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ABSTRACT

Congenital hypothyroidism affects about 1:3000-1:4000 infants. Screen-
ing programs now permit early recognition and treatment, thus avoiding
the disastrous consequences of thyroid hormone deficiency on brain
development. In about 85%, congenital hypothyroidism is associated
with developmental defects referred to as thyroid dysgenesis. They
include thyroid (hemi)agenesis, ectopic tissue and thyroid hypoplasia.
Thyroid dysgenesis is usually sporadic; in only 2% it occurs in a familial
fashion. It can be caused by mutations in transcription factors that are
essential for the development and function of thyroid follicular cells. Thy-
roid hypoplasia can also result from resistance to TSH at the level of the
thyrocytes. Defects in the steps required for thyroid hormone synthesis
within thyroid follicular cells are referred to as dyshormonogenesis and
account for about 10-15% of congenital hypothyroidism. In contrast to
thyroid dysgenesis, affected patients typically present with goitrous
enlargement of the thyroid. The defects leading to dyshormonogenesis
typically display a recessive mode of inheritance. Careful clinical, bio-
chemical and molecular analyses of patients with syndromic and non-
syndromic forms of thyroid dysgenesis and dyshormonogenesis have sig-
nificantly enhanced our understanding of the wide spectrum of patho-
genetic mechanisms underlying congenital hypothyroidism and provide
unique insights into the (patho)physiology of thyroid development and
hormone synthesis. (Arq Bras Endocrinol Metab 2004;48/1:70-82)
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RESUMO

Mutações no Gene da Tireoglobulina e Outros Defeitos Genéticos Asso-
ciados Com Hipotireoidismo Congênito.
Hipotireoidismo congênito afeta cerca de 1:3.000-1:4.000 recém-nasci-
dos. Atualmente, programas de triagem neonatal permitem o reco-
nhecimento e tratamento precoces, evitando suas conseqüências
desastrosas no desenvolvimento cerebral. Em cerca de 85% dos
pacientes, o hipotireoidismo congênito está associado à defeitos no
desenvolvimento da tireóide referidos como disgenesia tireoideana. A
disgenesia tireoideana ocorre geralmente de forma esporádica;
somente 2% dos casos apresentam caráter familial. Podem ser causados
por mutações nos fatores de transcrição que são essenciais para o
desenvolvimento e função das células foliculares tireoideanas. Hipopla-
sia da tireóide pode também resultar de resistência tireoideana ao TSH.
Defeitos na síntese dos hormônios tireoideanos são referidos como disor -
monogênese tireoideana e concorrem para 10-15% dos casos de
hipotireoidismo congênito. Os pacientes usualmente apresentam bócio,
ao contrário da disgenesia tireoideana. Tipicamente, os defeitos que
causam disormonogênese apresentam herança recessiva. Uma série de
estudos recentes aumentou significativamente nosso entendimento dos
mecanismos patogênicos do hipotireoidismo congênito, oferecendo
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novos insights sobre a fisiopatologia do desenvolvi-
mento e síntese hormonal tireoideanos. (Arq Bras
Endocrinol Metab 2004;48/1:70-82)

Descritores: Dishormogênese; Disgenesia; Tireoglobu-
lina; Hipotireoidismo congênito

IN ALL VERTEBRATES, THYROID hormone is essential
for normal development, growth and metabolic

homeostasis. This requires normal development and
function of the hypothalamic-pituitary-thyroid axis, as
well as an adequate nutritional intake of iodine. In
iodine sufficient regions, permanent congenital
hypothyroidism affects about 1:3000 to 1:4000 new-
borns (1-4). In about 85% of all cases, congenital
hypothyroidism is associated with developmental
defects that are referred to as thyroid dysgenesis. They
include thyroid (hemi)agenesis, ectopic tissue and
hypoplasia. Thyroid dysgenesis usually occurs in a spo-
radic fashion; in only 2% it is a familial disorder. In
10% to 15%, congenital hypothyroidism is caused by
Inborn errors of metabolism in one of the intricate steps
required for normal hormone synthesis. This category
of defects, which typically displays a recessive mode of
inheritance, is referred to as dyshormonogenesis.

This review provides an overview of the multi-
ple genetic defects causing congenital hypothyroidism
with particular emphasis on the consequences of muta-
tions in the thyroglobulin gene (figure 1).

DEVELOPMENTAL DEFECTS OF THE THYROID

Thyroid follicular cells depend on the concomitant
presence of three transcription factors for normal
development and gene expression: PAX8, TTF1/
NKX2.1 and TTF2/FOXE1 (5,6). Mutations in these
transcription factors have been identified in human
patients with syndromic and non-syndromic forms of
thyroid dysgenesis. The importance of these transcrip-
tion factors for normal thyroid development and func-
tion is further illustrated by murine knockout models
that result in similar phenotypes.

