3 variants and severe postna-
tal growth retardation due to growth hormone deficiency.
RNPC3 codes for a protein U11/U12-65K, a component of
the minor spliceosome, alterations of which would result in
a pituitary development defect.

TRANSMISSION MODE

The etiopathology of CH is largely unknown and may
include the contribution of individual and environ-
mental factors. Although CH is typically reported as

https://wileyonlinelibrary.com/journal/ped4
https://www.ncbi.nlm.nih.gov/omim/
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TABLE 3 Genes involved in central hypothyroidism and their associated phenotypes

Category Gene (OMIM) Phenotype
Transmission
mode

Isolated CeCH TSHβ (188540) Neonatal onset with low TSH level, high glycoprotein alpha subunit and
normal PRL, reversible pituitary hyperplasia on L-T4

AR

TRHR (188545) Normal TSH and low PRL levels, inadequate TSH/PRL responses in the TRH
stimulation test

AR

TBL1X (300196) Isolated CeCH in men with normal serum TSH levels and normal response to
the TRH stimulation test; associated hearing disorders

Linked to the X

IRS4 (300904) Isolated CeCH in men with normal serum TSH levels, inadequate TSH
response to TRH

Linked to the X

CeCH associated
with other
pituitary
abnormalities

IGSF1 (300137) Normal serum TSH and inadequate response to the TRH stimulation test; low
PRL level, variable GH deficit, transient moderate hypocortisolism,
metabolic syndrome; post-puberty macrorchidism

Linked to the X

PROP1 (601538) Variable age of onset, deficiency combined with GH, PRL LH/FSH, and
ACTH deficiencies, variable pituitary volume

AR

POU1F1 (173110) Variable age of onset, associated with a GH and PRL deficiency, frontal
bossing, median facial hypoplasia, nasal lordosis

AD/AR

HESX1 (601802) Hypopituitarism associated with septo-optic dysplasia AD/AR

SOX3 (313430) Anterior pituitary hypoplasia with ectopic post-hypophysis (EPH), persistent
craniopharyngeal canal, and learning difficulties

Linked to the X

OTX2 (600037) Anterior pituitary hypoplasia with EPH and ocular abnormalities
(an-/micro-phthalmia/retinal dystrophy)

AD

LHX3 (600577) Hypopituitarism with inconstant corticotroph deficiency, variable pituitary
volume, variable, short and rigid cervical spurs, and variable hearing defect

AR

LHX4 (602146) Variable hypopituitarism, anterior pituitary hypoplasia with EPH,
Arnold-Chiari syndrome, hypoplasia of the corpus callosum

AD/AR

LEPR (601007) Hyperphagia, obesity, hypogonadotropic hypogonadism AR

SOX2 (184429) Variable hypopituitarism, pituitary hypoplasia, microphthalmia, variable
learning difficulties

AD

PCSK1 (162150) Hyperphagia, early-onset obesity, hypogonadotropic hypogonadism,
corticotroph deficiency

AR

CeCH in the
context of a
syndrome

PROKR2 (607123) Variable hypopituitarism associated with septo-optic dysplasia or a pituitary
stem interruption syndrome

AD/AR

NFKB2 (164012) Anterior pituitary deficiency with variable immune deficiency (DAVID)
syndrome associated with corticotroph deficiency and variable GH and TSH
deficiencies

AD

CHD7 (608892) CHARGE syndrome (coloboma, heart defects, choanal atresia, growth
retardation, genital and ear abnormalities) with EPH and variable LH/FSH,
TSH, and GH deficiencies

AD

FGFR1 (136350) Kallman syndrome (KS) and normosomal congenital hypogonadotropic
hypogonadism (nCHH), variable association with other pituitary hormone
deficiencies including TSH, septo-optic dysplasia and EPH

AD

FGF8 (600483) KS and nCHH, variable associations with other pituitary hormone deficiencies,
including TSH, holoprosencephaly, and agenesis of the corpus callosum

AR

FOXA2 (600288) Hypopituitarism with craniofacial abnormalities and multi-organ
malformation, hyperinsulinism

AD

RNPC3 (618016) Growth hormone deficiency, congenital cataract, retarded development,
retarded puberty

AR

Abbreviations: ACTH, adrenocorticotropic hormone; AD, dominant autosomal; AR, recessive autosomal; CeCH, central congenital hypothyroidism;
GH, growth hormone; L-T4, L-thyroxine; OMIM, Online Mendelian Inheritance in Man (https://www.ncbi.nlm.nih.gov/omim/); PRL, prolactin; TRH,
thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone.
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sporadic, several studies in Man and experimental mod-
els support a genetic origin. Favoring the genetic origin,
a greater frequency of developmental thyroid abnormali-
ties has been shown in first-degree relatives of CH cases45

and increased incidence of CH in blood-related families
and certain ethnic groups.46 In addition, CH is associ-
ated with a 20-times greater risk of having other con-
genital abnormalities47 and several syndromes have been
associated with variable thyroid abnormalities, such as in
Alagille, Di George, Williams-Beuren, and Kabuki syn-
dromes and genito-patellar syndrome.

In addition, CHTD has always been considered a mono-
genic disorder with a dominant autosomal mode of trans-
mission, caused by rare variants. It has been shown that the
proportion of family CHTD cases is estimated at 2%, sug-
gesting the involvement of genetic factors.48 Fewer than 5%
of CHTD patients carry a mutation in one of the ten causal
or predisposing genes (NKX2-1, FOXE1, PAX8, NKX2-5,
TSHR, JAG1, NTN1, GLIS3, BOREALIN, TUBB1); these
patients are sporadic or family cases, with incomplete pen-
etrance of certain genes.20

Recently, Luca Persani’s team showed, by analysis with a
panel of NGS target genes containing 11 causal genes in a
cohort of 177 patients with CH, an oligogenic origin of spo-
radic CH cases.49 This oligogenic model could explain the
variable expressiveness and penetrance of genetic abnor-
malities reported in several family cases of hypothyroidism
and correspond well with the previously proposed animal
model: the CH could have a multi-factor cause.50,51 It has
been proposed that in addition to rare monogenic forms, CH
could arise more frequently in sporadic cases such as multi-
factor disorders with a genetic predisposition. These data
suggest a more complex genetic model of CHTDs involv-
ing different variants of variable rarity.52 In this context,
the polymorphic nature of the polyalanine of the FOXE1
gene aroused great interest as a susceptibility factor. Sev-
eral groups, including ours, have studied the relationship
between the length of the FOXE1 polyalanine and the TD
type, suggesting a role as a susceptibility factor in TDs.53–56

Furthermore, the high degree of inconsistency (92%)
between monozygous twins and the sex difference with a
higher feminine prevalence of CHTD are two arguments
against classic Mendelian transmission.57 The following
somatic mechanisms could be involved: 1) early post-
zygotic somatic mutations, 2) specific tissue mutations or
epimutations or 3) tissue-specific autosomal monoallelic
expression of specific genes involved in the thyroid.58–61

Unfortunately, to date, no firm evidence of these mecha-
nisms has been established.

Moreover, the described TD linked to homozygous muta-
tion of pendrin, peroxidase, and DUOX mutation remained

to be fully explained.29,31,32 This raised the interesting pos-
sibility that genes involved in thyroid function do actually
play a role in thyroid development.

To conclude, the cause of CH is still not well defined and
has shown its complexity in recent years by the description
of new models such as oligogenism, the role of epigenetics,
and probably also the involvement of extrinsic factors, such
as the environment.
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