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Thyroid gland organogenesis results in an organ the shape,
size, and position of which are largely conserved among adult
individuals of the same species, thus suggesting that genetic
factors must be involved in controlling these parameters. In
humans, the organogenesis of the thyroid gland is often dis-
turbed, leading to a variety of conditions, such as agenesis,
ectopy, and hypoplasia, which are collectively called thyroid
dysgenesis (TD). The molecular mechanisms leading to TD are
largely unknown. Studies in murine models and in a few pa-

tients with dysgenesis revealed that mutations in regulatory
genes expressed in the developing thyroid are responsible for
this condition, thus showing that TD can be a genetic and
inheritable disease. These studies open the way to a novel
working hypothesis on the molecular and genetic basis of this
frequent human condition and render the thyroid an impor-
tant model in the understanding of molecular mechanisms
regulating the size, shape, and position of organs. (Endocrine
Reviews 25: 722–746, 2004)
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I. Introduction

THE GUT TUBE in chordates is formed upon gastru-
lation and has its internal side lined with a single

layer of endodermal cells. When it is first formed, the gut
is a rather amorphous tube without evident anatomical
differentiation along its length. Subsequently, several
morphogenetic events take place leading to the picture of
the adult gut: a continuous tube displaying a variety
of shapes along its length and with several organs attached
to it (1, 2). Functional differentiation accompanies these
morphogenetic events, and the original monotonous
single layer of endodermal cells now appears as a spec-
trum of different cell types performing a variety of highly
specialized functions. The genes and the molecular mech-
anisms leading to regional morphogenesis and/or to func-
tional differentiation throughout the gut are now begin-

ning to be understood, indicating, in some cases, inductive
signals from the surrounding mesenchyme (3, 4). How-
ever, it should be stressed that the signals responsible for
the regional differentiation in shape as well as those re-
sponsible for the budding of all of the organs originating
from the gut still remain elusive.

Many human disorders appear to be derived from alter-
ations of these initial morphogenetic events. For instance,
severe malformations in foregut-derived organs (such as
esophageal atresia, tracheoesophageal fistula, lung anoma-
lies, and congenital stenosis of the esophagus and trachea)
are common anomalies occurring in one in 2000 to one in
5000 live births (5).

This review will focus on the formation of the thyroid
gland, the anterior-most organ that buds from the gut tube.
We will concentrate on the events leading to the estab-
lishment, migration, organization, and functioning of the
thyroid follicular cell (TFC), i.e., the cell type responsible
for thyroid hormone biosynthesis, which also represents
the most numerous cell population in the thyroid gland.
Morphogenesis of TFCs is often disturbed in newborns,
resulting in a set of conditions collectively known as thy-
roid dysgenesis (TD). TD is present in 85% of congenital
hypothyroidism (CH), a condition that affects one of 3500
newborns worldwide. Because familial occurrence of TD
is rare, this condition was considered a sporadic disease
resulting mainly from nongenetic causes such as environ-
mental factors or stochastic events during embryogenesis.
This article will review data demonstrating that TD can be
a genetic and inheritable condition. The genes known to be
responsible for TD, the related molecular mechanisms, and
how these affect thyroid function will be summarized.
Because the number of TD patients bearing a mutation
responsible for the condition is very small, a discussion on
other genetic mechanisms that might be responsible for
this condition will also be presented.

Abbreviations: Bmp, Bone morphogenetic protein; CH, congenital
hypothyroidism; E, embryonic day; Fgf, fibroblast growth factor; Fgfr,
Fgf receptor; Hnf, hepatic nuclear factor; NIS, sodium/iodide sym-
porter; Shh, sonic hedgehog; TD, thyroid dysgenesis; TFC, thyroid fol-
licular cell; Tg, thyroglobulin; TPO, thyroperoxidase; Tshr, TSH recep-
tor; TTF, thyroid transcription factor.
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II. Thyroid Gland Development

A. Morphological and functional aspects

1. Composite function, structure, and origin of the thyroid gland.
The thyroid gland in mammals is located in the neck region.
The gland produces thyroid hormones and calcitonin in two
distinct cell types, the TFCs and the parafollicular or C cells,
respectively. The TFCs, the most numerous cell population
in the gland, form the thyroid follicles, spherical structures
serving as storage and controlled release of thyroid hor-
mones (6). The C cells are scattered in the interfollicular
space, mostly in a parafollicular position. The two diverse
cell types, responsible for the dual endocrine function of the
gland, originate from two different embryological structures:
the thyroid anlage is the site of origin of the TFCs whereas
the ultimobranchial bodies are the source of C cells. The
thyroid anlage is an area enclosing a small group of endoder-
mal cells, and it is located on the midline of the embryonic
mouth cavity in its posterior part. The ultimobranchial bod-
ies are a pair of transient embryonic structures derived from
the fourth pharyngeal pouch and located symmetrically on
the sides of the developing neck. The C cell precursors mi-
grate from the neural crest (7) bilaterally to the fourth pha-
ryngeal pouches and become localized in the ultimo-
branchial bodies (8).

The cells of the thyroid anlage and the ultimobranchial
bodies migrate from their respective sites of origin and ul-
timately merge in the definitive thyroid gland. In the merg-
ing process, both the thyroid anlage and the ultimobranchial
bodies disappear as individual structures, and the cells con-
tained in them disperse in the structure of the adult thyroid
gland. The cells originating from the anlage continue to or-
ganize the thyroid follicles, whereas the C cells scatter within
the interfollicular space. Interestingly, in some animals the
ultimobranchial structures remain distinct from the rest of
the thyroid gland (9).

It was suggested that cells of the ultimobranchial bodies
could differentiate toward TFCs (10). Indeed, there are re-
ports of patients with ectopic lateral thyroid tissue and no
detectable thyroid tissue in the normal median position (11).
In support of a lateral origin of the TFCs is also the presence
of seemingly colloid-containing follicles in human patients
(12) and mutated mice (13) with persistent ultimobranchial
bodies. However, mouse embryonic ultimobranchial bodies,
transplanted under kidney capsules, never give rise to the
typical TFCs, whereas the ventral thyroid rudiment, in the
same condition, does (14). These latter data, together with
the absence of evidence showing TFC-specific markers (such
as thyroglobulin (Tg), thyroperoxidase (TPO), and others
related to the mechanism of thyroid hormone biosynthesis;
see Section II.A.5) in the ultimobranchial bodies, suggest that
only cells originating in the median thyroid anlage will dif-
ferentiate into functioning, i.e., TH-producing, TFCs.

In this review we will focus on morphogenetic and dif-
ferentiation events related to TFCs only; for simplicity we
will refer to them as either TFCs or “thyroid cells.” Exhaus-
tive analysis of rodent thyroid development has been a useful
tool in understanding the mechanism underlying the gland’s
morphogenesis. We feel that these results can be extended to

other species, including humans (Table 1), because, when
studied, no major differences have been found; those known
will be highlighted.

2. Origin of TFCs: the thyroid anlage. The morphogenesis of the
thyroid, like in many endoderm-derived organs, begins with
an event that recruits a group of cells, in an otherwise ho-
mogeneous cell layer, to the thyroid fate, i.e., to follow all the
developmental steps necessary to achieve the TFC pheno-
type. This event is vividly represented in Fig. 1, and it is
called, in developmental biology terms, “specification” or
“determination” because, as a consequence of it, a group of
cells are specified or determined to undertake a definite
developmental program (see Ref. 15 for a discussion on these
two terms). Morphological and biochemical changes (to be
described later in this review) accompany thyroid cell spec-
ification, making them clearly distinct from their neighbors.
The first visible change is a thickening of the endodermal
epithelium in the foregut, which is referred to as thyroid
anlage. Thickening in a restricted region of a cell layer, a
common event in the initiation of organogenesis, has been
suggested to be an essential event in the generation of signals
required for the continuation of organogenesis (16). The thy-
roid anlage is first identified in mouse embryos at embryonic
day (E) 8–E8.5 in the ventral wall of the primitive pharynx,
caudal to the region of the first branchial arch (17). This
median thickening deepens, forms first a small pit (thyroid
bud, E8.5–E9) (Fig. 1) and then an outpouching of the
endoderm, which is adjacent to the distal part of the outflow
tract of the developing heart. The signal that induces this
primary event in the origin of the TFCs is not known. The
ventral pharyngeal endoderm lies in close apposition to the
heart mesoderm; the role of the endoderm in the specification
and differentiation of myocardial cells is well known (18).
Conversely, an influence of the developing heart on thyroid
organogenesis has not been demonstrated, although a recent
article demonstrates defects in foregut secondary to defects
in heart organogenesis (19). Interestingly, cardiac malforma-
tions represent the most frequent birth defects associated
with TD (20, 21). Along the same line, the thyroid has an
asymmetric shape, the right lobe being larger than the left,
but the lobe size is reversed in patients with dextrocardia
(22). Thus, although there are no data demonstrating a role
from neighboring cells in the specification of the thyroid
anlage, the heart primordium is the most attractive candidate
for such a role.

TABLE 1. Correlation of the timing of relevant events during
thyroid development in humans and mice

Stage of morphogenesis
Embryonic day

Humana Mouseb

Thyroid anlage appears E20–22 E8–8.5
Thyroid bud migration begins E24 E9.5
Thyroglossal duct disappears E30–40 E11.5
Thyroid migration is complete E45–50 E13.5
Fusion with ultimobranchial bodies E60 E14
Onset of folliculogenesis E70 E15.5
a As described in Refs. 10 and 226–229.
b As described in Ref. 17.
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3. Migration of TFC precursors. At E9–E9.5 the endodermal
cells of the thyroid anlage form the thyroid bud by prolif-
eration and invasion of the surrounding mesenchyme.

By E10, the thyroid primordium appears as a flask-like
structure with a narrow neck that rapidly becomes a diver-
ticulum. A small hole at the site of origin in the pharyngeal
floor (the foramen cecum) is the remnant of the anlage, con-
nected with the migrating thyroid primordium by a narrow
channel (the thyroglossal duct). At E11.5 the thyroglossal
duct disappears, and the thyroid primordium loses its con-
nections with the floor of the pharynx and begins to expand
laterally (Table 1). Two days later the thyroid primordium
reaches the trachea, which has extended ventrocaudally
starting from the primitive laryngotracheal groove.

The molecular mechanisms involved in the translocation
of the thyroid primordium have not been completely eluci-
dated. Analysis of mice deprived of the transcription factor
Foxe1 demonstrates that the TFC precursors themselves have
an important role in the migration process (23), thus sug-
gesting an active migration rather than a passive transport
due, for example, to remodeling. However, an active migra-
tion of thyroid cell precursors has been recently questioned
by the finding that these cells do not appear to undergo a
classical epithelial to mesenchymal transition during mor-
phogenesis, in contrast to what was observed in many other
migrating cells (24). It is conceivable that the final location of
the thyroid is due both to active migration of the precursors,
perhaps by a novel mechanism, and to other morphogenetic
events occurring in the neck region and in the mouth (25).

4. Completion of organogenesis. By E15–E16 the thyroid lobes
expand considerably, and the gland exhibits its definitive
shape: two lobes connected by a narrow isthmus. The mech-
anisms leading to proliferation of the precursors and to the
formation of the lobes remain to be elucidated. Surprisingly,
TSH signaling, the best known growth stimulus for adult
thyroid cells, does not appear to be involved (26, 27). Also the
formation of the two symmetrical lobes does not have a
mechanistic explanation. However, impairment of this pro-
cess occurs, as in the cases of hemiagenesis (see Section III.E).
Furthermore, in some animal models (13, 28) the isthmus is
absent, and the two lobes remain separated (see Section
II.B.2.b).

By E15.5, the first evidence of follicular organization ap-
pears with many small follicles disseminated within the
gland. At this time calcitonin-producing C cells, derived
from the ultimobranchial bodies that have fused with the

primitive thyroid at around E14, can also be detected among
follicles (29).

Reciprocal interactions between mesenchymal and
endodermal cells control the morphogenesis of several other
endoderm-derived organs (1, 30–32), but in thyroid orga-
nogenesis a role of neighboring tissues remains to be dem-
onstrated. Previous reports have shown that follicular cells
explanted from a developing chick thyroid required fibro-
blasts obtained from the capsule of the thyroid gland to
organize a correct histological pattern in vitro (33). More
recent papers have reported that mutations of genes ex-
pressed in the surrounding tissues and not in the thyroid bud
itself impair the correct organogenesis of the gland (28, 34),
thus suggesting that also in the case of the thyroid, cellular
interactions are required for normal organogenesis (see Sec-
tion II.B.2.b).

5. Functional differentiation and onset of hormonogenesis. The
differentiative program of TFCs is completed only when the
gland reaches its final location. As a result, TFCs express a
series of proteins that are typical of TFCs and that are es-
sential for thyroid hormone biosynthesis. Because there will
be no further differentiation event in the life of TFCs, this last
differentiation could be called terminal or functional differ-
entiation. Genes typical of this stage appear according to a
given temporal pattern: Tg, TPO, and TSH receptor (Tshr)
genes are expressed by E14.5 (35); sodium/iodide symporter
(NIS) is detected by E16 (26). T4 is first detected at E16.5 (36)
(Table 2). The onset of functional differentiation only after
completion of migration raises the question of whether a
time- or space-dependent signal is responsible for it. In con-
trast to the hypothesis that the signal is space related is the
observation that patients with sublingual thyroid do pro-
duce, albeit in low amounts, thyroid hormones (37), thus
indicating that the normal location of the TFCs is not an
absolute requirement for the onset of functional differenti-
ation. Along the same lines, mice deprived of the transcrip-
tion factor Foxe1 (23) (see Section II.B.1.c) show a sublingual
thyroid that expresses Tg. Taken together, these observations
strongly suggest that the normal final location of TFCs is not
a requirement for the onset of functional differentiation.
However, the precise timing in the start of the gene expres-
sion program necessary for thyroid hormone biosynthesis
indicates that a genetic mechanism must be responsible for
such a control. The players of such a mechanism remain to
be identified.

FIG. 1. The thyroid anlage.
Left, Scanning electron mi-
crograph of an E9 mouse em-
bryo showing the area where
the thyroid bud just invagi-
nated, leaving behind the fo-
ramen cecum. The dorsal re-
gion of the embryo was
removed to allow the ventral
wall of the pharynx to be ob-
served. Cranial is up. Right,
A schematic view of the pha-
ryngeal region of an embryo
at the same stage. Pa, Pha-
ryngeal arch.
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6. The development of the thyroid in nonmammalian organisms.
The anatomy of the thyroid gland differs considerably
among the vertebrate classes. In mammals and in some rep-
tiles, the thyroid is composed of two lobes connected by an
isthmus; in birds and amphibians, the thyroid consists of two
isolated lobes. Furthermore, in cartilaginous fishes, the thy-
roid follicles are organized into a compact gland surrounded
by a capsule (9). Conversely, the majority of teleost fishes,
with a few exceptions, show a remarkable absence of glan-
dular organization with thyroid follicles nonencapsulated
and loosely distributed, for the most part, within the sub-
pharyngeal mesenchyme (9). The ontogenesis of the thyroid
follicle has been recently studied in detail in zebrafish (38).
Despite these morphological differences, the ontogeny of the
thyroid follows the same pattern in all vertebrates: the thy-
roid anlage always forms in the primitive pharynx, and thy-
roid cell precursors migrate from the anlage to reach their
definitive position and finally organize themselves into
follicles.

In the evolution of chordates, a bona fide thyroid charac-
terized by nonencapsulated follicles first appears in ag-
nathan vertebrates such as the lamprey. However, the de-
velopment of the thyroid in the lamprey follows a more
complex pattern. The pharyngeal anlage, in the ventral part
of the pharynx, is the origin of a structure present only during
larval life, the endostyle (39). The epithelium of the endostyle
differentiates into many types of cells, a group of which
displays both peroxidase activity and the ability to trap io-
dine. These cells are fated to become follicular cells only after
metamorphosis, when they will form classic thyroid follicles
(40).

Invertebrate chordates, such as amphioxus and tunicates,
have a structure in the ventral pharynx that is similar to the
lamprey endostyle and has been given the same name. The
tunicate endostyle is thought to have an important role in
filter feeding. The homology between lamprey endostyle and
thyroid stimulated, solely on the basis of morphological ob-
servations, the proposal that the tunicate endostyle could be
the primitive antecedent of the vertebrate thyroid gland (41,
42). The finding of both iodine-concentrating activity (43)
and TPO in a group of cells of the endostyle of these animals
(44, 45) strongly supports such a proposal. As will be dis-
cussed below, the homology between endostyle and thyroid
has gained further support from studies demonstrating that
similar genes are involved in the morphogenesis of mouse
thyroid and of the chordate endostyle (46–50).

B. Molecular aspects

The molecular basis of thyroid gland development began
to be investigated with the discovery that the transcription
factor Titf1/Nkx2-1 (see below for nomenclature), identified
as responsible for the thyroid-specific expression of Tg and
TPO, is expressed not only in functioning thyroid cells but
also in their precursors (35). Subsequently, the transcription
factors Foxe1, Pax8, and Hhex were also found to be ex-
pressed both in mature thyroid cells and in their precursors.
The expression of these factors in the thyroid anlage, at the
very beginning of thyroid morphogenesis, immediately sug-
gested that these genes might play an important role in the
organogenesis of the thyroid gland. These factors are also
present in other embryonic tissues, but all four are coex-
pressed only in the thyroid anlage (Fig. 2). Thus, the small
number of cells in the primitive pharynx fated to become
TFCs already at E8.5 are univocally characterized by the
simultaneous expression of Titf1/Nkx2-1, (35) Foxe1 (51),
Pax8 (52), and Hhex (53). When the thyroid diverticulum
forms and begins its migration, the expression of these fac-
tors is restricted to the thyroid primordium as they are never
expressed in the thyroglossal duct (35). For the rest of its life,
a thyroid cell will be hallmarked by the simultaneous pres-
ence of Titf1/Nkx2-1, Foxe1, Pax8, and Hhex (Fig. 3). As will
be described in detail below, the expression of these four
factors is required for the early stages of thyroid morpho-
genesis. Other genes, both thyroid enriched and ubiquitous,
that have been demonstrated to impair the development of
the thyroid will be discussed below.

1. Genes involved at early stages of the morphogenesis

a. Titf1/Nkx2-1. Titf1/Nkx2-1 (formerly called TTF-1 for
thyroid transcription factor-1) is a homeodomain-containing
transcription factor that was first identified (54, 55) as a
nuclear protein able to bind to specific DNA sequences
present in the Tg gene promoter. The corresponding cDNA
was subsequently cloned, after biochemical purification of
the protein from nuclear extracts of thyroid glands (56). The
nomenclature of this protein and of the corresponding ge-
netic locus is rather confusing. TTF-1 has been renamed
Nkx2-1 because it belongs to the Nkx2 family of transcription
factors (57). After reisolation as a protein binding to the
enhancer of TPO (58), TTF-1 has also been renamed T/EBP.
The official name for the mouse genetic locus is Titf1 (TITF1
for the human locus) (59, 60). In this review we will use

TABLE 2. Summary of the different phases of thyroid development, indicating the morphological features, the expression of relevant genes,
and the capacity to produce thyroid hormones

Embryonic day Morphology
Functional (terminal)

differentiation Thyroid hormones
Controller genes

Tg, TPO, Tshr NIS Titf1/Nkx2-1, Foxe1, Pax8, Hhex Ffgr2

E8 Undifferentiated endoderm � � � � �
E8.5 Thyroid anlage � � � � �
E9.5 Thyroid bud � � � � �
E11.5-13.5 Expansion of thyroid primordium � � � � �
E14.5-15 Definitive bilobated shape � � � � �
E16 Folliculogenesis � � � � �
E16.5 Completion of organogenesis � � � � �

�, Present; �, absent.
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Titf1/Nkx2-1 throughout and suggest that all other names,
including the original TTF-1 for the protein, be abandoned.
The molecular properties of Titf1/Nkx2-1, as well as its role
in controlling TFC-specific gene expression, have been re-
cently reviewed (61). Hence, we will concentrate on the role
of the Titf1/Nkx2-1 protein in the organogenesis of thyroid
and other cell types, as deduced by its distribution and, most
importantly, by the phenotype of knockout animals.

The Titf1/Nkx2-1 protein is encoded by a single gene in
mice and humans. Mouse Titf1/Nkx2-1 is located on chro-
mosome 12, whereas the human TITF1/NKX2-1 is on 14q13
(55) (Table 3). The distribution of Titf1/Nkx2-1 protein and
of the corresponding mRNA has been exhaustively studied
in rodents. In the primitive pharynx, Titf1/Nkx2-1 is present
exclusively in the thyroid anlage, and its appearance coin-
cides with specification of the anlage. Titf1/Nkx2-1 remains
expressed in the TFC during all stages of development and
in adulthood. Titf1/Nkx2-1 is also present in the trachea and
lung epithelium (Figs. 2 and 3) and in selected areas of the
forebrain, including the developing posterior pituitary (35).
After birth and in adult organisms, Titf1/Nkx2-1 is still
present in the thyroid and lung epithelium and in the pos-
terior pituitary (55), whereas its expression in the brain is
restricted to the periventricular regions and some hypotha-
lamic nuclei (62). The expression of Titf1/Nkx2-1 in the hy-
pothalamus is reduced in the adult compared with the em-
bryonic brain; however, it increases transiently but markedly
before the first endocrine manifestations of puberty (63).
Interestingly, Titf1/Nkx2-1 mRNA was also identified in
parafollicular C cells (64) and in the epithelial cells of the
ultimobranchial body (65), which, even if of neuroectoder-

mal origin, end up in the thyroid gland in close proximity
with the TFCs.

Gene-inactivation experiments have revealed some impor-
tant functions of Titf1/Nkx2-1 in vivo. The phenotype of mice
homozygous for targeted disruption of the Titf1/Nkx2-1 gene is
rather complex, in accordance with the wide expression of this
gene. Titf1/Nkx2-1 null mice are characterized by impaired lung
morphogenesis, lack of thyroid and pituitary, severe alterations
in the ventral region of the forebrain, and death at birth (66).
Additional studies (67), performed at an earlier stage of devel-
opment, demonstrate that in Titf1/Nkx2-1�/� embryos the thy-
roid primordium forms in its correct position but subsequently
undergoes degeneration and eventually disappears (Fig. 4). At
E10.5 the thyroid primordium already appears much smaller in
size in comparison with wild type, and at E11 no thyroid cells
are detectable; these data and the presence of apoptotic cells
suggest that Titf1/Nkx2-1 is required to prevent the initiation
of an apoptotic process (67). Hence, Titf1/Nkx2-1 is an essential
requirement for the survival of thyroid cell precursors, but it is
not required for their initial formation. The Titf1/Nkx2-1�/�

mouse has been of great relevance because it demonstrates two
important concepts: the first is that athyreosis might be due to
the inability of the TFC precursors to survive rather than to lack
of their specification; the second consists in the proof of the
concept that athyreosis can be due to a single, heritable genetic
lesion.

Interestingly, Titf1/Nkx2-1 is detectable only in the ven-
tral wall of the anterior foregut (68), from which both the
thyroid bud and the laryngotracheal diverticulum originate,
whereas it is absent in the dorsal wall, which is the site of the
emergence of the esophagus. The establishment of this dor-

FIG. 2. Gene expression in the thyroid region at the beginning of organogenesis. The expression domains on relevant genes are indicated in
red in a schematic frontal view of the entire pharynx of an E9 mouse embryo. Pp, Pharyngeal pouch; Pa, pharyngeal arch.
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soventral patterning requires Titf1/Nkx2-1 because in Titf1/
Nkx2-1�/� mice there is no septation between trachea and
esophagus (68). A similar role in dorsoventral patterning is
observed in the central nervous system of Titf1/Nkx2-1�/�

embryos. In the telencephalon this factor is expressed in the
ventral region, the pallidum anlage. The loss of Titf1/Nkx2-1
results in a ventral-to-dorsal respecification that causes a
transformation of the pallidum primordium into a striatal-
like, dorsal structure (69).

Titf1/Nkx2-1 is also implicated in epithelial/mesenchymal
signaling. In Titf1/Nkx2-1�/� mice a reduction of the number of
cartilage rings of the trachea (68) was observed. Because there
is no Titf1/Nkx2-1 in the cartilage, it is very likely that the

tracheal rings defect is the result of a defective signaling process,
which is normally controlled by Titf1/Nkx2-1 in the tracheal
epithelium and which is necessary for the normal development
of tracheal cartilage. These interactions represent a necessary
step in the morphogenesis of trachea and lungs (70). Supporting
this hypothesis are studies carried out on defective anatomical
structures in Titf1/Nkx2-1�/� mice, showing that the expression
of some well-known signaling molecules is controlled by this
transcription factor. Bone morphogenetic protein (Bmp)4, a
TGF�-related peptide growth factor, expressed in the growing
tip of the branching lung epithelium in a normal embryo, is
undetectable in the lungs of Titf1/Nkx2-1�/� embryos (68);
hence, Titf1/Nkx2-1 controls, directly or indirectly, Bmp4 ex-

FIG. 3. Gene expression in the thyroid region after
completion of organogenesis. The expression do-
mains on relevant genes are indicated in red in a
schematic frontal view of the tracheoesophagus re-
gion of an E17 mouse embryo.

TABLE 3. Chromosomal localization of genes expressed during thyroid development and molecular features of the corresponding product

Gene
Chromosome

Features of the gene product
Mouse Human

Titf1/Nkx2-1 12 C1–C3 14q13 Homeodomain transcription factor
Pax8 2 2q12–14 Paired domain transcription factor
Foxe1 4 9q22 Forkhead domain transcription factor
Hhex 19 10 Homeodomain transcription factor
Tshr 12 14q31 G protein-coupled receptor
Fgfr2 7 10q26 Tyrosine kinase receptor
Nkx2-5 17 5q34 Homeodomain transcription factor
NIS 8 19p13 NIS; membrane protein with 13 putative transmembrane domains
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pression, and it is very likely that the absence of this growth
factor is responsible for the alteration in lung morphogenesis in
the mutant. However, a more complex model is required to
explain the role of Titf1/Nkx2-1 in the development of the
pituitary, a gland that derives from the fusion of two buds, one
posterior (derived from the hypothalamus) and another ante-
rior (Ratke’s pouch, derived from the oral ectoderm). Titf1/
Nkx2-1 is exclusively detected in the posterior bud. This de-
veloping posterior pituitary expresses two growth factors,
Bmp4 and fibroblast growth factor (Fgf)8, and is adjacent to
Ratke’s pouch, which migrates upward from the mouth cavity

and expresses Fgfr2, an Fgf receptor. In mice deprived of Titf1/
Nkx2-1 (71), Bmp4 is still expressed whereas Fgf8 expression is
abolished in the posterior pituitary and, presumably as a con-
sequence, apoptosis is observed in the anterior bud. Later in
development, no pituitary, either anterior or posterior, is
present, thus showing that Titf1/Nkx2-1 is required both for the
development of the posterior bud and for controlling the ex-
pression of a signaling molecule, perhaps Fgf8, that is essential
for the survival of the anterior portion. Interestingly, expression
of Bmp4 is Titf1/Nkx2-1 independent in the posterior pituitary,
whereas it is strictly dependent on Titf1/Nkx2-1 in the lung.
Notably, in Titf1/Nkx2-1 null mice apoptosis is also observed in
thyroid precursor cells (67). The finding that Fgfr2 is expressed
in thyroid cells (72) suggests that an Fgf-dependent mechanism,
regulated by Titf1/Nkx2-1 and shared by both thyroid and
pituitary cells, is required for the survival of the cells.

The mechanisms responsible for the expression of Titf1/
Nkx2-1 are not clear. Because the initiation of Titf1/Nkx2-1
expression is coincident with specification, elucidation of
these mechanisms might shed some light on the specification
process itself. In mice, an inductive signaling by the axial
mesendoderm (73) could be implicated in the initial activa-
tion of Titf1/Nkx2-1 in the prosencephalic neural plate. Sonic
hedgehog (Shh) is relevant for the ventralizing signal, and
Titf1/Nkx2-1 is expressed in patterns that are either coinci-
dent or adjacent to domains of Shh expression. Analysis of
Shh�/� embryos has revealed that Titf1/Nkx2-1 is indeed
regulated by this factor only in the forebrain. Indeed, in
Shh-deficient embryos no Titf1/Nkx2-1 is observed in the
brain, whereas normal levels of the protein are detected in the
thyroid and lung anlage (74). On the basis of in vitro studies,
it was proposed that the zinc finger factor Gata6 regulates
the transcription of Titf1/Nkx2-1 (75). However, analysis of
Gata6�/� chimeric lungs has demonstrated that Titf1/
Nkx2-1 is localized normally in epithelial cells of both wild-
type and mutated lungs (76).

In conclusion, Titf1/Nkx2-1 appears as a protein that is
highly regulated in a strict cell-specific manner, because it
regulates different genes in different cell types. Furthermore,
some genes appear to depend on Titf1/Nkx2-1 for expres-
sion in some cells, whereas they are independent from it in
others, as in the case of Bmp4 in lung and posterior pituitary.
In the thyroid cells themselves, Titf1/Nkx2-1 clearly plays
radically different roles during development, as it controls
survival at the beginning of organogenesis and the expres-
sion of TFC-specific genes in adult life. This latter role cannot
be investigated in knockout mice because thyroid cells dis-
appear before the onset of functional differentiation. A con-
ditional knockout of the gene encoding Titf1/Nkx2-1 is nec-
essary to address the role of this transcription factor in the
adult thyroid gland. Other issues that remain to be explored
are the identification of the effectors of Titf1/Nkx2-1 action
(Titf1/Nkx2-1 target genes) as well as those that control
Titf1/Nkx2-1 gene expression. These latter genes, given the
remarkable restriction of Titf1/Nkx2-1 gene expression to the
emerging thyroid and lung bud, might give important clues
about the players responsible for patterning the foregut.

Orthologs of Titf1/Nkx2-1 have been isolated from chicken
(77), Xenopus (78), and zebrafish (79). In these organisms, the
distribution of Titf1/Nkx2-1 is similar to that of the mouse. Of

FIG. 4. Both Titf1 and Pax8 are required for thyroid development.
Sagittal sections of wild-type (A), Pax8�/� (B), and Titf1/Nkx2-1�/�

(C) E15.5 mouse embryos stained with an anti-Titf1/Nk2-1 antibody
are shown. In wild-type embryo, the developing thyroid (arrow) is
positioned dorsal to the cricoid cartilage. In both the mutated embryos
the thyroid tissue is undetectable (arrowhead). Cr, Cricoid cartilage;
ph, pharynx.
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special interest is the expression of Titf1/Nkx2-1 mRNA in the
cartilaginous fish lamprey (80), in the cephalochordate am-
phioxus (47), and in the urochordate Ciona intestinalis (46),
organisms in which the emergence of the thyroid gland dur-
ing evolution can be traced (see Section II.A.6). In addition to
the brain, in these organisms Titf1/Nkx2-1 mRNA is present
in the endostyle, the primitive antecedent of the thyroid. It
should be stressed, however, that in the endostyle of C.
intestinalis Titf1/Nkx2-1 mRNA is not present in the same cells
that concentrate iodine and that contain a peroxidase similar
to TPO. Thus, it is likely that the primordial function of
Titf1/Nkx2-1 was to specify the most anterior part of the gut
and not to regulate the expression of genes necessary for
thyroid hormone biosynthesis. Titf1/Nkx2-1 would have
been recruited for this function later during the evolution of
chordates. Along these lines, it is of great interest that a
Titf1/Nkx2-1 ortholog has been found in the pharynx of hemi-
cordates (81), which lack a true endostyle. Finally, in Dro-
sophila a gene has been identified, scro, with a homology to
vertebrate Titf1/Nkx2-1 higher than the other NK2 genes (82).
The presence of scro in the brain and pharynx of Drosophila
embryos strengthens the hypothesis that the primitive func-
tion of Titf1/Nkx2-1 was to contribute to the specification of
the anterior part of the gut.

b. Pax8. Pax8 (paired box gene 8) is a member of a family
of transcription factors characterized by the presence of a
128-amino acid DNA binding domain (paired domain) (52).
Within this family, composed of nine members (65), Pax8, on
the basis of a higher sequence similarity, forms a subfamily
with Pax2 and Pax5 (83, 84). The gene encoding Pax8 (called
Pax8 in mice and PAX8 in humans) is located on chromosome
2 in both species (Table 3) (52, 85). The molecular properties
of Pax8, as well as its role in controlling TFC-specific gene
expression, have been recently reviewed (61). Hence, we will
concentrate on the role of the Pax8 protein in the organo-
genesis of thyroid and other cell types, as deduced by its
distribution and, chiefly, by the phenotype of knockout an-
imals. It is relevant to mention that whereas the coexpression
of Pax8 and Titf1/Nkx2-1 only in thyroid cells has suggested
that these factors can cooperate in the stimulation of TFC-
specific genes (86), no direct evidence was offered in support
of this hypothesis. However, a recent paper has provided the
demonstration that Pax8 and Titf1/Nkx2-1 directly interact
in vivo in thyroid cells (87).

In the endoderm Pax8 mRNA is present only in the thyroid
anlage (52) (Fig. 2). Like Titf1/Nkx2-1, Pax8 is detected in the
developing thyroid from E8.5, i.e., at the time of specification.
Expression of Pax8 is maintained in TFCs during all stages
of development (Fig. 3) and in adulthood. In the nervous
system (52), Pax8 mRNA is transiently expressed in the my-
elencephalon and through the entire length of the neural
tube. No signals are detected in the brain at later stages of the
development, nor are they present in the adult brain. In the
excretory system, Pax8 mRNA is present in the nephrogenic
mesenchyme, which gives rise to the epithelial structures of
nephrons as a consequence of the instructive interactions of
the growing nephric duct and ureter. Indeed, Pax8 mRNA is
expressed in the nephrogenic cord at E10.5, in mesenchymal

condensations at E13, in the cortex of the metanephros at E16,
and in the adult kidney.

Analysis of Pax8�/� mice (65) revealed the role of this
transcription factor during embryonic life. Whereas no phe-
notype has been detected in heterozygous Pax8�/� mice,
homozygous Pax8�/� mice are born at the expected Men-
delian frequency but show growth retardation and die
within 2–3 wk. These mice do not display any apparent
defects in the spinal cord, midbrain/hindbrain boundary, or
kidneys. On the contrary, in Pax8�/� mice the thyroid gland
is severely affected because neither follicles nor TFCs (Fig. 4)
can be detected, and the rudimentary gland is composed
almost completely of calcitonin-producing C cells. Hypothy-
roidism is the cause of death of the mutated animals: the
administration of T4 to Pax8�/� mice allows the animals to
survive. A detailed study during the early steps of thyroid
morphogenesis shows that in Pax8 null embryos the thyroid
diverticulum is able to evaginate from the endoderm, but
Pax8 is required for further development. In the absence of
this transcription factor, at E11.5, the thyroid primordium
appears much smaller than wild-type primordium, and at
E12.5 the follicular cells are essentially undetectable. Thus,
like Titf1/Nkx2-1, Pax8 seems to be required for the survival
of thyroid cell precursors and not for their specification.
Furthermore, in the thyroid anlage of Pax8�/� mice the ex-
pression of Foxe1 and Hhex is strongly down-regulated (88).
In addition to these important roles in morphogenesis of the
TFC component of the thyroid gland, it has been shown, in
cell culture systems, that Pax8 is a master gene for the reg-
ulation of the thyroid-differentiated phenotype (89). In con-
clusion, Pax8 not only is required for the survival of the
thyroid precursor cells but also holds a specific upper role in
the genetic regulatory cascade, which controls thyroid de-
velopment and functional differentiation. These functions of
Pax8 in thyroid development are consistent with the findings
that in other organs Pax genes have a relevant role both in
initiating and maintaining the tissue-specific gene expression
program (90, 91).

Surprisingly, different members of the Pax2/5/8 family
have been identified in the thyroid of Xenopus and zebrafish.
In Xenopus, Pax2 is the only Pax gene expressed in the thyroid
(92). In zebrafish, both Pax8 and Pax2.1 are expressed in the
thyroid, and the latter certainly has an important role in
thyroid development because thyroid follicles, and Pax8 ex-
pression, are absent in Pax2.1 mutant zebrafish embryos (38).

Our knowledge of Pax8 expression in the protothyroid
structures of nonvertebrates is still scarce. Pax8, Pax2, and
Pax5 originated from a common ancestral gene (93) that
duplicated during the evolution of chordates, after the sep-
aration of the cephalochordates lineage. In ascidians the an-
cestral Pax-2/5/8, homologous to the vertebrate Pax2, Pax5,
and Pax8 genes, is detected in the primordial pharynx (94)
and in neural tube cells. Its expression in the endostyle has
not yet been studied. In amphioxus Pax-2/5/8 mRNA is
present in the developing endostyle (48), suggesting that this
ancestral gene has been co-opted in thyroid specification in
cephalocordates.

c. Foxe1. Foxe1 (formerly called TTF-2 for thyroid tran-
scription factor-2) was originally identified as a thyroid-
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specific nuclear protein that recognizes a DNA sequence
present on both Tg and TPO promoters under hormone stim-
ulation (54, 95). Rat Foxe1 cDNA was cloned and character-
ized (51) as a member of a winged helix/forkhead family of
transcription factors. The official name for the mouse genetic
locus is Foxe1 (FOXE1 for the human locus) (59, 60). In this
review we will use Foxe1 throughout and suggest that the
name TTF-2 for the protein be abandoned. Foxe1 is located on
mouse chromosome 4 (51), and FOXE1 is located on human
chromosome 9q22 (23, 96) (Table 3). The molecular properties
of Foxe1, as well as its role in differentiated thyroid cells,
have been recently reviewed (61). Hence, we will focus on the
role of Foxe1 in the organogenesis of the thyroid as deduced
by its distribution and, chiefly, by the phenotype of knockout
animals.

Foxe1 mRNA is detected at E8.5 in all the endodermal cells
of the floor of the foregut, including the thyroid anlage.
Hence, at variance with Titf1/Nkx2-1 and Pax8, the expression
of which in the pharynx is strictly limited to the thyroid
anlage, Foxe1 has a wider domain of expression. However,
the expression of Foxe1 is limited posteriorly because no
Foxe1 mRNA is present in the lung (Fig. 2). It has also been
noted that at E8.5 Foxe1 seems to be much more evident in
a region of the pharynx posterior to that of the thyroid pre-
cursor cells (51). Expression of Foxe1 in the thyroid cell pre-
cursors is maintained during development (Fig. 3) and per-
sists in adult TFCs. The initial report of a discontinuity in
expression has been retracted (97). A detailed analysis of
Foxe1 expression (98) shows that Foxe1 is present, in addition
to the thyroid anlage, in the epithelium lining both the an-
terior pharynx and the pharyngeal arches but is absent in the
pouches. Caudally, Foxe1 is detected along the entire foregut
including the future esophagus. According to this expression
pattern, at later stages of development Foxe1 is expressed in
the tissues derived from the pharyngeal arches and pharyn-
geal wall: thyroid, tongue, epiglottis, palate, and esophagus.
In the adult, Foxe1 is still present in the thyroid, whereas the
expression in the esophagus is faint. In ectoderm-derived
structures, at an early stage of development, Foxe1 is present
in the posterior stomatodeum, in the buccopharyngeal mem-
brane, and in the cells of the roof of the oral cavity indenting
to constitute Rathke’s pouch, which will form the various
components of the anterior pituitary. At later stages, Foxe1
mRNA expression in the pituitary is down-regulated (51),
whereas it appears in the secondary palate, in the definitive
choanae, and in the whiskers and hair follicles (98). In hu-
mans, FOXE1 (formerly called FKHL15) mRNA is also de-
tected in adult testis (99) and several other tissues (96). How-
ever, in the latter case, additional mRNAs of different size
have been reported.

The generation of Foxe1 null mice (23) has allowed the
elucidation of the role of this factor in thyroid development.
Homozygous Foxe1�/� mice are born at the expected ratio
but die within 48 h. These mice display no thyroid in its
normal location and an absence of thyroid hormones. Fur-
thermore, the mice show a severe cleft palate, probably re-
sponsible for the perinatal death, and elevated TSH levels in
the bloodstream. This compensatory response reveals nor-
mal pituitary functions, as confirmed also by the finding that
there are no differences in the levels of the other pituitary

hormones between wild-type and Foxe1�/� mice (23). Stud-
ies of the early stages of thyroid morphogenesis demonstrate
that the budding of the thyroid primordium does not require
Foxe1, because the anlage can be easily detected by the ex-
pression of Titf1/Nkx2-1 and Pax8, and a normal primordium
is formed. However, at E9.5 in Foxe1 null embryos, thyroid
precursor cells are still on the floor of the pharynx, whereas
in wild-type embryos they are detached from the pharynx
cavity and begin to descend. At later stages of development,
in the absence of Foxe1, mutant mice exhibit either a small
thyroid remnant still attached to the pharyngeal floor or no
thyroid gland at all (Fig. 5). The variable expressivity of the
phenotype could be due to stochastic events during thyroid
morphogenesis. In addition, it is possible that either the
individual genetic background or sex-related factors are re-
sponsible for the variability of the phenotype of the Foxe1
null mice. It is worth noting that the nonmigrating thyroid
cells are able to complete their differentiative process as
tested by the synthesis of Tg. Hence, Foxe1 plays an essential
role in promoting migration of TFC precursors, whereas both
Titf1/Nkx2-1 and Pax8 seem to be relevant in the survival
and/or differentiation of these cells. Furthermore, the data
that found that in 50% of Foxe1 null mice the thyroid dis-

FIG. 5. Foxe1 is required for thyroid precursor cells migration. Sag-
ittal sections of Foxe1�/� (A) and Foxe1�/� (B) E11 mouse embryos
stained with an anti-Titf1/Nk2-1 antibody. The arrows point to the
thyroid bud. In the mutated embryo, the thyroid bud is still on the
floor of the primitive pharynx.
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appears indicate that this gene, too, is implicated in the
control of the survival of thyroid cells at a step different from
those controlled by Titf1/Nkx2-1 and Pax8. The role of Foxe1
in the adult gland is still a matter of study. Functional studies
in cell cultures have demonstrated that Foxe1 can act as a
promoter-specific transcriptional repressor (100). Because
the Foxe1 null mice die at birth, only the creation of an animal
model with a thyroid-specific, conditional knockout of Foxe1
will permit elucidation of the role of this factor in the phys-
iology of the gland.

Until now, Foxe1 homologous genes have been identified
in few species. Analysis of phylogenetic trees suggests that
only late in vertebrate evolution did a thyroid-specific Foxe1
evolve from an ancestral FoxE4-like gene expressed in both
lens and pharynx. Actually, in Xenopus, FoxE4 is expressed
in the lens ectoderm (101), in the oropharyngeal floor, and in
a ventral pharyngeal region corresponding to the rudiment
of the thyroid (49). Within invertebrate chordates, a Foxe1
ortholog, Ci-FoxE, was isolated from C. intestinalis. Ci-FoxE is
expressed in the adult endostyle and is detected in the same
cells that express Ciona TPO (50). Furthermore, a gene ho-
mologous of FoxE4, AmphiFoxE4 (49) was isolated from am-
phioxus. It is interesting to note that in Amphioxus the ex-
pression of AmphiFoxE4 does not occur in the endostyle but
in the club-shaped gland, a pharyngeal-derived structure
(49). It is possible that AmphiFoxE4 has been co-opted later in
the genetic program leading to thyroid specification from an
adjacent region of the pharynx (102).

d. Hhex. Hhex (hematopoietically expressed homeobox) is
a homeodomain-containing transcription factor that was first
identified in hematopoietic cells (103, 104). The genomic lo-
cus encoding Hhex is called Hhex in mice (located on chro-
mosome 19) (105) and HHEX in humans (located on chro-
mosome 10q23.32) (106) (Table 3). The gene is split into four
exons and codes for a protein 271 amino acids long in mice
and 270 amino acids long in humans. Hhex is characterized
by the presence of a proline-rich region, localized at the N
terminus of the protein, probably involved in regulating the
transcription of the target genes (107).

During early mouse development, Hhex mRNA is ex-
pressed in the primitive endoderm and then in the presump-
tive definitive endoderm cells (53). At later stages, the
endodermal expression of Hhex is localized in the ventral gut
and, from E8.5 onward, marks the primordium of several
organs derived from the foregut, such as thyroid, liver, thy-
mus, pancreas, and lungs (Fig. 2) (53, 108). Among these
organs, both developing and adult thyroid (Fig. 3) express
Hhex at the highest level (53).

The analysis of Hhex�/� embryos (109) demonstrates that
this factor is essential for thyroid morphogenesis in accor-
dance with the finding that Hhex is an early marker of thy-
roid cells. In Hhex null embryos, at E9.5 the thyroid primor-
dium is absent or hypoplastic, still connected to the floor of
the pharynx; notably, no expression of Titf1/Nkx2-1 and Foxe1
mRNA is observed in the thyroid bud (109). A more detailed
study (88) has shown that in the absence of Hhex, the thyroid
anlage is properly formed and expresses Titf1/Nkx2-1, Foxe1,
and Pax8; at later stages, the expression of all these tran-
scription factors is down-regulated. The possibility that the

direct cause of the impaired development of the thyroid is the
absence of the other factors cannot be excluded; the role of
Hhex could then be to maintain the expression of Titf1/
Nkx2-1, Foxe1, and Pax8 mRNA in the thyroid anlage. How-
ever, the relationship among these factors could be more
complex. In both Titf1/Nkx2-1 and Pax8 null embryos Hhex
mRNA is undetectable in the thyroid remnant (our unpub-
lished data). These observations indicate that Titf1/Nkx2-1
and Pax8 are both required to maintain the expression of
Hhex. This regulatory network between transcription factors
seems to be in place in differentiated TCFs also, as reported
in a recent paper (110) showing that Titf1/Nkx2-1 regulates
the activity of Hhex promoter in thyroid cell lines.

The role of Hhex in the adult thyroid cannot be studied in
Hhex null mice because thyroid cells disappear at an early
stage. Some reports have indicated that Hhex may act as a
transcriptional repressor in cell cultures (107) as well as in
vivo (111, 112). Consistently, in thyroid cell lines, the over-
expression of Hhex partly inhibits Tg promoter activity; fur-
thermore, the level of Hhex in these cells is down-regulated
by TSH (113). These observations led to the hypothesis that
the control of Hhex levels could be another mechanism by
which TSH regulates the expression of Tg.

In vertebrates, Hhex orthologs have been identified in
chicken (103), Xenopus (114), and zebrafish (112). In all these
organisms Hhex mRNA is expressed in the developing thy-
roid gland (114–116).

In conclusion, it has been shown that, in mice, the thyroid
anlage, although distinguished by early expression of Titf1/
Nkx2-1, Foxe1, Pax8, and Hhex, does not require these factors
for the initial steps of morphogenesis (88). These results have
also been obtained in zebrafish, in which nk2.1a, pax2.1, and
hhex are required relatively late in thyroid development (117).

In the thyroid, as in many endoderm-derived organs, the
genes expressed in the budding regions are known, but the
genes required for bud formation have not yet been identi-
fied. In the future, the identification of the genes controlling
Titf1/Nkx2-1, Foxe1, Pax8, and Hhex expression could provide
information on how thyroid precursor cells differentiate
themselves from their neighbors in the floor of the primitive
pharynx.

2. Genes involved in the late stages of thyroid organogenesis

a. Tshr. Tshr is a protein 765 amino acids long both in
humans and in mice and belongs to the superfamily of G
protein-coupled receptors. TSH binds to the extracellular
portion of the receptor, a long amino-terminal extracellular
domain that includes a succession of leucine-rich repeats.
The COOH portion of Tshr forms the transmembrane and
intracellular domains involved in transducing signals (118–
120). Tshr, localized on chromosome 14q31 in humans (121,
122) and chromosome 12 in mice (123) (Table 3), spreads over
60 kb and is split into 10 exons. The extracellular amino-
terminal domain is encoded by nine exons, whereas the
transmembrane domain and cytoplasmic tail are encoded by
a single large exon (124). It is interesting to note that other G
protein-coupled receptors (such as adrenergic or muscarin
receptor genes) are devoid of intron; therefore, Tshr seems to
have evolved from an intronless protoreceptor fused to a set
of duplicated genes coding for a leucine-rich sequence (124).
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The expression of Tshr mRNA is detected in rat thyroid at E15
(35, 125) (corresponding to E13.5–E14 in mice) and strongly
increases by E17. Hence, Tshr mRNA is detected in the de-
veloping thyroid after the completion of the migration of the
primordium, before the first evidence of follicular organiza-
tion in the gland. The way the activation of Tshr regulates
both proliferation and functioning of adult thyroid cells has
already been exhaustively reviewed (126, 127). Hence, we
will focus on the role of TSH/Tshr pathway during thyroid
organogenesis. The analysis of thyroid development (26) in
mice carrying spontaneous (128) or induced (27) alterations
in the Tshr gene has provided a powerful tool in the explo-
ration of the role of the TSH/Tshr pathway during embry-
onic life. Both the Tshrhyt/hyt mice, characterized by a loss-
of-function mutation in the Tshr gene (129), and the Tshr null
mice display a severe hypothyroidism, associated with thy-
roid hypoplasia in adult life. However, at birth, in both these
mutants, the size of the thyroid does not appear to be af-
fected, and the gland displays only some alterations in its
structure (27, 130, 131). A detailed analysis performed at the
end of the organogenesis, at E17, has revealed that in the
absence of a functional Tshr, the size and the follicular struc-
ture of the thyroid are not affected, and the amount of Tg
does not change, whereas the expression of both TPO mRNA
and NIS is strongly down-regulated (26). These data indicate
that, during embryonic life, the TSH/Tshr signaling is re-
quired to complete the differentiative program of the TFC,
but, unlike what happens during adult life, this signaling is
not relevant in controlling the growth of the gland.

b. Hoxa3 and Eya1. The Hox genes belong to a large gene
family (39 in both mice and humans) distributed in four
different chromosomal complexes (132). The Hox genes en-
code a class of transcription factors containing a homeodo-
main DNA binding domain related to Drosophila antennape-
dia. In all organisms, the role of these factors is to regulate,
during their development, the regionalization of the embryo
along its major axes. Furthermore, the analysis of Hox null
mutant mice has revealed that these genes are involved in the
morphogenesis of several structures.

Some genes of the Hox family, expressed in the foregut
during embryonic life, could be involved in the development
of the thyroid. In particular, Hoxa3 is detected in the floor of
the pharynx, in the developing thyroid (133, 134), and in the
mesenchymal, endodermal, and neural crest-derived cells of
the fourth pharyngeal pouch (13). The generation of a mu-
tated mouse in which the gene had been disrupted has con-
firmed the role of this gene in thyroid organogenesis. Hoxa3
null mice (135), in addition to the absence of thymus and
parathyroid, show thyroid hypoplasia. A more detailed anal-
ysis of Hoxa3�/� mice (13) revealed a variable expressivity
and penetrance of the thyroid phenotype: the isthmus was
either absent or displaced cranially, the number of follicular
cells was reduced, and one lobe of the gland was absent or
hypoplastic. Furthermore, the embryos show severe alter-
ations in the development and migration of the ultimo-
branchial bodies, which do not fuse with the thyroid pri-
mordium (persistent ultimobranchial bodies), and a reduced
or absent C cell population in the thyroid. The phenotype of
mice carrying various mutant combinations in Hoxa3 and its

paralogs Hoxb3 and Hoxd3 (136) was also analyzed. Both
Hoxb3�/� and Hoxd3�/� single mutant mice have a thyroid
gland that appears normal. However, both the double mu-
tants Hoxa3�/� Hoxb3�/� and Hoxa3�/� Hoxd3�/� mice
show a 100% penetrance of the thyroid and ultimobranchial
body phenotype. The finding that the exacerbation of the
thyroid defect corresponds to an increased severity of the
ultimobranchial bodies alteration suggests the hypothesis
that the defects observed in TFCs could be secondary to
defects in the ultimobranchial bodies. Hence, it is conceivable
that Hox3 paralogs do not play a direct role in the morpho-
genesis of the thyroid but could have an important role in the
normal development and migration of the ultimobranchial
bodies (136). This hypothesis is supported by the study of the
phenotype of mouse embryos deprived of a functional Eya1
gene (28). At an early stage of embryonic life, Eya1 is ex-
pressed in the pharyngeal arches’ mesenchyme, in the
pouches’ endoderm, and in the surface ectoderm of the clefts.
Later, it is clearly evident in the thymus, parathyroid, and
ultimobranchial bodies but is not detected in the developing
thyroid. In Eya1 null mice, the thyroid phenotype is almost
identical to the phenotype displayed from Hoxa3 mutants.
Indeed, the embryos show persistent ultimobranchial bodies,
hypoplasia of the lobes, absence of the isthmus, and a re-
duced number of follicular cells. Because Eya 1 is not ex-
pressed in the thyroid diverticulum, it is possible that the
defects in follicular cells are due to the lack of fusion of the
ultimobranchial bodies to the thyroid lobes. Consistent with
this hypothesis is the observation that the early stages of
thyroid development are not impaired (28) because ultimo-
branchial bodies touch the thyroid diverticulum and fuse
with it by E14 (29). In the late stages of the organogenesis of
the gland, interactions between the neural crest-derived cells
of the ultimobranchial bodies and the epithelial cells of the
thyroid diverticulum could be required. This hypothesis is
confirmed by the observation that mice carrying mutations
in the Pax3 (137) or Endothelin-1 (34) gene show defects in the
thyroid similar to those observed in mice deprived of Hoxa3
or Eya1. Both Pax3 (138) and Endothelin-1 (139) are expressed
in the pharyngeal arch and are implicated in the develop-
ment of neural crest-derived structures. These interactions
between the ultimobranchial bodies and thyroid diverticu-
lum, critical for a correct morphogenesis, seem to be a unique
feature of the mammalian thyroid because in chicken and
fish the ultimobranchial bodies remain as bilateral structures
and do not merge with the thyroid diverticulum (9). Indeed,
zebrafish carrying mutations in sucker gene, homologous to
mammalian Endothelin-1 (140), do not display any thyroid
phenotype (K. Rohr, personal communication).

3. Other genes

a. Fgfr2. The Fgf family includes at least 22 peptide growth
factors that bind and activate specific tyrosine kinase recep-
tors (Fgfr) (141). During embryonic life, the interactions be-
tween these growth factors and their receptors are implicated
in the genetic pathways regulating cell differentiation and
proliferation (142). In particular, one of the receptors, the
Fgfr2-IIIb isoform (Table 3), is expressed in many types of
epithelial cells and is activated by Fgfs (Fgf1, Fgf3, Fgf7, and
Fgf10) that are present in the surrounding mesenchyme
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(143). In many cases it has been shown that the activation of
Fgfr2-IIIb mediates the epithelium-mesenchyme cross-talk
required for the development of different organs (143–145).
Both mutated mice expressing a soluble dominant negative
form of Fgfr2-IIIb receptor (146) and mice deficient for the
same isoform (145) show absence of the thyroid. Further-
more, in Fgf10 null mice the thyroid is missing (144). These
data strongly suggest that the interaction of Fgf10 with its
receptor Fgfr2-IIIb is relevant for thyroid organogenesis.
However, these reports indicate that the thyroid primordium
is absent at E13, without indicating the stage at which thyroid
morphogenesis is impaired. It is possible that Fgf10/Fgfr
signaling is required for the progression of already estab-
lished differentiative programs. Indeed, Fgf10 can constitute
a critical mitogenic activity for precursor cells in the devel-
oping pituitary (147) and in the pancreas (148) and can act as
a survival factor against apoptosis in limb bud growth (145)
or hair follicles development (144). It has been reported that
Fgfr2 mRNA is detected in the thyroid primordium starting
from E11.5 (72). This finding suggests that thyroid precursor
cells become competent to respond to Fgf10 after the budding
of the primordium, as also shown in the thymus (149). Thus,
whereas in lung morphogenesis Fgf10/Fgfr interactions are
necessary for the inductive signaling required for lung bud
formation itself (150, 151), in the thyroid Fgfr activation ap-
pears to be essential only after budding and initiation of
migration.

b. Nkx2-6, Nkx2-3, and Nkx2-5. In addition to Titf1/Nkx2-1,
other genes of the Nkx2 family, such as Nkx2-6, Nkx2-3, and
Nkx2-5, are expressed in the endodermal layer of the devel-
oping pharynx, including the thyroid anlage, as well as in
other tissues. However, at E8.5 the expression of Nkx2-6
withdraws from the midline region and becomes restricted
to the pharyngeal pouches only (152, 153). Consistent with
this expression pattern, in the absence of Nkx2-6 the thyroid
does not show any apparent phenotype (154). Unlike Nkx2-6,
during embryonic life Nkx2-3 mRNA is detected along the
entire pharynx from the oral floor to the lung bud. Nkx2-3 is
present at high levels in the thyroid diverticulum and per-
sists in the developing thyroid but becomes undetectable at
birth (153). Although Nkx2-3 is strongly expressed in the
thyroid, in Nkx2-3 null mice the gland appears histologically
normal (153, 155).

Nkx2-5 mRNA (Table 3) is present in the ventral side of the
pharynx and in the thyroid anlage at an early stage of de-
velopment (153, 156). However, in the thyroid primordium
its expression wanes around E12.5 (our unpublished results).
Because of the early mortality of Nkx2-5�/� embryos, it is not
easy to identify the role of this factor in thyroid morpho-
genesis. It was observed that, at E9.5, in Nkx2-5 null embryos
the thyroid bud is present even if its size is smaller than that
of a wild-type thyroid bud. Furthermore, the expression of
Titf1/Nkx2-1, Foxe1, and Pax8 in the thyroid primordium is
not impaired (our unpublished data).

In the developing thyroid, the specific role of Nkx2-3 or
Nkx2-5, if there is one, has not yet been identified. Because
the expression domains of Nkx2-3 and Nkx2-5 overlap, these
factors could have redundant functions during organogen-
esis. Indeed, an essential role of Nkx2-6 in the development

of the pharynx is revealed only in embryos deprived of
Nkx2-5 (157). These data suggest that in the thyroid, also, the
absence of one of these factors could be compensated by a
different member of the family.

c. Hepatic nuclear factor 3� (Hnf-3�). Hnf-3�, now called
Foxa2, is a member of the forkhead family of transcription
factors and was originally identified as a transcription factor
regulating the expression of liver-specific genes (158). Hnf-3�
has a wide and early expression in embryonic tissues. In
particular, it is also expressed in the invaginating foregut
endoderm (159) and then in the endoderm-derived struc-
tures including the developing thyroid (160) (Fig. 2). The
expression of Hnf-3� is down-regulated during thyroid de-
velopment (160, 161) before TFCs accomplish their terminal
differentiation (Fig. 3). However, Hnf-3� is detected in cul-
tured thyroid cells and in the adult thyroid gland (162). It is
hard to identify the relevance of Hnf-3� during thyroid mor-
phogenesis because the disruption causes an embryo-lethal
phenotype at a stage preceding that of thyroid bud formation
(163).

III. Molecular Pathology of Thyroid
Development Disorders

A. Genetics of TD

CH is the most frequent endocrine disorder in newborns,
with an incidence of about one in 3500 live births (164) in
iodine-sufficient regions. With the exception of rare cases
due to hypothalamic or pituitary defects, CH is characterized
by elevated levels of TSH in response to reduced thyroid
hormone levels.

In 15% of cases, the disease is caused by inborn errors in
the mechanisms required for thyroid hormone synthesis
(165, 166); these cases show classical Mendelian recessive
inheritance and very frequently lead to enlargement of the
gland (goiter), presumably as a consequence of the elevated
TSH levels. In the remaining 85%, CH is due to disturbances
in the gland’s organogenesis, which result in a thyroid gland
that is absent (thyroid agenesis or athyreosis), hypoplastic
(thyroid hypoplasia), or located in an unusual position (thy-
roid ectopy). All these entities are grouped under the term
“thyroid dysgenesis” (TD) (167). The relative proportions of
the main TD phenotypes vary in different studies, depending
on the methodology used to detect the presence of the gland.
According to 99Tc scintigraphy (20, 168, 169), more sensitive
but exclusively dependent on metabolic activity, ectopy of
the thyroid is the most frequent type of dysgenesis (48–61%
of cases), whereas athyreosis is the cause of 15–33% of cases
of TD. The scintigraphic analysis could either not reveal the
frequency of thyroid hypoplasia (168, 169), or most likely
underestimated it at only 5% of CH patients (20). It is con-
ceivable that these studies included in athyreosis some non-
functioning thyroids and counted as hypoplasia only the
smallest glands. In a study based on ultrasound diagnosis,
which is independent from metabolic activity but not as
sensitive as scintigraphy (170, 171), athyreosis was found in
48% of CH patients, ectopy in 18%, and hypoplasia in 17%.
This technique most likely included in athyreosis some very
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small, ectopic thyroids. From these data one could conclude
that the most frequent form of TD is thyroid gland ectopy and
that a combination of ultrasound sonography and 99Tc scin-
tigraphy might resolve a precise relative proportion of these
phenotypes. However, cost-benefit considerations should be
carefully evaluated before performing 99Tc scintigraphy in
cases of CH.

A small minority of cases of TD are not associated with
reduced thyroid function. Hemiagenesis of the gland, for
example, is a thyroid developmental anomaly that does not
cause clinical symptoms by itself (172).

CH with TD occurs mostly as a sporadic disease. However,
there is much evidence indicating that genetic factors are
involved in the pathogenesis of this disorder.

TD is known to show a clear female prevalence (169, 173–
175). One report (168) suggested that the female prevalence
is significant for ectopy but not for athyreosis. Epidemio-
logical studies have shown a different incidence of the dis-
ease in different ethnic groups (173, 176, 177), suggesting that
genetic background plays a role in this condition. Further-
more, in populations where consanguineous marriages are
common, the incidence of CH is increased (178). Other ev-
idence in favor of the relevance of genetic factors in CH with
TD is the finding of a small but significant proportion of
familial cases. It has been reported that 2% of patients had an
affected relative (175). This frequency is 15-fold higher than
the frequency expected on the basis of chance alone, indi-
cating that the involvement of genes required for correct
thyroid morphogenesis is very likely in these familial forms.
Interestingly, in some familial cases the affected members
show either athyreosis or ectopy. This finding supports the
hypothesis that athyreosis and thyroid ectopy could have
common underlying mechanisms, as strongly suggested by
the observation that mice deprived of Foxe1 gene products

show either ectopy with a very small thyroid or no thyroid
at all (23).

It is also reported that among the first-degree relatives of
patients with sporadic CH with TD, there is a significantly
higher rate of asymptomatic thyroid developmental anom-
alies than in normal populations. Indeed, the prevalence of
these anomalies (including hemiagenesis or ectopy of the
thyroid, thyroglossal duct cysts, pyramidal lobe) is less than
1% in the control population, whereas it is 8% in first-degree
relatives of patients with CH (179). This suggests the hy-
pothesis that both severe forms of TD and heterogeneous
asymptomatic alterations could originate from the same ge-
netic defects during thyroid morphogenesis. Interestingly, in
asymptomatic anomalies there is no female preponderance
(179).

The strongest argument against the notion of heritable TD is
the finding that in 12 of 13 monozygotic twin pairs there is
discordance for TD (180). This finding suggests that postzygotic
events must be evoked in the pathogenesis of many cases of TD.
However, it is most likely that the targets of such events are the
same genes responsible for normal thyroid development. As a
working hypothesis, we suggest that the function of genes
involved in normal thyroid development can be interfered with
by either mutations or epigenetic events. In both cases the result
is TD, which would be inheritable, of course, only in the case
of genetic mutations.

It should be stressed, however, that the demonstration that
mutations in genes involved in thyroid development cause
TD in animal models (Table 4) and that mutations in the same
genes are associated with TD in patients shows unequivo-
cally that TD can be a genetic and inheritable condition and
offers us the tools to reveal the underlying molecular defects.

According to different reports (20, 21, 168, 181), TD is
associated with other major birth defects in 5–16% of cases.

TABLE 4. Summary of known and potential genes involved in the pathogenesis of TD

Stage of thyroid
organogenesis

Expected
phenotypea

Genetic lesion in human
diseases

Genetic lesion in
mouse models Other candidate genes

Specification of
thyroid anlage

Agenesis Unknown Unknown Unknown genes responsible for
specification (might include genes
that induce the expression of
TITF1/NKX2-1, FOXE1, PAX8,
and HHEX)

Migration Ectopic thyroid Unknown Foxe1 knockout FOXE1 target genes expressed
exclusively in thyroid precursors

Survival of precursor
cells

Athyreosis FOXE1 mutations Foxe1 knockout
Titf1/Nkx2-1 knockout
Pax8 knockout
Fgf10 knockout
Fgfr2 knockout
Hhex knockout

TITF1/NKX2-1, FOXE1, PAX8, and
HHEX target genes and cofactors
expressed exclusively in thyroid
precursors

Expansion of cell
population

Hypoplasia PAX8 mutationsb

TITF1/NKX2-1 mutationsb

TSHR mutations

Tshr knockout
Tshrhyt/hyt mouse
Tshrdw/dw mouse

TSH-induced genes

Interactions with
neural crest-
derived cells

Hypoplasia ET-1 knockout
Hoxa3 knockout
Eya 1 knockout
Pax3 knockout (splotch)

Other Hox genes

a Phenotype expected if the corresponding stage of organogenesis is blocked.
b In humans, unlike mice, the abnormal phenotype is detected in heterozygotes.
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It is conceivable that, in the cases presenting multiple con-
genital anomalies, the defective mechanism or gene could be
involved in the morphogenesis of the thyroid and of the other
embryonic structures altered. In this respect, it is of great
interest that the malformations most frequently associated
with TD are cardiac malformations (20, 21). The preferential
association of thyroid malformations with those of the heart
is consistent with the hypothesis that signal(s) generated in
the heart primordium are necessary for normal thyroid
development.

B. Athyreosis

The absence of TFCs in orthotopic or ectopic location is
called athyreosis. This condition could be the consequence of
lack of formation of the thyroid bud or could result from
alterations in any step after the specification of the thyroid
bud causing a defective survival/proliferation of the pre-
cursors of the follicular cells.

In athyreotic patients, the presence of cystic structures
resulting from the persistence of remnants of the thyroglossal
duct is frequently reported (182). This finding indicates that
in these subjects some of the early events of thyroid mor-
phogenesis have taken place but the cells fated to form the
TFCs either did not survive or switched to a different fate. In
many cases, scintigraphy failed to demonstrate the presence
of thyroid tissue, but thyroid scanning by ultrasound reveals
a very hypoplastic thyroid. The recent demonstration that
TSHR pathway controls in vivo the expression of NIS (26)
could explain some apparent athyreoses in patients with loss
of function mutations in the TSHR gene. In some cases nei-
ther radioisotope scanning nor ultrasonography detect any
thyroid tissue, but the presence of detectable levels of serum
Tg suggest that some thyroid tissue, which is not revealed by
current procedures, must be somewhere functioning (182).

The study of thyroid development in normal and mutated
mouse embryos indicates that the simultaneous presence of
Titf1/Nkx2-1 (67), Foxe1 (23), Pax8 (65), and Hhex (109) is
required for thyroid morphogenesis. Hence, inactivating
mutations in just one of them could be responsible for athyre-
osis in humans (Table 4). Indeed, the absence of thyroid was
reported in patients with CH associated with FOXE1 defects
and in one subject carrying a mutation in PAX8.

1. FOXE1 disease. Bamfort-Lazarus syndrome (Online Men-
delian Inheritance in Man 241850) (183, 184) is characterized
by cleft palate, bilateral choanal atresia, spiky hair, and
athyreosis. The finding that Foxe1�/� mice display thyroid
defects and cleft palate has led to the hypothesis that FOXE1
could be a candidate gene for this syndrome. Even if defects
in choanae and hair follicles have not yet been investigated
in Foxe1 null mice, Foxe1 is expressed in both these structures
(98). Indeed, two homozygous mutations in FOXE1 gene
have been described in two pairs of siblings affected by this
syndrome (99, 185) (Table 5). All the affected members carry
homozygous missense mutations in conserved amino acids
within the Foxe1 forkhead domain. The mutant proteins
were tested in vitro and have shown a reduction in both DNA
binding and transcriptional activity. Interestingly, the extra-
thyroid alterations appear less severe in the subjects that

have a residual level of Foxe1 activity in vitro. In contrast,
thyroid tissue is undetectable in all the patients. In mice, the
absence of Foxe1 causes either athyreosis or defects in thy-
roid migration; in humans, ectopic thyroid associated with
FOXE1 mutations has not yet been described. Because these
mutations have been reported in only four patients, we must
wait for more data before concluding whether FOXE1 defects
in humans cause only athyreosis.

2. Agenesis. Bona fide agenesis should mean the total absence
of the gland due to impaired genesis. However, all mutations
in mice resulting in athyreosis are not instances of true agen-
esis because the initial specification always occurs. A bona fide
agenesis could occur after mutations in genes relevant in the
early regionalization of the endoderm. Candidate genes may
be those encoding factors responsible for the onset of TITF1/
NKX2-1, FOXE1, PAX8, and HHEX expression in the thyroid
bud (Table 4).

C. Ectopic thyroid

During embryonic life, the developing thyroid migrates
from the thyroid anlage region to its definitive location in
front of the trachea, leaving behind the foremen cecum. Oc-
casionally, the thyroid primordium (or a portion of it) fails
to descend along the normal pathway, and the gland devel-
ops in an abnormal position. The ectopic thyroid can be
found in any location along the path of migration from the
foramen cecum to the mediastinum. In the majority of cases,
the ectopic thyroid appear as a mass in the dorsum of the
tongue (lingual thyroid, usually functioning) (186). Sublin-
gual ectopic tissues are rather less frequent (186); in this case,
thyroid tissue is present in a midline position above (supra-
hyoid), below (infrahyoid), or at the level of the hyoid bone.
Ectopic thyroid tissues within the trachea have also been
reported (187).

In a few cases thyroid tissue in the submandibular re-
gion has been described (11, 188). Some authors, on the
assumption that TFCs derive from both a median thyroid
and a lateral thyroid bud (i.e., the ultimobranchial body),
hypothesize that this aberrant thyroid tissue originates
from a defective lateral thyroid component that cannot
migrate and fuse with the median thyroid anlage. How-
ever, the hypothesis that TFCs can be derived from the
ultimobranchial bodies appears to be questionable. As
mentioned above (see Section II.B.2.b), studies in animal
models did not offer any conclusive demonstration that
cells of ultimobranchial bodies are fated to differentiate
toward typical TFCs. Furthermore, in the majority of sub-
jects with an ectopic thyroid located along the midline, no
other thyroid tissue is detectable either in paratracheal or
in tracheal areas. If the thyroid did originate from two
different buds, a higher number of cases where, in addition
to the ectopic median thyroid, another thyroid mass de-
rived from the lateral component should also be present.
Because this finding has never been reported, we should
conclude that ectopic submandibular thyroid tissues, also,
are the result of an aberrant migration of the median
thyroid anlage.

Developmental defects other than abnormal migration of
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the thyroid bud should be taken into account to explain the
presence of thyroid tissue in locations distant from the path
of migration of the embryonic gland. The origin of intracar-
diac ectopic thyroids could be due to disturbances occurring
early in embryogenesis, when the thyroid anlage is in close
contact with the embryonic heart (189). In the case of sub-
diaphragmatic locations such as the duodenum wall (190),
gallbladder (191), or porta hepatis (192), either aberrant mi-
gration or heterotopic differentiation of uncommitted
endodermal cells could be hypothesized (192).

Gene-targeting experiments have demonstrated that
Foxe1 is required for thyroid migration and that mice ho-
mozygous for Foxe1 mutations show a sublingual thyroid. In
humans, more than 50% of TD cases are associated with an
ectopic thyroid; however, up to now, no mutation in known
genes has been associated with the human ectopic thyroid
(Table 4).

D. Hypoplasia

An orthotopic but hypoplastic thyroid is reported in 5% of
CH cases. It could be due to defects in any gene controlling
the number of thyroid cells (Table 4). TSHR is a reliable
candidate gene for alterations in the growth of the gland.
Thyroid hypoplasia is probably a genetically heterogeneous
dysgenesis. Indeed, in some patients affected by CH with
thyroid hypoplasia, loss-of-function mutations in TSHR gene
have been reported. In other cases, heterozygous mutations
in either the TITF-1 or PAX8 gene have been associated with
this condition. It should be stressed that, in these cases, the
thyroid is unable to respond to the elevated TSH levels; thus,
the defect could converge on the inability to receive the TSH
signal (TSHR defects) or to transmit the TSHR-originated
signals to the genes controlling thyroid cells proliferation.

1. TSHR disease. The first genetic errors associated with CH
with TD have been identified in the gene coding for TSHR.
In 1968, Stanbury et al. (193) observed that TSH unrespon-
siveness could be a cause of CH in the absence of goiter. The
identification of Tshrhyt/hyt mice (128), affected by a primary
hypothyroidism with elevated TSH and hypoplastic thyroid,
offered a useful model for this autosomal-recessive form of
CH. The subsequent finding that in Tshrhyt/hyt mice a ho-
mozygous loss-of-function mutation in the Tshr gene (131)

impairs the binding of TSH has validated the hypothesis that
TSHR is a candidate gene for CH with dysgenesis. The first
mutations were identified in three siblings (194) character-
ized by high TSH and normal thyroid hormone levels in the
serum. The siblings were compound heterozygous, carrying
a different mutation in each of the two alleles, one allele
derived from each parent. After this report other mutations
in the TSHR gene have been identified in patients affected by
CH with thyroid hypoplasia and increased TSH secretion
(Table 6). The different phenotypes described range from
asymptomatic hyperthyrotropinemia to severe CH with a
profound hypoplasia of the thyroid. Part of the variability of
the phenotype can certainly be explained by the diverse
residual activity of the mutated TSHR molecules. However,
the affected members of the same family show occasionally
diverse expressivity of the hypothyroid phenotype, too, thus
suggesting that other genes are capable of influencing the
TSHR activity (Table 6). In most TSHR mutations, severe
defects of iodide uptake could be revealed, consistent with
an important role of the TSH/TSHR signaling in control-
ling NIS expression (26, 27). Until now, patients with ec-
topic thyroid have never been described. This is expected
because the TSHR-induced pathway is not involved in the
migration of the embryonic thyroid. Subjects heterozy-
gous for loss-of-function mutations in the TSHR genes are
euthyroid; in the familial forms, consistently, the disease
is inherited as an autosomal-recessive trait. However, in
many heterozygous relatives of the affected members, the
serum TSH values fluctuate above the upper limit of the
normal range (194 –197).

2. PAX8 disease. The involvement of PAX8 has been described
in sporadic and familial cases of CH with TD (198–201). So
far, loss-of-function mutations in the DNA binding domain
of PAX8 have been identified in two subjects with isolated
CH and in the affected members of four families (Table 7);
when tested in a transfection assay, these mutated proteins
are unable to drive transcription from TPO promoter, a target
of this transcription factor. All affected individuals are het-
erozygous for the mutations and, in the familial cases, trans-
mission is autosomal dominant. The different phenotypes
described varied from mild to severe hypoplasia of the thy-
roid also among the affected members of the same family
(198). Furthermore, the same heterozygous mutation has

TABLE 5. Summary of known mutations in FOXE1 gene associated with a clinical phenotype

Mutation at
DNA levela

Deduced
variation at
protein level

No. of
casesb

Thyroid phenotype
Associated problems Ref.

Ultrasound diagnosis Scintigraphy TSHc Free T4
d Tg

[170G�A] �
[170G�A]

S57N,
S57N

2 I na No uptake na 20%e na Cleft palate, spiky hair 185
II Athyreosis No uptake 44� 50% ud Cleft palate, spiky hair

[194C�T] �
[194C�T]

A65V,
A65V

2 I Athyreosis No uptake 36� 10% na Cleft palate, spiky hair
choanal atresia

99

II Athyreosis No uptake 41� 10% na Cleft palate, spiky hair
choanal atresia

na, Not given; ud, undetectable.
a The nomenclature for describing the mutations and the numbering of nucleotides is according to Ref. 230, GenBank accession no. NM004473.
b Members of the same family, Roman numerals indicate the affected subjects.
c Serum TSH levels are expressed as multiples of the normal level.
d % of lower limit of normal.
e Total T4.
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been detected in both a patient with CH hypoplasia and in
her mother with no signs of hypothyroidism (200), indicating
incomplete penetrance.

The dominant inheritance seems to be in contrast with the

animal model in which Pax8�/� mice do not display a clear
abnormal thyroid phenotype (65). The dominant effect of
PAX8 mutations in humans and the discrepancy between the
phenotype in mice and men can have many explanations. A

TABLE 6. Summary of known mutations in TSHR gene associated with a clinical phenotype

Mutation at
DNA levela

Deduced variation
at protein level

No. of
casesb

Ultrasound
diagnosis Scintigraphy TSHc Free T4

d Tgd Ref.

[122G�C] � [1575C�A] C41S, F525L 1 na Normal 20� nl nl 231

[326G�A] � [1637G�A] R109Q, W546X 1 Normal Normal 23� nl na 232

[484C�G] � [484C�G] P162A, P162A 2 I na Normal 17� nl na 231
II na na 2� nl na

[484C�G] � [484C�G] P162A, P162A 1 Normal 3� nl na 196

[484C�G] � [500T�A] P162A, I167N 3 I na Normal 8� nle na 194
II na Normal 13� nle na
III na na 9� nle na

[484C�G] � [1798T�C] P162A, C600R 1 Hypoplasia Normal 10� nl na 195

[IVS5-1G�A] � [IVS5-1G�A] Skipping exo6 3 I Severe hypoplasia No uptake 130� �30% na 233
II Severe hypoplasia No uptake 140� �30% na
III Hypoplasia No uptake 20� 50% na

[IVS6 � 3 G�C] �
[1963–1964delAC]

Skipping exo6, T655fsX656 1 Severe hypoplasia No uptake 200� �30% nl 234

[928C�T] � [928C�T] R310C, R310C 2 I Normal Normal 15� nl na 197
II Normal Normal 15� nl na

[324C�T] � [1228G�A] Q324X, D410N 2 I na Normal 7� nl nl 231
II na na 110� nl na

[1170T�G] �
[1217–1234delinsGCAC]

C390W, F405fsX419 1 Hypoplasia na 8� 50% 50% 235

[1170T�G] � [1637G�A] C390W, W546X 1 na Normal 5� nl nl 231

[1349G�A] � [1349G�A] R450H, R450H 3 Normal na Highf na na 236

[1349G�A] � [1417G�A] R450H, V473I 1 Normal na Highf na na 236

[1349G�A] � [1492G�A] R450H, G498S 2 I Mild hypoplasia na 10� nl nl 237
II Mild hypoplasia na 8� nl nl

[1349G�A] � [1555C�T] R450H, R519C 2 I Normal na Highf na na 236
II Normal na Highf na na

[1349G�A] � [1555C�T] R450H, R519C 2 I Normal na Highf na na 236
II Normal na Highf na na

[1430C�T] � [1430C�T] T477I, T477I 1 Hypoplasia Reduced uptake 20�g ud ud 238

[1637G�A] � [1637G�A] W546X, W546X 2 I Normal No uptake 23� 70% nl 239
II Normal No uptake 30� 50% nl

[1657G�A] � [1657G�A] A553T, A553T 2 I Severe hypoplasia No uptake 26�h 20% nl 240
II Severe hypoplasia No uptake 100�h 30% nl

[1825C�T] � [1825C�T] R609X, R609X 6 I Hypoplasia No uptake �17� 15% nl 241
II na na �17� 50% nl
III Hypoplasia No uptake �17� 40% nl
IV na No uptake �17� 60% nl
V na na �17� 30% nl
VI na No uptake �17� 10% nl

na, Not given; nl, within normal limits; ud, undetectable.
a The nomenclature for describing the mutations and the numbering of nucleotides is according to Ref. 230, GenBank accession no. NM000369.
b Members of the same family; Roman numerals indicate the affected subjects.
c Serum TSH levels are expressed as multiples of the normal level.
d Percentage of lower limit of normal.
e Total T4.
f High, value not given.
g Off thyroid hormone.
h Neonatal screening.
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dominant-negative effect of the mutated protein produced in
patients could be hypothesized because, in the animal model,
Pax8�/� mice are heterozygous for the null allele. Dominant-
negative effects have never been described in phenotypes
that are due to mutations in other PAX genes (202). Further-
more, at least in two cases (199, 200), cotransfection exper-
iments of the mutant with the wild-type PAX8 did not show
evidence of a dominant-negative effect. However, it could be
incorrect to extrapolate information obtained in a specific
cellular system and refer it to an entire organism. Monoallelic
expression of PAX8 in humans, whether associated with
imprinting or not, could be a second explanation, as de-
scribed for Pax5, another member of the Pax family (203)
although it was not confirmed in another report (204). A
heterogeneous population of thyroid precursor cells express-
ing either the normal or the mutated form of PAX8 could
generate a thyroid smaller than that of wild type. However,
to explain the severe hypoplasia described in some patients,
the mutant gene should be preferentially expressed. More-
over, such monoallelic expression of PAX8 should be a spe-
cific mechanism in humans. Alternatively, the TD observed
in PAX8�/� patients could be due to a gene dosage require-
ment (haploinsufficiency). This phenomenon has already
been observed in other systems (205, 206) included for other
Pax genes (207, 208). The protein acts properly within a
concentration range that is sensitive to a 2-fold change. The
knockout of the gene, in mice, leads to the disappearance of
the thyroid primordium, whereas the reduced amount of
Pax8 in these patients is not sufficient to support the normal
development of the gland. The influence of other modifier
genes could explain the variable penetrance of the pheno-
type. According to this hypothesis, the discrepancy between
humans and mice could be related to the genetic background
of the mouse line used in generating the corresponding an-
imal models.

3. TITF1/NKX2-1 disease. Early studies searching for TITF1/
NKX2-1 mutations in CH were disappointing. In three dif-
ferent reports (209–211), several patients affected by CH
associated with dysgenesis were studied, and no mutations
in the coding region of TITF1/NKX2-1 were found. These
studies suggested that TD was unlikely to be caused by
alterations in this transcription factor. However, in viable
newborns, it could be difficult to find homozygous loss-of-
function mutations in the TITF1/NKX2-1 gene; the essential
role of Titf1/Nkx2-1 in lung and brain development, as-
sessed in the animal model, made it possible to anticipate that
such mutations should cause death immediately after birth.
Subsequently, a heterozygous deletion encompassing the
TITF1/NKX2-1 locus in an isolated infant (212) and in two
siblings (213) was reported (Table 8). All the patients were
affected by respiratory failure, hypotonia, and thyroid dys-
function, without apparent TD. These findings suggested
that heterozygous mutations in TITF1/NKX2-1 genes might
result in a complex disease affecting thyroid, lungs, and
brain. Indeed, two reports (214, 215) have demonstrated that
a syndrome characterized by choreoathetosis, respiratory
distress, and a thyroid phenotype ranging from a normal
gland to athyreosis is associated with heterozygous muta-
tions within the TITF1/NKX2-1 gene. Finally, the analysis of
some large families (216) provides strong evidence that
TITF1/NKX2-1 defects are directly responsible for benign
hereditary chorea, an autosomal-dominant movement dis-
order. When tested in vitro, the corresponding mutated forms
of Titf1/Nkx2-1 show neither functional activity nor a
dominant-negative effect on the wild-type form. These data
suggest that the haploinsufficiency is responsible for the
pathological phenotype. On the contrary, Titf1/Nkx2-1�/�

mice are considered normal, on the basis of anatomical and
morphological studies (66). However, detailed functional
studies reveal a decreased coordination and mild hyperthy-

TABLE 7. Summary of known mutations in PAX8, gene associated with a clinical phenotype

Mutation
at DNA
levela

Deduced variation
at protein level No. of casesb Ultrasound diagnosis Scintigraphy TSHc Free T4

d Tg Ref.

[91C�T] R31C 2 I Severe hypoplasia Reduced uptake 37�e 70% nl 201
II Athyreosis na na na na

[92G�A] R31H 1 Hypoplasia na �33� 35%f na 198

[119�C] Q40P 2 I Hypoplasia No uptake 33� 80%f nl 200
II Normal na 3� 80% na

[170G�A] C57Y 2 I na Severe hypoplasia 20� �30% nl 199
II Severe hypoplasia na na na na

[185T�G] L62R 3 I Severe hypoplasia na 28� 60%f na 198
II Hypoplasia na na 40%f na
III Mild hypoplasia na 29� nl nl

[322C�T] R108X 1 Hypoplasia na 7� nl 57�g 198

na, Not given; nl, within normal limits.
a The nomenclature for describing the mutations and the numbering of nucleotides is according to Ref. 230, GenBank accession no. X69699.
b Members of the same family; Roman numerals indicate the affected subjects.
c Serum TSH levels are expressed as multiples of the normal level.
d Percentage of lower limit of normal.
e Off thyroid hormone.
f Total T4.
g Expressed as multiples of the normal level.
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rotropinemia in Titf1/Nkx2-1�/� mice (215, 217). Interest-
ingly, it has been demonstrated that mutations in a single
allele of another gene of the NKX family, NKX2-5, cause
cardiac malformations in humans (218), whereas no defects
have been described in Nkx2-5�/� heterozygous mice (219).
A more detailed study has demonstrated that a weak Nkx2-5
haploinsufficiency is present in mice and can be modulated
by interacting alleles (152).

In humans, TITF1/NKX2-1 disease is a syndrome charac-
terized by a variable spectrum of neurological, thyroid, and
lung abnormalities. Both the incomplete penetrance and the
variability of the phenotype could be due to the effect of other
modifier genes as well as of environmental factors. Further-
more, when the disease is associated with a large chromo-
somal deletion, we cannot exclude that the loss of other genes
is contributing to variability of the phenotype.

E. Hemiagenesis

Thyroid hemiagenesis is a dysgenesis in which one thyroid
lobe fails to develop. Systematic thyroid ultrasound studies
report a 0.2–0.05% (172, 220) prevalence of this morpholog-
ical abnormality in healthy children. In almost all cases, it is
the left lobe that is absent. In subjects with thyroid hemi-
agenesis, both serum TSH and thyroid hormone levels are
within the normal range (172).

The occurrence of some cases of thyroid hemiagenesis
among members of the same family (221) suggests that ge-
netic factors could be involved in this anomaly. The molec-
ular mechanisms leading to the formation of the two thyroid
symmetrical lobes, which are impaired in the case of hemi-
agenesis, are not known. In the mouse embryo, by E12, the
midline-located thyroid bud begins to expand laterally, and
at E15 the bilobed shape of the gland is evident. The genetic
basis of the lobulation process is finally beginning to be
understood. Indeed, either a nonlobulated gland (H. Krude
and K. Rohr, personal communication) or hemiagenesis of
the thyroid (222) have been described in Shh�/� mice
embryos. Hemiagenesis has also been reported in double-
heterozygous Titf1�/�, Pax8�/� mice (223). However, in
humans, candidate genes responsible for the hemiagenesis of
the thyroid have not yet been described.

IV. Conclusions

The information summarized in this article shows that
disturbances of thyroid morphogenesis, leading to a group
of conditions collectively called TD, are due, in some cases,
to disturbances in the function of genes that regulate various
aspects of thyroid development. Thus TD can be a heritable
genetic disease. However, a search for mutations in the genes
indicated in this review gave no results in the majority of
patients. Furthermore, even in the cases in which mutations
in known genes are clearly associated with the disease, a
great variability in the phenotype has been observed, even in
individuals with the same mutation. Last, but not least,
monozygotic twins are mostly discordant for TD. Thus, fu-
ture studies should address some of the following points:

1. The mutations scored in known candidate genes (TITF1/
NKX2-1, FOXE1, PAX8, and TSHR) in TD patients are cer-T
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tainly an underestimate, considering that mutations have
been searched mostly in the coding region. Thus, mutations
in introns or in regulatory regions may have gone unnoticed.

2. Titf1, Foxe1, Pax8, and Hhex are transcription factors
regulating the expression of downstream genes that ulti-
mately actuate the organogenesis of the gland. It is possible
that other cases of TD could be due to mutations in the genes
controlled by these transcription factors.

3. Genes responsible for the initial differentiation events
causing thyroid anlage formation have not been identified.
Some of these genes could be responsible for true thyroid
agenesis. Perhaps the promoter region of genes expressed
early in the anlage could be instrumental in searching for
such genes.

4. The apparent sporadic appearance of CH associated
with TD could suggest that, at least in some cases, this disease
could be of polygenic origin. This has been shown to be the
case, for example, for genes involved in the establishment of
diabetes (224). Phenotypic variability observed in patients
affected by mutations in either PAX8 or TITF1/NKX2-1 genes
supports the possibility that other interacting genes may
modulate the phenotype. It has been reported that CH may
develop as a result of mutations at different loci acting si-
multaneously and in a synergistic manner. Indeed, double-
heterozygous Titf1/Nkx2-1�/�, Pax8�/� mice in a specific ge-
netic background show impaired thyroid function as
assessed by high TSH and low T4 hormone levels in blood
(223).

5. At early stages of thyroid morphogenesis, somatic mu-
tations in all the genes already described could affect gland
organogenesis. The creation of animal models with a thyroid-
specific, conditional inactivation of these genes will offer a
tool to elucidate the possibility that such nongermline mu-
tations result in TD.

6. Finally, the discordance for TD in monozygotic twins
suggests that epigenetic mechanisms might be involved.
However, as in the case of Beckwith-Wiedemann syndrome
(225), a genetic condition characterized by a few familial and
a majority of sporadic cases, it is conceivable that the genes
involved are the same but their inactivation may derive from
different mechanisms.
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structure and polarized monolayer: role of the extracellular matrix
on thyroid cell organization in primary culture. Biol Cell 90:369–
380

7. Le Douarin N, Fontaine J, LeLievre C 1974 New studies on the
neural crest origin of the avian ultimobranchial glandular cells.
Interspecific combinations and cytochemical characterization of C
cells based on the uptake of biogenic amine precursors. Histoche-
mie 38:297–305

8. Fontaine J 1979 Multistep migration of calcitonine cell precursors
during ontogeny of the mouse pharynx. Gen Comp Endocrinol
37:81–92

9. Gorbman A 1986 Comparative anatomy and physiology. In: Ingbar
SI, Braverman LE, eds. The thyroid. Philadelphia: J. B. Lippincott
Company; 43–52

10. Weller G 1933 Development of the thyroid, parathyroid and thy-
mus glands in man. Contrib Embryol 24:93–140

11. Kumar R, Gupta R, Bal CS, Khullar S, Malhotra A 2000 Thyro-
toxicosis in a patient with submandibular thyroid. Thyroid 10:363–
365

12. Harach H 1991 Thyroglobulin in human thyroid follicles with acid
mucins. J Pathol 164:261–263

13. Manley NR, Capecchi M 1995 The role of Hoxa-3 in mouse thymus
and thyroid development. Development 121:1989–2003

14. Wollman SH, Hilfer S 1978 Embryologic origin of the various
epithelial cell types in the second kind of thyroid follicle in the C3H
mouse. Anat Rec 191:111–121

15. Slack JMW 1991 From egg to embryo: regional specification in
early development, 2nd ed. Cambridge, UK: Cambridge University
Press

16. Kenyon KL, Ranade SS, Curtiss J, Mlodzik M, Pignoni F 2003
Coordinating proliferation and tissue specification to promote re-
gional identity in the Drosophila head. Dev Cell 5:403–414

17. Kaufman MH, Bard J 1999 The thyroid. In: The anatomic basis of
mouse development. San Diego: Academic Press; 165–166

18. Lough J, Sugi Y 2000 Endoderm and heart development. Dev Dyn
217:327–342

19. Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S 2003
Isl1 identifies a cardiac progenitor population that proliferates
prior to differentiation and contributes a majority of cells to the
heart. Dev Cell 5:877–889

20. Olivieri A, Stazi MA, Mastroiacovo P, Fazzini C, Medda E,
Spagnolo A, De Angelis S, Grandolfo ME, Taruscio D, Cordeddu
V, Sorcini M 2002 A population-based study on the frequency of
additional congenital malformations in infants with congenital hy-
pothyroidism: data from the Italian Registry for Congenital Hy-
pothyroidism (1991–1998). J Clin Endocrinol Metab 87:557–562

21. Roberts HE, Moore CA, Fernhoff PM, Brown AL, Khoury MJ 1997
Population study of congenital hypothyroidism and associated
birth defects, Atlanta, 1979–1992. Am J Med Genet 71:29–32

22. Netter F 1965 Anatomy of the thyroid and parathyroid glands. In:
The CIBA collection of medical illustrations. Teterboto, NJ: Icon
Learning Systems; 41–70

23. De Felice M, Ovitt C, Biffali E, Rodriguez-Mallon A, Arra C,
Anastassiadis K, Macchia PE, Mattei MG, Mariano A, Schoeler H,
Macchia V, Di Lauro R 1998 A mouse model for hereditary thyroid
dysgenesis and cleft palate. Nat Genet 19:395–398

24. Fagman H, Grande M, Edsbagge J, Semb H, Nilsson M 2003

740 Endocrine Reviews, October 2004, 25(5):722–746 De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022



Expression of classical cadherins in thyroid development: main-
tenance of an epithelial phenotype throughout organogenesis. En-
docrinology 144:3618–3624

25. Hilfer SR, Brown JW 1984 The development of pharyngeal endo-
crine organs in mouse and chick embryos. Scan Electron Microsc
4:2009–2022

26. Postiglione MP, Parlato R, Rodriguez-Mallon A, Rosica A,
Mithbaokar P, Maresca M, Marians RC, Davies TF, Zannini MS,
De Felice M, Di Lauro R 2002 Role of the thyroid-stimulating
hormone receptor signaling in development and differentiation of
the thyroid gland. Proc Natl Acad Sci USA 99:15462–15467

27. Marians RC, Ng L, Blair HC, Unger P, Graves PN, Davies TF 2002
Defining thyrotropin-dependent and -independent steps of thyroid
hormone synthesis by using thyrotropin receptor-null mice. Proc
Natl Acad Sci USA 99:15776–15781

28. Xu PX, Zheng W, Laclef C, Maire P, Maas RL, Peters H, Xu X 2002
Eya1 is required for the morphogenesis of mammalian thymus,
parathyroid and thyroid. Development 129:1033–1044

29. Cordier AC, Haumont S 1980 Development of thymus, parathy-
roids, and ultimo-branchial bodies in NMRI and nude mice. Am J
Anat 157:227–263

30. Zaret K 2002 Regulatory phases of early liver development: par-
adigms of organogenesis. Nat Rev Genet 3:499–512

31. Lammert E, Cleaver O, Melton D 2001 Induction of pancreatic
differentiation by signals from blood vessels. Science 294:564–567

32. Matsumoto K, Yoshitomi H, Rossant J, Zaret KS 2001 Liver or-
ganogenesis promoted by endothelial cells prior to vascular func-
tion. Science 294:559–563

33. Hilfer SR, Stern M 1971 Instability of the epithelial-mesenchymal
interaction in the eight-day embryonic chick thyroid. J Exp Zool
178:293–305

34. Kurihara Y, Kurihara H, Maemura K, Kuwaki T, Kumada M,
Yakazi Y 1995 Impaired development of the thyroid and thymus
in endothelin-1 knockout mice. J Cardiovasc Pharmacol 26:13–16

35. Lazzaro D, Price M, De Felice M, Di Lauro R 1991 The transcrip-
tion factor TTF-1 is expressed at the onset of thyroid and lung
morphogenesis and in restricted regions of the foetal brain. De-
velopment 113:1093–1104

36. Meunier D, Aubin J, Jeannotte L 2003 Perturbed thyroid mor-
phology and transient hypothyroidism symptoms in Hoxa5 mu-
tant mice. Dev Dyn 227:367–378

37. Hartzband PI, Diehl DL, Lewin KJ, Van Herle A 1984 Histological
characterization of a lingual mass using thyroglobulin immuno-
peroxidase staining. J Endocrinol Invest 7:221–223

38. Wendl T, Lun K, Mione M, Favor J, Brand M, Wilson SW, Rohr
KB 2002 Pax2.1 is required for the development of thyroid follicles
in zebrafish. Development 129:3751–3760

39. Suzuki S, Kondo Y 1973 Thyroidal morphogenesis and biosyn-
thesis of thyroglobulin before and after metamorphosis in the lam-
prey, Lampetra reissneri. Gen Comp Endocrinol 21:451–460

40. Wright GM, Youson JH 1976 Transformation of the endostyle of
the anadromous sea lamprey, Petromyzon marinus L., during meta-
morphosis. I. Light microscopy and autoradiography with 125I1.
Gen Comp Endocrinol 30:243–257

41. Müller W 1873 Ueber die Hypobranchialrinne der Tunicaten und
deren Vorhandensein bei Amphioxus und den Cyklostomen. Jena
Z Med Naturw 7:327–332

42. Dohrn A 1885 Thyroidea bei Petromyzon, Amphioxus und den
Tunicaten. Mitt Zool Stat Neapel 6:49–92

43. Dunn A 1980 Properties of an iodinating enzyme in ascidian en-
dostyle. Gen Comp Endocrinol 40:484–493

44. Ogasawara M, Di Lauro R, Satoh N 1999 Ascidian homologs of
mammalian thyroid peroxidase genes are expressed in the thyroid-
equivalent region of the endostyle. J Exp Zool 285:58–69

45. Ogasawara M 2000 Overlapping expression of amphioxus ho-
mologs of the thyroid transcription factor-1 gene and thyroid per-
oxidase gene in the endostyle: insight into evolution of the thyroid
gland. Dev Genes Evol 210:231–242

46. Ristoratore F, Spagnuolo A, Aniello F, Branno M, Fabbrini F, Di
Lauro R 1999 Expression and functional analysis of Cittf1, an as-
cidian NK-2 class gene, suggest its role in endoderm development.
Development 126:5149–5159

47. Venkatesh TV, Holland ND, Holland LZ, Su M, Bodmer R 1999

Sequence and developmental expression of amphioxus Am-
phiNk2-1: insights into the evolutionary origin of the vertebrate
thyroid gland and forebrain. Dev Genes Evol 209:254–259

48. Kozmik Z, Holland ND, Kalousova A, Paces J, Schubert M,
Holland LZ 1999 Characterization of an amphioxus paired box
gene, AmphiPax2/5/8: developmental expression patterns in optic
support cells, nephridium, thyroid-like structures and pharyngeal
gill slits, but not in the midbrain-hindbrain boundary region. De-
velopment 126:1295–1304

49. Yu JK, Holland LZ, Jamrich M, Blitz IL, Hollan ND 2002 Am-
phiFoxE4, an amphioxus winged helix/forkhead gene encoding a
protein closely related to vertebrate thyroid transcription factor-2:
expression during pharyngeal development. Evol Dev 4:9–15

50. Ogasawara M, Satou Y 2003 Expression of FoxE and FoxQ genes
in the endostyle of Ciona intestinalis. Dev Genes Evol 213:416–419

51. Zannini M, Avantaggiato V, Biffali E, Arnone M, Sato K,
Pischetola M, Taylor BA, Phillips SJ, Simeone A, Di Lauro R 1997
TTF-2, a new forkhead protein, shows a temporal expression in the
developing thyroid which is consistent with a role in controlling the
onset of differentiation. EMBO J 16:3185–3197

52. Plachov D, Chowdhury K, Walther C, Simon D, Guenet JL, Gruss
P 1990 Pax8, a murine paired box gene expressed in the developing
excretory system and thyroid gland. Development 110:643–651

53. Thomas PQ, Brown A, Beddington R 1998 Hex: a homeobox gene
revealing peri-implantation asymmetry in the mouse embryo and
an early transient marker of endothelial cell precursors. Develop-
ment 125:85–95

54. Civitareale D, Lonigro R, Sinclair AJ, Di Lauro R 1989 A thyroid-
specific nuclear protein essential for tissue-specific expression of
the thyroglobulin promoter. EMBO J 8:2537–2542

55. Guazzi S, Price M, De Felice M, Damante G, Mattei MG, Di Lauro
R 1990 Thyroid nuclear factor 1 (TTF-1) contains a homeodomain
and displays a novel DNA binding specificity. EMBO J 9:3631–3639

56. Guazzi S, Lonigro R, Pintonello L, Boncinelli E, Di Lauro R,
Mavilio F 1994 The thyroid transcription factor-1 gene is a candi-
date target for regulation by Hox proteins. EMBO J 13:3339–3347

57. Price M, Lazzaro D, Pohl T, Mattei MG, Ruther U, Olivo JC,
Duboule D, Di Lauro R 1992 Regional expression of the homeobox
gene Nkx-2.2 in the developing mammalian forebrain. Neuron
8:241–255

58. Mizuno K, Gonzalez FJ, Kimura S 1991 Thyroid-specific enhancer-
binding protein (T/EBP): cDNA cloning, functional characteriza-
tion, and structural identity with thyroid transcription factor TTF-1.
Mol Cell Biol 11:4927–4933

59. Blake JA, Richardson JE, Bult CJ, Kadin JA, Eppig J 2003 MGD:
the Mouse Genome Database. Nucleic Acids Res 31:193–195

60. Wain HM, Lush M, Ducluzeau F, Povey S 2002 Genew: the human
gene nomenclature database. Nucleic Acids Res 30:169–171

61. Damante G, Tell G, Di Lauro R 2001 A unique combination of
transcription factors controls differentiation of thyroid cells. Prog
Nucleic Acid Res Mol Biol 66:307–356

62. Nakamura K, Kimura S, Yamazaki M, Kawaguchi A, Inoue K,
Sakai T 2001 Immunohistochemical analyses of thyroid-specific
enhancer-binding protein in the fetal and adult rat hypothalami
and pituitary glands. Brain Res Dev 130:159–166

63. Lee BJ, Cho GJ, Norgren Jr RB, Junier MP, Hill DF, Tapia V, Costa
ME, Ojeda SR 2001 TTF-1, a homeodomain gene required for
diencephalic morphogenesis, is postnatally expressed in the neu-
roendocrine brain in a developmentally regulated and cell-specific
fashion. Mol Cell Neurosci 17:107–126

64. Suzuki K, Kobayashi Y, Katoh R, Kohn LD, Kawaoi A 1998
Identification of thyroid transcription factor-1 in C cells and para-
thyroid cells. Endocrinology 139:3014–3017

65. Mansouri A, Chowdhury K, Gruss P 1998 Follicular cells of the
thyroid gland require Pax8 gene function. Nat Genet 19:87–90

66. Kimura S, Hara Y, Pineau T, Fernandez-Salguero P, Fox C, Ward
J, Gonzalez F 1996 The T/ebp null mouse: thyroid-specific en-
hancer-binding protein is essential for the organogenesis of the
thyroid, lung, ventral forebrain, and pituitary. Genes Dev 10:60–69

67. Kimura S, Ward JD, Minoo P 1999 Thyroid-specific enhancer-
binding protein/transcription factor 1 is not required for the initial
specification of the thyroid and lung primordia. Biochemie 81:321–
328

De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis Endocrine Reviews, October 2004, 25(5):722–746 741

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022



68. Minoo P, Su G, Drum H, Bringas P, Kimura S 1999 Defects in
tracheoesophageal and lung morphogenesisn in Nkx2.1(�/�)
mouse embryos. Dev Biol 209:60–71

69. Sussel L, Marin O, Kimura S, Rubenstein J 1999 Loss of Nkx2.1
homeobox gene function results in a ventral to dorsal molecular
respecification within the basal telencephalon: evidence for a trans-
formation of the pallidum into the striatum. Development 126:
3359–3370

70. Yuan B, Li C, Kimura S, Engelhardt RT, Smith BR, Minoo P 2000
Inhibition of distal lung morphogenesis in Nkx2.1(�/�) embryos.
Dev Dyn 17:180–190

71. Takuma N, Sheng HZ, Furuta Y, Ward JM, Sharma K, Hogan BL,
Pfaff SL, Westphal H, Kimura S, Mahon KA 1998 Formation of
Rathke’s pouch requires dual induction from the diencephalon.
Development 125:4835–4840

72. Parlato R, Avantaggiato V, De Felice M 1999 TTF-1 and TTF-2
identify two different steps in thyroid morphogenesis. Proc 26th
Annual Meeting of the European Thyroid Association, Milan, Italy,
1999 (Abstract 007). J Endocrinol Invest 22(Suppl):4

73. Shimamura K, Rubenstein JL 1997 Inductive interactions direct
early regionalization of the mouse forebrain. Development 124:
2709–2718

74. Pabst O, Herbrand H, Takuma N, Arnold HH 2000 NKX2 gene
expression in neuroectoderm but not in mesendodermally derived
structures depends on sonic hedgehog in mouse embryos. Dev
Genes Evol 210:47–50

75. Shaw-White JR, Bruno MD, Whitsett JA 1999 GATA-6 activates
transcription of thyroid transcription factor-1. J Biol Chem 274:
2658–2664

76. Keijzer R, Van Tuyl M, Meijers C, Post M, Tibboel D, Grosveld
F, Koutsourakis M 2001 The transcription factor GATA6 is essen-
tial for branching morphogenesis and epithelial cell differentiation
during fetal pulmonary development. Development 128:503–511

77. Pera EM, Kessel M 1998 Demarcation of ventral territories by the
homeobox gene NKX2.1 during early chick development. Dev
Genes Evol 208:168–171

78. Small EM, Vokes SA, Garriock RJ, Li D, Krieg PA 2000 Devel-
opmental expression of the Xenopus Nkx2-1 and Nkx2-4 genes.
Mech Dev 96:259–262

79. Rohr KB, Concha ML 2000 Expression of nk2.1a during early
development of the thyroid gland in zebrafish. Mech Dev 95:267–
270

80. Ogasawara M, Shigetani Y, Suzuki S, Kuratani S, Satoh N 2001
Expression of thyroid transcription factor-1 (TTF-1) gene in the
ventral forebrain and endostyle of the agnathan vertebrate, Lam-
petra japonica. Genesis 30:51–58

81. Takacs CM, Moy VN, Peterson K 2002 Testing putative hemi-
chordate homologues of the chordate dorsal nervous system and
endostyle: expression of NK2.1 (TTF-1) in the acorn worm Pty-
chodera flava (Hemichordata, Ptychoderidae). Evol Dev 4:405–417

82. Zaffran S, Das G, Frasch M 2000 The NK-2 homeobox gene scare-
crow (scro) is expressed in pharynx, ventral nerve cord and brain
of Drosophila embryos. Mech Dev 94:237–241

83. Walther C, Guenet JL, Simon D, Deutsch U, Jostes B, Goulding
MD, Plachov D, Balling R, Gruss P 1991 Pax: a murine multigene
family of paired box-containing genes. Genomics 11:424–434

84. Dorfler P, Busslinger M 1996 C-terminal activating and inhibitory
domains determine the transactivation potential of BSAP (Pax-5),
Pax-2 and Pax-8. EMBO J 15:1971–1982

85. Stapleton P, Weith A, Urbanek P, Kozmik Z, Busslinger M 1993
Chromosomal localization of 7 Pax genes and cloning of a novel
family member, Pax-9. Nat Genet 3:292–298

86. Miccadei S, De Leo R, Zammarchi E, Natali PG, Civitareale D
2002 The synergistic activity of thyroid transcription factor 1 and
Pax 8 relies on the promoter/enhancer interplay. Mol Endocrinol
16:837–846

87. Di Palma T, Nitsch R, Mascia A, Nitsch L, Di Lauro R, Zannini
MS 2003 The paired domain-containing factor Pax8 and the ho-
meodomain-containing factor TTF-1 directly interact and syner-
gistically activate transcription. J Biol Chem 278:3395–3402

88. Parlato R, Rosica A, Arra C, De Felice M, Di Lauro R 2000 Hi-
erarchy of transcription factors in the morphogenesis of the thy-

roid. Proc 12th International Thyroid Congress, Kyoto, Japan, 2000
(Abstract 005). Endocrine J 47(Suppl):107

89. Pasca di Magliano M, Di Lauro R, Zannini MS 2000 Pax8 has a
key role in thyroid cell differentiation. Proc Natl Acad Sci USA
97:13144–13149

90. Nutt SL, Heavey B, Rolink AG, Busslinger M 1999 Commitment
to the B-lymphoid lineage depends on the transcription factor Pax5.
Nature 401:556–562

91. Bouchard M, Souabni A, Mandler M, Neubuser A, Busslinger M
2002 Nephric lineage specification by Pax2 and Pax8. Genes Dev
16:2958–2970

92. Heller N, Brandli AW 1999 Xenopus Pax-2/5/8 orthologues: novel
insights into Pax gene evolution and identification of Pax-8 as the
earliest marker for otic and pronephric cell lineages. Dev Genet
24:208–219

93. Czerny T, Bouchard M, Kozmik Z, Busslinger M 1997 The char-
acterization of novel Pax genes of the sea urchin and Drosophila
reveal an ancient evolutionary origin of the Pax2/5/8 subfamily.
Mech Dev 67:179–192

94. Wada H, Saiga H, Satoh N, Holland PW 1998 Tripartite organi-
zation of the ancestral chordate brain and the antiquity of placodes:
insights from ascidian Pax-2/5/8, Hox and Otx genes. Develop-
ment 125:1113–1122

95. Santisteban P, Acebron A, Polycarpou-Schwarz M, Di Lauro R
1992 Insulin and insulin-like growth factor I regulate a thyroid-
specific nuclear protein that binds to the thyroglobulin promoter.
Mol Endocrinol 6:1310–1317

96. Chadwick BP, Obermayr F, Frischau A 1997 FKHL15, a new hu-
man member of the forkhead gene family located on chromosome
9q22. Genomics 41:390–396

97. Parlato R, Simeone A, De Felice M, Di Lauro R 2001 Corrigendum.
TTF-2, a new forkhead protein, shows a temporal expression in the
developing thyroid which is consistent with a role in controlling the
onset of differentiation. EMBO J 20:2108

98. Dathan N, Parlato R, Rosica A, De Felice M, Di Lauro R 2002
Distribution of the titf2/foxe1 gene product is consistent with an
important role in the development of foregut endoderm, palate,
and hair. Dev Dyn 224:450–456

99. Clifton-Bligh RJ, Wentworth JM, Heinz P, Crisp MS, John RLJ,
Ludgate M, Chatterjee V 1998 Mutation of the gene encoding
human TTF-2 associated with thyroid agenesis, cleft palate and
choanal atresia. Nat Genet 19:399–401

100. Perrone L, Pasca di Magliano M, Zannini MS, Di Lauro R 2000 The
thyroid transcription factor 2 (TTF-2) is a promoter-specific DNA-
binding independent transcriptional repressor. Biochem Biophys
Res Commun 275:203–208

101. Kenyon KL, Moody SA, Jamrich M 1999 A novel fork head gene
mediates early steps during Xenopus lens formation. Development
126:5107–5116

102. Mazet F 2002 The fox and the thyroid: the amphioxus perspective.
Bioessays 24:696–699

103. Crompton MR, Bartlett TJ, MacGregor AD, Manfioletti G, Buratti
E, Giancotti V, Goodwin GH 1992 Identification of a novel ver-
tebrate homeobox gene expressed in haematopoietic cells. Nucleic
Acids Res 20:5661–5667

104. Bedford FK, Ashworth A, Enver T, Wiedemann LM 1993 HEX: a
novel homeobox gene expressed during haematopoiesis and con-
served between mouse and human. Nucleic Acids Res 21:1245–
1249

105. Ghosh B, Jacobs HC, Wiedemann LM, Brown A, Bedford FK,
Nimmakayalu MA, Ward DC, Bogue CW 1999 Genomic structure,
cDNA mapping, and chromosomal localization of the mouse ho-
meobox gene, Hex. Mamm Genome 10:1023–1025

106. Hromas R, Radich J, Collins S 1993 PCR cloning of an orphan
homeobox gene (PRH) preferentially expressed in myeloid and
liver cells. Biochem Biophys Res Commun 195:976–983

107. Tanaka T, Inazu T, Yamada K, Myint Z, Keng VW, Inoue Y,
Taniguchi N, Noguchi T 1999 DNA cloning and expression of rat
homeobox gene, Hex, and functional characterization of the pro-
tein. Biochem J 339:111–117

108. Bogue CW, Ganea GR, Sturm E, Ianucci R, Jacobs HC 2000 Hex
expression suggests a role in the development and function of
organs derived from foregut endoderm. Dev Dyn 219:84–89

742 Endocrine Reviews, October 2004, 25(5):722–746 De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022



109. Martinez Barbera JP, Clements M, Thomas P, Rodriguez T, Meloy
D, Kioussis D, Beddington RS 2000 The homeobox gene Hex is
required in definitive endodermal tissues for normal forebrain,
liver and thyroid formation. Development 127:2433–2445

110. Puppin C, D’Elia AV, Pellizzari L, Russo D, Arturi F, Presta I,
Filetti S, Bogue CW, Denson LA, Damante G 2003 Thyroid-spe-
cific transcription factors control Hex promoter activity. Nucleic
Acids Res 31:1845–1852

111. Brickman JM, Jones CM, Clements M, Smith JC, Beddington RS
2000 Hex is a transcriptional repressor that contributes to anterior
identity and suppresses Spemann organiser function. Develop-
ment 127:2303–2315

112. Ho CY, Houart C, Wilson SW, Stainier DY 1999 A role for the
extraembryonic yolk syncytial layer in patterning the zebrafish
embryo suggested by properties of the hex gene. Curr Biol 9:1131–
1134

113. Pellizzari L, D’Elia A, Rustighi A, Manfioletti G, Tell G, Damante
G 2000 Expression and function of the homeodomain-containing
protein Hex in thyroid cells. Nucleic Acids Res 28:2503–2511

114. Newman CS, Chia F, Krieg PA 1997 The XHex homeobox gene is
expressed during development of the vascular endothelium: over-
expression leads to an increase in vascular endothelial cell number.
Mech Dev 66:83–93

115. Yatskievych TA, Pascoe S, Antin PB 1999 Expression of the home-
box gene Hex during early stages of chick embryo development.
Mech Dev 80:107–109

116. Liao W, Ho CY, Yan YL, Postlethwait J, Stainier DY 2000 Hhex and
scl function in parallel to regulate early endothelial and blood
differentiation in zebrafish. Development 127:4303–4313

117. Elsalini OA, von Gartzen J, Cramer M, Rohr KB 2003 Zebrafish
hhex, nk2.1a, and pax2.1 regulate thyroid growth and differenti-
ation downstream of Nodal-dependent transcription factors. Dev
Biol 263:67–80

118. Parmentier M, Libert F, Maenhaut C, Lefort A, Gerard C, Perret
J, Van Sande J, Dumont JE, Vassart G 1989 Molecular cloning of
the thyrotropin receptor. Science 246:1620–1622

119. Nagayama Y, Kaufman KD, Seto P, Rapoport B 1989 Molecular
cloning, sequence and functional expression of the cDNA for the
human thyrotropin receptor. Biochem Biophys Res Commun 165:
1184–1190

120. Misrahi M, Loosfelt H, Atger M, Sar S, Guiochon-Mantel A,
Milgrom E 1990 Cloning, sequencing and expression of human
TSH receptor. Biochem Biophys Res Commun 166:394–403

121. Rousseau-Merck MF, Misrahi M, Loosfelt H, Atger M, Milgrom
E, Berger R 1990 Assignment of the human thyroid stimulating
hormone receptor (TSHR) gene to chromosome 14q31. Genomics
8:233–236

122. Libert F, Passage E, Lefort A, Vassart G, Mattei M 1990 Local-
ization of human thyrotropin receptor gene to chromosome region
14q3 by in situ hybridization. Cytogenet Cell Genet 54:82–83

123. Taylor BA, Grieco D, Kohn L 1996 Localization of gene encoding
the thyroid stimulating hormone receptor (Tshr) on mouse chro-
mosome 12. Mamm Genome 7:626–628

124. Gross B, Misrahi M, Sar S, Milgrom E 1991 Composite structure
of the human thyrotropin receptor gene. Biochem Biophys Res
Commun 177:679–687

125. Brown RS, Shalhoub V, Coulter S, Alex S, Joris I, De Vito W, Lian
J, Stein GS 2000 Developmental regulation of thyrotropin receptor
gene expression in the fetal and neonatal rat thyroid: relation to
thyroid morphology and to thyroid-specific gene expression. En-
docrinology 141:340–345

126. Dumont JE, Lamy F, Roger P, Maenhaut C 1992 Physiological and
pathological regulation of thyroid cell proliferation and differen-
tiation by thyrotropin and other factors. Physiol Rev 72:667–697

127. Kimura T, Van Keymeulen A, Golstein J, Fusco A, Dumont JE,
Roger P 2001 Regulation of thyroid cell proliferation by TSH and
other factors: a critical evaluation of in vitro models. Endocr Rev
22:631–656

128. Beamer WJ, Eicher EM, Maltais LJ, Southard JL 1981 Inherited
primary hypothyroidism in mice. Science 212:61–63

129. Stuart A, Oates E, Hall C, Grumbles R, Fernandez L, Taylor N,
Puett D, Jin S 1994 Identification of a point mutation in the thy-

rotropin receptor of the hyt/hyt hypothyroid mouse. Mol Endo-
crinol 8:129–138

130. Beamer WG, Cresswell L 1982 Defective thyroid ontogenesis in
fetal hypothyroid (hyt/hyt) mice. Anat Rec 202:387–393

131. Stein SA, Shanklin DR, Krulich L, Roth MG, Chubb CM, Adams
P 1989 Evaluation and characterization of the hyt/hyt hypothyroid
mouse. Neuroendocrinology 49:509–519

132. Krumlauf R 1994 Hox genes in vertebrate development. Cell 78:
191–201

133. Gaunt SJ 1988 Mouse homeobox gene transcripts occupy different
but overlapping domains in embryonic germ layers and organs: a
comparison of Hox-3.1 and Hox-1.5. Development 103:135–144

134. Gaunt SJ, Krumlauf R, Duboule D 1989 Mouse homeo-genes
within a subfamily, Hox-1.4, -2.6 and -5.1, display similar antero-
posterior domains of expression in the embryo, but show stage- and
tissue-dependent differences in their regulation. Development 107:
131–141

135. Chisaka O, Musci TS, Capecchi MR 1992 Developmental defects
of the ear, cranial nerves and hindbrain resulting from targeted
disruption of the mouse homeobox gene Hox-1.6. Nature 355:516–
520

136. Manley NR, Capecchi M 1998 Hox group 3 paralogs regulate the
development and migration of the thymus, thyroid, and parathy-
roid glands. Dev Biol 195:1–15

137. Franz T 1989 Persistent truncus arteriosus in the Splotch mutant
mouse. Anat Embryol (Berl) 180:457–464

138. Epstein JA, Li J, Lang D, Chen F, Brown CB, Jin F, Lu MM,
Thomas M, Liu E, Wessels A, Lo CW 2000 Migration of cardiac
neural crest cells in Splotch embryos. Development 127:1869–1878

139. Kurihara Y, Kurihara H, Suzuki H, Kodama T, Maemura K, Nagai
R, Oda H, Kuwaki T, Cao WH, Kamada N 1994 Elevated blood
pressure and craniofacial abnormalities in mice deficient in endo-
thelin-1. Nature 368:703–710

140. Miller CT, Schilling TF, Lee K, Parker J, Kimmel C 2000 Sucker
encodes a zebrafish Endothelin-1 required for ventral pharyngeal
arch development. Development 127:3815–3828

141. Ornitz DM, Itoh N 2001 Fibroblast growth factors. Genome Biol
2:1–12

142. Hogan BL 1999 Morphogenesis. Cell 96:225–233.
143. De Moerlooze L, Spencer-Dene B, Revest J, Hajihosseini M,

Rosewell I, Dickson C 2000 An important role for the IIIb isoform
of fibroblast growth factor receptor 2 (FGFR2) in mesenchymal-
epithelial signalling during mouse organogenesis. Development
127:483–492

144. Ohuchi H, Hori Y, Yamasaki M, Harada H, Sekine K, Kato S, Itoh
N 2000 FGF10 acts as a major ligand for FGF receptor 2 IIIb in mouse
multi-organ development. Biochem Biophys Res Commun 277:
643–649

145. Revest JM, Spencer-Dene B, Kerr K, De Moerlooze L, Rosewell
I, Dickson C 2001 Fibroblast growth factor receptor 2-IIIb acts
upstream of Shh and Fgf4 and is required for limb bud maintenance
but not for the induction of Fgf8, Fgf10, Msx1, or Bmp4. Dev Biol
231:47–62

146. Celli G, LaRochelle WJ, Mackem S, Sharp R, Merlino G 1998
Soluble dominant-negative receptor uncovers essential roles for
fibroblast growth factors in multi-organ induction and patterning.
EMBO J 17:1642–1645

147. Treier M, O’Connell S, Gleiberman A, Price J, Szeto DP, Burgess
R, Chuang PT, McMahon AP, Rosenfeld MG 2001 Hedgehog
signaling is required for pituitary gland development. Develop-
ment 128:377–386

148. Pulkkinen MA, Spencer-Dene B, Dickson C, Otonkoski T 2003
The IIIb isoform of fibroblast growth factor receptor 2 is required
for proper growth and branching of pancreatic ductal epithelium
but not for differentiation of exocrine or endocrine cells. Mech Dev
120:167–175

149. Revest JM, Suniara RK, Kerr K, Owen JJ, Dickson C 2001 De-
velopment of the thymus requires signaling through the fibroblast
growth factor receptor R2-IIIb. J Immunol 167:1954–1961

150. Min H, Danilenko DM, Scully SA, Bolon B, Ring BD, Tarpley JE,
DeRose M, Simonet WS 1998 Fgf-10 is required for both limb and
lung development and exhibits striking functional similarity to
Drosophila branchless. Genes Dev 12:3156–3161

De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis Endocrine Reviews, October 2004, 25(5):722–746 743

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022



151. Sakiyama J, Yamagishi A, Kuroiwa A 2003 Tbx4-Fgf10 system
controls lung bud formation during chicken embryonic develop-
ment. Development 130:1225–1234

152. Biben C, Weber R, Kesteven S, Stanley E, McDonald L, Elliott
DA, Barnett L, Koentgen F, Robb L, Feneley M, Harvey RP 2000
Cardiac septal and valvular dysmorphogenesis in mice heterozy-
gous for mutations in the homeobox gene Nkx2–5. Circ Res 87:
888–895

153. Biben C, Wang CC, Harvey RP 2002 NK-2 class homeobox genes
and pharyngeal/oral patterning: Nkx2–3 is required for salivary
gland and tooth morphogenesis. Int J Dev Biol 46:415–422

154. Tanaka M, Yamasaki N, Izumo S 2000 Phenotypic characterization
of the murine Nkx2.6 homeobox gene by gene targeting. Mol Cell
Biol 20:2874–2879

155. Wang CC, Biben C, Robb L, Nassir F, Barnett L, Davidson NO,
Koentgen F, Tarlinton D, Harvey RP 2000 Homeodomain factor
Nkx2–3 controls regional expression of leukocyte homing corecep-
tor MAdCAM-1 in specialized endothelial cells of the viscera. Dev
Biol 224:152–167

156. Lints TJ, Parsons LM, Hartley L, Lyons I, Harvey R 1993 Nkx-2.5:
a novel murine homeobox gene expressed in early heart progenitor
cells and their myogenic descendants. Development 119:419–431

157. Tanaka M, Schinke M, Liao HS, Yamasaki N, Izumo S 2001
Nkx2.5 and Nkx2.6, homologs of Drosophila tinman, are required
for development of the pharynx. Mol Cell Biol 21:4391–4398

158. Costa RH, Lai E, Grayson DR, Darnell Jr JE 1988 The cell-specific
enhancer of the mouse transthyretin (prealbumin) gene binds a
common factor at one site and a liver-specific factor(s) at two other
sites. Mol Cell Biol 8:81–90

159. Sasaki H, Hogan BL 1993 Differential expression of multiple fork
head related genes during gastrulation and axial pattern formation
in the mouse embryo. Development 118:47–59

160. Monaghan AP, Kaestner KH, Grau E, Schutz G 1993 Postimplan-
tation expression patterns indicate a role for the mouse forkhead/
HNF-3 �, � and � genes in determination of the definitive
endoderm, chordamesoderm and neuroectoderm. Development
119:567–578

161. Zhou L, Lim L, Costa RH, Whitsett JA 1996 Thyroid transcription
factor-1, hepatocyte nuclear factor-3�, surfactant protein B, C, and
Clara cell secretory protein in developing mouse lung. J Histochem
Cytochem 44:1183–1193

162. Sato K, Di Lauro R 1996 Hepatocyte nuclear factor 3� participates
in the transcriptional regulation of the thyroperoxidase promoter.
Biochem Biophys Res Commun 220:86–93

163. Ang SL, Rossant J 1994 HNF-3 � is essential for node and noto-
chord formation in mouse development. Cell 78:561–574

164. Klett M 1997 Epidemiology of congenital hypothyroidism. Exp
Clin Endocrinol Diabetes 105:19–23

165. Medeiros-Neto G, Stanbury JB 1994 Inherited disorders of the
thyroid system. Boca Raton, FL: CRC Press

166. de Vijlder JJ, Ris-Stalpers C, Vulsma T 1997 Inborn errors of
thyroid hormone biosynthesis. Exp Clin Endocrinol Diabetes 105:
32–37

167. Fisher DA, Klein A 1981 Thyroid development and disorders of
thyroid function in the newborn. N Engl J Med 304:702–712

168. Devos H, Rodd C, Gagne N, Laframboise R, Van Vliet G 1999 A
search for the possible molecular mechanisms of thyroid dysgen-
esis: sex ratios and associated malformations. J Clin Endocrinol
Metab 84:2502–2506

169. Connelly JF, Coakley JC, Gold H, Francis I, Mathur KS, Rickards
AL, Price GJ, Halliday JL, Wolfe R 2001 Newborn screening for
congenital hypothyroidism, Victoria, Australia, 1977–1997. I. The
screening programme, demography, baseline perinatal data and
diagnostic classification. J Pediatr Endocrinol Metab 14:1597–1610

170. Grueters A, Jenner A, Krude H 2002 Long-term consequences of
congenital hypothyroidism in the era of screening programmes.
Best Pract Res Clin Endocrinol Metab 16:369–382

171. Grueters A, Liesenkotter KP, Zapico M, Jenner A, Dutting C,
Pfeiffer E, Lehmkuhl U 1997 Results of the screening program for
congenital hypothyroidism in Berlin (1978–1995). Exp Clin Endo-
crinol Diabetes 105(Suppl):28–31

172. Maiorana R, Carta A, Floriddia G, Leonardi D, Buscema M, Sava
L, Calaciura F, Vigneri R 2003 Thyroid hemiagenesis: prevalence

in normal children and effect on thyroid function. J Clin Endocrinol
Metab 88:1534–1536

173. Lorey FW, Cunningham GC 1992 Birth prevalence of primary
congenital hypothyroidism by sex and ethnicity. Hum Biol 64:531–
538

174. Sorcini M, Balestrazzi P, Grandolfo ME, Carta S, Giovannelli G
1993 The National Register of infants with congenital hypothy-
roidism detected by neonatal screening in Italy. J Endocrinol Invest
16:573–577

175. Castanet M, Polak M, Bonaiti-Pellie C, Lyonnet S, Czernichow P,
Leger J 2001 Nineteen years of national screening for congenital
hypothyroidism: familial cases with thyroid dysgenesis suggest the
involvement of genetic factors. J Clin Endocrinol Metab 86:2009–
2014

176. Grant DB, Smith I 1988 Survey of neonatal screening for primary
hypothyroidism in England, Wales, and Northern Ireland 1982–4.
Br Med J (Clin Res Ed) 296:1355–1358

177. Knobel M, Medeiros-Neto G 2003 An outline of inherited disor-
ders of the thyroid hormone generating system. Thyroid 13:771–
801

178. Ordookhani A, Mirmiran P, Najafi R, Hedayati M, Azizi F 2003
Congenital hypothyroidism in Iran. Indian J Pediatr 70:625–628

179. Leger J, Marinovic D, Garel C, Bonaiti-Pellie C, Polak M, Czer-
nichow P 2002 Thyroid developmental anomalies in first degree
relatives of children with congenital hypothyroidism. J Clin En-
docrinol Metab 87:575–580

180. Perry R, Heinrichs C, Bourdoux P, Khoury K, Szots F, Dussault
JH, Vassart G, Van Vliet G 2002 Discordance of monozygotic twins
for thyroid dysgenesis: implications for screening and for molec-
ular pathophysiology. J Clin Endocrinol Metab 87:4072–4077

181. Lazarus JH, Hughes IA 1988 Congenital abnormalities and con-
genital hypothyroidism. Lancet 2:52

182. Marinovic D, Garel C, Czernichow P, JL 2003 Additional pheno-
typic abnormalities with presence of cysts within the empty thyroid
area in patients with congenital hypothyroidism with thyroid dys-
genesis. J Clin Endocrinol Metab 88:1212–1216

183. Bamforth JS, Hughes IA, Lazarus JH, Weaver CM, Harper P 1989
Congenital hypothyroidism, spiky hair, and cleft palate. J Med
Genet 26:49–60

184. Buntincx IM, Van Overmeire B, Desager K, Van Hauwaert J 1993
Syndromic association of cleft palate, bilateral choanal atresia,
curly hair, and congenital hypothyroidism. J Med Genet 30:427–428

185. Castanet M, Park SM, Smith A, Bost M, Leger J, Lyonnet S, Pelet
A, Czernichow P, Chatterjee K, Polak M 2002 A novel loss-of-
function mutation in TTF-2 is associated with congenital hypothy-
roidism, thyroid agenesis and cleft palate. Hum Mol Genet 11:
2051–2059

186. Batsakis JG, El-Naggar AK, Luna MA 1996 Thyroid gland ecto-
pias. Ann Otol Rhinol Laryngol 105:996–1000

187. Brandwein M, Som P, Urken M 1998 Benign intratracheal thyroid:
a possible cause for preoperative overstaging. Arch Otolaryngol
Head Neck Surg 124:1266–1269

188. Feller KU, Mavros A, Gaertner HJ 2000 Ectopic submandibular
thyroid tissue with a coexisting active and normally located thyroid
gland: case report and review of literature. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod 90:618–623

189. Casanova JB, Daly RC, Edwards BS, Tazelaar HD, Thompson GB
2000 Intracardiac ectopic thyroid. Ann Thorac Surg 70:1694–1696

190. Takahashi T, Ishikura H, Kato H, Tanabe T, Yoshiki T 1991
Ectopic thyroid follicles in the submucosa of the duodenum. Vir-
chows Arch A Pathol Anat Histopathol 418:547–550

191. Harach HR 1998 Ectopic thyroid tissue adjacent to the gallbladder.
Histopathology 32:90–91

192. Ghanem N, Bley T, Altehoefer C, Hogerle S, Langer M 2003
Ectopic thyroid gland in the porta hepatis and lingua. Thyroid
13:503–507

193. Stanbury JB, Rocmans P, Buhler UK, Ochi Y 1968 Congenital
hypothyroidism with impaired thyroid response to thyrotropin.
N Engl J Med 279:1132–1136

194. Sunthornthepvarakui T, Gottschalk ME, Hayashi Y, Refetoff S
1995 Brief report: resistance to thyrotropin caused by mutations in
the thyrotropin-receptor gene. N Engl J Med 332:155–160

195. Alberti L, Proverbio MC, Costagliola S, Romoli R, Boldrighini B,

744 Endocrine Reviews, October 2004, 25(5):722–746 De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022



Vigone MC, Weber G, Chiumello G, Beck-Peccoz P, Persani L
2002 Germline mutations of TSH receptor gene as cause of non-
autoimmune subclinical hypothyroidism. J Clin Endocrinol Metab
87:2549–2555

196. Tonacchera M, Agretti P, De Marco G, Perri A, Pinchera A, Vitti
P, Chiovato L 2001 Thyroid resistance to TSH complicated by
autoimmune thyroiditis. J Clin Endocrinol Metab 86:4543–4546

197. Russo D, Betterle C, Arturi F, Chiefari E, Girelli ME, Filetti S 2000
A novel mutation in the thyrotropin (TSH) receptor gene causing
loss of TSH binding but constitutive receptor activation in a family
with resistance to TSH. J Clin Endocrinol Metab 85:4238–4242

198. Macchia PE, Lapi P, Krude H, Pirro MT, Missero C, Chiovato L,
Souabni A, Baserga M, Tassi V, Pinchera A, Fenzi G, Gruters A,
Busslinger M, Di Lauro R 1998 PAX8 mutations associated with
congenital hypothyroidism caused by thyroid dysgenesis. Nat
Genet 19:83–86

199. Vilain C, Rydlewski C, Duprez L, Heinrichs C, Abramowicz M,
Malvaux P, Renneboog B, Parma J, Costagliola S, Vassart G 2001
Autosomal dominant transmission of congenital thyroid hypopla-
sia due to loss-of-function mutation of PAX8. J Clin Endocrinol
Metab 86:234–238

200. Congdon T, Nguyen LQ, Nogueira CR, Habiby RL, Medeiros-
Neto G, Kopp P 2001 A novel mutation (Q40P) in PAX8 associated
with congenital hypothyroidism and thyroid hypoplasia: evidence
for phenotypic variability in mother and child. J Clin Endocrinol
Metab 86:3962–3967

201. Komatsu M, Takahashi T, Takahashi I, Nakamura M, Takahashi
I, Takada G 2001 Thyroid dysgenesis caused by PAX8 mutation:
the hypermutability with CpG dinucleotides at codon 31. J Pediatr
139:597–599

202. Strachan T 1994 Read AP PAX genes. Curr Opin Genet Dev 4:427–
438.

203. Nutt SL, Vambrie S, Steinlein P, Kozmik Z, Rolink A, Weith A,
Busslinger M 1999 Independent regulation of the two Pax5 alleles
during B-cell development. Nat Genet 21:390–395

204. Rhoades KL, Singh N, Simon I, Glidden B, Cedar H, Chess A 2000
Allele-specific expression patterns of interleukin-2 and Pax-5 re-
vealed by a sensitive single-cell RT-PCR analysis. Curr Biol 10:
789–792

205. Bi W, Huang W, Whitworth DJ, Deng JM, Zhang Z, Behringer RR,
de Crombrugghe B 2001 Haploinsufficiency of Sox9 results in
defective cartilage primordia and premature skeletal mineraliza-
tion. Proc Natl Acad Sci USA 98:6698–6703

206. Lindsay EA, Vitelli F, Su H, Morishima M, Huynh T, Pramparo
T, Jurecic V, Ogunrinu G, Sutherland HF, Scambler PJ, Bradley
A, Baldini A 2001 Tbx1 haploinsufficieny in the DiGeorge syn-
drome region causes aortic arch defects in mice. Nature 410:97–101

207. van Raamsdonk CD, Tilghman SM 2000 Dosage requirement and
allelic expression of PAX6 during lens placode formation. Devel-
opment 127:5439–5448

208. Wilm B, Dahl E, Peters H, Balling R, Imai K 1998 Targeted dis-
ruption of Pax1 defines its null phenotype and proves haploinsuf-
ficiency. Proc Natl Acad Sci USA 95:8692–8697

209. Lapi P, Macchia PE, Chiovato L, Biffali E, Moschini L, Larizza D,
Baserga M, Pinchera A, Fenzi GF, Di Lauro R 1997 Mutations in
the gene for thyroid transcription factor-1 (TTF-1) are not a frequent
cause of congenital hypothyroidism (CH) with thyroid dysgenesis.
Thyroid 7:383–387

210. Perna MG, Civitareale D, De Filippis V, Sacco M, Cisternino C,
Tassi V 1997 Absence of mutations in the gene encoding thyroid
transcription factor-1 (TTF-1) in patients with thyroid dysgenesis.
Thyroid 7:377–381

211. Hishinuma A, Kuribayashi T, Kanno Y, Onigata K, Nagashima
K, Ieiri T 1998 Sequence analysis of thyroid transcription factor-1
gene reveals absence of mutations in patients with thyroid dys-
genesis but presence of polymorphisms in the 5� flanking region
and intron. Endocr J 45:563–567

212. Devriendt K, Vanhole C, Matthijs G, De Zegher F 1998 Deletion
of thyroid transcription factor-1 gene in an infant with neonatal
thyroid dysfunction and respiratory failure. N Engl J Med 338:
1317–1318

213. Iwatani N, Mabe H, Devriendt K, Kodama M, Miike T 2000
Deletion of NKX2.1 gene encoding thyroid transcription factor-1 in

two siblings with hypothyroidism and respiratory failure. J Pediatr
137:272–276

214. Krude H, Schutz B, Biebermann H, von Moers A, Schnabel D,
Neitzel H, Tonnies H, Weise D, Lafferty A, Schwarz S, De Felice
M, von Deimling A, van Landeghem F, Di Lauro R, Gruters A
2002 Choreoathetosis, hypothyroidism, and pulmonary alterations
due to human NKX2-1 haploinsufficiency. J Clin Invest 109:475–
480

215. Pohlenz J, Dumitrescu A, Zundel D, Martine U, Schonberger W,
Koo E, Weiss RE, Cohen RN, Kimura S, Refetoff S 2002 Partial
deficiency of thyroid transcription factor 1 produces predomi-
nantly neurological defects in humans and mice. J Clin Invest
109:469–473

216. Breedveld GJ, van Dongen JW, Danesino C, Guala A, Percy AK,
Dure LS, Harper P, Lazarou LP, van der Linde H, Joosse M,
Gruters A, MacDonald ME, de Vries BB, Arts WF, Oostra BA,
Krude H, Heutinl P 2002 Mutations in TITF-1 are associated with
benign hereditary chorea. Hum Mol Genet 11:971–979

217. Moeller LC, Kimura S, Kusakabe T, Liao XH, Van Sande J, Refet-
off S 2003 Hypothyroidism in thyroid transcription factor 1 hap-
loinsufficiency is caused by reduced expression of the thyroid
stimulating hormone receptor. Mol Endocrinol 17:2295–2302

218. Schott JJ, Benson DW, Basson CT, Pease W, Silberbach GM,
Moak JP, Maron BJ, Seidman CE, Seidman JG 1998 Congenital
heart disease caused by mutations in the transcription factor
NKX2-5. Science 281:108–111

219. Lyons I, Parsons LM, Hartley L, Li R, Andrews JE, Robb L, Harvey
RP 1995 Myogenic and morphogenetic defects in the heart tubes of
murine embryos lacking the homeo box gene Nkx2-5. Genes Dev
9:1654–1666

220. Shabana W, Delange F, Freson M, Osteaux M, De Schepper J 2000
Prevalence of thyroid hemiagenesis: ultrasound screening in nor-
mal children. Eur J Pediatr 159:456–458

221. Rajmil HO, Rodriguez-Espinosa J, Soldevila J, Ordonez-Llanos J
1984 Thyroid hemiagenesis in two sisters. J Endocrinol Invest
7:393–394

222. Fagman H, Grände M, Nilsson M 2003 Thyroid hemiagenesis and
ectopia in sonic hedgehog knockout mice. Proc 29th Annual Meet-
ing of the European Thyroid Association, Edinburgh, 2003 (Ab-
stract 048)

223. De Felice M, Macchia PE, Iovino N, Chiappetta G, Rosica AM,
Arra C, Fenzi GF, Mariano A, Macchia V, Di Lauro R 2002 Thyroid
dysgenesis :a multigenic disease. Proc 28th Annual Meeting of the
European Thyroid Association, Goteborg, Sweden, 2002 (Abstract
001). J Endocrinol Invest 25(Suppl):4

224. Bruning JC, Winnay J, Bonner-Weir S, Taylor SI, Accili D, Kahn
CR 1997 Development of a novel polygenic model of NIDDM in
mice heterozygous for IR and IRS-1 null alleles. Cell 88:561–572

225. Weksberg R, Smith AC, Squire J, Sadowski P 2003 Beckwith-
Wiedemann syndrome demonstrates a role for epigenetic control
of normal development. Hum Mol Genet 12:61–68

226. Larsen W 1997 Development of head and neck. In: Human em-
bryology. New York: Churchill Livingstone; 369–374

227. Fisher DA, Dussault JH, Sack J, Chopra J 1977 Ontogenesis of
hypothalamic-pituitary-thyroid function and metabolism in man,
sheep and rat. Recent Prog Horm Res 33:59–116

228. Ingalls N 1920 A human embryo at the beginning of segmentation,
with special reference to the vascular system. Contrib Embryol
11:61–88

229. Sgalitzer K 1941 Contribution to the study of the morphogenesis
of the thyroid gland. J Anat 75:389–405

230. Antonarakis S E 1998 Recommendations for a nomenclature sys-
tem for human gene mutations. Nomenclature Working Group.
Hum Mutat 11:1–3

231. de Roux N, Misrahi M, Brauner R, Houang M, Carel JC, Granier
M, Le Bouc Y, Ghinea N, Boumedienne A, Toublanc JE, Milgrom
E 1996 Four families with loss of function mutations of the thyro-
tropin receptor. J Clin Endocrinol Metab 81:4229–4235

232. Clifton-Bligh RJ, Gregory JW, Ludgate M, John R, Persani L,
Asteria C, Beck-Peccoz P, Chatterjee VK 1997 Two novel muta-
tions in the thyrotropin (TSH) receptor gene in a child with resis-
tance to TSH. J Clin Endocrinol Metab 82:1094–1100

233. Bretones P, Duprez L, Parma J, David M, Vassart G, Rodien P 2001

De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis Endocrine Reviews, October 2004, 25(5):722–746 745

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022



A familial case of congenital hypothyroidism caused by a homozy-
gous mutation of the thyrotropin receptor gene. Thyroid 11:977–
980

234. Gagne N, Parma J, Deal C, Vassart G, Van Vliet G 1998 Apparent
congenital athyreosis contrasting with normal plasma thyroglob-
ulin levels and associated with inactivating mutations in the thy-
rotropin receptor gene: are athyreosis and ectopic thyroid distinct
entities? J Clin Endocrinol Metab 83:1771–1775

235. Biebermann H, Schoneberg T, Krude H, Schultz G, Gudermann
T, Gruters A 1997 Mutations of the human thyrotropin receptor
gene causing thyroid hypoplasia and persistent congenital hypo-
thyroidism. J Clin Endocrinol Metab 82:3471–3480

236. Onigata K, Hattori S, Yamada S, Kowase T, Takano Y, Moriwaka
A, Nishiyama S, Mizuno H 2003 The R450H mutation of the
thyrotropin receptor gene is common in Japanese patients with
resistance to thyrotropin. Proc 75th Annual Meeting of the Amer-
ican Thyroid Association, Palm Beach, FL, 2003 (Abstract 061).
Thyroid 13:689

237. Nagashima T, Murakami M, Onigata K, Morimura T, Nagashima
K, Mori M, Morikawa A 2001 Novel inactivating missense muta-
tions in the thyrotropin receptor gene in Japanese children with
resistance to thyrotropin. Thyroid 11:551–559

238. Tonacchera M, Agretti P, Pinchera A, Rosellini V, Perri A, Col-

lecchi P, Vitti P, Chiovato L 2000 Congenital hypothyroidism with
impaired thyroid response to thyrotropin (TSH) and absent circu-
lating thyroglobulin: evidence for a new inactivating mutation of
the TSH receptor gene. J Clin Endocrinol Metab 85:1001–1008

239. Jordan N, Williams N, Gregory JW, Evans C, Owen M, Ludgate
M 2003 The W546X mutation of the thyrotropin receptor gene:
potential major contributor to thyroid dysfunction in a Caucasian
population. J Clin Endocrinol Metab 88:1002–1005

240. Abramowicz MJ, Duprez L, Parma J, Vassart G, Heinrichs C 1997
Familial congenital hypothyroidism due to inactivating mutation
of the thyrotropin receptor causing profound hypoplasia of the
thyroid gland. J Clin Invest 99:3018–3024

241. Tiosano D, Pannain S, Vassart G, Parma J, Gershoni-Baruch R,
Mandel H, Lotan R, Zaharan Y, Pery M, Weiss RE, Refetoff S,
Hochberg Z 1999 The hypothyroidism in an inbred kindred with
congenital thyroid hormone and glucocorticoid deficiency is due to
a mutation producing a truncated thyrotropin receptor. Thyroid
9:887–894

242. Kleiner-Fisman G, Rogaeva E, Halliday W, Houle S, Kawarai T,
Sato C, Medeiros H, St George-Hyslop PH, Lang A 2003 Benign
hereditary chorea: clinical, genetic, and pathological findings. Ann
Neurol 54:244–247

14th ECO 2005

The Hellenic Medical Association for Obesity invites you to the 14th ECO, to be held 1–4 June, 2005, in
Athens, Greece. The Athens ECO will take place at the International Conference Centre of the Athens Concert
Hall, a newly constructed conference complex, the largest and most well equipped in Europe.

Main Topics of the Congress: Basic Biology, Physiology and Genetics; Epidemiology and Prevention;
Somatic, Psychological and Social Consequences of Obesity; Current Management of Obesity and New
Directions; Obesity and the Metabolic Syndrome: Basic Insights.

Please contact the Executive Board of the ECO 2005 for all organizational issues, sponsorship opportunities,
and scientific issues: Ms. Katerina Gerodemou, Operation Manager ECO 2005, 49, Kifissias Ave., 115 23
Athens, Greece. Tel: �306944 692 398, Fax: �30210 698 5986. info@eco2005.gr, http://www.eco2005.gr.

Please contact the congress secretariat for general information, registration issues, abstract submission, hotel
accommodation, congress tours: Ms. Georgia Samona, Triaena Tours & Congress SA Atchley House, 15,
Mesogion Ave., 115 26 Athens, Greece. Tel: �30210 749 9320, Fax: �30210 770 5752. congress@triaenatours.gr,
http://www.triaenatours.gr.

Endocrine Reviews is published bimonthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society
serving the endocrine community.

746 Endocrine Reviews, October 2004, 25(5):722–746 De Felice and Di Lauro • Thyroid Development and Thyroid Dysgenesis

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/25/5/722/2355232 by U

.S. D
epartm

ent of Justice user on 17 August 2022


