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For a long time it has been known that both hypo- and hyperthyroidism are associated with an increased risk of
morbidity and mortality. In recent years, it has also become clear that minor variations in thyroid function, including
subclinical dysfunction and variation in thyroid function within the reference range, can have important effects on
clinical endpoints, such as bone mineral density, depression, metabolic syndrome, and cardiovascular mortality.
Serum thyroid parameters show substantial interindividual variability, whereas the intraindividual variability lies
withinanarrowrange.This suggests thatevery individualhasauniquehypothalamus-pituitary-thyroidaxis setpoint
that is mainly determined by genetic factors, and this heritability has been estimated to be 40–60%. Various mu-
tations in thyroid hormone pathway genes have been identified in persons with thyroid dysfunction or altered
thyroidfunctiontests.Becausethesecausesare rare,manycandidategeneand linkagestudieshavebeenperformed
over the years to identify more common variants (polymorphisms) associated with thyroid (dys)function, but only a
limitednumberofconsistentassociationshavebeenfound.However, inthepast5years,advances ingeneticresearch
have led to the identification of a large number of new candidate genes. In this review, we provide an overview of
the current knowledge about the polygenic basis of thyroid (dys)function. This includes new candidate genes iden-
tifiedbygenome-wideapproaches,what insights thesegenesprovide intothegeneticbasisof thyroid (dys)function,
and which new techniques will help to further decipher the genetic basis of thyroid (dys)function in the near future.
(Endocrine Reviews 36: 214–244, 2015)
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I. Introduction

Adequate thyroid hormone (TH) levels are essential for
normal growth and differentiation, for the regula-

tion of energy metabolism, and for the physiological func-

tion of virtually all human tissues. This is illustrated by the
well-known effects of hypo- and hyperthyroidism. In ad-
dition, more recent studies show that also minor variation
in serum TH levels, even within the reference range, can
have important effects on clinical endpoints, such as bone
mineral density (BMD) (1), depression (2), dementia (3),
atrial fibrillation (3, 4), metabolic syndrome (5), and car-
diovascular mortality (3, 6, 7).

In healthy persons, serum thyroid parameters show
substantial interindividual variability, whereas the intra-
individual variability lies within a narrow range (Figure
1A) (8). This suggests that every person has a unique hy-
pothalamus-pituitary-thyroid (HPT) axis setpoint that is
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Abbreviations: AITD, autoimmune thyroid disease; BMD, bone mineral density; BMI, body
mass index; CCR6, chemokine CC motif receptor 6; CH, congenital hypothyroidism; CNV,
copy number variation; D1, type 1 deiodinase; D2, type 2 deiodinase; D3, type 3 deiodinase;
DIT, diiodotyrosine; DM1, type 1 diabetes mellitus; DM2, type 2 diabetes mellitus; DUOX,
dual oxidase; FGF, fibroblast growth factor; FGFR1OP, FGF receptor 1 oncogene partner;
FT3, free T3; FT4, free T4; GD, Graves’ disease; GWAS, genome-wide association studie;
HDL, high-density lipoprotein; HPT, hypothalamus-pituitary-thyroid; LAT, L-type amino
acid transporter; LD, linkage disequilibrium; LDL, low-density lipoprotein; LT3, liothyronine;
LT4, levothyroxine; MCT8, monocarboxylate transporter 8; MIT, monoiodotyrosine; MRI,
magnetic resonance imaging; NF1, nuclear factor 1; NIS, sodium/iodide symporter; NTCP,
Na�/taurocholate cotransporting polypeptide; OATP, organic anion transporter; RTH, re-
sistance to TH; SLAM, signaling lymphocytic activation molecule; sORF, short open reading
frame; Tg, thyroglobulin; TH, thyroid hormone; TPO, thyroid peroxidase; TPOAb, TPO
antibody; TR, TH receptor; T4S, sulfated T4; TSHR, TSH receptor; UTR, untranslated region;
VEGFA, vascular endothelial growth factor A.
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mainly determined by genetic factors, in addition to en-
vironmental factors such as iodine intake and smoking (9,
10). Indeed, this concept is supported by two classical twin
studies from Denmark and the United Kingdom that
found an estimated heritability of serum TSH and free T4

(FT4) levels of 39–65% (Figure 1B) (11, 12). In another
study investigating serum thyroid parameters in a Mexi-
can American population, heritability estimates ranged
from 26–64% (13). Various studies have shown that per-
sons on T4 replacement therapy have a decreased well-

being, despite having serum TH parameters within the
reference range, suggesting that the achieved serum TH
parameters may not match the patient’s physiological set-
point (14, 15).

The genetic architecture of the HPT axis is similar to
other complex traits, with contributions from several
genes, including rare high-penetrance variants with large
effects (mutations) and common low-penetrance variants
with small effects (polymorphisms), as illustrated in Figure
2. Various mutations in TH pathway genes have been

Figure 1.

Figure 1. A, Serum TSH, T3, T4, and FT4 levels in 16 healthy subjects taken monthly for 12 months. Each dot represents a monthly measurement,
and horizontal bars indicate individual parametric means. Laboratory reference ranges are TSH, 0.3–5.0 mU/L; T3, 1.2–2.7 nmol/L; T4, 60–140
nmol/L; and FT4 index, 70–140 nmol/L. This study showed substantial interindividual variability in serum thyroid parameters, whereas the
intraindividual variability lies within a narrow range. [Adapted from S. Andersen et al: Narrow individual variations in serum T(4) and T(3) in normal
subjects: a clue to the understanding of subclinical thyroid disease. J Clin Endocrinol Metab. 2002;87:1068–1072 (8), with permission. © The
Endocrine Society.] B, Scatterplots and correlations between twins of serum TSH, FT4, and FT3 levels according to zygosity. Correlations were
higher in monozygotic twins compared to dizygotic twins, supporting an important role for genetic factors in the HPT axis. Heritability estimates
were 64, 65, and 64% for TSH, FT4, and FT3, respectively. [Adapted from P. S. Hansen et al: Major genetic influence on the regulation of the
pituitary-thyroid axis: a study of healthy Danish twins. J Clin Endocrinol Metab. 2004;89:1181–1187 (11), with permission. © The Endocrine
Society.]
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identified as a cause of thyroid dysfunction and altered
thyroid function tests (Table 1), as discussed in detail in
various reviews (16–35). For example, Ercan-Fang et al
(36) showed that patients with resistance to TH (RTH)
due to a mutation in the TH receptor (TR) �, the predom-
inant TR in the HPT axis, have an altered setpoint com-
pared to wild-type subjects (Figure 3). Because these
monogenic causes are rare, many candidate gene and link-
age studies have been performed over the years to identify
polymorphismsassociatedwith thyroid (dys)function,but
only a limited number of consistent associations have been
found. However, in the past 5 years, advances in genetic
research have led to the identification of a large number of
new candidate genes. Therefore, this review will provide a
systematic overview of the polygenic basis of thyroid
(dys)function, including the new candidate genes identi-
fied by genome-wide association studies (GWAS), and
what insights these genes provide into the genetic basis of
thyroid (dys)function. Finally, we will discuss new tech-
niques that will help to further unravel the genetic basis of
thyroid (dys)function in the near future, which will likely
lead to a better understanding of disease identification and

treatment. Because various reviews
on the genetic basis of autoimmune
thyroid disease (AITD) have been
published over the years (37–41), we
will limit the discussion of AITD can-
didate gene and linkage studies to
one paragraph and will discuss the
newly identified loci by GWAS more
extensively.

We searched MEDLINE articles,
personal files, references of relevant
articles and textbooks published from
1961 to 2014. Only English-language
articles were studied, and the follow-
ing search terms were used: thyroid,
thyroid function, HPT axis, hypo-
thyroidism, hyperthyroidism, subclini-
cal, thyroid autoimmunity, genetic,
mutation, polymorphism, candidate
gene, genome wide association, and
linkage. A critical assessment of the
literature was performed by M.M.
and R.P.P.

II. Key Players in the
HPT-axis and Local Thyroid
Hormone Regulation

Mutations or polymorphisms have
been identified in almost every step

of TH synthesis, serum protein binding, metabolism,
transport and action, leading to subtle or more pro-
nounced changes in thyroid function tests. We will
therefore first briefly discuss these key players in TH
synthesis, transport, uptake and action, which are
also shown in a simplified overview of the HPT axis in
Figure 4.

Hypothalamic TRH stimulates TSH secretion from the
anterior pituitary. TSH binds to the TSH receptor
(TSHR), a G protein-coupled receptor essential for the
proliferation, differentiation, and function of the thyroid
gland. The synthesis of TRH and the two genes encoding
the �- and �-subunits of TSH is inhibited at the transcrip-
tional level by TH, which also inhibits post-translational
modification and release of TSH (42).

The synthesis of TH involves multiple steps. Ingested
iodine, which is present in the circulation as iodide, is
actively transported across the basolateral membrane of
the thyroid follicular cells by the sodium/iodide symporter
(NIS). The energy released by the inward translocation of
Na� down to its electrochemical gradient, as generated by

Figure 2.

Figure 2. The genetic architecture of the HPT axis, with contributions from various genetic
variants with different frequencies and effects. Most of the common variants have small effects,
whereas some rare variants have large effects. Common variants with large effects have not
been found and probably do not exist. Rare variants with small to moderate effects are likely to
be identified by future sequencing efforts. [Adapted from S. H. Ralston and A. G. Uitterlinden:
Genetics of osteoporosis. Endocr Rev. 2010;31:629–662 (63), with permission. © The Endocrine
Society.]
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Table 1. Monogenic Causes of Thyroid Dysfunction and Altered Thyroid Function Tests

Subtype Gene Affected Process Inheritance

Serum Thyroid

Parameters

Clinical and Other Biochemical

Characteristics

Hypothyroidism Central hypothyroidism TRHR TRH signaling AR Normal TSH, low T4 Growth retardation and low IQ.
�-TSH TSH signaling AR Variable TSH, low T4 and T3 Mild to severe mental retardation.
POU1F1 Thyrotrophic

pituitary cell

development

AR or AD Low TSH and T4, normal T3 Mild to severe mental retardation, growth

retardation, low GH and PRL.

Prop-1 Thyrotrophic

pituitary cell

development

AR Low TSH and T4 No or delayed puberty, growth retardation, low

GH, PRL, LH, and FSH.

LHX3 Thyrotrophic

pituitary cell

development

AR Low TSH and T4 Cervical spine rigidity, growth retardation, low

GH, PRL, LH, and FSH.

IGSF1 Unknown X-linked Low TSH and T4 in men

(subset of women)

Growth retardation, delayed puberty,

macroorchidism, increased BMI and low PRL

(men).
TSH resistance TSHR (inactivating

mutations)

TSHR AR Overt hypothyroidism Growth retardation and developmental delay.

Thyroid dysgenesis PAX8 Thyroid

development

AD High TSH, low T4 Varying from thyroid ectopy/hypoplasia with

severe CH to eutopic thyroid with mild CH.

Kidney dysgenesis.
FOXE1 (TTF1) Thyroid

development

AR High TSH, low T4 Developmental delay, cleft palate, choanal

atresia, bifid epiglottis and spiky

hair (Bamforth-Lazarus syndrome).
NKX2.1 (TTF2) Thyroid

development

AD From high TSH to CH Global developmental delay, hypotonia, ataxia,

microcephaly, choreoathetosis, neonatal

respiratory distress syndrome and pulmonary

infections (brain-thyroid-lung syndrome).
Thyroid dyshormonogenesis NIS Iodide trapping AR From euthyroid to

hypothyroid (dependent

on iodine intake). Low or

absent RAI uptake. Low

iodine saliva/serum ratio

Goiter and phenotypic spectrum from euthyroid

to hypothyroid.

SLC26A4 Intrathyroidal iodide

transport. Mild

organification

defect.

AR From euthyroid to

hypothyroid (dependent

on iodine intake)

Deafness and goiter. Phenotypic spectrum from

euthyroid to hypothyroid (Pendred

syndrome).

Tg Tg synthesis AR High TSH, low Tg and T4,

variable T3

Goiter and varying from no to severe

psychomotor delay.
TPO Impaired

organification

AR Transient/permanent mild to

severe CH, high RAI

uptake

Goiter and phenotypic spectrum from mild to

severe hypothyroidism.

DUOX2 Impaired

organification

AR Permanent mild to severe

CH, high RAI uptake

Goiter and phenotypic spectrum from mild to

severe hypothyroidism.
DUOXA2 Impaired

organification

AR Permanent mild to severe

CH, high RAI uptake

Goiter and phenotypic spectrum from mild to

severe hypothyroidism.
DEHAL MIT and DIT

deiodination

AR CH (varying time of onset in

childhood)

Goiter, growth and psychomotor retardation.

Higher urinary MIT and DIT concentrations.
GLIS3 Unknown AR CH (varying anatomy on

ultrasound: ranging from

athyreosis to normal)

Varying from neonatal diabetes and facial

anomalies to hepatic fibrosis, polycystic

kidney disease, glaucoma, osteopenia,

bilateral sensorineural deafness, and

pancreatic insufficiency.
Hyperthyroidism TSHR (activating

mutations)

TSHR AD and sporadic Overt hyperthyroidism

(varying age of onset)

Varying from no complications to

craniosynostosis, advanced bone age,

neurodevelopmental delay, jaundice, and

cerebral ventriculomegaly.
Disturbed TSH

action

TSHR (inactivating

and activating

mutations)

TSHR AR or AD Inactivating mutation: high

TSH, normal T4.

Activating mutation: low

TSH, normal T4

None

Disturbed TH

protein

binding

TBG (deficiency

and excess)

Protein binding

(serum)

X-linked Deficiency: normal TSH, FT4,

and FT3; low TT4 and

TT3. Excess: normal TSH,

FT4, and FT3, high TT4

and TT3

None

TTR (increased

and decreased

TH binding)

Protein binding

(serum)

AD Normal TSH and FT4, high

to low TT4 (depending

on type of mutation)

Amyloidosis with polyneuropathy and/or

cardiomyopathy.

FDH ALB Protein binding

(serum)

AD Normal TSH, high TT4 and

TT3

None

CRYM Protein binding

(cytosol)

AD Normal Deafness

(Continued)
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the Na�-K�-ATPase, is coupled to the inward iodide trans-
location against its electrochemical gradient (19). The efflux
of iodide into the follicular lumen is facilitated by the
SLC26A4 transporter (Pendrin). Recent studies have also
shownacontributingrole foranoctamin-1,aCa2�-activated
iodide channel (43, 44). Although its exact role still needs to
be established, these data even suggest a larger contribution
to iodide efflux than by Pendrin. Thyroglobulin (Tg) is a

glycoprotein whose tyrosine residues are a substrate for io-
dination and iodothyronine formation. Thyroid peroxidase
(TPO) catalyzes the oxidation of iodide by H2O2 and the
iodinationof the tyrosine residues.Dualoxidase2 (DUOX2)
and its maturation factor (DUOXA2) are responsible for
generating H2O2 (45). Subsequently, T4 is formed by the
coupling of two diiodotyrosines (DITs), and T3 is formed by
coupling of one monoiodotyrosine (MIT) and one DIT. T4

andT3 are released into thecirculation
by transporters, including monocar-
boxylate transporter 8 (MCT8). Io-
dide is recycled by deiodination of
iodotyrosines by iodotyrosine deiodi-
nase/dehalogenase (18). In the circula-
tion,only0.03%ofT4 and0.3%ofT3

are present in unbound form, whereas
the rest is bound to the TH binding
proteins T4-binding globulin, tran-
sthyretin, and albumin.

The cellular uptake of T4 and T3 is
mediated by a number of plasma
membrane transporters. OATP1C1
is an organic anion transporter
(OATP) family member, which is
mainly expressed in brain capillaries,
choroid plexus, and astrocytes,
whereas MCT8 and MCT10 are ex-
pressed in various tissues (33, 47).
Peripheral TH metabolism is medi-
ated importantly by the three deio-
dinases that catalyze the iodothyro-
nine deiodination (48–50). Type 1
deiodinase (D1) is present in the
liver, kidney, and thyroid and plays a
key role in the production of serum
T3 from T4 and in the breakdown of
the metabolite rT3. Type 2 deiodi-
nase (D2) is present in the brain, an-
terior pituitary, brown adipose tis-

Table 1. Continued

Subtype Gene Affected Process Inheritance

Serum Thyroid

Parameters

Clinical and Other Biochemical

Characteristics

Disturbed TH

metabolism

SBP2 Deiodinase

synthesis

AR Normal-high TSH, high T4

and rT3, low-normal T3

Growth retardation, (mild) mental and motor

retardation, muscle weakness,

hypoglycemia, impaired hearing, and

infertility.
Disturbed TH

transport

MCT8 TH transport X-linked Normal-high TSH, low T4

and rT3, high T3

Severe psychomotor retardation with cognitive

impairment, hypotonia in childhood

followed by spastic quadriplegia.
Disturbed TH

action

RTH� THRA TH receptor AD Normal TSH, low T4 and rT3,

high T3

Growth retardation; delayed bone, motor, and

mental development; and constipation.
RTH� THRB TH receptor AD Normal-high TSH, high T4

and T3

Diffuse goiter and sinus tachycardia.

AR, autosomal recessive; AD, autosomal dominant; PRL, prolactin; FDH, familial dysalbuminemic hyperthyroxinemia; RAI, radioactive iodine.

Figure 3.

Figure 3. Relationship between FT4 index (FTI) and TSH in wild-type subjects (open dots), subjects
from two families with a TR� E460K mutation (open triangles and squares), and subjects from a
family with an A317T mutation (filled triangles). This study showed that the HPT-axis setpoint in
wild-type individuals is different from subjects with a TR� mutation. [Adapted from S. Ercan-Fang
S et al: Quantitative assessment of pituitary resistance to thyroid hormone from plots of the
logarithm of thyrotropin versus serum free thyroxine index. J Clin Endocrinol Metab. 2000;85:
2299–2303 (36), with permission. © The Endocrine Society.]
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sue, thyroid, and skeletal muscle. D2 only has outer ring
deiodinase activity and catalyzes the conversion of T4 to
T3 and of rT3 to 3,3�-diiodothyronine. In tissues such as
the brain, D2 is important for local production of T3,
whereas D2 in skeletal muscle may also contribute to
plasma T3 production. Type 3 deiodinase (D3) is mainly
present in various fetal tissues, the placenta, and pregnant
uterus, as well as in the adult brain and skin. D3 has only
inner ring deiodinase activity, and it catalyzes the inacti-
vation of T4 and T3 by deiodination to rT3 and 3,3�-dii-
odothyronine, respectively. It is the major T3- and T4-
inactivating enzyme and contributes to TH homeostasis
by protecting tissues from excess TH (49).

T3 is considered to be the major bioactive TH, which
exerts its effects by binding to the intracellular receptors
TR� and TR�. Both receptors have a wide expression pattern,
with a predominance of TR�1 in the brain, heart, and bone; of
TR�1 in the liver, kidney, and thyroid; and of TR�2 in the
retina, cochlea, and pituitary (20).

The importance of these TH pathway genes is illus-
trated by the fact that mutations in many of these genes can
lead to thyroid dysfunction. Table 1 provides an overview
of these monogenic causes of hypothyroidism, hyperthy-
roidism, and other alterations in thyroid function tests. Of
note, mutations in genes involved in TH metabolism and
action have also been identified in nonthyroidal tumors,
such as TR� and TR� mutations in hepatic and renal cell
carcinomas and TR� mutations in TSH-secreting pitu-
itary tumors (52–55). Furthermore, hypothyroidism due
to D3-overexpressing tumors (“consumptive hypothy-
roidism”) has been described in large hepatic hemangio-
mas, and more recently also in gastrointestinal stromal
tumors (56–58). The further discussion of these tumors, as
well as the monogenic causes of thyroid dysfunction
shown in Table 1, is beyond the scope of this review, and
we therefore refer to a number of excellent reviews (16–
35, 59, 60). It is interesting to note that for part of the genes
in Table 1, not only mutations but also polymorphisms

Figure 4.

Figure 4. Simplified overview of the HPT axis, TH synthesis, and TH action in target tissues. Dha, dehydroalanine; Lys, lysosome; TRE, TH response element.
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have been associated with thyroid (dys)function, as dis-
cussed in Sections III and IV of this review.

III. Genetic Variants Associated With Thyroid
(Dys)function (Pre-GWAS)

Because the monogenic causes of thyroid dysfunction and
altered thyroid function tests are rare, a large number of
studies have been performed in the last two decades to
identify more common variants with a minor allele fre-
quency �1% (polymorphisms) associated with thyroid
(dys)function. These studies included both linkage and
candidate gene studies, which will be discussed below.

A. Linkage studies
Linkage studies use polymorphic markers spread

across the entire genome to detect cosegregation with the
phenotype of interest (Table 2). This technique has been
very successful in identifying rare causative variants with
large effects for monogenic diseases. To date, only one
linkage study on serum TH parameters has been published
(61). This study by Panicker et al was performed in 613
dizygotic female twin pairs, and linkage peaks were de-
tected on chr 2q36, 4q32, and 9q34 for TSH; on chr 14q13
and 18q21 for FT4; and on chr 7q36, 8q22, and 18q21 for
free T3 (FT3). No further mutational screening was done
to identify the causative variants within the detected link-
age region.Furthermore,Liu et al (62)performeda linkage
scan in a Chinese family with nonautoimmune hyperthy-
roidism and detected a linkage peak on chr 14q24.2–31.3.
Further mutational screening in this region led to the iden-
tification of a new mutation in the TSHR gene.

B. Candidate gene analyses for HPT-axis setpoint
Candidate gene association studies (Table 2) have been

widely used to study the genetics of complex diseases in the

last 10–15 years. Regarding the HPT-axis setpoint, they
involve the analysis of polymorphic variants in candidate
genes (ie, genes with a role in the regulation of TH pro-
duction and/or activity) in relation to serum thyroid func-
tion tests, thyroid disease, and/or TH-related endpoints.
These studies are relatively easy to perform and can be
powered to detect small effects of specific alleles, but rep-
lication in independent cohorts is mandatory to avoid
false-positive results. Causes of false-positive findings may
be small sample size, lack of standardized phenotyping
and genotyping, and population stratification when in-
sufficient care has been paid to matching cases and con-
trols (63). However, this can usually be avoided by careful
study design and statistical correction for confounding
factors (64). Although most studies nowadays take a ge-
nome-wide approach by genotyping large numbers of
polymorphisms across the genome instead of focusing on
a single candidate gene, candidate gene analyses can still
be very useful. This is especially the case for variants in
which the effects on gene function have been demon-
strated in vitro.

The first candidate gene study analyzing the effect of
genetic variation in relation to the HPT axis studied sev-
eral TH pathway genes, ie, all three deiodinases, TSHR,
MCT8, and THRB (65). Since then, multiple studies have
been published analyzing the association between poly-
morphisms in candidate genes and the HPT-axis setpoint
(29, 66–94). Studies vary in quality, and not all findings
have been replicated in independent cohorts. Below we
aim to give an overview of the consistent findings in the
literature, as well as the controversies for the different
candidate genes that have been analyzed. For genetic vari-
ants in genes that were initially identified by GWAS, and
that were subsequently confirmed or studied in specific
populations by candidate gene analysis, the reader is re-
ferred to Section IV.

Table 2. Techniques Used to Identify Genomic Loci and Gene Variants in Medical Genetics

Method Description

Linkage analysis Use of polymorphic markers spread across the entire genome to detect cosegregation with the phenotype of
interest.

Candidate gene analysis Analysis of polymorphic gene variants in genes with a role in the (patho)physiology of the respective phenotype. The
carriage of these gene variants is tested against this phenotype.

GWAS Genotyping of 100 000 to 500 000 single nucleotide polymorphisms across the entire genome. Nongenotyped
variants are predicted based on their LD with surrounding genotyped variants, leading to the genotypes of a total
of 2.5 to 9.5 million gene variants. The carriage of each allele is tested against the phenotype of interest.

Exome chip analysis Genotyping of �250 000 putative functioning exonic variants, which are selected from various whole exome and
whole genome sequencing efforts. The identified variants are tested against the phenotype of interest.

Whole exome sequencing
analysis

Sequencing the protein-coding part of the genome (ie, exome) to obtain a complete catalog of all variants in these
regions. The identified variants are tested against the phenotype of interest.

Whole genome sequencing
analysis

Sequencing the entire genome to obtain a complete catalog of all variants in the genome. The identified variants are
tested against the phenotype of interest.

LD is the non-random association of alleles at two loci, with a high LD meaning that the presence of an allele at one locus is strongly predictive for the presence of an
allele at the other locus.
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1. TSH receptor
As shown in Table 1, activating as well as inactivating

mutations have been identified within the TSHR gene
(95). One of the best-studied polymorphisms within the
TSHR gene is a C-to-G transition at position 2281 result-
ing in a p.727D�E substitution in the cytoplasmic tail of
the TSHR. Several candidate gene analyses have suggested
that this genetic variant is associated with serum TSH lev-
els (65, 72, 94). A study analyzing the effect of this par-
ticular polymorphism in a healthy population of twins
demonstrated that, although the effect on TSH was clearly
significant, the proportion of genetic variation that could
be accounted for by this TSHR-p.727D�E variant was
very small (0.91% of the overall variation in TSH) (72).
No statistically significant evidence was found for inter-
action between the genotype and environmental factors
such as iodine intake and cigarette smoking. This poly-
morphism is associated with lower TSH levels but normal
FT4 levels in all three studies (65, 72, 94), a finding we
were able to replicate in another independent Dutch pop-
ulation of more than 1000 subjects (W. M. van der Deure,
R. P. Peeters, and T. J. Visser, unpublished data). A study
in preeclamptic women also showed lower levels of TSH,
but no data on FT4 were provided in this study (84). These
results suggest that the setpoint of the HPT axis is affected
by this particular polymorphism, due to an altered sensi-
tivity of the receptor. An increased activity of the TSHR in
carriers of the TSHR-p.727E variant would require less
TSH to produce normal FT4 levels. There is indeed one in
vitro study showing that the TSHR-p.727E variant results
in an increased cAMP response of the receptor to TSH
(96). However, others have not been able to replicate this
finding (97, 98). This suggests that the TSHR-p.727D�E
variant might also be linked to another functional poly-
morphism elsewhere in the TSHR gene.

It should be noted, however, that the association of the
p.727D�E variant with TSH levels was not confirmed in
a large-scale association analysis of 68 TH pathway genes
or in several GWAS (see Section IV) (76, 99–102).

2. TH transporters
The first TH transporter identified at the molecular level

was rat OATP subtype 3 (103). In subsequent years, it has
been demonstrated that TH is transported by various types
of transporters, including the Na�/taurocholate cotrans-
porting polypeptide (NTCP; SLC10A1) (104, 105), the het-
erodimeric L-type amino acid transporters LAT1 and LAT2
(106), various members of the OATP family (29, 107),
MCT8 (SL10A2), and MCT10 (SLC16A10) (108, 109).
Most of these transporters accept a variety of ligands, with
MCT8 and, to a lesser extent, MCT10 and OATP1C1 as
exceptions. Very little is known about the possible effects of

genetic variation in NTCP, LAT1, and LAT2 (93). For this
reason we will only discuss MCT8, MCT10, and several
members of the OATP family.

a. MCT8 and MCT10. Only a few studies exist on the rela-
tionship between polymorphisms in MCT8, located on the
X-chromosome, and serum TH levels (75, 76, 87, 93). The
largest and most recent study by Roef et al (87) found that
two polymorphisms in MCT8 were related to circulating
TH levels in men but not in women. The rs5937843 poly-
morphism in intron 5 of the MCT8 gene was inversely
associated with FT4 levels (87). This is in line with a pre-
vious, smaller study in which carriers of another polymor-
phism in intron 5 of the MCT8 gene (rs5937843) had
lower FT4 levels than wild-type male subjects. This finding
could not be replicated in the homozygous female carriers in
the same population (93). Roef et al (87) also found that a
nonsynonymous polymorphism (rs6647476 [p.107S�P]) was
significantly associated with lower serum FT3 levels in males,
which is in contrast to previous smaller studies (75, 93). No in
vitroeffectsof thispolymorphismcouldbedemonstratedsofar
(75, 93).

The few studies of genetic variation in the MCT10 gene
failed to show any significant association with serum thy-
roid parameters (76, 87, 93).

b. OATPs. The OATPs are a large family of transporters
responsible for Na�-independent transmembrane trans-
port of amphipathic organic compounds, including bile
salts, bromosulfophthalein, steroid conjugates, and nu-
merous drugs (29). In humans, 11 OATPs have been iden-
tified, all containing 12-transmembrane domains. Al-
though most OATP proteins are expressed in multiple
tissues, some members show a more tissue-specific distri-
bution (110). OATP1B1 and OATP1B3 are exclusively
expressed in liver (111, 112), whereas OATP1C1 is pres-
ent in the brain, cochlea, retina, Leydig cells, and placenta
(113).

Several members of the large OATP family facilitate up-
take of TH, including members of the OATP1 subfamily:
OATP1A2 (114), OATP1B1 (115, 116), OATP1B3 (116),
and OATP1C1 (113). This family has best been studied in
relation to genetic variation and thyroid function.

AlthoughOATP1A2-p.172E�D(rs11568563)showedde-
creased transport activity in vitro, this variant was not associ-
ated with serum thyroid parameters in two Caucasian popula-
tions (29).

Polymorphisms in the OATP1B1 and OATP1B3 genes
have been extensively studied as they impact on the inter-
individual variability of drug disposition and drug re-
sponse (117). To date, only one study has focused on as-
sociations between a polymorphism in the OATP1B1
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gene, OATP1B1-p.174V�A (rs4149056), and serum TH
levels (90). OATP1B1 preferentially transports sulfated
hormones, ie, T4S, T3S, rT3S, and estrone sulfate, and
OATP1B1-p.174A shows a 40% lower transport of these
substrates than OATP1B1-p.174V (90). This is in line
with a decreased activity of this variant in transporting
other substrates as well (118). These in vitro data are sup-
ported by population-based data, showing that this poly-
morphism is associated with higher serum T4S and estrone
sulfate levels (90). No studies have yet been published on
associations between genetic variation in the OATP1B3
gene and serum TH levels.

OATP1C1, which is capable of T4, T4S, and rT3 trans-
port, is expressed at the blood–brain barrier, suggesting a
critical role for T4 uptake into the brain. Polymorphisms
in the OATP1C1 gene are not consistently associated with
serum TH levels (87, 91).

None of the variants in these transporters showed a
significant association in the previously mentioned large-
scale association analysis of 68 TH pathway genes or the
GWAS performed so far (76, 99–102).

3. Deiodinases
a. DIO1. Candidate gene analyses of DIO1 have predom-
inantly focused on three polymorphisms, two located in
the 3�-untranslated region (UTR) (rs11206244 and
rs12095080), and one located in intron 3 (rs2235544).
Initial studies focused on the two polymorphisms in the
3�UTR. In general, the DIO1-rs11206244-T allele is as-
sociated with higher serum FT4, T4 and rT3 levels in com-
bination with lower serum FT3 and T3 concentrations (65,
68, 76, 78, 80, 83, 85, 86, 92). As a consequence, this
variant allele is associated with lower T3/rT3 and T3/T4

ratios. These data suggest a negative effect of the DIO1-
rs11206244-T variant on D1 activity because liver D1
plays a major role in the production of serum T3 from T4

and in the breakdown of rT3. The DIO1-rs12095080
polymorphism has been investigated in fewer studies,
showing opposite results from the DIO1-rs11206244-T
allele. The DIO1-rs12095080-G allele was associated
with a higher T3/rT3 ratio in two independent cohorts,
suggesting that this variant is associated with an increased
D1 activity (65, 68). Based on stronger effects of these
variants on serum T3 levels in elderly subjects, it has been
proposed that the relative contribution of D2 to serum T3

production decreases with an increase in age (81), but this
hypothesis remains to be confirmed. No effects on mRNA
levels, mRNA decay rate, or enzyme activity have been
demonstrated for any of these two variants in the 3�UTR
of DIO1 (92).

The intronic polymorphism rs2235544 is in high link-
age disequilibrium (LD) with rs11206244 (r2 � 0.76)

(119). LD is the nonrandom association of alleles at two
loci, with a high LD meaning that the presence of an allele
at one locus is strongly predictive for the presence of an
allele at the other locus. It is therefore not surprising that
a candidate gene analysis using a set of nine tagging poly-
morphisms to capture most common variations across the
DIO1 gene demonstrated that rs2235544 is associated
with decreased levels of FT4 and rT3 and an increased
FT3/FT4 ratio (78). Given this high LD, the exact caus-
ative variant driving these associations still needs to be
identified, which could also be a rare variant in high LD
with rs2235544 or rs11206244, whereas these associa-
tions could also be due to gene-gene interactions (epista-
sis). In 2011, a large-scale candidate gene analysis of 68
genes was performed with a similar tagging approach,
including the genes in Table 1 and Figure 4 (76). One of the
significant findings included an association of rs2235544
with FT4 in the same direction as in the previously men-
tioned reports. This association was recently confirmed in
a meta-analysis of GWAS for TSH and FT4 (see Section
IV) (100). None of the DIO1 polymorphisms is associated
with serum TSH levels, which is likely due to the fact that
circulating T4 and T3 are affected in opposite directions.

b. DIO2. Candidate gene analyses of DIO2 have pre-
dominantly focused on two polymorphisms, located in
exon 1 (rs12885300 [p.3G�D]) and exon 2 (rs225014
[p.92T�A]). DIO2-p.92T�A, the best-studied polymor-
phism in DIO2 in vitro as well as in vivo, is not associated
with any change in circulating TH and/or TSH levels. This
has been demonstrated in multiple populations with and
without thyroid disease (65, 66, 68, 70, 71, 77–79, 86).
The DIO2-p.92T�A variant is located in a part of the
protein that is important for stability (120), but in vitro
studies have produced inconsistent results about its func-
tionality. DIO2-p.92A was associated with decreased D2
activity in skeletal muscle and thyroid samples of homozy-
gous patients with type 2 diabetes mellitus (121). In con-
trast, cells transiently expressing the p.92T�A form of D2
display similar kinetic properties with either T4 or rT3 as
substrate as compared to wild-type D2 (65, 121). This
discrepancy might be explained by linkage to a functional
variant elsewhere in the genome.

In contrast, the DIO2-rs12885300 polymorphism was
associated with an increased T3/T4 ratio in one study, sug-
gesting an increase in deiodinase activity (79). However,
this finding has not been replicated in other cohorts (68).
This could be due to differences in population character-
istics such as age (79, 81), or it could be due to a chance
finding.

DIO2-p.3G�D is located in a short open reading frame
(sORF) within the 5�UTR. This sORF is considered to be
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primarily responsible for the inhibitory effect of the
5�UTR on DIO2 translation because mutation of the start
codon of the sORF completely abolished this inhibitory
effect (122). In vitro analysis of the DIO2-p.3G�D poly-
morphism showed that the minor p.3D variant was asso-
ciated with an increased gene transcription and increased
D2 activity (123), suggesting that the observed associa-
tions with the T3/T4 ratio may very well be true effects.

Although none of the D2 variants were associated with
serum TSH levels, there is evidence that the HPT-axis set-
point is affected. Hoftijzer et al (74) studied the relations
between serum TSH and FT4 levels in patients treated for
differentiated thyroid carcinoma and showed that the neg-
ative feedback of FT4 on TSH was weaker in homozygous
carriers of the DIO2-p.3D variant. Furthermore, homozy-
gous subjects showed a delayed rise in serum T3 for DIO2-
p.92A and a blunted rise in FT4 for DIO2-p.3D, respec-
tively, indicating subtle alterations in intrathyroidal
conversion of T4 to T3 (67, 82). Finally, there is one study
in patients with differentiated thyroid cancer after thy-
roidectomy reporting that carriers of the DIO2-p.92A
variant need a higher dose of levothyroxine (LT4) to sup-
press TSH (89). However, the fact that serum FT4 and FT3
levels were not different between the genotype groups in
this study, and the fact that the findings could not be rep-
licated in a similar cohort of patients with differentiated
thyroid carcinoma, does not support an altered pituitary
setpoint in these patients (73).

c. DIO3. The DIO3 gene is an imprinted gene (124), ham-
pering candidate gene analysis studies. The few candidate
studies that have studied the DIO3 gene in relation to the
HPT-axis setpoint did not find any association (65, 76,
78).

4. TH receptors
Although many studies have been published on asso-

ciations between clinical endpoints and polymorphisms in
other nuclear receptors, such as the estrogen and gluco-
corticoid receptors, relatively little is known about func-
tional polymorphisms in TRs. As shown in Table 1, pa-
tients with mutations in TR� and TR� have clear
alterations in serum thyroid function tests (20, 30, 125).
Therefore, polymorphisms in these receptors may also be
associated with alterations in the HPT-axis setpoint.

By sequencing all THRA and THRB exons and their
flanking regions in more than 50 subjects, eight polymor-
phisms were identified in THRA and seven in THRB (65,
69, 88). These variants in THRA were not associated with
serum thyroid parameters. One polymorphism in THRB
was associated with higher levels of TSH in one popula-
tion, but this could not be replicated in a second, older

population (88). Genetic variation in these receptors did
not show significant associations with TSH or FT4 levels
in the large-scale association analysis of 68 TH pathway
genes or the GWAS performed so far (76, 100–102).

C. Candidate gene analyses for clinical
thyroid-related endpoints

Because TH is a pleiotropic hormone, with effects on
almost all tissues and organ systems, it can be expected
that polymorphic variants affecting local TH action may
well have consequences for a variety of clinical phenotypes
(81, 126). Although the effects of common variants are
usually very small, they exert their effects throughout life.
In recent years, multiple studies have investigated the as-
sociation between genetic variation in TH pathway genes
(especially DIO1 and DIO2) and a large variety of clinical
endpoints, a summary of which is provided in Table 3.
Interestingly, most of the effects of genetic variation were
seen independently of serum TH levels, highlighting the
importance of local regulation of TH in tissues.

1. Neurocognitive function
a. Neurocognitive function in euthyroid patients. The brain is
particularly sensitive to relatively small changes in TH, as
is illustrated by the increased risk of cognitive complaints
and depression in patients with clinical and subclinical
thyroid disease (2, 127). As shown in Table 3, genetic
variation in D1 has been associated with an increased risk
of lifetime major depression in white females and a better
response to potentiation of sertraline by T3 addition in
depressed patients (83, 119). Whereas DIO2-p.92T�A
was not associated with response to paroxetine treatment
in patients with a major depression, this variant was as-
sociated with an increased risk of bipolar disorder in a
Chinese population, but these data need replication in a
separate cohort (128, 129).

Thyroid disorders have also been suggested to be a risk
factor for dementia (130, 131). However, studies using
magnetic resonance imaging (MRI) did not find any as-
sociation between DIO1, DIO2, or THRA polymor-
phisms and markers of early Alzheimer’s’ dementia (132,
133).

b.NeurocognitivefunctioninpatientsreceivingTHreplacement
therapy. A small but significant proportion of thyroidec-
tomized patients on LT4 replacement have low serum T3

despite normal TSH and high-normal FT4 levels (134).
These patients may be more vulnerable to genetic variants
affecting local T3 production. Perhaps in these patients a
reduced D2 activity cannot fully compensate for the ab-
sence of the thyroidal T3 production (126). This might
explain why a subgroup of patients who receive TH
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Table 3. TH Pathway Genes and Clinical Outcomes

Clinical Endpoint Gene First Author, Year (Ref) na Summary of Findings

Neurocognitive function
(euthyroids)

DIO1 Cooper-Kazaz, 2009 (119) 35/29 rs11206244 but not rs12095080 associated with enhanced
potentiation of sertraline by T3.

Philibert, 2011 (83) 1555 rs11206244 but not rs2294512 and rs2235544 associated with
increased risk of major depression in white middle-aged women.

de Jong, 2007 (68) 473 rs11206244 and rs12095080 not associated with MRI markers
of dementia (hippocampus/amygdala volume) in Dutch
elderly subjects.

DIO2 Brouwer, 2006 (129) 98 rs225014 (p.92T�A) not associated with response to
paroxetine in patients with major depression.

Cooper-Kazaz, 2009 (119) 35/29 rs225014 (p.92T�A) and rs12885300 (p.3G�D) not associated
with enhanced potentiation of sertraline by LT3.

He, 2009 (128) 278/284 rs225014 (p.92T�A) and rs12885300 (p.3G�D) associated with
increased risk of bipolar disorder in Chinese middle-aged
subjects.

de Jong, 2007 (68) 473 rs225014 (p.92T�A) and rs12885300 (p.3G�D) not associated
with MRI markers of dementia in Dutch elderly subjects.

THRA Medici, 2012 (133) 454 rs868150, rs7502966, rs1568400, rs939348, rs2230701
(c.351C�T) and rs3744805 not associated with MRI markers of
small vessel disease or neurodegeneration in Dutch elderly.

Neurocognitive function
(TH replacement therapy)

DIO1 Panicker, 2009 (135) 552 rs11206237, rs11206244, rs2235544, rs2268181, rs2294511,
rs2294512, rs4926616, rs731828 and rs7527713 not
associated with psychological well-being on LT4 and
response to combination LT3/LT4 in trial comparing LT4 with
LT3/LT4 combination therapy.

DIO2 Panicker, 2009 (135) 552 rs225014 (p.92T�A) but not rs225011 and rs225015
associated with impaired psychological well-being on LT4
and better response to combination LT3/LT4 therapy.

Appelhof, 2005 (66) 141 rs225014 (p.92T�A) and rs12885300 (p.3G�D) not associated
with well-being, cognitive function and response to LT3/LT4
combination therapy in trial comparing LT4 with LT3/LT4
combination therapy

DIO3 Panicker, 2009 (135) 552 rs17716499, rs7150269, rs8011440, and rs945006 not
associated with psychological well-being on LT4 and
response to combination LT3/LT4 therapy.

OATP1C1 van der Deure, 2008 (91) 141 rs10770704 and rs10444412, but not rs36010656
(p.143P�T), associated with fatigue and depression but not
with neurocognitive functioning or preference for
combination LT3/LT4 therapy in trial comparing LT4 with
LT3/LT4 combination therapy.

Mental retardation DIO2 Guo, 2004 (137) 96/331 rs225010 and rs225012, but not rs225014 (p.92T�A),
associated with mental retardation in Chinese children from
an iodine-deficient area.

Zhang, 2012 (138) 1461 rs225015, rs2267872, and rs1388378, but not rs225014
(p.92T�A) and rs225012, associated with mental retardation in
Chinese children from an iodine-deficient area.

TSHR Guo, 2005 (139) 94/326 rs2284716, rs917986, rs2075173, and rs2075179 (c.561T�C)
not associated with mental retardation in Chinese children
from an iodine-deficient area.

Osteoporosis and
osteoarthritis

DIO2 Heemstra, 2009 (73) 154 rs225014 (p.92T�A) associated with lower BMD and higher
bone turnover in thyroidectomized thyroid carcinoma patients
on LT4 replacement.

Meulenbelt, 2008 (155) 2209/1199 rs225014 (p.92T�A) associated with generalized osteoarthritis
in Caucasian and Asian subjects.

DIO3 Meulenbelt, 2011 (157) 3252/2132 rs945006, but not rs1190715 and rs8011440, associated with
knee and hip osteoarthritis in European subjects.

THRA Medici, 2012 (154) 19 195 rs868150, rs7502966, rs1568400, rs939348, rs2230701
(c.351C�T), and rs3744805 not associated with BMD,
osteoporotic fractures, or bone geometry in Caucasian subjects.

TSHR van der Deure, 2008 (94) 4934 rs1991517 (p.727D�E) associated with increased femoral neck
BMD in Dutch elderly subjects.

Liu, 2012 (148) 150 rs1991517 (p.727D�E), but not rs61747482 (p.36D�H),
associated with osteoporosis in Chinese subjects.

(Continued)
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Table 3. Continued

Clinical Endpoint Gene First Author, Year (Ref) na Summary of Findings

Diabetes and insulin
sensitivity

DIO2 Mentuccia, 2002 (158) 135 rs225014 (p.92T�A) associated with insulin resistance in
subjects undergoing euglycemic-hyperinsulinemic clamps.

Mentuccia, 2005 (77) 747 rs225014 (p.92T�A) not associated with DM2 or impaired
glucose tolerance in middle-aged Amish.

Gumieniak, 2007 (71) 372 rs225014 (p.92T�A) not associated with HOMA index in
middle-aged subjects.

Grarup, 2007 (160) 7342 rs225014 (p.92T�A) not associated with DM2, glucose
intolerance, or fasting plasma glucose levels in middle-aged
Danish subjects.

Maia, 2007 (161) 1633 rs225014 (p.92T�A) not associated with DM2, fasting plasma
glucose or insulin levels, HbA1c levels, or insulin resistance in
elderly subjects.

Peeters, 2005 (80) 349 rs225014 (p.92T�A) not associated with DM2, fasting plasma
glucose or insulin levels, HbA1c levels, or HOMA index in
Dutch elderly men.

Nair, 2012 (162) 150/150 rs225014 (p.92T�A), rs225011, rs225015, and rs6574549 not
associated with early-onset DM2, hepatic glucose output,
fasting insulin, and insulin action in Pima Indians.

Dora, 2010 (164) 2811/8661 rs225014 (p.92T�A) associated with increased risk of DM2 in
middle-aged subjects.

Canani, 2005 (121) 183 rs225014 (p.92T�A) associated with fasting insulin levels in
Brazilian patients with DM2.

Estivalet, 2011 (165) 246 rs225014 (p.92T�A) associated with fasting insulin levels and
HOMA in middle-aged European patients with DM2.

TSHR Peeters, 2007 (163) 349 rs1991517 (p.727D�E) associated with higher glucose, insulin,
HbA1c, and HOMA in elderly Dutch men.

Blood pressure DIO2 Gumieniak, 2007 (71) 372 rs225014 (p.92T�A) associated with hypertension in euthyroid
middle-aged subjects.

Dora, 2010 (164) 1057 rs225014 (p.92T�A) not associated with diastolic or systolic
blood pressure in Brazilian patients with DM2.

Canani, 2007 (166) 315 rs225014 (p.92T�A) not associated with hypertension or mean
blood pressure levels in Brazilian patients with DM2.

Maia, 2008 (167) 1557 rs225014 (p.92T�A) not associated with hypertension or mean
blood pressure levels in general population.

van der Deure, 2009 (168) 2294 rs225014 (p.92T�A) and rs12885300 (p.3G�D) not associated with
hypertension or mean blood pressure levels in general population.

THRH Garcia, 2001 (169) 183/185 �221G�C promoter variant (no rs number available)
associated with increased risk of essential hypertension.

TSHR van der Deure, 2009 (168) 2294 rs1991517 (p.727D�E) not associated with hypertension or
mean blood pressure levels in Dutch elderly.

Dyslipidemia DIO2 Mentuccia, 2005 (77) 747 rs225014 (p.92T�A) not associated with triglycerides, total,
LDL, or HDL cholesterol levels in middle-aged Amish.

Canani, 2005 (121) 183 rs225014 (p.92T�A) not associated with triglycerides, total or
HDL cholesterol levels in patients with DM2.

Grarup, 2007 (160) 5843 rs225014 (p.92T�A) not associated with triglycerides, total, LDL, or
HDL cholesterol levels in Danish middle-aged subjects.

Estivalet, 2011 (165) 714 rs225014 (p.92T�A) not associated with triglycerides, total or HDL
cholesterol levels in middle-aged European patients with DM2.

BMI DIO1 Peeters, 2005 (80) 350 rs11206244 and rs12095080 not associated with BMI in Dutch
elderly men.

DIO2 Mentuccia, 2005 (77) 747 rs225014 (p.92T�A) not associated with BMI in middle-aged Amish.
Canani, 2005 (121) 183 rs225014 (p.92T�A) not associated with BMI in middle-aged

Brazilian patients with DM2.
Torlontano, 2008 (89) 191 rs225014 (p.92T�A) not associated with BMI in middle-aged

Italian thyroid cancer patients on LT4 replacement.
Heemstra, 2009 (73) 295 rs225014 (p.92T�A) associated with BMI in middle-aged

Dutch Hashimoto’s thyroiditis patients on LT4 replacement
(n � 141), but no association with BMI in thyroid cancer
patients on LT4 replacement (n � 154).

Grarup, 2007 (160) 7342 rs225014 (p.92T�A) not associated with BMI in middle-aged
Danish subjects.

Maia, 2007 (161) 1633 rs225014 (p.92T�A) not associated with BMI in elderly subjects.
(Continued)
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replacement have decreased well-being (15). As shown in
Table 3, two studies analyzed the effects of genetic vari-
ation in deiodinases in hypothyroid patients (66, 135).
Both studies were secondary analyses of prospective trials
comparing liothyronine (LT3)/LT4 combination therapy
to LT4 alone in primary hypothyroidism. The largest
study in 552 patients showed that genetic variation in
DIO2 (rs225014) was associated with impaired psycho-
logical well-being at baseline (135). It should be noted that
although 16 polymorphisms were tested in this study, no
multiple testing correction was applied because the study
was powered to detect only large gene-treatment interac-
tions. Therefore, these results need replication in an inde-
pendent cohort. Interestingly, this polymorphism was also
associated with response to combination LT3/LT4 treat-
ment. These effects were not found in the smaller second
study (141 patients), but the DIO2-p.92A variant did
show a similar but nonsignificant trend with impaired
well-being (66).

The third study analyzed OATP1C1, a T4 transporter
expressed at the blood–brain barrier (see Section III.B), in
the same 141 patients (136). Polymorphisms in this trans-
porter were associated with fatigue and depression, but
not with neurocognitive functioning or preference for
LT3/LT4 combination therapy. Because all of these stud-
ies retrospectively genotyped the participants, results have
to be confirmed in randomized prospective studies.

c. Mental retardation. TH and its essential trace element io-
dine are crucial for normal brain development. Two stud-
ies investigated whether the risk of mental retardation was
associated with genetic variation in DIO2, both of which
were conducted in an iodine-deficient area (137, 138). As
shown in Table 3, several DIO2 polymorphisms were as-
sociated with an increased risk of mental retardation, but
these associations were not present in both study popula-
tions, and no associations with DIO2-rs225014 were
found. Genetic variation in the TSHR was also studied in
one of these populations, but no associations with mental
retardation were detected (139).

2. Osteoporosis and other bone-related phenotypes
TH is crucial for bone development and maintenance.

Hyperthyroidism results in bone loss, osteoporosis, and
an increased risk of fractures, whereas hypothyroidism
has been reported to result in increased cortical thickness
(140). Subclinical hyper- and hypothyroidism have both
been related to fracture risk as well, although conflicting
results have been reported (127, 141).

Several studies have investigated variation in TH path-
way genes and osteoporosis. Genetic variation in D2 has
been associated with more bone turnover and decreased
BMD in thyroidectomized patients with thyroid cancer on
replacement therapy (142), suggesting a role in bone ho-
meostasis. This is in line with data from Dio2 knockout
mice, which have increased fracture susceptibility due to
an essential role for D2 in osteoblasts in reaching optimal
bone strength and mineralization (143).

The TSHR is also expressed in bone. Although various
mouse studies have been performed to investigate the in-
dependent effects of TSH on bone, controversy remains
concerning its exact role in bone metabolism (144–147).
A large population-based study showed that TSH, in con-
trast to FT4, was positively correlated with BMD (94).
Polymorphisms in the TSHR have been related to bone
formation as well. The p.727D variant, which is thought
to result in a lower TSHR activity, has been associated
with a lower femoral neck BMD in the general population
and is more frequent among males with osteoporosis (94,
148).

THRA is the predominant TR in bone, and RTH� pa-
tients have a delayed bone development (32, 149–153).
The associations between THRA polymorphisms, BMD,
bone geometry, and fracture risk have therefore been stud-
ied in a large population-based sample, but no associa-
tions were found (154).

Finally, genetic variation in the deiodinases has also
been associated with osteoarthritis. A genome-wide link-
age scan identified an association between the DIO2-
p.92T�A variant and generalized osteoarthritis (155).
The same authors later demonstrated increased D2 pro-
tein in cartilage of patients with osteoarthritis, as well as

Table 3. Continued

Clinical Endpoint Gene First Author, Year (Ref) na Summary of Findings

Sepsis susceptibility DIO2 Ma, 2011 (51) 336/375 rs225014 (p.92T�A), but not rs12885300 (p.3G�D),
rs225017, rs225011, rs2267872, rs2267873, rs8009555 or
rs6574551, associated with lower risk of severe sepsis and
related acute lung injury in European Americans (217 cases,
188 controls). No associations in African Americans were
found (119 cases, 187 controls).

a Number of patients or number of patients/controls.
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allelic imbalance of the DIO2 mRNA. In heterozygous
carriers, mRNA from the variant allele was more abun-
dant than from the wild-type allele (156). Genetic varia-
tion in DIO3 has also been implicated in knee and hip
osteoarthritis (157), but these findings still require inde-
pendent replication.

3. Metabolic syndrome
The first study that associated a TH pathway gene with

a clinical endpoint concerned the DIO2-p.92T�A variant
in relation to insulin resistance (158). Since then, various
studies have analyzed polymorphisms in different TH
pathway genes in relation to parameters of the metabolic
syndrome, including insulin resistance, high blood pres-
sure, dyslipidemia, and body composition.

a. Diabetes and insulin resistance. The initial study by Men-
tuccia et al (158) analyzed a population of 135 nondia-
betic women undergoing euglycemic-hyperinsulinemic
clamps to determine insulin sensitivity. In these women,
a consistent strong relationship between the DIO2-
rs225014 variant and lower glucose disposal rate was ob-
served, pointing toward an increased risk for insulin re-
sistance. Subsequent studies showed conflicting results in
larger populations with different characteristics. In mul-
tiple nondiabetic cohorts of varying size but with a total of
more than 10 000 subjects, no association of this poly-
morphism with diabetes or insulin resistance could be
demonstrated (71, 77, 159–163). However, in one case-
control study of 1057 type 2 diabetic and 516 nondiabetic
subjects, the DIO2-rs225014 variant was associated with
a significantly increased risk of type 2 diabetes mellitus
(DM2) (164). A subsequent meta-analysis of the available
case-control studies in 2010 resulted in a significantly in-
creased risk as well, with a pooled odds ratio of 1.18 (95%
confidence interval, 1.03–1.36; P � .02) (164).

Three studies analyzed insulin sensitivity in patients
with DM2 using homeostasis model of assessment-esti-
mated insulin resistance and fasting insulin. All three stud-
ies showed an increased insulin resistance in homozygous
carriers of the DIO2-p.92A variant allele (121, 164, 165).
Altogether, these data suggest that genetic variation in
DIO2 is indeed associated with a mild increase in insulin
resistance. So far, however, large GWAS of diabetes have
not identified the DIO2 gene as a susceptibility locus. One
study found an association between the TSHR-p.727D�E
variant (TSHR is known to be expressed in adipose tissue)
and insulin resistance in nondiabetic elderly men, but this
finding needs replication in an independent cohort (163).

b. Blood pressure. Studies analyzing the association of the
DIO2-p.92T�A variant in relation to blood pressure

show conflicting results as well. A study in a relatively
small population showed a positive association between
this variant and blood pressure, but this finding was not
replicated in four larger studies of nondiabetic and dia-
betic patients (164, 166–168).

One study has reported on the association of genetic
variation in the TRHR gene and hypertension (169).
However, in a population-based study of normotensive
subjects, we did not find any associations of these TRHR
polymorphisms with blood pressure (W. M. van der
Deure, unpublished results).

c. Dyslipidemia. Hypothyroidism results in a marked in-
crease in total and low-density lipoprotein (LDL) choles-
terol levels, and several (but not all) cross-sectional studies
have suggested an association of subclinical hypothyroid-
ism with total and LDL cholesterol levels as well (127). As
a consequence, several studies analyzing TH pathway
genes (more specifically DIO2) in relation to insulin re-
sistance also studied its relation with total, high-density
lipoprotein (HDL), and LDL cholesterol as well as trig-
lycerides, but none of these studies found significant as-
sociations (77, 121, 159, 160, 165). However, considering
the fact that not D2 but D1 is the predominant deiodinase
in liver, and the fact that the DIO2-p.92T�A variant does
not affect circulating TH levels, a substantial effect of this
polymorphism on cholesterol metabolism would not be
expected either.

To the best of our knowledge, no candidate gene studies
have been published on the association between genes in-
volved in TH uptake or metabolism in the liver, such as
NTCP, MCT8, OATP1B1, and DIO1, and dyslipidemia.
Interestingly, MCT8 knockout mice have increased he-
patic T3 levels and decreased cholesterol levels (170),
whereas lipid profiles have not yet been extensively stud-
ied in human MCT8-deficient patients (Allan-Herndon-
Dudley syndrome). Furthermore, OATP1B1 is also in-
volved in the liver uptake of statins. A GWAS in patients
using statins revealed that a polymorphism in this trans-
porter (rs4363657) is associated with statin-induced my-
opathy (171). This variant is in almost complete LD (r2 �
0.97) with rs4149056 (p.174V�A), which is associated
with increased serum T4S levels (90).

d. Body composition. The only study reporting on the asso-
ciation between genetic variation in DIO1 and body mass
index (BMI) was negative (80). However, DIO1 polymor-
phisms putatively associated with decreased D1 activity
were also associated with higher serum free IGF-1 levels in
two independent populations (80). The pathophysiolog-
ical significance of this association with IGF-1 was sup-
ported by increased muscle strength and muscle mass in
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elderly carriers of this variant allele. However, these data
have not yet been replicated, nor have other studies been
published to date on IGF-1-related endpoints such as body
length. Almost all studies of the DIO2-p.92T�A poly-
morphism in relation to body composition showed a lack
of association with BMI (73, 77, 89, 121, 159–161), ex-
cept for one small study that showed that treated
Hashimoto’s thyroiditis patients homozygous for the
p.92A allele have an increased BMI (73).

Because the phenotype of RTH� patients includes
growth retardation (Table 1), one may expect that poly-
morphisms in THRA could affect height. In the previously
mentioned study on THRA polymorphisms and bone pa-
rameters (154), we therefore tested the association with
height but did not find any relations, suggesting that these
common THRA variants are not functional (M. Medici, T.
J. Visser, and R. P. Peeters, unpublished results).

D. Linkage and candidate gene studies in autoimmune
thyroid disease

Since the 1970s, a number of loci have been consistently
associated with the risk of AITD, including HLA classes I
and II, CTLA4, PTPN22, IL2RA, TSHR, and FCRL3.
The discussion of these studies is beyond the scope of this
review, and we therefore refer to a number of comprehen-
sive reviews published over the years (38–41, 172–175).
For the results of a large AITD candidate gene analysis
using the ImmunoChip, please see the original publication
by Cooper et al (176) and the recent review by Simmonds
(39). The new loci more recently discovered by GWAS are
covered in Section IV.

IV. Genetic Variants Associated With Thyroid
(Dys)function (GWAS)

As discussed above, linkage and candidate gene studies
have identified only a limited number of genes consistently
associated with thyroid function or dysfunction. More re-
cently, GWAS have had much more success in identifying
genetic variants associated with thyroid-related traits.
These studies have been made possible by advances in
genotyping techniques, in which 100 000 to 500 000 vari-
ants are genotyped across the whole genome and tested
against the phenotype of interest (Table 2). A stringent P
value threshold of P � 5 � 10�8 is used to prevent false-
positive results due to multiple testing. As expected for
“common” variants with an allele frequency �1%, effect
sizes are small, and therefore large populations and often
meta-analyses of populations are needed to reach suffi-
cient statistical power. In this way, in the last 7 years,
GWAS have identified many genetic variants associated

with thyroid-related traits, the results of which are dis-
cussed below.

A. GWAS on hypothyroidism
Only two GWAS on hypothyroidism have been pub-

lished. Using electronic medical records for case identifi-
cation, Denny et al (177) published the first GWAS on
hypothyroidism in 2011. A drawback of the second hy-
pothyroidism GWAS by Eriksson et al (178) was that the
identification of hypothyroidism cases was based on web-
based questionnaires. The five loci found to be significant
in these GWAS are discussed below.

1. Loci with an established role in autoimmunity
Four of the significant hypothyroidism loci had an es-

tablished role in autoimmunity and include the HLA class
I region, PTPN22, SH2B3, and VAV3 loci. The HLA class
I region emerged as a candidate region in the hypothy-
roidism GWAS by Eriksson et al (178). The detected
rs2517532 polymorphism is located between the HLA-E
and HLA-C genes. Variation in HLA-C has previously
been associated with Graves’ disease (GD) (179). These
HLA class I region molecules are important for antigen
presentation, including viral antigens, which have been
suggested to play an important role in triggering AITD
(39, 180). However, the exact effects of these variants on
antigen presentation remain unclear at present.

PTPN22 is a lymphoid-specific intracellular phospha-
tase involved in the T-cell receptor signaling pathway. As
discussed, early candidate gene studies had already asso-
ciated genetic variation in this gene with AITD (39, 40,
173). Eriksson et al (178) also detected a significant as-
sociation with rs6679677, which is located near PTPN22.
This polymorphism is in high LD with the missense variant
rs2476601 (p.620R�W), which has been previously as-
sociatedwithHashimoto’s thyroiditis (181).The resultsof
a study by Menard et al (182) suggested that this mutation
results in impaired removal of autoreactive B cells, as well
as the up-regulation of genes such as CD40, TRAF1, and
IRF5, which encode proteins that promote B-cell activa-
tion and have been identified as susceptibility genes also
associated with other autoimmune disorders. Further-
more, variations in PTPN22, in particular p.620R�W,
have been associated with various autoimmune disorders,
such as type 1 diabetes mellitus (DM1), rheumatoid ar-
thritis, and systemic lupus erythematosus (183–186).

SH2B3 encodes the adaptor protein LNK, a key nega-
tive regulator of T-cell cytokine signaling, which plays a
critical role in hematopoiesis (187). Eriksson et al (178)
were the first to find an association of genetic variation in
SH2B3 with hypothyroidism. The identified variant
rs3184504 causes a p.262W�R substitution and had al-
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ready been associated with other autoimmune diseases,
such as celiac disease, DM1, vitiligo, and rheumatoid ar-
thritis (183, 188–190). It remains to be determined how
this mutation affects the protein structure and its function.

Finally, the VAV3 locus emerged as a candidate locus
in the hypothyroidism GWAS by Eriksson et al (178).
VAV3 is a guanine nucleotide exchange factor for Rho and
Rac family GTPases. VAV3 is expressed in the thyroid and
has been shown to be down-regulated in some subtypes of
thyroid tumors (191), but there is no clear role for VAV3
in human thyroid physiology or autoimmunity. However,
Fujikawa et al (192) have shown in mice that the VAV
family proteins, including VAV3, play an important role
in lymphocyte development and activation. Mouse VAV3
has furthermore been suggested as a candidate gene for
DM1 (193). Future human studies should investigate the
potential role of VAV3 in thyroid autoimmunity.

2. FOXE1

FOXE1 is a transcription factor essential in thyroid
development, mutations in which can lead to congenital
hypothyroidism, as shown in Table 1 (194). FOXE1 was
also identified as a candidate gene for hypothyroidism in
the GWAS by Denny et al (177). Associations were de-
tected with four polymorphisms that were in strong LD,
located 58–71 kb upstream from the FOXE1 gene. The
strongest association was with rs7850258, which was rep-
licated in an independent set. One of the four polymor-
phisms (rs925489) was also the strongest hit in the hypo-
thyroidism GWAS by Eriksson et al (178). Several studies
have detected associations between FOXE1 polymor-
phisms and the risk of follicular and papillary thyroid can-
cer (195–197). In this context, it is interesting to note that
higher TSH levels have been associated with an increased
risk of thyroid cancer and advanced-stage disease (198).
As a second part of the hypothyroidism GWAS of Denny
et al (177), a so-called phenome-wide association analysis
was performed of the identified top FOXE1 variant
(rs7850258). In this way, associations were found with
thyroiditis, nodular and multinodular goiters, and thyro-
toxicosis. However, the associations in this phenome-
wide approach need replication in independent cohorts,
and the underlying biological mechanisms need to be clar-
ified in future studies.

B. GWAS on hyperthyroidism

Two GWAS have been published for GD. Chu et al
(199) performed the first GD GWAS in the Chinese Han
population, and an extension of this study was published
in 2013 by Zhao et al (200). These studies confirmed pre-
viously identified candidate genes, including HLA class II

region genes, TSHR, CTLA4, and FCRL3, but also iden-
tified new candidates, which are discussed below.

1. Loci with an established role in autoimmunity
Similar to the hypothyroidism-associated loci, most

of the loci found to be significant in GWAS for hyper-
thyroidism have a known role in autoimmunity or im-
munity in general, including Tg, GPR174-ITM2A, the
C1QTNF6-RAC2 locus, SLAMF6, and the 6q27 and
14q32.2 loci.

Various studies have investigated the relation between
genetic variation in the Tg locus and AITD (40, 41, 201)
and have led to conflicting results. Zhao et al (200) was the
first to report an association between the Tg gene and GD
in a GWAS setting. The authors additionally showed that
the top polymorphism, rs2294025, influenced Tg splicing,
skipping exon 46. Tg is located on chr 8q24.22 and is a key
auto-antigen in the pathogenesis of GD with 40–70% of
the GD patients having Tg antibodies (202). The role of Tg
in AITD is underlined by the fact that Jacobson et al (203)
generated an AITD mouse model by immunizing mice
with human Tg. Furthermore, Nielsen et al (204) have
shown that Tg antibodies promote the formation of com-
plement-activating complexes, binding of immune com-
plexes to B-cells, and the proliferation of B- and T-cell
subsets.

The GPR174-ITM2A was the most significant new hit
in the GD GWAS by Zhao et al (200). It is located on chr
Xq21.1, which is of interest because GD is more prevalent
among women. The top polymorphism, rs5912838, lies
between the GPR174 and ITM2A genes. ITM2A (integral
membrane protein 2A) has been shown to escape X-chro-
mosome inactivation and is induced during thymocyte se-
lection and T-cell activation (205–207). At that time, little
was known about GPR174, a G protein-coupled receptor.
However, an X-chromosome-specific follow-up study on
theGWASbyChuetal (208) showedthatanonsynonymous
variant located in GPR174 (rs3827440 [p.162S�P]) was
significantly associated with GD and affected GPR174
mRNAlevels inperipheralbloodcells.GPR174was further-
more shown to be widely expressed in immune-related tis-
sues suchasspleen, lymphnodes, thymus,bonemarrow,and
leukocytes,withamoderateexpressioninthethyroid.There-
fore, future studies should investigate the distinct roles of
GPR174 and ITM2A in the pathogenesis of GD.

Also, genetic variation in the C1QTNF6-RAC2 locus
has been associated with GD in the GWAS by Zhao et al
(200). This locus has previously been associated with var-
ious autoimmune diseases, such as Crohn’s disease, DM1,
and multiple sclerosis (209, 210). RAC2 has been shown
to play an important role in both T- and B-cell develop-
ment and signaling (211–214), and RAC2 mutations have
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been detected in the human neutrophil immunodeficiency
syndrome (215). However, the role of C1QTNF6 in (thy-
roid) autoimmunity remains to be established.

It has already been known for several years that the
signaling lymphocytic activation molecule (SLAM) path-
way members, including SLAMF6, have an important role
in T-cell stimulation as well as in the pathogenesis of lupus
in mice (216, 217). Recently, it has been shown by Menard
et al (218) that this pathway also influences B-cell toler-
ance in humans, which is important for the development
of autoimmunity. SLAMF6 is located on chr 1q23.2, and
this locus was also among the newly identified loci in the
GWAS by Zhao et al (200) in which rs1265883 in intron
1 of SLAMF6 was associated with an increased risk of GD.

The most significant new hit in the GD GWAS by Chu
et al (199) was the 6q27 locus. This locus contains the
RNASET2, FGFR1OP (fibroblast growth factor receptor
1 oncogene partner), and CCR6 (chemokine CC motif
receptor6) genes.The toppolymorphism, rs9355610,was
associated with RNASET2 and FGFR1OP expression lev-
els in peripheral blood mononuclear cells. Little is known
about RNASET2 and FGFR1OP in (auto)immunity,
whereas CCR6 is a chemokine receptor preferentially ex-
pressed in immature dendritic cells and memory T cells
(219). CCR6-deficient mice are resistant to autoimmune
encephalitis, but there are no data available on their thy-
roid phenotype (220). Previous GWAS have also associ-
ated this locus with other autoimmune diseases, including
rheumatoid arthritis, Crohn’s disease, and vitiligo (190,
221, 222). Therefore, further studies are needed to deter-
mine the exact molecular mechanisms behind the observed
associations with these various autoimmune diseases.

Finally, the 14q32.2 locus emerged as a GD candidate gene
in the GWAS by Zhao et al (200). The top variant was located
in an intergenic region, where the authors identified two new
noncodingRNAsthattheydesignatedC14orf64and“GDcan-
didate gene at 14q32.2” (GDCG14q32.2). These were shown
tobehighlyexpressed in immune-related tissues, including thy-
musandCD4�andCD8�Tcells.Finally, it isnoteworthythat
the 14q32.2 locus has previously been identified as a DM1 sus-
ceptibility locus (183).

2. Other loci
The ABO and 4p14 loci were also detected as suscep-

tibility loci for hyperthyroidism (199, 200). The ABO
gene encodes a glycosyltransferase that catalyzes the trans-
fer of carbohydrates to the H antigen, forming the anti-
genic structure of the ABO blood groups. In recent years,
the ABO gene has been associated with a remarkably wide
range of diseases, such as myocardial infarction (223),
ischemic stroke (224), venous thromboembolism (225),
and esophageal and pancreatic cancer (226, 227). How-

ever, there is no clear explanation for these pleiotropic
effects of genetic variation in ABO (228). Neither is there
a documented role for ABO in thyroid physiology or au-
toimmunity. The mechanisms by which genetic variation
in ABO alters the risk of GD therefore remain to be
explored.

The 4p14 locus was identified as a new GD candidate
locus in the GWAS by Chu et al (199). The top polymor-
phism, rs683215, is located between the CHRNA9 and
RHOH genes but is not in LD with variants in these genes.
However, the authors identified a new gene 5 kb down-
stream of rs683215, which they designated “GD candi-
date gene at 4p14” (GDCG4p14), which was shown to be
highly expressed in CD4� and CD8� T-cell subsets. Fi-
nally, rs683215 was shown to be correlated with
GDCG4p14 and CHRNA9 expression levels in periph-
eral blood mononuclear cells. However, the exact roles of
these genes in the pathogenesis of GD remains to be
clarified.

C. GWAS on TPO antibodies
Whereas the previously discussed GWAS included

cases with GD or hypothyroidism, we recently took a dif-
ferent approach to identify new AITD susceptibility loci,
namely by performing a GWAS on TPO antibodies (TPO-
Abs), including 27 200 subjects from 16 populations
(229). Because TPOAb positivity is associated not only
with an increased risk of hypothyroidism (Hashimoto’s
thyroiditis), but also with an increased risk of hyperthy-
roidism (GD), loci found to be significant in this GWAS
were additionally tested in relation to hypo- and hyper-
thyroidism. The most significantly associated polymor-
phism was located on chr 2p25 (rs11675434), 9 kb up-
stream of the TPO gene. As discussed, TPO plays an
important role in TH synthesis, and mutations can lead to
congenital hypothyroidism (CH) (Table 1). More re-
cently, the only significant finding in a Korean TPOAb
GWAS in two populations (n � 4238) was a variant 75 bp
upstream of the TPO translation start site (rs2071403),
which was associated with lower TPOAb levels (230). In-
terestingly, the authors also showed that this variant was
associated with lower TPO mRNA levels in the thyroid.
Whereas these TPO variants were strongly associated
with TPOAbs, none of the studies detected associations
with subclinical or overt hypo- or hyperthyroidism, sug-
gesting less clinical relevance of these antibodies.

Some of the hits were associated not only with TPOAbs,
but also with a higher risk of clinical thyroid disease, such
as BACH2, which was associated with an increased risk of
GD, as well as a borderline significantly increased risk of
hypothyroidism. BACH2 is specifically expressed in early
stages of B-cell differentiation, represses different Ig genes,
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and binds to the corepressor SMRT (silencing mediator of
retinoid and thyroid receptor), suggesting a more direct
effect on TH secretion and action as well (231). It has been
associated with TPOAbs and AITD in previous candidate
gene studies (176, 232) and implicated in the susceptibility
to several other autoimmune diseases, including DM1,
Crohn’s disease, and multiple sclerosis (183, 233, 234).

Associations with TPOAbs, GD, and hypothyroidism
were also found for a variant in the MAGI3 gene. MAGI3
is a protein that modulates the activity of the AKT/PKB
pathway (235), which plays a role in regulating apoptosis
in the thyroid, a key step in the development of AITD (236,
237). However, rs1230666 is in LD with rs2476601, caus-
ing a p.620R�W substitution in PTPN22. As discussed,
PTPN22 plays an important role in the T-cell receptor
signaling pathway, genetic variants in which have been
associated with various autoimmune diseases, including
GD (183, 185, 186). Future studies should therefore clar-
ify whether the observed associations could also be driven
by linkage with disease-associated variants in PTPN22.

Finally, the ATXN2 and KALRN loci were also iden-
tified as susceptibility loci for TPOAbs. ATXN2 encodes
the Ataxin-2 protein, which has no known role in the
thyroid and has been implicated in the pathogenesis of

spinocerebellar ataxia and Parkinson’s disease (238, 239).
However, the top associated polymorphism, rs653178, is in
high LD with rs3184504, causing a p.262W�R substitution
ofSH2B3.Aspreviouslymentioned,SH2B3 isakeynegative
regulator of cytokine signaling with a critical role in hema-
topoiesis. SH2B3 variants are associated with TPOAbs in
DM1 patients, as well as with susceptibility to several other
autoimmune diseases (183, 190, 232). Although the
KALRN (Kalirin) gene has been suggested to play a role in
megakaryopoiesis and platelet formation (240), there are no
other data further clarifying the biological mechanism be-
hind the association between KALRN and TPOAbs. This
should therefore be investigated in future studies.

D. GWAS on HPT-axis setpoint
In the last 6 years, seven GWAS on serum TSH and/or

FT4 levels have been published (99–102, 230, 241, 242),
the largest being the GWAS by Porcu et al (100) and Gud-
mundsson et al (99). These GWAS have led to an enor-
mous increase in the number of identified susceptibility
loci for serum TSH and FT4 levels, as illustrated in Figure
5. Porcu et al (100) performed a GWAS on normal-range
TSH and FT4 levels in 26 400 and 17 500 individuals,
respectively, from 18 populations, resulting in the identi-

Figure 5.

Figure 5. Identified serum TSH and/or FT4 associated polymorphisms over time, using different study techniques. Loci found to be significant in
candidate gene analyses were included when associations were replicated in at least one independent population (n � 500) or in case of in vitro
evidence for functionality.
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fication of 26 genome-wide significant hits. A genetic risk
score was calculated based on these new hits, indicating
that carrying multiple risk alleles was associated with a
higher risk of an increased TSH level. Gudmundsson et al
(99) performed a GWAS on TSH in 27 700 Icelanders and
identified 22 significant loci, three of which were also as-
sociated with thyroid cancer. Part of the identified loci in
these GWAS included genes that were already known to
affect thyroidparameters, suchas DIO1,FOXE1,GLIS3,
LHX3, TPO, and VAV3, but also included a large number
of new candidate genes, which are discussed below.

1. Hits in the TSH signaling cascade
Part of the recently discovered candidate genes for se-

rum thyroid parameters include genes with a role in the
TSH signaling cascade. After binding of TSH to the TSHR,
the cAMP signaling cascade is activated, and the family of
phosphodiesterases is responsible for cAMP degradation,
thereby inactivating this pathway. Genetic variation in
intron 1 of the PDE8B gene is the most consistently re-
ported significant hit in the various GWAS on serum TSH
levels (99–101, 241). PDE8B is highly expressed in the
thyroid and has the highest affinity for cAMP of any
known phosphodiesterase (243). Its association with se-
rum FT4 levels remains controversial (76, 99, 100, 244–
246), but it is speculated that the identified variants in-
crease PDE8B activity, resulting in lower cAMP levels in
response to TSH. Consequently, a higher TSH level is re-
quired to maintain normal levels of TH. More recent studies
have shown that genetic variation in PDE8B is associated
with subclinical hypothyroidism in pregnancy and recurrent
miscarriage (247, 248). In addition, Jorde et al (244) found
in a large population study in Norway that genetic variation
in PDE8B was associated not only with higher serum TSH
levels, but also with reduced height and an increased risk of
myocardial infarction.

PDE10A is another phosphodiesterase that is also
highly expressed in the thyroid and has been associated
with TSH levels in two GWAS (99, 100). It has been shown
to degrade both cAMP and cGMP (249). Furthermore,
genetic variation in PDE10A was associated with in-
creased serum TSH levels in a large Alpine population
(250).

Genetic variation in CAPZB has been related to serum
TSH levels in various GWAS (12, 99, 100, 241). CAPZB
(capping protein �) is highly expressed in the thyroid and
encodes the two �-subunit isoforms of the barbed-end ac-
tin-binding protein. The TSH-induced extension of mi-
crovilli and filopodia protruding from the thyrocyte sur-
face in the follicular lumen is a key step in TH production,
in which CAPZB is thought to play an important role. In
this way, Tg is endocytosed, endocytotic vesicles fuse with

lysosomes, and proteolysis of Tg leads to the release of the
iodothyronines. Teumer et al (251) postulated that the
CAPZB variants result in an altered capping capacity,
thereby affecting TH synthesis and leading to altered TSH
levels. Depending on the directions of the effects, one
could also expect compensatory hypo- or hyperplasia of
the thyroid. In this respect, it is noteworthy that CAPZB
was indeed one of the genome-wide significant hits in the
thyroid volume and goiter GWAS by Teumer et al (251).

Another candidate gene in the TSH signaling cascade
was identified in the GWAS by Porcu et al (100). An in-
tergenic variant on chr 14q31 (rs11624776) was associ-
ated with serum TSH levels. This locus contained ITPK1,
encoding the enzyme inositol 1,3,4-trisphosphate 5/6-ki-
nase, which catalyzes the rate-limiting step in the forma-
tion of phosphorylated forms of inositol. It has been
known for several years that TSHR couples not only to Gs,
leading to cAMP activation, but also to Gq, activating the
inositol phosphatase pathway (252). These data therefore
suggest that ITPK1 plays a role in the TSH signaling
cascade.

2. Hits in genes encoding transcription factors expressed in
the thyroid

Two of the newly identified loci in GWAS of serum
thyroid parameters included transcription factors ex-
pressed in the thyroid. In the GWAS by Porcu et al (100),
a polymorphism on chr 17q23 located 5 kb downstream
of SOX9 (rs9915657) was associated with serum TSH
levels. Besides being a transcription factor involved in
chondrocyte differentiation and male sex determination,
SOX9 is highly expressed in the thyroid. In 2002, Zhou et
al (253) showed that SOX9 interacts with TRAP230, a
component of the T3 receptor-associated protein complex,
suggesting an interaction between the TH signaling and
SOX9 pathways.

Furthermore, genetic variation in NF1A has also been
associated with serum TSH levels (100). NF1A encodes a
member of the NF1 (nuclear factor 1) family of transcrip-
tion factors, which play a role in various developmental
processes (254). Several lines of evidence support an im-
portant role of these transcription factors in the control of
TH synthesis. Fernández et al showed that NF1 binds si-
multaneously with FOXE1 to the NIS upstream enhancer
region, activating the NIS promoter (255). Nakazato et al
(256) have found that NF1 proteins, including NF1A, con-
trol constitutive repression of TTF1 expression. Finally,
NF1 proteins have been shown to interact with TTF-2 to
control the expression of TPO (257).
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3. Hits encoding growth factors expressed in the thyroid
Vascular endothelial growth factor A (VEGFA) is a

growth factor with a well-established role in angiogenesis,
and it has been associated with benign and malignant tu-
mors of the thyroid for a long time (258). However, in the
GWAS by Gudmundsson et al (99) and Porcu et al (100),
genetic variation in VEGFA was also found to be associ-
ated with serum TSH levels. Angiogenesis is particularly
essential for the thyroid because the microvasculature sup-
plies iodine and TSH, whereas iodine deficiency stimulates
VEGFA secretion from thyrocytes via reactive oxygen
species/hypoxia-inducible factor-1-dependent pathways
(259). In addition, it has been shown that in the developing
mouse thyroid, epithelial VEGFA production is necessary
for endothelial cell recruitment and expansion, control-
ling epithelial reorganization in follicles and C-cell differ-
entiation (260).

Fibroblast growth factor 7 (FGF7) has also been iden-
tified as a candidate gene for serum TSH levels. FGFs play
an important role in the development of the thyroid, as
well as in the progression of thyroid cancer (261, 262).
Furthermore, FGF7 was one of the significant hits in the
goiter GWAS by Teumer et al (251). Future studies should
clarify the exact molecular mechanism behind the ob-
served associations between genetic variation in FGF7,
serum thyroid parameters, and goiter.

It has been known for a long time that the GH/IGF-1
and TH signaling pathways interact (263, 264). Thyroid
follicular cells have been shown to be the main source of
IGF-1 in the thyroid (265). However, IGF-1 not only stim-
ulates thyroid growth and TH production in an autocrine
manner, but also influences production of TH-binding
proteins and peripheral deiodination (263, 264). In turn,
TH influences GH/IGF-1 production and signaling at var-
ious levels. It is therefore interesting that a number of hits
in the serum TSH and FT4 GWAS were located in or near
members of the GH/IGF-1 signaling pathway. Hits in-
cluded the INSR, encoding the insulin receptor, and
IGFBP5, a member of the IGF-1 binding protein family
(99, 100). Enhanced thyroidal IGFBP5 production is cor-
related with inhibition of thyroid function, and has been
shown to be significantly down-regulated in GD patients
with ophthalmopathy compared to GD patients without
ophthalmopathy (266, 267). Further hits associated with
serum TSH levels included SASH1 and FOXA2 (99, 100),
which are downstream targets of the GH/IGF-1 signaling
pathway, whereas Lantz et al (268) have shown that
FOXA2 also regulates insulin secretion (268–270).

Finally, there are a number of loci found to be signifi-
cant in GWAS on serum thyroid parameters that do
not have a documented role in thyroid signaling path-
ways, including AADAT, NETO1/FBXO15, LPCAT2/

CAPNS2, PRDM11, MIR1179, NRG1, MAF, DIRC3,
NR3C2, MBIP, NKX2.3, SIVA1, XKR4, and ELK3 (99,
100, 242). We refer to the respective GWAS for further
details on these genes (99, 100, 242). Future studies should
obviously clarify the biological mechanisms behind the
observed associations, possibly elucidating new pathways
in thyroid (patho)physiology.

V. Discussion and Future Perspectives

Over the past few years, the introduction of GWAS has led
to the identification of a large number of new candidate
genes for thyroid (dys)function. As a proof of concept, it
is reassuring to note that the hits also included well-known
genes that had already been identified in candidate and
linkage analyses. Because effect sizes are small, the indi-
vidual variants have no direct clinical relevance in pre-
dicting thyroid disease, but the observed associations
could identify new pathways in the pathogenesis of thy-
roid dysfunction. Many of the identified new variants are
noncoding, located in intergenic regions or in loci that
have no known role in TH signaling or autoimmunity.
Unfortunately, for most of these variants, no attempts
have been made to further understand the exact biological
mechanism behind the observed associations, which is a
crucial step in unraveling the pathogenesis of thyroid
diseases.

Identification of new candidate genes and associated
pathways can be of clinical importance for a number of
reasons. First of all, new pathways may provide a focus for
the design of new drugs for the treatment of thyroid dis-
eases. Genetic variation may furthermore have a role in the
choice and prediction of drug dosing and response. This
has been nicely shown for a number of drugs in the car-
diovascular field, including the cytochrome P450
(CYP)2C9 and vitamin K epoxide reductase (VKORC1)
for warfarin treatment (271). Despite the few reports on
the effects of D1 and D2 on treatment response, much
remains to be learned about the role of genetic variation in
TH pathway genes in the treatment of thyroid disorders
(66, 135, 136).

The identification of new candidate gene variants can
also be of potential use in the field of thyroid diagnostics.
Porcu et al (100) have shown that subgroups with a sub-
stantially increased risk of hypothyroidism can be identi-
fied by combining multiple risk alleles. In our GWAS on
TPOAbs, we have shown that with the use of only five
polymorphisms, a large subgroup with an increased risk of
TPOAb-positivity as well as increased TSH levels can be
identified (229). Despite this, these currently available ge-
netic markers for thyroid disorders lack sensitivity and
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specificity to be clinically useful. Further studies are there-
fore required to explain the remainder of the variation.

Studies have shown that patients on LT4 replacement
therapy have a decreased well-being, despite having serum
TH parameters within the reference range (14, 15). This
suggests that these “normal” serum TH parameters do not
match the patient’s physiological setpoint. Therefore, the
ultimate application of genetics in the treatment of thyroid
diseases would be the use of genetic markers to reliably
estimate an individual’s setpoint, toward which then a
personalized treatment can be directed. We are still very
far from personalized treatment, although many risk loci
have been identified in GWAS over the last few years. This
is illustrated by the fact that, when combining all identified
risk loci in the GWAS by Porcu et al (100), only 5.6 and
2.3% of the total variation in serum TSH and FT4 levels,
respectively, could be explained.

Various approaches can be taken to clarify the unex-
plained part of the genetic heritability of thyroid (dys-
)function. One obvious way is performing GWAS includ-
ing a larger number of samples, thereby increasing power.
The benefits of increasing sample size in GWAS have been
comprehensively reviewed by Lindquist et al (272), who
estimated that only one-fifth of all GWAS detectable poly-
morphisms underlying chronic diseases have been de-
tected by GWAS so far. They furthermore conclude that
increasing sample size has a much larger impact than in-
creasing coverage on the potential of future GWAS to de-
tect additional polymorphism-disease associations and
heritability. This also seems to hold true for the thyroid
field, where the benefits of increasing GWAS sample size
have been illustrated by the fact that the more recent
GWAS including more than 15 000 samples have been
much more successful in identifying risk loci than the first
GWAS including 2000 to 4000 samples (Figure 5) (99–
102, 241).

It has been known for long that there are substantial
differences in the prevalence of thyroid diseases between
men and women, and the GWAS by Porcu et al (100) on
serum TSH and FT4 levels detected a number of loci with
sex-specific effects. It would therefore be interesting to
also include the X-chromosome in these analyses, which
has not been studied in most of the published thyroid
GWAS. Furthermore, fine mapping involves screening all
known risk variants from any available data sources, in-
cluding HapMap, sequencing data etc, around the GWAS-
identified variant. In this way, one can determine whether
the identified effect is actually driven by another (more
rare) marker that is in LD with the identified variant. As
previously mentioned, fine mapping is important not only
to further unravel the molecular mechanism underlying

the observed associations but also to determine the true
effects of a locus on thyroid function.

In recent years, it has become increasingly clear that
various autoimmune diseases have a shared genetic basis
(273). This is illustrated by the fact that a large part of the
discussed loci found to be significant in GWAS in Section
IV had also been associated with other autoimmune dis-
eases. Newly identified susceptibility genes for other au-
toimmune diseases should therefore also be considered as
potential candidate genes for thyroid (dys)function.

However, besides candidate gene analyses, GWAS, and
fine mapping, a number of novel methods and approaches
have emerged that will further improve our understanding
of the genetic basis of thyroid (dys)function in the coming
years. Copy number variations (CNVs) are genetic vari-
ations of a larger part of the genome, including insertions,
duplications, and deletions. For a long time, it has been
known that CNVs play an important role in the genetic
basis of intellectual deficiencies, congenital anomalies,
and autism spectrum disorders. However, very little is
known about the role of CNVs in human thyroid (dys-
)function. Huber et al (274) studied the effects of CNVs in
PTPN22 and CD40 on GD, but these were too rare to be
informative. Therefore, the potential role of CNVs in thy-
roid (dys)function still needs to be clarified by large-scale
studies.

The fact that various loci associated with thyroid (dys-
)function are located within the same pathways suggests
that epistasis could also occur. However, gene-environ-
ment interactions should also be taken into consideration
in explaining the remaining part of the susceptibility and
variability of thyroid (dys)function. Despite the various
challenges involved in these kinds of studies (275), includ-
ing the requirement of even larger sample sizes, studies on
gene-environment interactions would be especially inter-
esting for thyroid disease, considering the multiple envi-
ronmental factors that play a role in its pathogenesis, such
as iodine status, smoking, and viral and bacterial infec-
tions (9, 39, 180, 276, 277).

Furthermore, GWAS only assesses 0.1% of the nucle-
otides of the genome, and therefore much can be expected
from exome and whole-genome sequencing (Table 2), pro-
viding a complete catalog of all variants within the studied
genomic region, rather than relying on markers or LD.
Sequencing only the part of the genome that is protein
coding (ie, the exome) is more cost-effective and targets the
part that is most likely to directly affect protein structure/
function, simplifying its biological interpretation. This
technique has already proved itself in the thyroid field,
elucidating mutations involved in the pathogenesis of fa-
milial goiter and thyroid cancer (278–280). Furthermore,
it has been successfully used in the detection of mutations
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in THRA as a novel cause of RTH, mutations in IGSF1 in
patients with central hypothyroidism, and in the screening
of patients with psychomotor retardation for DIO2 vari-
ants (149, 150, 152, 281, 282). Besides higher laboratory
and computational costs, more challenges have to be faced
when sequencing the whole genome, mainly because of the
fact that this technique identifies thousands of new vari-
ants in each individual. Sequencing nonaffected related
family members is an effective way to filter out all shared
mutations that are not relevant in causing the proband
phenotype (283). Despite these challenges, much is ex-
pected from this approach, given its success in identifying
the genetic causes of many other human disorders in the
past few years (284). Furthermore, part of the results of
these sequencing efforts are already available in public
databases, such as variants detected in the NHLBI GO
Exome Sequencing Project, thereby stimulating access and
further use of these data by the general scientific commu-
nity (285).

The techniques discussed above will likely lead to the
identification of variants over the entire spectrum depicted
in Figure 2, ranging from rare variants with large effects
causing monogenic thyroid diseases to common variants
with small effects causing polygenic thyroid diseases and
variations in thyroid function tests (Figure 2).

Finally, besides investigating genetic variants, new
technologies have emerged that investigate gene expres-
sion and its regulation. Studies of the epigenome charac-
terize the control of gene expression, including DNA
methylation, micro-RNAs, and histone modification,
whereas transcriptomics analyzes the actual RNA levels.
These techniques have also entered the thyroid field. For
example, Ambrosio et al (286) have shown that LSD-1 and
FoxO3 play an important role in the epigenetic control of
DIO2 and DIO3 in myogenesis. As discussed, after DIO2
had been suggested as a susceptibility locus for osteoar-
thritis, Bos et al (156) showed an increased amount of D2
protein in osteoarthritic vs normal cartilage. Although it
has been known for a long time that DIO3 is an imprinted
gene, this imprinting has recently been shown to be tissue-
dependent, the epigenetic control of which needs to be
clarified in future studies (46). The addition of these dy-
namic expression data to the available data on genetic
variation of the static DNA backbone is a crucial next step
in unraveling the molecular mechanisms underlying thy-
roid function and dysfunction.

Addendum: Recently, Taylor et al. (287) meta-ana-
lyzed whole-genome sequence-based data and deeply im-
puted datasets from 7 cohorts (n � 16 335) for TSH and
FT4 levels. For TSH, a new independent variant in PDE8B
(rs2928167) was found, as well as a novel variant in syn-

apsin 2 (SYN2) (rs310763). SYN2 is a member of a family
of neuron-specific phosphoproteins involved in the regu-
lation of neurotransmitter release and is expressed in the
pituitary and hypothalamus. For FT4, a novel variant near
B4GALT6 (rs113107469) was found. B4GALT6 (�-1,4-
galactosyltransferase 6) plays a role in the ceramide meta-
bolic pathway, which inhibits cAMP production in TSH-
stimulated cells. However, rs113107469 also tags the
p.139T�M substitution in transthyretin (TTR;
rs28933981) and may therefore be a marker for this func-
tional change in TTR. Finally, genome-wide complex trait
analyses estimated that all common variants (minor allele
frequency �1%) explained 24% and 20% of the variance in
TSHandFT4, respectively.This study therefore showed that
whole-genome sequence-based analysis is an effective tech-
nique to further unravel the genetic basis of thyroid function,
while studies with larger sample sizes are needed to identify
more rare variants with potentially large effects.

Acknowledgments

This work was supported by a ZonMW VENI Grant (91696017) and an
Erasmus MC Fellowship (RPP).

Address all correspondence and requests for reprints to: Marco
Medici, MD, PhD, Room Ee 502a, Department of Internal Medicine,
Erasmus Medical Center, Dr Molewaterplein 50, 3015 GE Rotterdam,
The Netherlands. E-mail: m.medici@erasmusmc.nl.

Disclosure Summary: The authors have nothing to disclose.

References

1. Murphy E, Glüer CC, Reid DM, et al. Thyroid function
within the upper normal range is associated with reduced
bone mineral density and an increased risk of nonvertebral
fractures in healthy euthyroid postmenopausal women.
J Clin Endocrinol Metab. 2010;95:3173–3181.

2. Medici M, Direk N, Visser WE, et al. Thyroid function
within the normal range and the risk of depression: a pop-
ulation-based cohort study. J Clin Endocrinol Metab.
2014;99(4):1213–1219.

3. Cappola AR, Arnold AM, Wulczyn K, Carlson M, Robbins
J, Psaty BM. Thyroid function in the euthyroid range and
adverse outcomes in older adults. J Clin Endocrinol Metab.
2015;100(3):1088–1096.

4. Heeringa J, Hoogendoorn EH, van der Deure WM, et al.
High-normal thyroid function and risk of atrial fibrillation:
the Rotterdam study. Arch Intern Med. 2008;168:2219–
2224.

5. Ruhla S, Weickert MO, Arafat AM, et al. A high normal
TSH is associated with the metabolic syndrome. Clin En-
docrinol (Oxf). 2010;72:696–701.

6. Asvold BO, Bjøro T, Nilsen TI, Gunnell D, Vatten LJ.
Thyrotropin levels and risk of fatal coronary heart disease:
the HUNT study. Arch Intern Med. 2008;168:855–860.

doi: 10.1210/er.2014-1081 edrv.endojournals.org 235

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024

mailto:m.medici@erasmusmc.nl


7. Taylor PN, Razvi S, Pearce SH, Dayan CM. Clinical re-
view: a review of the clinical consequences of variation in
thyroid function within the reference range. J Clin Endo-
crinol Metab. 2013;98:3562–3571.

8. Andersen S, Pedersen KM, Bruun NH, Laurberg P. Narrow
individual variations in serum T(4) and T(3) in normal
subjects: a clue to the understanding of subclinical thyroid
disease. J Clin Endocrinol Metab. 2002;87:1068–1072.

9. Andersen SL, Olsen J, Wu CS, Laurberg P. Smoking re-
duces the risk of hypothyroidism and increases the risk of
hyperthyroidism: evidence from 450,842 mothers giving
birth in Denmark. Clin Endocrinol (Oxf). 2014;80:307–
314.

10. Bülow Pedersen I, Knudsen N, et al. Large differences in
incidences of overt hyper- and hypothyroidism associated
with a small difference in iodine intake: a prospective com-
parative register-based population survey. J Clin Endocri-
nol Metab. 2002;87:4462–4469.

11. Hansen PS, Brix TH, Sørensen TI, Kyvik KO, Hegedüs L.
Major genetic influence on the regulation of the pituitary-
thyroid axis: a study of healthy Danish twins. J Clin En-
docrinol Metab. 2004;89:1181–1187.

12. Panicker V, Wilson SG, Spector TD, et al. Heritability of
serum TSH, free T4 and free T3 concentrations: a study of
a large UK twin cohort. Clin Endocrinol (Oxf). 2008;68:
652–659.

13. Samollow PB, Perez G, Kammerer CM, et al. Genetic and
environmental influences on thyroid hormone variation in
Mexican Americans. J Clin Endocrinol Metab. 2004;89:
3276–3284.

14. Engum A, Bjøro T, Mykletun A, Dahl AA. An association
between depression, anxiety and thyroid function–a clin-
ical fact or an artefact? Acta Psychiatr Scand. 2002;106:
27–34.

15. Saravanan P, Chau WF, Roberts N, Vedhara K, Green-
wood R, Dayan CM. Psychological well-being in patients
on ‘adequate’ doses of L-thyroxine: results of a large, con-
trolled community-based questionnaire study. Clin Endo-
crinol (Oxf). 2002;57:577–585.

16. Grasberger H, Refetoff S. Genetic causes of congenital hy-
pothyroidism due to dyshormonogenesis. Curr Opin Pe-
diatr. 2011;23:421–428.

17. Grüters A, Krude H, Biebermann H. Molecular genetic
defects in congenital hypothyroidism. Eur J Endocrinol.
2004;151(suppl 3):U39–U44.

18. Moreno JC, Visser TJ. Genetics and phenomics of hypo-
thyroidism and goiter due to iodotyrosine deiodinase
(DEHAL1) gene mutations. Mol Cell Endocrinol. 2010;
322:91–98.

19. Portulano C, Paroder-Belenitsky M, Carrasco N. The
Na�/I� symporter (NIS): mechanism and medical impact.
Endocr Rev. 2014;35:106–149.

20. Visser WE, van Mullem AA, Visser TJ, Peeters RP. Differ-
ent causes of reduced sensitivity to thyroid hormone: di-
agnosis and clinical management. Clin Endocrinol (Oxf).
2013;79:595–605.

21. Arturi F, Scarpelli D, Coco A, et al. Thyrotropin receptor
mutations and thyroid hyperfunctioning adenomas ten
years after their first discovery: unresolved questions. Thy-
roid. 2003;13:341–343.

22. Beck-Peccoz P, Persani L, Calebiro D, Bonomi M, Man-

navola D, Campi I. Syndromes of hormone resistance in the
hypothalamic-pituitary-thyroid axis. Best Pract Res Clin
Endocrinol Metab. 2006;20:529–546.

23. Gozu HI, Lublinghoff J, Bircan R, Paschke R. Genetics and
phenomics of inherited and sporadic non-autoimmune hy-
perthyroidism. Mol Cell Endocrinol. 2010;322:125–134.

24. Kratzsch J, Pulzer F. Thyroid gland development and
defects. Best Pract Res Clin Endocrinol Metab. 2008;
22:57–75.

25. Persani L, Calebiro D, Cordella D, et al. Genetics and phe-
nomics of hypothyroidism due to TSH resistance. Mol Cell
Endocrinol. 2010;322:72–82.

26. Ris-Stalpers C, Bikker H. Genetics and phenomics of hy-
pothyroidism and goiter due to TPO mutations. Mol Cell
Endocrinol. 2010;322:38–43.

27. Targovnik HM, Esperante SA, Rivolta CM. Genetics and
phenomics of hypothyroidism and goiter due to thyroglob-
ulin mutations. Mol Cell Endocrinol. 2010;322:44–55.

28. Hébrant A, van Staveren WC, Maenhaut C, Dumont JE,
Leclère J. Genetic hyperthyroidism: hyperthyroidism due
to activating TSHR mutations. Eur J Endocrinol. 2011;
164:1–9.

29. van der Deure WM, Peeters RP, Visser TJ. Molecular as-
pects of thyroid hormone transporters, including MCT8,
MCT10, and OATPs, and the effects of genetic variation in
these transporters. J Mol Endocrinol. 2010;44:1–11.

30. Dumitrescu AM, Refetoff S. The syndromes of reduced
sensitivity to thyroid hormone. Biochim Biophys Acta.
2013;1830:3987–4003.

31. Park SM, Chatterjee VK. Genetics of congenital hypothy-
roidism. J Med Genet. 2005;42:379–389.

32. Schoenmakers N, Moran C, Peeters RP, Visser T, Gurnell
M, Chatterjee K. Resistance to thyroid hormone mediated
by defective thyroid hormone receptor �. Biochim Biophys
Acta. 2013;1830:4004–4008.

33. Visser TJ. Thyroid hormone transporters and resistance.
Endocr Dev. 2013;24:1–10.

34. Mannavola D, Vannucchi G, Fugazzola L, et al. TBG de-
ficiency: description of two novel mutations associated
with complete TBG deficiency and review of the literature.
J Mol Med (Berl). 2006;84:864–871.

35. Heufelder AE, Klee GG, Wynne AG, Gharib H. Familial
dysalbuminemic hyperthyroxinemia: cumulative experi-
ence in 29 consecutive patients. Endocr Pract. 1995;1:4–8.

36. Ercan-Fang S, Schwartz HL, Mariash CN, Oppenheimer
JH. Quantitative assessment of pituitary resistance to thy-
roid hormone from plots of the logarithm of thyrotropin
versus serum free thyroxine index. J Clin Endocrinol
Metab. 2000;85:2299–2303.

37. Hasham A, Tomer Y. Genetic and epigenetic mechanisms
in thyroid autoimmunity. Immunol Res. 2012;54:204–
213.

38. Morshed SA, Latif R, Davies TF. Delineating the autoim-
mune mechanisms in Graves’ disease. Immunol Res. 2012;
54:191–203.

39. Simmonds MJ. GWAS in autoimmune thyroid disease: re-
defining our understanding of pathogenesis. Nat Rev En-
docrinol. 2013;9:277–287.

40. Simmonds MJ, Gough SC. The search for the genetic con-
tribution to autoimmune thyroid disease: the never ending
story? Brief Funct Genomics. 2011;10:77–90.

236 Medici et al Genetic Determination of the HPT Axis Endocrine Reviews, April 2015, 36(2):214–244

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



41. Tomer Y. Genetic susceptibility to autoimmune thyroid
disease: past, present, and future. Thyroid. 2010;20:715–
725.

42. Kleinau G, Neumann S, Grüters A, Krude H, Biebermann
H. Novel insights on thyroid-stimulating hormone recep-
tor signal transduction. Endocr Rev. 2013;34:691–724.

43. Iosco C, Cosentino C, Sirna L, et al. Anoctamin 1 is apically
expressed on thyroid follicular cells and contributes to
ATP- and calcium-activated iodide efflux. Cell Physiol
Biochem. 2014;34:966–980.

44. Twyffels L, Strickaert A, Virreira M, et al. Anoctamin-1/
TMEM16A is the major apical iodide channel of the thy-
rocyte. Am J Physiol Cell Physiol. 2014;307:C1102–
C1112.

45. Fugazzola L, Muzza M, Weber G, Beck-Peccoz P, Persani
L. DUOXS defects: genotype-phenotype correlations. Ann
Endocrinol (Paris). 2011;72:82–86.

46. Martinez ME, Charalambous M, Saferali A, et al. Genomic
imprinting variations in the mouse type 3 deiodinase gene
between tissues and brain regions. Mol Endocrinol. 2014;
28:1875–1886.

47. Visser WE, Friesema EC, Visser TJ. Minireview: thyroid
hormone transporters: the knowns and the unknowns. Mol
Endocrinol. 2011;25:1–14.

48. Bianco AC, Salvatore D, Gereben B, Berry MJ, Larsen PR.
Biochemistry, cellular and molecular biology, and physi-
ological roles of the iodothyronine selenodeiodinases. En-
docr Rev. 2002;23:38–89.

49. Gereben B, Zavacki AM, Ribich S, et al. Cellular and mo-
lecular basis of deiodinase-regulated thyroid hormone sig-
naling. Endocr Rev. 2008;29:898–938.

50. Kuiper GG, Kester MH, Peeters RP, Visser TJ. Biochemical
mechanisms of thyroid hormone deiodination. Thyroid.
2005;15:787–798.

51. Ma SF, Xie L, Pino-Yanes M, et al. Type 2 deiodinase and
host responses of sepsis and acute lung injury. Am J Respir
Cell Mol Biol. 2011;45:1203–1211.

52. Ando S, Sarlis NJ, Oldfield EH, Yen PM. Somatic mutation
of TR� can cause a defect in negative regulation of TSH in
a TSH-secreting pituitary tumor. J Clin Endocrinol Metab.
2001;86:5572–5576.

53. Furumoto H, Ying H, Chandramouli GV, et al. An unli-
ganded thyroid hormone � receptor activates the cyclin
D1/cyclin-dependent kinase/retinoblastoma/E2F pathway
and induces pituitary tumorigenesis. Mol Cell Biol. 2005;
25:124–135.

54. Kamiya Y, Puzianowska-Kuznicka M, McPhie P, Nauman
J, Cheng SY, Nauman A. Expression of mutant thyroid
hormone nuclear receptors is associated with human renal
clear cell carcinoma. Carcinogenesis. 2002;23:25–33.

55. Rosen MD, Chan IH, Privalsky ML. Mutant thyroid hor-
mone receptors (TRs) isolated from distinct cancer types
display distinct target gene specificities: a unique regula-
tory repertoire associated with two renal clear cell carci-
nomas. Mol Endocrinol. 2011;25:1311–1325.

56. Howard D, La Rosa FG, Huang S, et al. Consumptive hy-
pothyroidism resulting from hepatic vascular tumors in an
athyreotic adult. J Clin Endocrinol Metab. 2011;96:1966–
1970.

57. Huang SA, Fish SA, Dorfman DM, et al. A 21-year-old
woman with consumptive hypothyroidism due to a vascu-

lar tumor expressing type 3 iodothyronine deiodinase.
J Clin Endocrinol Metab. 2002;87:4457–4461.

58. Maynard MA, Huang SA. Thyroid hormone inactivation
in gastrointestinal stromal tumors. N Engl J Med. 2014;
371:86–87.

59. Chan IH, Privalsky ML. Thyroid hormone receptor mu-
tants implicated in human hepatocellular carcinoma dis-
play an altered target gene repertoire. Oncogene. 2009;28:
4162–4174.

60. Luongo C, Trivisano L, Alfano F, Salvatore D. Type 3
deiodinase and consumptive hypothyroidism: a common
mechanism for a rare disease. Front Endocrinol (Laus-
anne). 2013;4:115.

61. Panicker V, Wilson SG, Spector TD, et al. Genetic loci
linked to pituitary-thyroid axis set points: a genome-wide
scan of a large twin cohort. J Clin Endocrinol Metab. 2008;
93:3519–3523.

62. Liu Z, Sun Y, Dong Q, He M, Cheng CH, Fan F. A novel
TSHR gene mutation (Ile691Phe) in a Chinese family caus-
ing autosomal dominant non-autoimmune hyperthyroid-
ism. J Hum Genet. 2008;53:475–478.

63. Ralston SH, Uitterlinden AG. Genetics of osteoporosis.
Endocr Rev. 2010;31:629–662.

64. Hoggart CJ, Parra EJ, Shriver MD, et al. Control of con-
founding of genetic associations in stratified populations.
Am J Hum Genet. 2003;72:1492–1504.

65. Peeters RP, van Toor H, Klootwijk W, et al. Polymor-
phisms in thyroid hormone pathway genes are associated
with plasma TSH and iodothyronine levels in healthy sub-
jects. J Clin Endocrinol Metab. 2003;88:2880–2888.

66. Appelhof BC, Peeters RP, Wiersinga WM, et al. Polymor-
phisms in type 2 deiodinase are not associated with well-
being, neurocognitive functioning, and preference for com-
bined thyroxine/3,5,3�-triiodothyronine therapy. J Clin
Endocrinol Metab. 2005;90:6296–6299.

67. Butler PW, Smith SM, Linderman JD, et al. The Thr92Ala
5� type 2 deiodinase gene polymorphism is associated with
a delayed triiodothyronine secretion in response to the thy-
rotropin-releasing hormone-stimulation test: a pharma-
cogenomic study. Thyroid. 2010;20:1407–1412.

68. de Jong FJ, Peeters RP, den Heijer T, et al. The association
of polymorphisms in the type 1 and 2 deiodinase genes with
circulating thyroid hormone parameters and atrophy of the
medial temporal lobe. J Clin Endocrinol Metab. 2007;92:
636–640.

69. Feng J, Yan J, Michaud S, et al. Scanning of estrogen re-
ceptor � (ER�) and thyroid hormone receptor � (TR�)
genes in patients with psychiatric diseases: four missense
mutations identified in ER� gene. Am J Med Genet. 2001;
105:369–374.

70. Guerra A, Sapio MR, Carrano M, et al. Prevalence of
Dio2(T92A) polymorphism and its association with thy-
roid autoimmunity. J Endocrinol Invest. 2013;36:303–
306.

71. Gumieniak O, Perlstein TS, Williams JS, et al. Ala92 type
2 deiodinase allele increases risk for the development of
hypertension. Hypertension. 2007;49:461–466.

72. Hansen PS, van der Deure WM, Peeters RP, et al. The
impact of a TSH receptor gene polymorphism on thyroid-
related phenotypes in a healthy Danish twin population.
Clin Endocrinol (Oxf). 2007;66:827–832.

doi: 10.1210/er.2014-1081 edrv.endojournals.org 237

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



73. Heemstra KA, Hoftijzer HC, van der Deure WM, et al.
Thr92Ala polymorphism in the type 2 deiodinase is not
associated with T4 dose in athyroid patients or patients
with Hashimoto thyroiditis. Clin Endocrinol (Oxf). 2009;
71:279–283.

74. Hoftijzer HC, Heemstra KA, Visser TJ, et al. The type 2
deiodinase ORFa-Gly3Asp polymorphism (rs12885300)
influences the set point of the hypothalamus-pituitary-thy-
roid axis in patients treated for differentiated thyroid car-
cinoma. J Clin Endocrinol Metab. 2011;96:E1527–E1533.

75. Lago-Lestón R, Iglesias MJ, San-José E, et al. Prevalence
and functional analysis of the S107P polymorphism
(rs6647476) of the monocarboxylate transporter 8
(SLC16A2) gene in the male population of north-west
Spain (Galicia). Clin Endocrinol (Oxf). 2009;70:636–
643.

76. Medici M, van der Deure WM, Verbiest M, et al. A large-
scale association analysis of 68 thyroid hormone pathway
genes with serum TSH and FT4 levels. Eur J Endocrinol.
2011;164:781–788.

77. Mentuccia D, Thomas MJ, Coppotelli G, et al. The
Thr92Ala deiodinase type 2 (DIO2) variant is not associ-
ated with type 2 diabetes or indices of insulin resistance in
the old order of Amish. Thyroid. 2005;15:1223–1227.

78. Panicker V, Cluett C, Shields B, et al. A common variation
in deiodinase 1 gene DIO1 is associated with the relative
levels of free thyroxine and triiodothyronine. J Clin Endo-
crinol Metab. 2008;93:3075–3081.

79. Peeters RP, van den Beld AW, Attalki H, et al. A new
polymorphism in the type II deiodinase gene is associated
with circulating thyroid hormone parameters. Am J
Physiol Endocrinol Metab. 2005;289:E75–E81.

80. Peeters RP, van den Beld AW, van Toor H, et al. A poly-
morphism in type I deiodinase is associated with circulating
free insulin-like growth factor I levels and body composi-
tion in humans. J Clin Endocrinol Metab. 2005;90:256–
263.

81. Peeters RP, van der Deure WM, Visser TJ. Genetic varia-
tion in thyroid hormone pathway genes; polymorphisms in
the TSH receptor and the iodothyronine deiodinases. Eur
J Endocrinol. 2006;155:655–662.

82. Peltsverger MY, Butler PW, Alberobello AT, et al. The
-258A/G (SNP rs12885300) polymorphism of the human
type 2 deiodinase gene is associated with a shift in the pat-
tern of secretion of thyroid hormones following a TRH-
induced acute rise in TSH. Eur J Endocrinol. 2012;166:
839–845.

83. Philibert RA, Beach SR, Gunter TD, et al. The relationship
of deiodinase 1 genotype and thyroid function to lifetime
history of major depression in three independent popula-
tions. Am J Med Genet B Neuropsychiatr Genet. 2011;
156B:593–599.

84. Procopciuc LM, Hazi GM, Caracostea G, et al. Correlation
between the TSHRc-Asp727Glu polymorphism and
plasma thyroid stimulating hormone levels in Romanian
preeclamptic women. Gynecol Endocrinol. 2011;27:225–
231.

85. Procopciuc LM, Hazi GM, Caracostea G, et al. The effect
of the D1–C785T polymorphism in the type 1 iodothyro-
nine deiodinase gene on the circulating thyroid hormone
levels in Romanian women with preeclampsia. Association

with the degree of severity and pregnancy outcome of pre-
eclampsia. Gynecol Endocrinol. 2012;28:386–390.

86. Roef G, Taes Y, Toye K, et al. Heredity and lifestyle in the
determination of between-subject variation in thyroid hor-
mone levels in euthyroid men. Eur J Endocrinol. 2013;
169:835–844.

87. Roef GL, Rietzschel ER, De Meyer T, et al. Associations
between single nucleotide polymorphisms in thyroid hor-
mone transporter genes (MCT8, MCT10 and OATP1C1)
and circulating thyroid hormones. Clin Chim Acta. 2013;
425:227–232.

88. Sørensen HG, van der Deure WM, Hansen PS, et al. Iden-
tification and consequences of polymorphisms in the thy-
roid hormone receptor � and � genes. Thyroid. 2008;18:
1087–1094.

89. Torlontano M, Durante C, Torrente I, et al. Type 2 deio-
dinase polymorphism (threonine 92 alanine) predicts L-
thyroxine dose to achieve target thyrotropin levels in thy-
roidectomized patients. J Clin Endocrinol Metab. 2008;
93:910–913.

90. van der Deure WM, Friesema EC, de Jong FJ, et al. Organic
anion transporter 1B1: an important factor in hepatic thy-
roid hormone and estrogen transport and metabolism. En-
docrinology. 2008;149:4695–4701.

91. van der Deure WM, Hansen PS, Peeters RP, et al. Thyroid
hormone transport and metabolism by organic anion
transporter 1C1 and consequences of genetic variation.
Endocrinology. 2008;149:5307–5314.

92. van der Deure WM, Hansen PS, Peeters RP, et al. The effect
of genetic variation in the type 1 deiodinase gene on the
interindividual variation in serum thyroid hormone levels:
an investigation in healthy Danish twins. Clin Endocrinol
(Oxf). 2009;70:954–960.

93. van der Deure WM, Peeters RP, Visser TJ. Genetic varia-
tion in thyroid hormone transporters. Best Pract Res Clin
Endocrinol Metab. 2007;21:339–350.

94. van der Deure WM, Uitterlinden AG, Hofman A, et al.
Effects of serum TSH and FT4 levels and the TSHR-
Asp727Glu polymorphism on bone: the Rotterdam Study.
Clin Endocrinol (Oxf). 2008;68:175–181.

95. Davies TF, Ando T, Lin RY, Tomer Y, Latif R. Thyrotro-
pin receptor-associated diseases: from adenomata to
Graves disease. J Clin Invest. 2005;115:1972–1983.

96. Gabriel EM, Bergert ER, Grant CS, van Heerden JA,
Thompson GB, Morris JC. Germline polymorphism of
codon 727 of human thyroid-stimulating hormone recep-
tor is associated with toxic multinodular goiter. J Clin En-
docrinol Metab. 1999;84:3328–3335.

97. Nogueira CR, Kopp P, Arseven OK, Santos CL, Jameson
JL, Medeiros-Neto G. Thyrotropin receptor mutations in
hyperfunctioning thyroid adenomas from Brazil. Thyroid.
1999;9:1063–1068.

98. Sykiotis GP, Neumann S, Georgopoulos NA, et al. Func-
tional significance of the thyrotropin receptor germline
polymorphism D727E. Biochem Biophys Res Commun.
2003;301:1051–1056.

99. Gudmundsson J, Sulem P, Gudbjartsson DF, et al. Discov-
ery of common variants associated with low TSH levels and
thyroid cancer risk. Nat Genet. 2012;44:319–322.

100. Porcu E, Medici M, Pistis G, et al. A meta-analysis of thy-
roid-related traits reveals novel loci and gender-specific

238 Medici et al Genetic Determination of the HPT Axis Endocrine Reviews, April 2015, 36(2):214–244

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



differences in the regulation of thyroid function. PLoS
Genet. 2013;9:e1003266.

101. Arnaud-Lopez L, Usala G, Ceresini G, et al. Phosphodies-
terase 8B gene variants are associated with serum TSH
levels and thyroid function. Am J Hum Genet. 2008;82:
1270–1280.

102. Panicker V, Wilson SG, Walsh JP, et al. A locus on chro-
mosome 1p36 is associated with thyrotropin and thyroid
function as identified by genome-wide association study.
Am J Hum Genet. 2010;87:430–435.

103. Abe T, Kakyo M, Sakagami H, et al. Molecular charac-
terization and tissue distribution of a new organic anion
transporter subtype (oatp3) that transports thyroid hor-
mones and taurocholate and comparison with oatp2. J Biol
Chem. 1998;273:22395–22401.

104. Friesema EC, Docter R, Moerings EP, et al. Identification
of thyroid hormone transporters. Biochem Biophys Res
Commun. 1999;254:497–501.

105. Visser WE, Wong WS, van Mullem AA, et al. Study of the
transport of thyroid hormone by transporters of the SLC10
family. Mol Cell Endocrinol. 2010;315:138–145.

106. Jansen J, Friesema EC, Milici C, Visser TJ. Thyroid hor-
mone transporters in health and disease. Thyroid. 2005;
15:757–768.

107. Hagenbuch B. Cellular entry of thyroid hormones by or-
ganic anion transporting polypeptides. Best Pract Res Clin
Endocrinol Metab. 2007;21:209–221.

108. Heuer H, Visser TJ. The pathophysiological consequences
of thyroid hormone transporter deficiencies: insights from
mouse models. Biochim Biophys Acta. 2013;1830:3974–
3978.

109. Visser WE, Friesema EC, Jansen J, Visser TJ. Thyroid hor-
mone transport by monocarboxylate transporters. Best
Pract Res Clin Endocrinol Metab. 2007;21:223–236.

110. Hagenbuch B, Meier PJ. The superfamily of organic anion
transporting polypeptides. Biochim Biophys Acta. 2003;
1609:1–18.

111. HsiangB,ZhuY,WangZ,etal.Anovelhumanhepaticorganic
aniontransportingpolypeptide (OATP2). Identificationofa liv-
er-specific human organic anion transporting polypeptide and
identificationofratandhumanhydroxymethylglutaryl-CoAre-
ductase inhibitor transporters. J Biol Chem. 1999;274:37161–
37168.

112. König J, Cui Y, Nies AT, Keppler D. A novel human or-
ganic anion transporting polypeptide localized to the ba-
solateral hepatocyte membrane. Am J Physiol Gastrointest
Liver Physiol. 2000;278:G156–G164.

113. Pizzagalli F, Hagenbuch B, Stieger B, Klenk U, Folkers G,
Meier PJ. Identification of a novel human organic anion
transporting polypeptide as a high affinity thyroxine trans-
porter. Mol Endocrinol. 2002;16:2283–2296.

114. Fujiwara K, Adachi H, Nishio T, et al. Identification of
thyroid hormone transporters in humans: different mole-
cules are involved in a tissue-specific manner. Endocrinol-
ogy. 2001;142:2005–2012.

115. Abe T, Kakyo M, Tokui T, et al. Identification of a novel
gene family encoding human liver-specific organic anion
transporter LST-1. J Biol Chem. 1999;274:17159–17163.

116. Kullak-Ublick GA, Ismair MG, Stieger B, et al. Organic
anion-transporting polypeptide B (OATP-B) and its func-

tional comparison with three other OATPs of human liver.
Gastroenterology. 2001;120:525–533.

117. Smith NF, Figg WD, Sparreboom A. Role of the liver-spe-
cific transporters OATP1B1 and OATP1B3 in governing
drug elimination. Expert Opin Drug Metab Toxicol. 2005;
1:429–445.

118. Niemi M, Backman JT, Kajosaari LI, et al. Polymorphic
organic anion transporting polypeptide 1B1 is a major de-
terminant of repaglinide pharmacokinetics. Clin Pharma-
col Ther. 2005;77:468–478.

119. Cooper-Kazaz R, van der Deure WM, Medici M, et al.
Preliminary evidence that a functional polymorphism in
type 1 deiodinase is associated with enhanced potentiation
of the antidepressant effect of sertraline by triiodothyro-
nine. J Affect Disord. 2009;116:113–116.

120. Dentice M, Bandyopadhyay A, Gereben B, et al. The
Hedgehog-inducible ubiquitin ligase subunit WSB-1 mod-
ulates thyroid hormone activation and PTHrP secretion in
the developing growth plate. Nat Cell Biol. 2005;7:698–
705.

121. Canani LH, Capp C, Dora JM, et al. The type 2 deiodinase
A/G (Thr92Ala) polymorphism is associated with de-
creased enzyme velocity and increased insulin resistance in
patients with type 2 diabetes mellitus. J Clin Endocrinol
Metab. 2005;90:3472–3478.

122. Gereben B, Kollár A, Harney JW, Larsen PR. The mRNA
structure has potent regulatory effects on type 2 iodothy-
ronine deiodinase expression. Mol Endocrinol. 2002;16:
1667–1679.

123. Coppotelli G, Summers A, Chidakel A, Ross JM, Celi FS.
Functional characterization of the 258 A/G (D2-ORFa-
Gly3Asp) human type-2 deiodinase polymorphism: a nat-
urally occurring variant increases the enzymatic activity by
removing a putative repressor site in the 5� UTR of the
gene. Thyroid. 2006;16:625–632.

124. Charalambous M, Hernandez A. Genomic imprinting of
the type 3 thyroid hormone deiodinase gene: regulation
and developmental implications. Biochim Biophys Acta.
2013;1830:3946–3955.

125. Refetoff S, Dumitrescu AM. Syndromes of reduced sensi-
tivity to thyroid hormone: genetic defects in hormone re-
ceptors, cell transporters and deiodination. Best Pract Res
Clin Endocrinol Metab. 2007;21:277–305.

126. Dayan CM, Panicker V. Novel insights into thyroid hor-
mones from the study of common genetic variation. Nat
Rev Endocrinol. 2009;5:211–218.

127. Biondi B, Cooper DS. The clinical significance of subclin-
ical thyroid dysfunction. Endocr Rev. 2008;29:76–131.

128. He B, Li J, Wang G, et al. Association of genetic polymor-
phisms in the type II deiodinase gene with bipolar disorder
in a subset of Chinese population. Prog Neuropsychop-
harmacol Biol Psychiatry. 2009;33:986–990.

129. Brouwer JP, Appelhof BC, Peeters RP, et al. Thyrotropin,
but not a polymorphism in type II deiodinase, predicts re-
sponse to paroxetine in major depression. Eur J Endocri-
nol. 2006;154:819–825.

130. Dugbartey AT. Neurocognitive aspects of hypothyroid-
ism. Arch Intern Med. 1998;158:1413–1418.

131. Kalmijn S, Mehta KM, Pols HA, Hofman A, Drexhage HA,
Breteler MM. Subclinical hyperthyroidism and the risk of

doi: 10.1210/er.2014-1081 edrv.endojournals.org 239

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



dementia. The Rotterdam study. Clin Endocrinol (Oxf).
2000;53:733–737.

132. de Jong FJ, den Heijer T, Visser TJ, et al. Thyroid hor-
mones, dementia, and atrophy of the medial temporal lobe.
J Clin Endocrinol Metab. 2006;91:2569–2573.

133. Medici M, Ikram MA, van der Lijn F, et al. The thyroid
hormone receptor � locus and white matter lesions: a role
for the clock gene REV-ERB�. Thyroid. 2012;22:1181–
1186.

134. Gullo D, Latina A, Frasca F, Le Moli R, Pellegriti G, Vig-
neri R. Levothyroxine monotherapy cannot guarantee eu-
thyroidism in all athyreotic patients. PLoS One. 2011;6:
e22552.

135. Panicker V, Saravanan P, Vaidya B, et al. Common vari-
ation in the DIO2 gene predicts baseline psychological
well-being and response to combination thyroxine plus tri-
iodothyronine therapy in hypothyroid patients. J Clin En-
docrinol Metab. 2009;94:1623–1629.

136. van der Deure WM, Appelhof BC, Peeters RP, et al. Poly-
morphisms in the brain-specific thyroid hormone trans-
porter OATP1C1 are associated with fatigue and depres-
sion in hypothyroid patients. Clin Endocrinol (Oxf). 2008;
69:804–811.

137. Guo TW, Zhang FC, Yang MS, et al. Positive association
of the DIO2 (deiodinase type 2) gene with mental retar-
dation in the iodine-deficient areas of China. J Med Genet.
2004;41:585–590.

138. Zhang K, Xi H, Wang X, et al. A family-based association
study of DIO2 and children mental retardation in the
Qinba region of China. J Hum Genet. 2012;57:14–17.

139. Guo TW, Zhang FC, Gao JJ, et al. Polymorphisms in the
TSHR (thyrotropin receptor) gene on chromosome 14q31
are not associated with mental retardation in the iodine-
deficient areas of China. Neurosci Lett. 2005;382:179–
184.

140. Waung JA, Bassett JH, Williams GR. Thyroid hormone
metabolism in skeletal development and adult bone main-
tenance. Trends Endocrinol Metab. 2012;23:155–162.

141. Lee JS, Buzková P, Fink HA, et al. Subclinical thyroid dys-
function and incident hip fracture in older adults. Arch
Intern Med. 2010;170:1876–1883.

142. Heemstra KA, Hoftijzer H, van der Deure WM, et al. The
type 2 deiodinase Thr92Ala polymorphism is associated
with increased bone turnover and decreased femoral neck
bone mineral density. J Bone Miner Res. 2010;25:1385–
1391.

143. Bassett JH, Boyde A, Howell PG, et al. Optimal bone
strength and mineralization requires the type 2 iodothy-
ronine deiodinase in osteoblasts. Proc Natl Acad Sci USA.
2010;107:7604–7609.

144. Baliram R, Sun L, Cao J, et al. Hyperthyroid-associated
osteoporosis is exacerbated by the loss of TSH signaling.
J Clin Invest. 2012;122:3737–3741.

145. Gogakos AI, Duncan Bassett JH, Williams GR. Thyroid
and bone. Arch Biochem Biophys. 2010;503:129–136.

146. Abe E, Marians RC, Yu W, et al. TSH is a negative regu-
lator of skeletal remodeling. Cell. 2003;115:151–162.

147. Galliford TM, Murphy E, Williams AJ, Bassett JH, Wil-
liams GR. Effects of thyroid status on bone metabolism: a
primary role for thyroid stimulating hormone or thyroid
hormone? Minerva Endocrinol. 2005;30:237–246.

148. Liu RD, Chen RX, Li WR, et al. The Glu727 allele of
thyroid stimulating hormone receptor gene is associated
with osteoporosis. N Am J Med Sci. 2012;4:300–304.

149. Bochukova E, Schoenmakers N, Agostini M, et al. A mu-
tation in the thyroid hormone receptor � gene. N Engl
J Med. 2012;366:243–249.

150. van Mullem A, van Heerebeek R, Chrysis D, et al. Clinical
phenotype and mutant TR�1. N Engl J Med. 2012;366:
1451–1453.

151. van Mullem AA, Visser TJ, Peeters RP. Clinical conse-
quences of mutations in thyroid hormone receptor-�1. Eur
Thyroid J. 2014;3:17–24.

152. Moran C, Agostini M, Visser WE, et al. Resistance to thy-
roid hormone caused by a mutation in thyroid hormone
receptor (TR)�1 and TR�2: clinical, biochemical, and ge-
netic analyses of three related patients. Lancet Diabetes
Endocrinol. 2014;2:619–626.

153. Moran C, Schoenmakers N, Agostini M, et al. An adult
female with resistance to thyroid hormone mediated by
defective thyroid hormone receptor �. J Clin Endocrinol
Metab. 2013;98:4254–4261.

154. Medici M, Rivadeneira F, van der Deure WM, et al. A
large-scale population-based analysis of common genetic
variation in the thyroid hormone receptor � locus and
bone. Thyroid. 2012;22:223–224.

155. Meulenbelt I, Min JL, Bos S, et al. Identification of DIO2
as a new susceptibility locus for symptomatic osteoarthri-
tis. Hum Mol Genet. 2008;17:1867–1875.

156. Bos SD, Bovée JV, Duijnisveld BJ, et al. Increased type II
deiodinase protein in OA-affected cartilage and allelic im-
balance of OA risk polymorphism rs225014 at DIO2 in
human OA joint tissues. Ann Rheum Dis. 2012;71:1254–
1258.

157. Meulenbelt I, Bos SD, Chapman K, et al. Meta-analyses of
genes modulating intracellular T3 bio-availability reveal a
possible role for the DIO3 gene in osteoarthritis suscepti-
bility. Ann Rheum Dis. 2011;70:164–167.

158. Mentuccia D, Proietti-Pannunzi L, Tanner K, et al. Asso-
ciation between a novel variant of the human type 2 deio-
dinase gene Thr92Ala and insulin resistance: evidence of
interaction with the Trp64Arg variant of the �-3-adrener-
gic receptor. Diabetes. 2002;51:880–883.

159. Fiorito M, Torrente I, De Cosmo S, et al. Interaction of
DIO2 T92A and PPAR�2 P12A polymorphisms in the
modulation of metabolic syndrome. Obesity (Silver
Spring). 2007;15:2889–2895.

160. Grarup N, Andersen MK, Andreasen CH, et al. Studies of
the common DIO2 Thr92Ala polymorphism and meta-
bolic phenotypes in 7342 Danish white subjects. J Clin
Endocrinol Metab. 2007;92:363–366.

161. Maia AL, Dupuis J, Manning A, et al. The type 2 deiodi-
nase (DIO2) A/G polymorphism is not associated with gly-
cemic traits: the Framingham Heart Study. Thyroid. 2007;
17:199–202.

162. Nair S, Muller YL, Ortega E, Kobes S, Bogardus C, Baier
LJ. Association analyses of variants in the DIO2 gene with
early-onset type 2 diabetes mellitus in Pima Indians. Thy-
roid. 2012;22:80–87.

163. Peeters RP, van der Deure WM, van den Beld AW, et al.
The Asp727Glu polymorphism in the TSH receptor is as-

240 Medici et al Genetic Determination of the HPT Axis Endocrine Reviews, April 2015, 36(2):214–244

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



sociated with insulin resistance in healthy elderly men. Clin
Endocrinol (Oxf). 2007;66:808–815.

164. Dora JM, Machado WE, Rheinheimer J, Crispim D, Maia
AL. Association of the type 2 deiodinase Thr92Ala poly-
morphism with type 2 diabetes: case-control study and
meta-analysis. Eur J Endocrinol. 2010;163:427–434.

165. Estivalet AA, Leiria LB, Dora JM, et al. D2 Thr92Ala and
PPAR�2 Pro12Ala polymorphisms interact in the modu-
lation of insulin resistance in type 2 diabetic patients. Obe-
sity (Silver Spring). 2011;19:825–832.

166. Canani LH, Leie MA, Machado WE, Capp C, Maia AL.
Type 2 deiodinase Thr92Ala polymorphism is not associ-
ated with arterial hypertension in type 2 diabetes mellitus
patients. Hypertension. 2007;49:e47.

167. Maia AL, Hwang SJ, Levy D, Larson MG, Larsen PR, Fox
CS. Lack of association between the type 2 deiodinase A/G
polymorphism and hypertensive traits: the Framingham
Heart Study. Hypertension. 2008;51:e22–e23.

168. van der Deure WM, Peeters RP, Uitterlinden AG, et al.
Impact of thyroid function and polymorphisms in the type
2 deiodinase on blood pressure: the Rotterdam Study and
the Rotterdam Scan Study. Clin Endocrinol (Oxf). 2009;
71:137–144.

169. García SI, Porto PI, Dieuzeide G, et al. Thyrotropin-releas-
ing hormone receptor (TRHR) gene is associated with es-
sential hypertension. Hypertension. 2001;38:683–687.

170. Dumitrescu AM, Liao XH, Weiss RE, Millen K, Refetoff S.
Tissue-specific thyroid hormone deprivation and excess in
monocarboxylate transporter (mct) 8-deficient mice. En-
docrinology. 2006;147:4036–4043.

171. SEARCH Collaborative Group, Link E, Parish S, Armitage
J, et al. SLCO1B1 variants and statin-induced myopathy–a
genomewide study. N Engl J Med. 2008;359:789–799.

172. Davies TF, Yin X, Latif R. The genetics of the thyroid
stimulating hormone receptor: history and relevance. Thy-
roid. 2010;20:727–736.

173. Jacobson EM, Tomer Y. The CD40, CTLA-4, thyroglob-
ulin, TSH receptor, and PTPN22 gene quintet and its con-
tribution to thyroid autoimmunity: back to the future. J
Autoimmun. 2007;28:85–98.

174. Wiersinga WM. Thyroid autoimmunity. Endocr Dev.
2014;26:139–157.

175. Weetman AP. The immunopathogenesis of chronic auto-
immune thyroiditis one century after hashimoto. Eur Thy-
roid J. 2013;1:243–250.

176. Cooper JD, Simmonds MJ, Walker NM, et al. Seven newly
identified loci for autoimmune thyroid disease. Hum Mol
Genet. 2012;21:5202–5208.

177. Denny JC, Crawford DC, Ritchie MD, et al. Variants near
FOXE1 are associated with hypothyroidism and other thy-
roid conditions: using electronic medical records for ge-
nome- and phenome-wide studies.Am J Hum Genet. 2011;
89:529–542.

178. Eriksson N, Tung JY, Kiefer AK, et al. Novel associations
for hypothyroidism include known autoimmune risk loci.
PLoS One. 2012;7:e34442.

179. SimmondsMJ,HowsonJM,Heward JM,et al.Anovel and
major association of HLA-C in Graves’ disease that
eclipses the classical HLA-DRB1 effect. Hum Mol Genet.
2007;16:2149–2153.

180. Gough SC, Simmonds MJ. The HLA region and autoim-

mune disease: associations and mechanisms of action. Curr
Genomics. 2007;8:453–465.

181. Criswell LA, Pfeiffer KA, Lum RF, et al. Analysis of fam-
ilies in the multiple autoimmune disease genetics consor-
tium (MADGC) collection: the PTPN22 620W allele as-
sociates with multiple autoimmune phenotypes. Am J
Hum Genet. 2005;76:561–571.

182. Menard L, Saadoun D, Isnardi I, et al. The PTPN22 allele
encoding an R620W variant interferes with the removal of
developing autoreactive B cells in humans. J Clin Invest.
2011;121:3635–3644.

183. Barrett JC, Clayton DG, Concannon P, et al. Genome-wide
association study and meta-analysis find that over 40 loci
affect risk of type 1 diabetes. Nat Genet. 2009;41:703–
707.

184. Orrú V, Tsai SJ, Rueda B, et al. A loss-of-function variant
of PTPN22 is associated with reduced risk of systemic lu-
pus erythematosus. Hum Mol Genet. 2009;18:569–579.

185. Raychaudhuri S, Remmers EF, Lee AT, et al. Common
variants at CD40 and other loci confer risk of rheumatoid
arthritis. Nat Genet. 2008;40:1216–1223.

186. Velaga MR, Wilson V, Jennings CE, et al. The codon 620
tryptophan allele of the lymphoid tyrosine phosphatase
(LYP) gene is a major determinant of Graves’ disease. J Clin
Endocrinol Metab. 2004;89:5862–5865.

187. Li Y, He X, Schembri-King J, Jakes S, Hayashi J. Cloning
and characterization of human Lnk, an adaptor protein
with pleckstrin homology and Src homology 2 domains
that can inhibit T cell activation. J Immunol. 2000;164:
5199–5206.

188. Dubois PC, Trynka G, Franke L, et al. Multiple common
variants for celiac disease influencing immune gene expres-
sion. Nat Genet. 2010;42:295–302.

189. Jin Y, Birlea SA, Fain PR, et al. Genome-wide association
analyses identify 13 new susceptibility loci for generalized
vitiligo. Nat Genet. 2012;44:676–680.

190. Stahl EA, Raychaudhuri S, Remmers EF, et al. Genome-
wide association study meta-analysis identifies seven new
rheumatoid arthritis risk loci. Nat Genet. 2010;42:508–
514.

191. Giordano TJ, Kuick R, Thomas DG, et al. Molecular clas-
sification of papillary thyroid carcinoma: distinct BRAF,
RAS, and RET/PTC mutation-specific gene expression
profiles discovered by DNA microarray analysis. Onco-
gene. 2005;24:6646–6656.

192. Fujikawa K, Miletic AV, Alt FW, et al. Vav1/2/3-null mice
define an essential role for Vav family proteins in lympho-
cyte development and activation but a differential require-
ment in MAPK signaling in T and B cells. J Exp Med.
2003;198:1595–1608.

193. Fraser HI, Dendrou CA, Healy B, et al. Nonobese diabetic
congenic strain analysis of autoimmune diabetes reveals
genetic complexity of the Idd18 locus and identifies Vav3
as a candidate gene. J Immunol. 2010;184:5075–5084.

194. Bamforth JS, Hughes IA, Lazarus JH, Weaver CM, Harper
PS. Congenital hypothyroidism, spiky hair, and cleft pal-
ate. J Med Genet. 1989;26:49–51.

195. Gudmundsson J, Sulem P, Gudbjartsson DF, et al. Com-
mon variants on 9q22.33 and 14q13.3 predispose to thy-
roid cancer in European populations. Nat Genet. 2009;
41:460–464.

doi: 10.1210/er.2014-1081 edrv.endojournals.org 241

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



196. Köhler A, Chen B, Gemignani F, et al. Genome-wide as-
sociation study on differentiated thyroid cancer. J Clin En-
docrinol Metab. 2013;98:E1674–E1681.

197. Takahashi M, Saenko VA, Rogounovitch TI, et al. The
FOXE1 locus is a major genetic determinant for radiation-
related thyroid carcinoma in Chernobyl. Hum Mol Genet.
2010;19:2516–2523.

198. Haymart MR, Glinberg SL, Liu J, Sippel RS, Jaume JC,
Chen H. Higher serum TSH in thyroid cancer patients oc-
curs independent of age and correlates with extrathyroidal
extension. Clin Endocrinol (Oxf). 2009;71:434–439.

199. Chu X, Pan CM, Zhao SX, et al. A genome-wide associ-
ation study identifies two new risk loci for Graves’ disease.
Nat Genet. 2011;43:897–901.

200. Zhao SX, Xue LQ, Liu W, et al. Robust evidence for five
new Graves’ disease risk loci from a staged genome-wide
association analysis. Hum Mol Genet. 2013;22:3347–
3362.

201. McLachlan SM, Rapoport B. Breaking tolerance to thy-
roid antigens: changing concepts in thyroid autoimmunity.
Endocr Rev. 2014;35:59–105.

202. Ericsson UB, Christensen SB, Thorell JI. A high prevalence
of thyroglobulin autoantibodies in adults with and without
thyroid disease as measured with a sensitive solid-phase
immunosorbent radioassay. Clin Immunol Immuno-
pathol. 1985;37:154–162.

203. Jacobson EM, Concepcion E, Ho K, Kopp P, Vono To-
niolo J, Tomer Y. cDNA immunization of mice with hu-
man thyroglobulin generates both humoral and T cell re-
sponses: a novel model of thyroid autoimmunity. PLoS
One. 2011;6:e19200.

204. Nielsen CH, Hegedüs L, Leslie RG. Autoantibodies in au-
toimmune thyroid disease promote immune complex for-
mation with self antigens and increase B cell and CD4� T
cell proliferation in response to self antigens. Eur J Immu-
nol. 2004;34:263–272.

205. Carrel L, Willard HF. X-inactivation profile reveals exten-
sive variability in X-linked gene expression in females. Na-
ture. 2005;434:400–404.

206. Castagné R, Zeller T, Rotival M, et al. Influence of sex and
genetic variability on expression of X-linked genes in hu-
man monocytes. Genomics. 2011;98:320–326.

207. Kirchner J, Bevan MJ. ITM2A is induced during thymocyte
selection and T cell activation and causes downregulation
of CD8 when overexpressed in CD4(�)CD8(�) double
positive thymocytes. J Exp Med. 1999;190:217–228.

208. Chu X, Shen M, Xie F, et al. An X chromosome-wide as-
sociation analysis identifies variants in GPR174 as a risk
factor for Graves’ disease. J Med Genet. 2013;50:479–
485.

209. Cooper JD, Smyth DJ, Smiles AM, et al. Meta-analysis of
genome-wide association study data identifies additional
type 1 diabetes risk loci. Nat Genet. 2008;40:1399–1401.

210. Sironi M, Guerini FR, Agliardi C, et al. An evolutionary
analysis of RAC2 identifies haplotypes associated with hu-
man autoimmune diseases. Mol Biol Evol. 2011;28:3319–
3329.

211. Benvenuti F, Hugues S, Walmsley M, et al. Requirement of
Rac1 and Rac2 expression by mature dendritic cells for T
cell priming. Science. 2004;305:1150–1153.

212. Boyer L, Magoc L, Dejardin S, et al. Pathogen-derived ef-

fectors trigger protective immunity via activation of the
Rac2 enzyme and the IMD or Rip kinase signaling path-
way. Immunity. 2011;35:536–549.

213. Li B, Yu H, Zheng W, et al. Role of the guanosine triphos-
phatase Rac2 in T helper 1 cell differentiation. Science.
2000;288:2219–2222.

214. Walmsley MJ, Ooi SK, Reynolds LF, et al. Critical roles for
Rac1 and Rac2 GTPases in B cell development and signal-
ing. Science. 2003;302:459–462.

215. Ambruso DR, Knall C, Abell AN, et al. Human neutrophil
immunodeficiency syndrome is associated with an inhibi-
tory Rac2 mutation. Proc Natl Acad Sci USA. 2000;97:
4654–4659.

216. Kumar KR, Li L, Yan M, et al. Regulation of B cell toler-
ance by the lupus susceptibility gene Ly108. Science. 2006;
312:1665–1669.

217. Wandstrat AE, Nguyen C, Limaye N, et al. Association of
extensive polymorphisms in the SLAM/CD2 gene cluster
with murine lupus. Immunity. 2004;21:769–780.

218. Menard L, Cantaert T, Chamberlain N, et al. Signaling
lymphocytic activation molecule (SLAM)/SLAM-associ-
ated protein pathway regulates human B-cell tolerance. J
Allergy Clin Immunol. 2014;133:1149–1161.

219. Yang D, Chertov O, Bykovskaia SN, et al. Beta-defensins:
linking innate and adaptive immunity through dendritic
and T cell CCR6. Science. 1999;286:525–528.

220. Reboldi A, Coisne C, Baumjohann D, et al. C-C chemokine
receptor 6-regulated entry of TH-17 cells into the CNS
through the choroid plexus is required for the initiation of
EAE. Nat Immunol. 2009;10:514–523.

221. Barrett JC, Hansoul S, Nicolae DL, et al. Genome-wide
association defines more than 30 distinct susceptibility loci
for Crohn’s disease. Nat Genet. 2008;40:955–962.

222. Quan C, Ren YQ, Xiang LH, et al. Genome-wide associ-
ation study for vitiligo identifies susceptibility loci at 6q27
and the MHC. Nat Genet. 2010;42:614–618.

223. Reilly MP, Li M, He J, et al. Identification of ADAMTS7
as a novel locus for coronary atherosclerosis and associa-
tion of ABO with myocardial infarction in the presence of
coronary atherosclerosis: two genome-wide association
studies. Lancet. 2011;377:383–392.

224. Williams FM, Carter AM, Hysi PG, et al. Ischemic stroke
is associated with the ABO locus: the EuroCLOT study.
Ann Neurol. 2013;73:16–31.

225. Tang W, Teichert M, Chasman DI, et al. A genome-wide
association study for venous thromboembolism: the ex-
tended cohorts for heart and aging research in genomic
epidemiology (CHARGE) consortium. Genet Epidemiol.
2013;37:512–521.

226. He M, Wu C, Xu J, et al. A genome wide association study
of genetic loci that influence tumour biomarkers cancer
antigen 19-9, carcinoembryonic antigen and � fetoprotein
and their associations with cancer risk. Gut. 2014;63:143–
151.

227. Dichgans M, Malik R, König IR, et al. Shared genetic sus-
ceptibility to ischemic stroke and coronary artery disease:
a genome-wide analysis of common variants. Stroke. 2014;
45:24–36.

228. Yamamoto F, Cid E, Yamamoto M, Blancher A. ABO re-
search in the modern era of genomics. Transfus Med Rev.
2012;26:103–118.

242 Medici et al Genetic Determination of the HPT Axis Endocrine Reviews, April 2015, 36(2):214–244

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



229. Medici M, Porcu E, Pistis G, et al. Identification of novel
genetic loci associated with thyroid peroxidase antibodies
and clinical thyroid disease. PLoS Genet. 2014;10:
e1004123.

230. Kwak SH, Park YJ, Go MJ, et al. A genome-wide associ-
ation study on thyroid function and anti-thyroid peroxi-
dase antibodies in Koreans. Hum Mol Genet. 2014;23:
4433–4442.

231. Muto A, Hoshino H, Madisen L, et al. Identification of
Bach2 as a B-cell-specific partner for small maf proteins
that negatively regulate the immunoglobulin heavy chain
gene 3� enhancer. Embo J. 1998;17:5734–5743.

232. Plagnol V, Howson JM, Smyth DJ, et al. Genome-wide
association analysis of autoantibody positivity in type 1
diabetes cases. PLoS Genet. 2011;7:e1002216.

233. Franke A, McGovern DP, Barrett JC, et al. Genome-wide
meta-analysis increases to 71 the number of confirmed
Crohn’s disease susceptibility loci. Nat Genet. 2010;42:
1118–1125.

234. Sawcer S, Hellenthal G, Pirinen M, et al. Genetic risk and
a primary role for cell-mediated immune mechanisms in
multiple sclerosis. Nature. 2011;476:214–219.

235. Wu Y, Dowbenko D, Spencer S, et al. Interaction of the
tumor suppressor PTEN/MMAC with a PDZ domain of
MAGI3, a novel membrane-associated guanylate kinase.
J Biol Chem. 2000;275:21477–21485.

236. Bossowski A, Czarnocka B, Bardadin K, et al. Identifica-
tion of apoptotic proteins in thyroid gland from patients
with Graves’ disease and Hashimoto’s thyroiditis. Auto-
immunity. 2008;41:163–173.

237. Wang SH, Baker JR. The role of apoptosis in thyroid au-
toimmunity. Thyroid. 2007;17:975–979.

238. Houlden H, Singleton AB. The genetics and neuropathol-
ogy of Parkinson’s disease. Acta Neuropathol. 2012;124:
325–338.

239. Magaña JJ, Velázquez-Pérez L, Cisneros B. Spinocerebel-
lar ataxia type 2: clinical presentation, molecular mecha-
nisms, and therapeutic perspectives. Mol Neurobiol. 2013;
47:90–104.

240. Gieger C, Radhakrishnan A, Cvejic A, et al. New gene
functions in megakaryopoiesis and platelet formation. Na-
ture. 2011;480:201–208.

241. Rawal R, Teumer A, Völzke H, et al. Meta-analysis of two
genome-wide association studies identifies four genetic loci
associated with thyroid function. Hum Mol Genet. 2012;
21:3275–3282.

242. Zhan M, Chen G, Pan CM, et al. Genome-wide association
study identifies a novel susceptibility gene for serum TSH
levels in Chinese populations. Hum Mol Genet. 2014;23:
5505–5517.

243. Bender AT, Beavo JA. Cyclic nucleotide phosphodies-
terases: molecular regulation to clinical use. Pharmacol
Rev. 2006;58:488–520.

244. