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1 | INTRODUCTION
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Abstract

Congenital hypothyroidism (CH) is a neonatal endocrine disorder that might occur as
itself or be associated to congenital extra-thyroidal defects. About 85% of affected
subjects experience thyroid dysgenesis (TD), characterized by defect in thyroid gland
development. In vivo experiments on null mice paved the way for the identification
of genes involved thyroid morphogenesis and development, whose mutation has
been strongly associated to TD. Most of them are thyroid-specific transcription fac-
tors expressed during early thyroid development. Despite the arduous effort in
unraveling the genetics of TD in animal models, up to now these data have been dis-
continuously confirmed in humans and only 5% of TD have associated with known
null mice-related mutations (mainly PAX8 and TSHR). Notwithstanding, the advance
in genetic testing represented by the next-generation sequencing (NGS) approach is
steadily increasing the list of genes whose highly penetrant mutation predisposes to
TD. In this review we intend to outline the molecular bases of TD, summarizing the
current knowledge on thyroid development in both mice and humans and delineating
the genetic features of its monogenetic forms. We will also highlight current strate-
gies to enhance the insight into the non-Mendelian mechanisms of abnormal thyroid

development.
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and (b) dyshormonogenesis, which results from inborn errors in thy-

roid hormone synthesis.®> CH caused by TD occurs with an incidence

Congenital hypothyroidism (CH) is one of the most prevalent neonatal
endocrine disorders, with a global incidence of 1:2000 to 1:4000
worldwide.! CH could occur as an isolated condition, but could also
be associated to congenital extra-thyroidal malformation.? CH needs
to be treated within very few weeks after birth to avoid a reduction in
mental functions development and the occurrence of irreversible
intellectual  disability.®> Thus, neonatal screening have been
implemented to early identify newborn affected by CH: this ensures a
suitable replacement therapy and a proper development of central
nervous system.* The pathogenetic events associated to CH could be
grouped into two major classes: (a) thyroid dysgenesis (TD) (about

85% of CH), characterized by defect in thyroid gland development,
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of about 1:3000 newborns and could consist in either (1) thyroid
athyreosis, hemiagenesis, hypoplasia (total or partial absence of thy-
roid tissue), or in (2) ectopic thyroid gland.‘s’8 About 25% of CH cases
experience the total or partial absence of thyroid tissue, which is
mainly caused by defects of follicular cells differentiation during the
embryogenesis. Thyroid gland ectopy (about 75% of CH cases),
instead, is due to a migration defect of thyrocyte precursors from
their endodermal origin (ie, in the midline of the pharyngeal floor just
behind the prospective tongue) to the final thyroid location.” The
absence of thyroid tissue and the gland ectopy are distinct morpho-
logical entities that, however, represent variants of the same develop-

mental aberration.1%1?
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The adult thyroid originates from two distinct precursors: endo-
dermal cells of the primitive pharynx, which give rise to the thyroid
follicular cells (TFC), and neural crest cells (migrated into the bilateral
ultimobranchial body during early development) that will generate the
parafollicular C cells. In the endodermal cells located in the primitive
pharynx, thyrocyte determination (ie, the very beginning of the TFC
developmental program) occurs at E8-8.5 and E20-22 in mouse and
humans, respectively, completing the downward migration at E13.5
and E45-50 (Figure 1). Indeed, the fusion with the ultimobranchial
bodies and the appearance of follicular structures occurs at E14-15.5
in mouse and in E60-70 in humans.*?

Because TD concordance between monozygotic twins is

extremely low,*14

it would indicate that monogenic germline muta-
tions are not a frequent cause of TD. Accordingly, putative causative
mutations have been only highlighted in about 10% of TD-affected
subjects.> Moreover, only 2% of TD subjects has an affected relative.
Because of this scenario, it has been hypothesized that the majority
of TD cases results from either epigenetic abnormalities, early somatic
mutations, or postzygotic stochastic events.’?>*3 However, to date,
data supporting these hypotheses are still scarce. In contrast, the list
of genes whose highly penetrant mutation predisposes to TD is
steadily increasing.

This review will focus on the molecular bases of TD, summarizing
the current knowledge on thyroid development in both mice and
humans and outlining the genetic features of its monogenetic forms
and highlighting current research strategies to enhance the insight
into the thyroid

development.

non-Mendelian mechanisms of abnormal

2 | ANIMAL MODELS OF THYROID
DYSGENESIS

Undoubtedly, knockout mice provided initial evidences that gene
function abolition of several tissue-specific transcription factors
indeed disrupts thyroid development and, therefore, can be associated
to human TD. Notably, researchers' attention focused on those
tissue-specific transcription factors (tsTFs) that were expressed during

early thyroid development.

2.1 | HOXA3

The Hoxa3 gene is Hox paralog that is expressed in both the neural
crest-derived mesenchymal cells of the pharyngeal arches and in the
pharyngeal endoderm.*® Hoxa3-deficient mice showed thymus and
thyroid hypoplasia, this latter due to a reduced number of both
neural  crest-derived

endoderm-derived  follicular cells and

parafollicular cells.

2.2 | NKX2-1

The first gene encoding for a tsTF fostering thyroid-specific gene
expression was NKX2-1 (also called TTF-1, TITF1 or T-EBP).Y” The
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encoded protein interacts with specific DNA sequences through a
homeodomain®® and, to date, several gene promoters targeted by this
TF are known.'”?° Transgenic mouse models indicate that Nkx2-1,
sonic hedgehog (Shh), as well as Hes1 play a role for correct symmetri-
cal lobulation of the median thyroid anlage.2* NKX2-1 plays a major
role in the regulation of key genes involved in thyroid differentiation
(ie, TSHR, TG and TPO). During development, NKX2-1 is expressed in
the primordia of thyroid, lung and several areas of central nervous
system.1”?2 In addition to lung and forebrain abnormalities, the
Nkx2-1 ~/~ mouse exhibits a visible embryonic thyroid bud which dis-

appears around E10.5-11, but normal parathyroid glands.?®

2.3 | PAX8

Pax8 is a member of the PAX protein family and binds DNA through
the paired domain.2* This protein is expressed during thyroid, kidney
and midbrain-hindbrain boundary development.?’> The Gruss group
showed that Pax8 ~/~ mice developed smaller thyroid glands with
absence of follicles, concluding that the aberration creates a defect in
competent endoderm primordia differentiation into thyroxin-
producing follicular cells.2¢ Additionally, the disappearance of the thy-

—/—

roid cell precursors in Pax8 mice at about E11-11.5 suggest a

putative role for PAX8 in thyroid precursor cell survival.2”

24 | FOXE1

The FOXE1 gene (named also TTF2) encodes for a forkhead domain
transcription factor whose expression is present in the developing
thyroid, in most of the foregut endoderm and in the craniopharyngeal
ectoderm that will give rise to the anterior pituitary gland.?® Foxe1 =/~
mice showed cleft palate and either a sublingual or completely absent
thyroid gland.!? Therefore, this was the first evidence indicating that
thyroid ectopy can arise due to loss-of-function mutations of a

thyroid-specific transcription factor.

2.5 | HHEX

The transcription factor HHEX interacts with specific DNA sequences
through a divergent homeodomain.?? During early mouse develop-
ment, this homeobox gene is expressed in the anterior visceral endo-
derm and rostral definitive endoderm. At later stages, Hhex is
expressed in liver, thyroid and endothelial precursor cells.>® Various
data indicated that this protein contributes to molecular events
related to thyroid gland differentiation.3*2 Besides many other
defects, hhex™’~ embryos exhibit the arrest of thyroid development at
the budding stage (E9.5).3% However, it has been shown that Hhex is
not required for specification of thyrocyte precursors, as demon-
strated by the normal onset of Titf1, Pax8, and Foxel gene expression
in the absence of Hhex. Conversely, later in the developmental stages,
a large decrease in the number of thyroid cell precursors and a regres-
sion in the morphology of the developing gland are detected in
absence of hhex expression. Thus, it appears that Hhex plays a chief

role in cell proliferation.®*
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2.6 | HES1

Besides to act in the control of thyroid development, the transcription
factors NKX2-1, PAX8, FOXE1 and HHEX transactivate promoters of
genes with a thyroid specific expression such as TG, TPO and NIS.2% A
similar behavior was highlighted in the basic Helix-Loop-Helix protein
HES1. In fact, this protein is able to transactivate both NIS promoter®>
and control thyrocyte and C-cells precursors. Hes1—/— mice show
thyroid hypoplasia and a decreased T4 and calcitonin immunohisto-
chemical positivity.*¢ Indeed, HES1 is regulated by the NOTCH
pathway,®” a highly conserved cell-to-cell communication system
involved in the specification of many tissues, that is, several foregut-
derived endocrine ones. Notch plays an essential role during the ear-
lier phases of thyroid primordium induction. In fact, Notch directs
Hes1 expression regulating its inhibitor, the recombining binding pro-

tein suppressor of hairless RBPJ.38

The manipulation of this signaling
pathway in zebrafish allowed to associate a Notch-Hes1 axis disrup-

tion to thyroid dysgenesis.’

2.7 | EYAl

Targeted inactivation of Eyal impaired early developmental processes
in multiple organs.*° It has been shown that Eyal™~ mice had hypo-
plastic thyroid lobes (40%-60% decrease in volume), lack of isthmus
and reduction of calcitonin-producing cells; although follicles were
present, the number of follicular cells was reduced.?! In the same
experimental setting, no Eyal expression was observed during thyroid
gland development, suggesting the possibility that the effects on

mature gland are ancillary.

2.8 | TSHR

In addition to transcription factors deficiency, TD can be observed in
animal models in which the function of the thyroid-stimulating hor-
mone receptor (TSHR) gene is reduced. Activation of the TSHR by TSH
pathway occurs at E15 in mice, much later than the beginning of thy-
roid development. According to this, mice with either naturally occur-
ring TSHR mutation or knockout show a normal thyroid gland at birth
but reduced weight few weeks later.*?>*® These data lead to the con-
clusion that activation of TSHR does not have a relevant effect on
thyrocyte proliferation during development but it is necessary for the
maintenance of the thyroid gland size and structure postnatally. By
using the CRISPR/CAS9 system, loss of function mutations have been
recently introduced in the rat TSHR gene.44 At 8 weeks after birth,
TSHR homozygous mutant rats showed a hypoplastic thyroid associ-
ated to a marked decrease in the number of both thyroid follicular

cells and parafollicular cells.

29 | TuBB1

In order to find the role of TUBB1 gene mutations found in TD
patients, the null mouse model was recently generated.*® TUBB1

encodes for tubulin beta 1, class VI, a protein of the p-tubulin family,

which is incorporated into microtubules as o/p dimers. This gene is
expressed in the thyroid (during development and adulthood), mega-
karyocytes and platelets. In the Tubb1™/~ mouse, thyroid development
was deranged in a complex way: at early stage (E9.5) the surface area
of the thyroid anlage was bigger than in normal mice; at E11.5 delayed
migration of the gland was observed and at E13.5 significant hypopla-

sia was detected.

2.10 | The polygenic model

Knockout experiments provided evidence for a putative polygenic
cause underling TD. In fact, while Titf1 */~ and Pax8 *'~ mice dis-
played no alteration in thyroid development, [Titf1, Pax8] */~ mice
showed smaller thyroid glands or hemiagenesis. Moreover, it was
demonstrated that the abnormal thyroid phenotype is strain specific
and that variation of at least two other genes is required.*® Further-
more, the same lab identified the Dnajc17 gene, which encodes for a
member of the type lll heat-shock protein-40 family, as one of the
genes whose mutations are required to induce TD in [Titf1, Pax8] */~

mice.*”

3 | MOLECULAR DEFECTS ASSOCIATED TO
TD IN HUMANS

Studies on the molecular basis of TD in the pre-next-generation
sequencing (NGS) era were usually focused on a limited number of
genes and/or a small number of cases. Causative mutations were
identified in less than 5% of TD cases, leading to the assumption that
TD is a sporadic disease. Monogenic loss-of-function mutations in
NKX2-1, PAX8, TSHR and FOXE1 are rare but well-established causes
of TD; however, expressivity and phenotypic penetrance may be
highly variable even within the same family.

The advent of NGS, which allowed the simultaneous and system-
atic analysis of known candidate genes (targeted NGS) or of the entire
exome (whole-exome sequencing, WES) made the research on TD
more efficient and recently opened novel perspectives on the patho-
genesis of TD, that are consistent with both some previous findings
obtained in animal models and the variable expression and penetrance

of genetic defects within families.

3.1 | NKX2-1

NKX2-1 mutations are associated to the “brain-lung-thyroid” syn-
drome, a triad characterized by various combinations of TD, infant
respiratory distress syndrome (IRDS), and benign hereditary chorea
(BHC). Hypothyroidism is usually mild or subclinical with thyroid
hypoplasia, haemiagenesis or athyreosis.*® Moreover, deletions proxi-
mal to NKX2-1 have also been implicated, suggesting the presence of
an upstream enhancer in this region.* Concerning the thyroidal
abnormalities, a predominance of normal thyroid-in-situ over TD
(hypoplasia or hemiagenesis, 35%-50%; athyreosis, 10%) was
reported.’®> Only one case with NKX2-1 mutation with a thyroid
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ectopy has been reported so far. NKX2-1 mutations may exhibit auto-
somal dominant inheritance with variable expressivity and penetrance,
but frequently occur de novo.*®*° General mutational screening in

three non-syndromic TD cohorts detected no NKX2-1 mutations.?”>°

3.2 | PAXS8

To date,29 heterozygous loss-of-function PAX8 alterations, the major-
ity comprising substitutions affecting the DNA-binding domain, are
reported as disease causing, transmitted among familial cases via an
autosomal dominant pattern of inheritance with incomplete pene-
trance and variable expressivity.’! Affected patients predominantly
exhibit thyroid hypoplasia. However, ectopy and athyreosis, albeit
rare, might also occur. From a biochemical point of view, euthyroidism
to severe hypothyroidism have been described, and thyroid gland
morphology ranges from a normal-sized gland to apparent

athyreosis.”?

3.3 | FOXE1

Homozygous mutations in FOXE1 were reported in patients with a
syndromic form of TD, the Bamforth-Lazarus syndrome, characterized
by TD (ie, athyreosis or severe hypoplasia), cleft palate, and spiky hair.
To date, at least eight biallelic TD-associated FOXE1 point mutations
have now been reported.?” Inheritance of FOXE1 mutations is autoso-
mal recessive and all described mutations cluster in the forkhead
DNA-binding domain. Carre et al, performing a case-control associa-
tion study (affected N = 115, controls N = 129), concluded that
FOXE1 through its alanine containing stretch modulates significantly
the risk of TD occurrence, declassifying FOXE1 as a susceptibility gene

for TD rather than a disease-causing gene.>®

34 | TSHR

In humans, about 113 loss-of-function (LOF) mutations in the TSHR
gene have been reported in the Human Gene Mutation Database
HGMD (HGMD Professional 2019.1) in association with various
degrees of TSH resistance. The spectrum of associated phenotypes
ranges from euthyroid hyperthyrotropinemia (ie, elevated TSH with
free-T4 in the normal range) to CH with an orthotopic but hypoplastic
gland.>? The extent of TSH resistance is tightly correlated to the
zygosity of the mutation (ie, homo- or heterozygous mutation) and on
the type of functional impairment at protein level. Recessively
inherited TSHR homozygous mutations are associated with complete
lack of the receptor's function and orthotopic thyroid hypoplasia.
Heterozygous mutations, instead, usually following an autosomal
dominant inheritance, have been reported in patients with non-
autoimmune subclinical hypothyroidism associated to a normal sized
orthotopic gland.>%>* Heterozygous loss-of-function TSHR mutations
are most frequently described, with incidences of 10% to 30% in an
I[talian cohort of hyperthyrotropinaemia-affected subjects.>®> Notwith-

standing, the main feature of TSHR mutations is the high level of
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phenotypic variability wherein the same mutation can be associated
with different levels of thyroid function.

Indeed, TSHR mutations occur throughout the protein sequence,
with nonsense and frameshift mutations generally decreasing TSHR
levels through the plasma membrane, but also affecting ligand binding,
depending on their location.>® In a scenario of complete TSH resis-
tance with subnormal free-T4 levels, levothyroxine replacement is
unequivocally required. TSHR mutations are known to cause partial
TSH resistance. In this context, hormonal replacement remains con-
troversial because elevated TSH levels are sufficient to maintain nor-

mal circulating thyroid hormone concentrations.?”:>45¢

3.5 | GLIS3

GLIS3 is a member of the GLI-similar 1 to 3 (GLIS1-3) subfamily of
Krippel-like zinc finger protein transcription factors, encoding for a
nuclear protein potentially acting as downstream modulator of sonic
hedgehog pathway and known to play a main role in regulating
embryogenesis.?” Biallelic loss-of-function mutations in GLIS3 have
been described in different families and are robustly associated with
TD. Inheritance is autosomal recessive. Thyroid involvement in GLIS3-
mutated patients include thyroid aplasia, diminished colloid with inter-
stitial fibrosis, and apparently normal thyroid texture on ultrasound,
but with temporary TSH resistance upon thyroxine treatment, per-
haps explained by its actions downstream of TSH and the TSHR,
because GLIS3 is indispensable for TSH/TSHR-mediated proliferation

of thyroid follicular cells and biosynthesis of thyroid hormone.*>>”

3.6 | JAG1

Jaggedl, encoded by the JAG1 gene, is a Notch receptor ligand
expressed in thyroid, which may play a role in thyroid specification in
zebrafish, as well as in differentiation and maintenance of thyroid pre-
cursor cells.3**® Human heterozygous loss-of-function JAG1 muta-
tions are associated with Alagille syndrome type 1 (ALGS1), which is
characterized by variable involvement of liver, heart, skeleton, eye
and facial defects. Evaluation of thyroid function in 21 cases with
Alagille syndrome showed that variations in JAG1 gene can contribute
to the pathogenesis of variable congenital thyroid defects, includ-
ing TD.>?

3.7 | CDCA8

Borealin, encoded by the CDCAS8 gene, is a member of the chromo-
somal passenger complex with roles in the processes of chromosome
segregation and cytokinesis. It is expressed in human thyroid tissue
during embryonic development and in vitro transfection of mutant
CDCAS8 resulted in altered cellular migration and adhesion through the
decrease in the expression of focal adhesion-related genes.®® A recent
WES approach on familial cases with TD allowed to highlight biallelic
mutations of CDCA8 in two cases of one consanguineous family, and

monoallelic mutations in two other sporadic cases.?”>!
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3.8 | NKX2-5

NKX2-5 belongs to the NK-2 family of homeodomain-containing tran-
scription factors; it was initially an attractive candidate gene for TD,
bevause murine Nkx2-5 =/~ embryos exhibit thyroid bud hypoplasia,
thus, suggesting that Nkx2-5 signal contributes the organogenesis of
the thyroid.®* However, despite an initial report of four patients with
heterozygous loss-of-function NKX2-5 mutations and thyroid ectopy
or athyreosis, the role of NKX2-5 in TD remains ambiguous.?” The
penetrance of the identified mutations turned to be highly variable
and pathogenic mutations showed to also occur in healthy
populations. These data led clinicians to suggest that NKX2-5 muta-

tions do not represent a major contributor in TD pathogenesis.

3.9 | NTN1

In a single patient a heterozygous deletion involving part of NTN1 was
detected, whose phenotype involved congenital ventricular septum
defect (VSD) and thyroid ectopy. Functional studies in zebrafish
showed that ntnla is expressed in pharyngeal arch mesenchyme but
not in thyroid tissue. Indeed, it is likely that the detected TD is due to
the lack of guidance cues from the dysplastic vasculature more than a
thyroid specific defect.®? To date, it is unclear in which the NTN1
mutations contribute to the shared thyroid and cardiac congenital

defects within the population.

3.10 | TuBB1

In a recent paper Stoupa et al identified three different TUBB1 muta-
tions strongly associated to TD.** Within the same family, two
patients presented thyroid gland ectopia and macroplatelets, pheno-
type associated to a homozygous TUBB1 loss-of-function mutation.
Moreover, in a cohort of 270 TD patients, they demonstrated that
1.1% of subjects possessed a loss-of-function mutation in TUBB1
associated to a variable thyroid phenotype ranging from gland ectopia
to mild thyroid asymmetry, thyroid hypoplasia and hemithyroid.*> The
variability of the phenotype, even within the same familial cluster,
could be explained the hypothesis of random autosomal monoallelic
gene expression in the thyroid, that is, the transcription of a gene

from one of two homologous alleles.>¢3¢%

3.11 | THRB

A paper by Zhou et al highlighted two THRB missense mutations
screening a cohort of 280 patients with TD and 200 normal sub-
jects.65 The thyroid hormone receptor p (THRB), indeed, possesses a
ligand-binding domain (LBD) in the C-terminus through which it inter-
acts with the T3 thyroid hormone. Patients harboring THRB mutations
develops TD, with or without an ectopic lingual thyroid.®>¢® Func-
tional characterization the THRB C36Y mutation revealed changes in
cell morphology that inhibited the human thyroid cell line Nthy-ori

3-1 proliferation, promoting apoptosis.®®

3.12 | Syndromic TD

It is already known that TD risk is increased in the context of several
syndromes with an underlying genetic basis and predominantly
extrathyroidal-related abnormalities. The most common forms of syn-
dromic hypothyroidism include Pendred syndrome (SLC26A4),
Bamforth-Lazarus syndrome (FOXE1), the brain-lung-thyroid syn-
drome (NKX2-1) and the Alagille syndrome type 1 (JAG1). Notwith-
standing, ongoing genetic research continues to shed new light on
some candidate genes involved in syndromic TD, such as SALL1
(Townes-Brocks syndrome), TBX1 (di George syndrome), URB1
(Johanson-Blizzard syndrome), DYRK1A (Down syndrome), ELN and
BAZ1B (Williams-Beuren syndrome), KMT2D and KDMé6A (Kabuki syn-
drome), KATéB (Ohdo syndrome, Genitopatelar syndrome).?”:67:68
Moreover, other syndromic forms involving thyroid abnormalities
exist, in which the underling genetic alteration is still missing. One
clear example is the so-called PHACE syndrome, a complex congenital
disorder associated to central hypothyroidism and thyroid
dysgenesis.®’

In all the aforementioned conditions, the underlying mechanisms
for TD is so far unknown. As such, TD represents one of the

remaining enigmas in the pathophysiology of thyroid diseases.

4 | DISCUSSION

Over the past decades, research conducted primarily by the Roberto
Di Lauro's lab??17:1822:283470 eaq to the identification of NKX2-1,
PAX8 and FOXE1 as key developmental genes involved in the regula-
tion of the expression of thyroid-specific genes and in embryonic
development of the thyroid anlagen (Figure 1).

The animal models described so far demonstrated that mutations
in a group of genes tightly involved in thyroid morphogenesis cause
defects in thyroid development underlying TD. Despite the arduous
effort in unraveling the genetics of TD in animal models, up to now
data obtained in animal models have been discontinuously confirmed
in humans (Table 1). Indeed, only about 5% of these cases are associ-
ated with mutations in the collected toolkit of thyroid-developing
genes (mainly PAX8 and TSHR). The reason of this small concordance
lies mainly on the fact that the inheritance of the phenotype could be
different between humans, mice and zebrafish: patients harboring
NKX2-1 */~ and/or PAX8 */~ develops TD wile mice bearing the same
genetic alteration do not show a full-blown hypothyroidism. Indeed,
this phenomenon could be explained by the slight difference in human
and mouse thyroid morphogenesis during embryogenesis. In fact, the
thyroid anlage appears at E8-8.5 and E20-22 in mice and humans,
respectively.'? Notwithstanding, animal models have been and still
are a valuable tool to understand thyroid morpho/dysgenesis.

As both causative mutations have been so far identified in only a
small fraction of subjects with TD (5%)?” and a pattern of Mendelian
inheritance can be rarely observed,”® it could be stated that mono-
genic germline mutations possess a marginal role in TD. This hypothe-

sis is reinforced by studies in monozygotic twins that highlighted low
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Homo Sapiens EO <E20 E20-22 E24 E30-40 E45-50 E60 E70 E80
Mus Musculus EO <E8 E8-8.5 E9.5 E11.5-13 E13.5 E14-14.5 E15-15.5 E17
S
Totipotent Undifferentiated P dding ig and Proliferation of F ional pansion of Organogenesis
Stem Cell Endoderm Expansion of Precursor Cells differentiation differentiated
Thyroid Primordium cells
NKX2-1
FOXE1
PAX8
HHEX
TSHR

FIGURE 1 Timing of thyroid gene transcription factors expression during the development of the thyroid gland. Schematic representation of
the developmental stages of thyroid genesis and expression of relevant genes. At E8-8.5 in mice and E20-22 in humans, the expression of Nkx2.1,
Foxel, Pax8 and Hhex determine the specification of a group of cells from the ventral endoderm. At about E9.5 and E24 in mice and humans,
respectively, the thyroid bud appears as a thickening in the floor of the pharynx. From E11.5 in mice and E30-40 in humans, the thyroid
primordium starts its migration from the pharyngeal floor and reaches its definitive pre-tracheal position. Subsequently, the thyroid precursor
cells proliferate and expand in a process known as lobulation (E13.5 and E45-50). By E14-14.5 and E60, thyroid follicular cells start to express
Tshr during folliculogenesis. At E17 (E80 in humans) the thyroid gland is completely formed. Abbreviations: E, embryonic day; TSHR, thyroid-

stimulating hormone receptor. Adapted from References?®7%72

concordance in TD. In addition, monogenic Mendelian inheritance is
difficult to reconcile in thyroid ectopy, because is more prevalent in
females.”* Therefore, other mechanisms, such as early somatic muta-
tions, epigenetic modifications or stochastic developmental events
have been proposed to explain TD.”® However, none of these mecha-
nisms has been proved as a major cause of TD. Indeed, it was demon-
strated that the methylation profile of ectopic and orthotopic thyroids
was highly similar.”® Furthermore, a recent study showed no peculiar
thyroid ectopy-specific methylation signature after performing a
genome-wide DNA methylation analysis.”” In addition, somatic muta-
tions were not detected in TD-discordant monozygotic twins by
exome sequencing.”®

Autosomal monoallelic expression (AME) defines unusual autoso-
mal genes with random choice between the maternal and paternal
expressed allele.” AME can be classified into two groups: (a) fixed, in
which the allele-specific expression of a precursor cell is conserved in
descendant cells; and (b) dynamic, which is not transmitted along
mitosis and, therefore, can be investigated only at the single cell level.
Fixed AME may occur in 10% to 15% of autosomal genes.8>8! Genes
that are expressed in a monoallelic way are more vulnerable to the
effect of loss-of-function mutations than the biallelic-expressed
genes. Moreover, AME occurs randomly and expands clonally.
Whether we apply this phenomenon to genes whose mutation is
associated to TD, this would possibly explain the low concordance of
TD in monozygotic twins. Indeed, demonstration that AME occurs in
thyroid tissue (either normal or ectopic) has been already provided.®*
In addition to the low concordance between monozygotic twins, this
phenomenon could account for the primary sporadic nature of
TD. Because of the AME somatic nature, the identification of any TD

genetic cause linked to this phenomenon is quite difficult to disclose.

In addition to AME, two other phenomena hinder the identifi-
cation of genes harboring TD-causing mutations. The first is due
to the phenotypic heterogeneity (either inter or intra-familial) of
subjects harboring mutation of the same gene. It has been widely
shown, for example, that TD due to mutations in PAX882
NKX2-15° displayed a variable thyroid phenotype. Furthermore, a
second cause could be found in the genetic heterogeneity of this
disease.

In conclusion, as recapitulated in the present review, TD can be
due to loss-of-function mutations of many different genes. Accord-
ingly, studies in diverse familial cases with TD excluded the involve-
ment of NKX2-1, FOXE1, PAX8 and TSHR genes in the etiology of TD
either through linkage or mutational approaches.®®

Therefore, so far only a small fraction of genes involved in TD
have been identified, but the use of NGS approaches is expected to
expand the spectrum of TD causative mutations. First, some experi-
mental approaches indicated that other genes could be involved in
thyroid development: a conditional knockout mouse for CDH1,
encoding for E-cadherin, demonstrated that the absence of this gene
caused smaller and irregularly shaped follicular lumens compared to
controls, although no difference in thyroid weight was evaluated.®*
Therefore, mutations in CDH1 or in genes involved in its signaling may
contribute to TD.

Moreover, a fraction of disease-causing mutations (about 10%-
15%) are located in transcriptional cis-regulatory regions (CREs),%> not
usually investigate by either Sanger or exome sequencing, that is,
approaches widely used in TD research. Alterations in thyroid
specific-CREs could possibly explain both the low rate in disease-
causing mutation and in the autosomal inheritance highlighted so far.

Indeed, Nitsch et al, in 2010, revealed a novel PAX8 enhancer region
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Genes directly or indirectly associated with thyroid dysgenesis or syndromic congenital hypothyroidism

Null mice associated phenotype

Thymus and thyroid hypoplasia

Impaired lung morphogenesis;
lack of pituitary gland and
thyroid; severe alterations in
the ventral region of the
forebrain

Small thyroid gland with absence
of follicles; disappearance of
the thyroid precursor cells at
E12.5

Cleft palate; absence of the
thyroid gland and thyroid
hormones

Thyroid hypoplasia and ectopy
at E9.5

Neural hypoplasia; severe
thyroid hypoplasia; absence of
C cells; cleft palate;

Hypoplasia of thyroid lobes;
absence of the isthmus;
reduced number of follicular
cells

Severe hypothyroidism; thyroid
hypoplasia

Bigger thyroid anlage at E9.5
followed by thyroid
hypoplasia at E13.5

Reduced thyroid cell
proliferation

Thyroid bud hypoplasia

Patients loss-of-function
mutation

Thyroid hypoplasia,
haemiagenesis or athyreosis;
respiratory distress syndrome;
benign hereditary chorea
(brain-lung-thyroid syndrome)

Thyroid hypoplasia; rarely
ectopy and athyreosis

Thyroid dysgenesis; cleft palate;
spiky hair (Bamforth-Lazarus
syndrome)

Hyperthyrotropinaemia

Thyroid gland ectopia or mild
thyroid asymmetry or thyroid
hypoplasia or hemithyroid;
macroplatelets

Thyroid aplasia; diminished
colloid with interstitial fibrosis;
TSH resistance

Thyroid hypoplasia; liver, heart,
skeleton, eye and facial
defects (Alagille syndrome
type 1)

Thyroid ectopy or athyreosis

Congenital ventricular septum
defect; Thyroid ectopy

TABLE 1
Gene ID Expression
HOXA3 Homeobox protein Hox-A3 Neural crest-derived
mesenchymal cells of the
pharyngeal arches; pharyngeal
endoderm
NKX2-1  NK2 Homeobox 1/thyroid Thyroid and lung primordia;
transcription factor 1 central nervous system
PAX8 Paired box 8 Thyroid and kidney primordia
and midbrain-hindbrain
boundary
FOXE1 Forkhead box protein Developing thyroid, foregut
E1/thyroid transcription endoderm; pituitary gland
factor 2 primordia
HHEX Hematopoietically Primitive endoderm; ventral gut;
expressed homeobox thyroid, liver, thymus,
pancreas and lungs primordia
HES1 Hes family BHLH Neural crest mesenchyme
Transcription Factor 1
EYA1 EYA transcriptional Pharyngeal arches' mesenchyme;
coactivator and pouches' endoderm; surface
phosphatase 1 ectoderm of the clefts;
thymus, parathyroid, and
ultimobranchial bodies
TSHR Thyroid stimulating Thyroid follicular organization in
hormone receptor the developed gland
TUBB1 Tubulin beta 1 Thyroid primordia;
Class VI megakaryocytes and platelets
GLIS3 GLIS family zinc finger 3 Early embryo
JAG1 Jagged Canonical Notch Thyroid specification,

Ligand 1 differentiation and
maintenance of thyroid
precursor cells

NKX2-5  NK2 Homeobox 5 Ventral side of the pharynx;
thyroid anlage

NTN1 Netrin 1 Pharyngeal arch mesenchyme

CDCA8 Cell division cycle associated  Cell migration and adhesion

8

regulated by NKX2-1, suggesting that any alteration in this loop could
predispose to TD.”°

Finally, as demonstrated by using multitarget-knockout mice, TD
can rise as a polygenic disease.*® Because of the wide phenotypic var-
iation of either thyroid hypoplasia or ectopy, it is conceivable to think
that these abnormalities could be determined by variation of quantita-

tive traits, that is, thyroid cells growth and migration, respectively, as a

Thyroid ectopy Thyroid ectopy

result of polygenic effects. Targeted NGS studies in TD patients'
cohorts highlighted that heritable mutations accounts for at least 50%
of patients.2® Moreover, according to what was revealed using mouse
models,*® a significant proportion of patients have multiple gene vari-
ations in more than one thyroid specific gene. Importantly, some TD
candidate gene variations highlighted so far can be assessed also in

the general population with a significantly lower prevalence,'® thus,
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indicating that the of pathogenesis of TD can be due to the sum of
multiple rare alleles that act in concert to generate the pathological
phenotype. In this context, the extensive use of exome and whole
genome sequencing that characterize the nowadays genetic approach
to pathological conditions could definitively shed light on the genetic
causes underlying polygenic diseases. Thus, whether these
approaches will be applied to TD, they are expected to aid in identify-

ing the unknown molecular features at the bottom of this disease.
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