PAX8
Heterozygous mutations in PAX8, a paired domain
transcription factor involved in thyroid development
and expression of the thyroperoxidase (TPO) and thy -
roglobulin (TG) genes, have been documented and
characterized in sporadic and familial patients with
thyroid hypoplasia or ectopy (7-10). These mutations
may be inherited in an autosomal dominant fashion
(7,9). The phenotype of carriers of the same mutation
within a family may, however, be very variable. For
example, a Brazilian girl with thyroid hypoplasia and
overt congenital hypothyroidism was found to harbor
a mutation in the PAX8 DNA binding domain inacti-
vating its DNA binding and transactivation properties
(Q40P) (9). Surprisingly, her mother was found to
have the same mutation, but she only had mild, adult-
onset autoimmune hypothyroidism. This finding sug-
gests that the phenotype may be variable in carriers of
the mutation (variable expressivity), or, alternatively,
that not all carriers of the mutation develop an abnor-
mal phenotype (incomplete penetrance) (9).

In contrast to humans with monoallelic PAX8
mutations, mice heterozygous for a disrupted Pax8
allele do not display an abnormal phenotype (11).
Homozygous knockout mice have severe congenital
hypothyroidism with a hypoplastic gland that is locat-
ed in the correct position.

TTF1/NKX2.1
Thyroid transcription factor 1 is a homeobox domain
transcription factor of the NKX2 family. Patients hete-
rozygous for chromosomal deletions of 1q12-13.2 or
point mutations in the TTF1/NKX2.1 gene present
with mild congenital hypothyroidism with a thyroid of
normal size and location (12-15). They present with
neonatal respiratory distress and develop neurological
alterations that include ataxia/choreoathetosis, truncal

Figure 1. The hypothalamic-pituitary-thyroid axis and known
genetic defects associated with congenital hypothyroidism.
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apraxia, and mental retardation. The fact that one nor-
mal TTF1 allele is insufficient for normal neurological
and thyroid function is an example of haploinsufficien -
cy, a commonly observed phenomenon associated with
mutations in transcription factors (16). Heterozygous
TTF-1 mutations have also been identified as the mo-
lecular cause of hereditary chorea (17). It is currently
unclear whether these patients also have subtle alte-
rations in their thyroid function tests.

Homozygous Ttf1 knockout mice survive
throughout gestation, but die at birth from respiratory
failure (18). They have a severe phenotype that includes
an absent forebrain and pituitary gland. The lung is
severely hypoplastic and consists of a sac-like structure
without bronchioli, alveoli or lung parenchyma. The thy-
roid gland is absent (18). Mice that are heterozygous for
a disrupted Ttf1 allele have a phenotype that is similar to
humans with only one functioning copy of this gene (14).
Compared with wild type mice, Ttf1(+/-) mice display an
abnormal coordination and elevated TSH levels.

TTF2/FOXE1
Homozygosity for recessive mutations in the fork-
head/winged-helix domain transcription factor FOXE1,
traditionally referred to as thyroid transcription factor 2
(TTF2), results in a syndromic form of thyroid dysgene-
sis with the eponym Bamforth-Lazarus syndrome
(19,20). This phenotype includes thyroid agenesis, cleft
palate, choanal atresia, bifid epiglottis and spiky hair.

Ttf2 knockout mice die within 48 hours after
birth, probably because of respiratory failure secondary
to cleft palate (21). Their thyroid glands are either sub-
lingual or completely absent suggesting that agenesis
and ectopy can be caused by the same molecular defect.

HYPOTHALAMIC AND PITUITARY DEFECTS

TRH Deficiency
A few patients with congenital hypothyroidism and
isolated TRH deficiency without destructive hypothal-
amic lesions have been reported (22). The molecular
defect underlying these cases remains elusive and
could affect synthesis or secretion of TRH.

TRH Receptor
Resistance to TRH in pituitary thyrotrophs was dis-
covered in a boy with isolated central hypothyroidism
(23). Mutational analysis of the TRH receptor
( T R H R ) gene revealed compound heterozygous
point mutations that inactivate the TRH receptor.

TSH Subunit
TSH is formed of an a subunit that is common to the
other glycoprotein hormones and a specific β subunit.
Isolated hereditary TSH deficiency is a rare cause of
central hypothyroidism and can be caused by recessive
mutations in the TSHβ chain (24-26). In these pa-
tients, TSH is unmeasurable or very low, and the
administration of TRH does not result in a rise in
serum TSH. The levels and the function of the other
pituitary hormones are normal, including an adequate
rise of prolactin in response to TRH. Among the five
currently known mutations, some are recurrent in cer-
tain populations suggesting a founder effect, while
others have been found independently in sporadic and
familial patients from different ethnic origins. A subset
of these mutations is predicted to disrupt he-
terodimerization with the glycoprotein hormone α-
chain, while others lead to premature truncations (25).

Combined Pituitary Hormone Deficiency
Genetic defects in the development and function of
the pituitary gland can result in various forms of Com -
bined Pituitary Hormone Deficiency (CPHD) (27).
Patients with CPHD present with impaired produc-
tion and secretion of one or several anterior pituitary
hormones that may include TSH. CPHD has been
documented in patients with mutations in several tran-
scription factors involved in pituitary development and
hormone expression, specifically POU1F1 (PIT1),
PROP1, LHX3, LHX4, and HESX1 (for review:
(27)). Among these defects, PROP1 mutations are by
far the most common and they have been reported in
several Brazilian families (28-32).

RESISTANCE TO TSH

The response to bioactive TSH may be impaired at
the level of the thyrocyte (figure 2) (33-35). Total
insensitivity to TSH results in a small hypoplastic
thyroid gland and reduced synthesis and secretion of
thyroid hormones. It has to be emphasized that a
similar morphologic and biochemical phenotype
may occur in patients with mutations in PAX8, a fact
that illustrates the limitations of morphologic crite-
ria for the classification of these defects. Resistance
to TSH may be caused by various molecular mecha-
nisms that include mutations in the TSH receptor
and the GNAS1 (Gs s u b u n i t ) gene. Unresponsive-
ness to TSH can also be inherited as an autosomal
dominant trait, but the molecular defect remains to
be defined (36).
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TSH Receptor
In a subset of patients with insensitivity to TSH the
molecular cause consists of recessive mutations in the
TSH receptor that are partially or completely inacti-
vating. In partial resistance, TSH levels are elevated,
but the peripheral hormones are normal, a constella-
tion referred to as euthyroid hyperthyrotropinemia (33).
In these patients, the size of the thyroid is normal or
enlarged. More severe homozygous or compound het-
erozygous inactivating mutations in the TSHR have
been found in several patients with overt hypothy-
roidism and thyroid hypoplasia (35,37).

Gs Subunit
Resistance to TSH, in combination with resistance to
PTH, LH, FSH and the morphologic features of
Albright’s hereditary osteodystrophy (short stature,
brachydactyly, ectopic calcifications), also occurs in
Pseudohypoparathyroidism Ia (PHP Ia) (38). The
molecular basis consists of inactivating mutations in
the maternal copy of the GNAS1 (Gs subunit) gene,
which is imprinted in a tissue-specific manner (38).

DYSHORMONOGENESIS

Mutations in any of the steps involved in thyroid hor-
mone synthesis may result in compensated or overt
congenital hypothyroidism (figure 2). In contrast to
developmental defects of the thyroid, absence or
bioinactivity of TSH, or TSH resistance, patients with
mutations in thyroidal genes involved in thyroid hor-
mone synthesis typically present with goitrous enlarge-
ment of the thyroid gland because of TSH-mediated
growth stimulation of thyroid follicular cells.

Sodium Iodide Symporter (NIS)
Normal iodide uptake at the basolateral membrane by
the perchlorate-sensitive sodium/iodide symporter
(NIS) is an essential and rate-limiting step in thyroid
hormone synthesis (39). Several individuals with
hypothyroidism associated with impaired iodide
uptake were found to be homozygous or compound
heterozygous for inactivating mutations in the NIS
gene (39). If untreated, these patients present with a
diffuse or nodular goiter. Functional testing reveals lit-
tle or no uptake of radioiodine, and a decreased sali-
va/serum radioiodine ratio.

Pendrin
Efflux of iodide at the apical membrane of thyroid fol-
licular cells is at least in part mediated by pendrin

Figure 2. Thyroid hormone synthesis and major signalling
pathways in thyroid follicular cells.
Iodide is actively transported into thyroid follicular cells by
the sodium-iodide symporter (NIS) at the basolateral mem-
brane. At the apical membrane, pendrin (PDS/SCL26A4)
mediates iodide efflux into the follicular lumen. Thyroperoxi-
dase (TPO) oxides iodide and subsequently iodinates tyrosyl
residues of thyroglobulin (TG) in presence of hydrogen per-
oxide (H2O2) (organification). The iodotyrosines, mono- and
diiodotyrosyl (MIT, DIT) are coupled to T4 or T3, a reaction
that is also catalyzed by TPO (coupling). TG is internalized
into the follicular cell, hydrolized in lysosomes, and the thy-
ronines T4 and T3 are released into the blood stream.
TSH, consisting of an α and β subunit, binds to and activates the
TSH receptor. Stimulation of the cAMP pathway results in
enhanced growth, differentiation and hormone synthesis. The
TSH receptor can also activate the PLC pathway. Transcription
factors that are important for thyrocyte function include TTF1,
TTF2, PAX8 and CREB (cAMP response element binding factor).
Congenital hypothyroidism can be caused by mutations in
the TSH β, the TSH receptor, Gsα, NIS, PDS, TPO, TG, THOX2,
the uncharacterized dehalogenase, and the transcription
factors TTF1, TTF2, and PAX8.

Figure 3. Chromosomal location and structure of the TG
gene. The introns are not shown to scale. The various types
of mutations are indicated together with their relative posi-
tion. For further details see text.
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(SCL26A4), a member of the Solute Carrier Family
26A (40). Mutations in the PDS/SCL26A4 gene cause
Pendred’s syndrome, an autosomal recessive disorder
traditionally defined by the triad of sensorineural con-
genital deafness, goiter, and a partially positive per-
chlorate test (40). The partial discharge of radioiodine
after the administration of perchlorate indicates that
the gland has an impaired ability to organify iodide.
Although some patients with Pendred’s syndrome pre-
sent with congenital hypothyroidism, the majority of
individuals are clinically and biochemically euthyroid.
It may be difficult to establish the diagnosis on clinical
grounds since phenocopies, i.e. individuals with an
identical phenotype caused by other etiologies, do
exist. This has, e.g., been illustrated by a very large,
highly inbred kindred from Northeastern Brazil (41).
Multiple individuals presented with deafness and goi-
ter. Molecular analyses revealed that a subset of these
individuals were homozygous for an inactivating
mutation in the PDS/SCL26A4 gene. Others only had
only one affected allele or were homozygous for the
wild type allele indicating that deafness and goiter
were the consequence of distinct pathogenetic mecha-
nisms (41).

Thyroperoxidase
Thyroperoxidase, a glycosylated hemoprotein locat-
ed at the apical membrane facing the follicular
lumen, iodinates tyrosine residues in thyroglobulin
(TG), and the coupling of iodinated tyrosines to
generate T4 and  catalyzes T3. TPO defects are
among the most frequent causes of inborn errors of
thyroid hormone synthesis. Homozygous or com-
pound heterozygous mutations in the T P O g e n e
have been reported in numerous families with a par-
tial or total organification defect (42,43). Total
iodide organification defects occur in ~1:66,000
neonates, and the majority of these infants have a
defective T P O gene (43).

H2O2-Generating System, THOX2 Gene 
Mutations
The iodination and coupling reactions are dependent
on H2O2 as an essential cofactor. Recently, two
NADPH oxidases that are part of the H2O2-generat-
ing system, THOX1 and THOX2, have been cloned
(44-46). Heterozygous loss of function mutations in
the THOX2 gene result in a mild and transient form
of congenital hypothyroidism (47). Biallelic THOX2
mutations are associated with a severe phenotype and
confirm that H2O2 is essential for iodide organification
(47). As of yet, there are no reported mutations in

THOX1. In two affected siblings from a Brazilian fam-
ily presenting with hypothyroidism, goiter, and iodine
organification defects, NADPH oxidase activity mea-
sured in tissue slices was nearly undetectable sugges-
ting that these subjects may have a defect in H2O2

generation (48).

Thyroglobulin
Thyroglobulin (TG) is a key element in thyroid hor-
mone synthesis and storage. It is encoded by a very
large gene spanning about 270kb and containing 48
exons (49). Recessive mutations in the TG gene have
been reported in a number of human patients, as well
as animal models, and are discussed in more detail in
the remainder of this review (see below).

Dehalogenase
After entering the follicular cell, TG is hydrolyzed, and
T4 and T3 are secreted into the blood at the basolate-
ral membrane. The iodotyrosines MIT and DIT,
which are much more abundant in the TG molecule,
are deiodinated by an intrathyroidal dehalogenase and
recycled for hormone synthesis. Several patients with
leakage of MIT and DIT from the thyroid and urinary
secretion of these metabolites have been identified
(50). The disorder is recessive, but the intrathyroidal
dehalogenase has not been cloned.

THYROGLOBULIN GENE AND PROTEIN STRUCTURE

Chromosomal Location and Gene Structure
The human TG gene is located on chromosome
8q24.2-8q24.3 (51-53). It is unusually large span-
ning about 270kg and contains 48 exons separated
by introns of up to 65kb (54-56) (Gene Bank acces-
sion number: NT_ 008046). The synthesis of the
TG gene is controlled by transcription factors such
as TTF-1/NKX2.1, TTF-2/FOXE1 and PAX 8
(5,6). The full-length 8.5kb messenger RNA
(mRNA) sequence contains a 41-nucleotide 5’-
untranslated segment preceding an open reading
frame of 8307 bases and a 3’-untranslated segment
ranging from 101 to 120bp (Gene Bank accession
number: NM 003235.2) (57,58). The T G gene con-
tains multiple polymorphisms and recent studies
established linkage of the TG locus with autoim-
mune thyroid disease (AITD) (49,59,60). These
observations suggest that alterations in the T G g e n e ,
together with variations in other genes and environ-
mental factors, may play a role in the pathogenesis of
AITD (59,60).
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Protein Structure
The TG monomer is composed of a 19-amino acid
signal peptide followed by 2749 residues containing
66 tyrosines (49). It contains three distinct regions
that each contains different types of repetitive ele-
ments and the carboxyterminus is highly homologous
to acetylcholinesterase (56,57,61,62). This structure
suggests that the TG gene arouse from the fusion of
two ancestral DNA sequences (63).

After translation of the mRNA, the TG peptide is
targeted to the endoplasmic reticulum (ER) by its signal
peptide of 19 amino acids, and it is submitted to folding,
glycosylation and dimerization. Properly folded TG di-
mers migrate to the Golgi apparatus where it is submitted
to further glycosylation. In the follicular lumen, is found
as a glycosylated dimer of 660kDa (19S dimer) (64).

Intrafollicular Hormone Synthesis
Synthesis of thyroxine (T4) and triiodothyronine (T3)
occurs on TG as matrix (65). In the follicle, selected
tyrosyl residues of the TG polypeptide are iodinated by
TPO. This step, a reaction referred to as o r g a n i f i c a t i o n,
results in the formation of monoiodotyrosines (MIT)
and diiodotyrosines (DIT). The next step in thyroid
hormone synthesis consists of the c o u p l i n g of two DIT
residues to form T4, or one DIT and one MIT to form
T3. This process is also catalyzed by TPO (65). During
the coupling reaction, a tyrosyl residue donates its iodi-
nated phenyl group to become the outer ring of the
iodothyronine amino acid at an acceptor site, leaving
dehydroalanine or its derivative at the donor position.
Four main hormonogenic sites have been identified in
human TG and are located at positions 5, 1291, 2554,
2568 and 2747 in the mature peptide lacking the signal
peptide (66). The most important T4 forming site is at
tyrosine 5 and there is evidence that the tyrosine 130 is
the dominant donor site (67).

Further processing of TG requires its reentry
into the thyroid cell, through vesicular internalization
with subsequent fusion with lysosomes resulting in
breakdown of the TG-iodothyroxine complexes,
releasing thyroid hormones (64,68). Vesicular inter-
nalization is initiated by nonselective fluid phase
uptake and by receptor-mediated endocytosis (69).

MUTATIONS IN THE HUMAN 
THYROGLOBULIN GENE

Clinical Presentation
TG gene defects are transmitted in an autosomal reces-
sive manner (70,71). Affected individuals are therefore

homozygous or compound heterozygous for muta-
tions in the TG gene. Not surprisingly, mutations have
been documented more commonly in the offspring of
consanguineous parents. Thyroid dyshormonogenesis
caused by TG mutations may be associated with con-
genital goiter or lead to formation of goiter later in life
unless treatment with levothyroxine occurs early. Goi-
ters are often remarkably large and display continuous
growth. Symptoms caused by compression of adjacent
neck structures can occur. The degree of hypothy-
roidism is variable; it can be severe, but in a few
instances peripheral thyroid hormone concentrations
may be normal. The radioiodine uptake is elevated
indicating an upregulation of NIS secondary to the
chronic TSH stimulation. In patients evaluated with a
perchlorate discharge test, there is no increased release
of radioiodine after administration of the competitor
since the organification process itself is not affected.
The serum TG levels are usually low or in the low nor-
mal range (71).

TG Gene Mutations in Humans
In a patient presenting with hypothyroidism, conge-
nital goiter, and a marked impairment of TG synthe-
sis, Ieiri and cols. documented for the first time a na-
turally occurring human TG gene mutation in 1991
(70). The parents were first degree cousins and two of
her five siblings presented with a similar phenotype.
After demonstrating linkage to the TG gene, analysis
of the TG mRNA obtained from the goitrous tissue
demonstrated that it was reduced in size and sequen-
cing of the cDNA revealed that exon 4 was missing.
Sequence analysis of genomic DNA then revealed a
mutation in the splice acceptor of intron 3 consisting
of a transversion of cytosine to guanine at position –3
(IVS3-3C>G). This splice site mutation leads to skip -
ping of exon 4, a region that coded for one of the
important donor tyrosines, without affecting the
remainder of the reading frame (70).

An outbred Brazilian family with two affected
siblings presenting with congenital goiter and hypothy-
roidism due to abnormal TG synthesis was studied
extensively at the molecular level (72,73). Studies of TG
transcripts indicated that one of the alleles was found to
lack exon 22. Exon 22 was then found to contain a non-
sense mutation at position 4626 (4246C>T) that intro-
duces a premature stop codon at position 1530 of the
TG precursor (C1530X; this mutation was originally
described as C1510X. The original description was
based on the amino acid numbering without signal pep-
tide. According to new nomenclature recommenda-
tions, numbering should start at methionine 1 and both
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numberings are indicated in this review (74)). The
mutation in the other allele was not identified in these
reports. The explanation for the shortened mRNA on
the allele carrying the missense mutation is provided by
the phenomenon of nonsense-mediated altered splicing
(75). Nonsense-mediated altered splicing is defined by
excision of the exon harboring the mutation and can
result in the generation of a transcript that may have a
partial function. As discussed below, this phenomenon
has also been documented in the Afrikander cattle (76).

In a consanguineous family with two affected
individuals, the TG mRNA was found to lack 138
nucleotides corresponding to exon 30 (77). Analysis of
genomic DNA showed a point mutation in the splice
donor site of intron 30 consisting of a guanine to
thymine transversion at position +1 (IVS30+1G>T).
The skipping of exon 30 does not affect the reading
frame of the resulting mRNA and generates a TG
polypeptide chain that is shortened by 46 residues (78).
Immunohistochemical and electron microscopic analy-
ses demonstrate that the mutated TG is retained in the
ER of thyroid follicular cells (79). The folding process is
submitted to a quality control in the ER that is exerted
by molecular chaperones (80). Misfolded TG is accu-
mulated in the ER and then translocated back into the
cytoplasm to undergo degradation by the proteasome
system, a process referred to as ER-associated degrada-
tion or ERAD (80,81).

Three offspring of a consanguineous marriage
presenting with mild hypothyroidism associated with
defective TG synthesis were found to have a premature
stop codon in exon 7 (886C>T; R296X; originally
described as p.R277X) (82). This truncated TG still
contains the main hormonogenic sites in the mature
polypeptide (acceptor tyrosine 5 and donor tyrosine
149) and appears to retain partial hormone synthesis.
The partially retained hormone synthesis of this
mutant is in agreement with a study using a 26kDa TG
aminoterminal peptide, which is also able to allow T4

synthesis (83).
Two unrelated patients with congenital goiter

were found to be homozygous for a point mutation
(c.3790T>C; originally described as c.3787T>C) lead-
ing to substitution of cysteine 1264 in the precursor
by arginine (84,85). One of these patients was euthy-
roid, the other individual had mild hypothyroidism,
but both had undetectable TG levels. As demonstrated
by sensitivity to digestion with endoglycosidase H and
formation of high molecular aggregates, this mutation
is retained in the ER (84,85).

Two sisters presenting with euthyroid adeno-
matous goiter and increased serum TG levels, were

found to harbor a thymine to adenine substitution at
nucleotide 5986 of the TG cDNA (c.5986T>A; origi-
nally described as c.5983T>A) resulting in an amino
acid substitution from cysteine to serine at codon
1996 (p.C1996S; originally described as p.C1995S)
(85). The p.C1996S TG is only partially resistant to
endoglycosidase H treatment, and a fraction of the
protein is transported to the Golgi and, as reflected by
the slightly increased serum levels, secreted into the
circulation (85).

The coincidental intrauterine detection of a fetal
goiter by ultrasound led to the detection of compound
heterozygous T G gene mutations in the index patient
and her younger brother in a recent study by Caron et
al. (86). The goiter was first observed at six month of
gestation and cordocentesis revealed severe hypothy-
roidism of the fetus. Despite repeated intraamniotic
injections of 200µg levothyroxine, the neonate had a
TSH of 284mU/l. Similar findings were observed in a
second pregnancy. During the second gestation,
intraamniotic injection of 500µg levothyroxine at 32
and 36 weeks led to a significant reduction of the TSH,
which was 472mU/l at 29 weeks and 39mU/l at birth.
The clinical findings and a very low serum TG led to
the suspicion that a TG defect could be the cause of the
goitrous hypothyroidism. Sequence analysis of genom-
ic DNA obtained from the two siblings revealed a
paternal T G gene deletion 1143delC in exon 9 result-
ing in a frameshift beginning at residue 381 that gen-
erates a stop codon at position 401 (G381fsX401 orig-
inally described as G362fsX382) and a 6725G>A tran-
sition in the maternal allele that leads to a substitution
of arginine 2242 by histidine (R2242H; originally
described as R2223H) (86).

Recently, we have studied five patients from four
unrelated Brazilian families with goiter and variable
degrees of thyroid function alterations, but low basal
and TSH-stimulated TG levels suggesting the possibili-
ty of a TG gene defect (87,88). In addition, their
radioiodine uptake was elevated indicating an activation
of the iodine concentration mechanism, and the per-
chlorate test was negative indicating a normal organifi-
cation process. The index patient of the first family, an
inbred kindred from the state of Bahia, presented with
congenital goiter, but was euthyroid (total T3

100ng/dl; total T4 7.0mg/dl; free T4 1.1ng/dl; TG
3.9ng/ml; 1 3 1I uptake 54% at 2h and 79% at 24h) (87).
At age 22, he underwent thyroidectomy because of his
large goiter that had a volume of ~70 cm3 on ultra-
sound. One of his first-degree cousins had a similar phe-
notype. Total thyroidal RNA was reverse transcribed
and the whole TG cDNA was then amplified by PCR
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generating 20 overlapping fragments covering the com-
plete coding region of 8307bp. Direct sequence analy-
sis revealed the presence of three novel nucleotide sub-
stitutions that were present in both alleles. The first one,
a transition of guanine to adenine at position 113 in
exon 2 results in a substitution of arginine 38 by lysine
in the precursor (R38K), respectively R19K in the
mature protein. Although this substitution results in a
rather discrete amino acid change, it is in close vicinity
to the tyrosine residue 5, which forms the preferential
acceptor site, involved in T4 formation. At position
2561, a transition of guanine to adenine in exon 10
leads to a substitution of arginine 854 by glutamine
(R854Q). Interestingly, the bovine wild type TG con-
tains a glutamine at this position suggesting that this
alteration may reflect a polymorphism. Lastly, a trans-
version of guanine to cytosine at position 7414 in exon
43 results in the substitution of valine 2471 by leucine
(V2471L). This conservative amino acid change may
also be a polymorphism. Analysis of genomic DNA con-
firmed the presence of these alterations and mutational
analysis of his relatives indicates that the substitutions
segregate with the phenotype. We hypothesize that the
R38K mutation may be causing a partial impairment of
TG synthesis, secretion or function, and that R854Q
and V2471L could be simple polymorphisms. Further
elucidation of the molecular consequences of the three
TG alterations requires in vitro analyses (87). 

Sequence analysis of reverse transcribed mRNA
obtained from the propositi of the three other families
led to the detection of the same homozygous
nucleotide substitution 6701C>A in exon 38, which
results in substitution of alanine by asparagine at posi-
tion 2234 (A2234N), in all three of index patients (88).

The phenotype of these patients was very simi-
lar. In Family 1, the propositus presented with euthy-
roid congenital goiter with a low serum TG level
(TSH 4.0mU/L; T4 7.8ng/dl; TG 9.6ng/ml). At age
16, he underwent thyroidectomy because of a large
multinodular goiter. In Family 2, the two affected
brothers presented with goiter and mild thyroid failure
(TSH 10.0 and 4.0; T4 4.0 and 6.0ng/dl; TG 9.5 and
29.2ng/ml). In the inbred Family 3, the index patient
had goiter and mild hypothyroidism (TSH
12.7mU/L; T4 6.0ng/dl; TG 3.0ng/ml). Analysis of
genomic DNA of the index patients and their relatives
confirmed segregation of the 6701C>A alteration with
the abnormal phenotype. These findings suggest that
the substitution A2234N may be associated with
impaired secretion and/or function of TG, a notion
that requires experimental confirmation using expres-
sion studies of the mutant in transfected cells (88).

Human TG Gene Mutations in Simple Goiter
Given its physiological importance and the observa-
tions that mild TG defects can result in mildly hypothy-
roid or euthyroid goiter, it is reasonable to speculate
that TG variants could play a role in the development
of simple goiter. Addressing this hypothesis, a monoal-
lelic TG alteration has been associated with non-
endemic simple goiter (89). Analyzing 56 individuals,
a 2610G>T transversion in exon 10 substituting gluta-
mine 870 by histidine (Q870H, originally described as
Q851H) was found in 14 individuals with simple goi-
ter from three different families and the authors pro-
posed an autosomal dominant inheritance of the defect
(89). However, it has to be emphasized that 11 unaf-
fected individuals also carried the same allele (89). Sub-
sequently, the same authors reported the Q870H
mutation in 1 of 36 patients with endemic goiter and
proposed an association of this allele with goiter devel-
opment (90). Given that the T G gene contains multi-
ple polymorphisms, and in the absence of any func-
tional data, it remains unclear whether this alteration is
indeed causally involved in the development of the
abnormal phenotype. In another series of 50 patients
with simple euthyroid goiter a monoallelic TG deletion
encompassing the promoter and the first eleven exons
was found in a single patient (91). It remains question-
able whether this alteration has any significance for the
development of the abnormal phenotype given that
heterozygous individuals with inactivating TG muta-
tions do not display an abnormal phenotype (91).

TG GENE MUTATIONS IN ANIMALS

The phenotype of the Afrikander cattle is characterized
by euthyroid congenital goiter with TG deficiency
(92). At the molecular level, this strain has a cytosine to
thymine transition (2146C>T) in exon 9 of the T G
gene that creates a stop codon (R716X, originally
described as R697X). Rather than generating a trun-
cated protein, alternative splicing removes the exon
harboring the premature stop codon by nonsense-
mediated altered splicing (76,92). This truncated TG
protein still contains the amino-terminal hormono-
genic site and appears to be sufficient for hormone syn-
thesis at the expense of a large, compensatory goiter.

The inbred Dutch goats, a strain presenting
with congenital goiter and hypothyroidism, have no
19S TG and only a small 7S protein with a molecular
weight of a ~35kDa (71). The truncated aminotermi-
nal protein is able to make some thyroid hormone and
under conditions of high iodine intake these animal
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are euthyroid, but still have a large goiters (93,94). At
the molecular level, a transition of cytosine to thymine
at position 945 of the TG cDNA results in a stop
codon in exon 8 (945C>T, Y315X, originally
described as Y296X) (95,96).

The cog/cog mouse, an inbred mouse strain with
autosomal recessive hypothyroidism, congenital goi-
ter, and a TG with abnormal immunological and sed-
imentation properties (97,98) has a thymine to cyto-
sine substitution at position 6848 of the TG cDNA.
This missense mutation results in the substitution of
leucine by proline at position 2263 (6848T>C,
L2283P, originally described as L2263P) (99). This
mutation is localized in the region of TG that is
homologous to acetylcholinesterase, a domain that is
important for structural properties (61). Analogous to
some of the TG mutations identified in humans, the
mutated TG of the cog/cog mouse retained in the ER
causing an ER storage disease (ERSD) (80,81,99).

The phenotype of the rdw rat is defined by
dwarfism and hypothyroidism (100). In contrast to
the animal strains and human patients discussed above,
the rdw rat has no goiter and low levels of TG in the
follicular lumen. However, these animals have
detectable TG in the dilated ER, suggesting that the
export of TG is impaired, and increased expression of
molecular chaperones (101,102). The molecular
defect has been unraveled independently by two
groups and consists of a transversion of guanine to
cytosine at position 6958. This transversion results in
the substitution of glycine by arginine at position
2320 (6958G>C, G2320R) (103,104). The identifi-
cation of a mutation in the Tg gene as a cause of non-
goitrous hypothyroidism in the rdw/rdw rat is impor-
tant since it challenges the previously held view that
non-goitrous congenital hypothyroidism is caused by
thyroid dysgenesis or defects in TSH-signaling.

CONCLUSIONS

The isolation and the identification of genes control-
ling thyroid development and thyroid hormone syn-
thesis continues to provide unique insights into the
ontogenesis and physiology of the hypothalamic-pitu-
itary-thyroid axis, as well as a more precise under-
standing of (congenital) disorders at the molecular
level. It has become apparent that thyroid dysgenesis
is, at least in part, a genetic disorder (3,7,19). Howev-
er, the molecular defects known to date only account
for a minority of cases of thyroid dysgenesis. It is like-
ly that a further subset of patients with thyroid dysge-

nesis have defects in other transacting proteins that
remain to be discovered. In other instances, thyroid
dysgenesis may be a polygenic disease or have a multi-
factorial basis. Genetic testing is currently of limited
importance in patients with congenital hypothy-
roidism. However, analyses at the molecular level may
be useful and informative in familial cases and selected
sporadic patients.

A thorough understanding of the molecular
pathophysiology often has unexpected and important
ramifications. For example, expression of functional
NIS has been reported in numerous other tissues,
among them in breast cancer tissue (105,106). Gene
therapy with NIS and subsequent radioiodine therapy
have been successful in several tumors in vitro (107).
NIS expression under the control of tissue-specific
promoters such as the PSA promoter (prostate-specif-
ic antigen) may become an efficacious strategy in the
therapy of selected cancers in vivo (108).

The “experiments of nature” told by naturally
occurring mutations are frequently particularly informa-
tive. For example, it is now clear that inactivating human
PAX8 mutations can be transmitted in an autosomal
dominant fashion and cause thyroid hypoplasia (7,9).
The phenotype may, however, be variable either due to
incomplete penetrance or altered expressivity (see
above). In the case of TG, it is apparent that TG mis-
sense mutations can be associated with a classic ERSD
(80). Mutations which cause alterations in the protein
structure give rises to intracellular retention of the
altered proteins, emphasizing that a correct conforma-
tion is essential for protein transport and biological activ-
ity. The goitrous phenotype can be explained by the
accumulation of misfolded proteins in the cells affected
by ERSD with expansion and dilatation of the ER (Kim,
1998 #110). Some of the nonsense mutations in the TG
gene are of particular interest because of the plasticity
generated by the mechanism of nonsense-mediated exon
skipping (72,75,76). Lastly, it appears that certain very
short TG molecules can be secreted and are sufficient for
partial thyroid hormone synthesis (82,93,94).

In conclusion, these examples illustrate that the
study of Inborn Errors of Metabolism continues to be an
important approach in the quest for a more complete
understanding of human disease and the development
of novel preventative and therapeutic strategies.
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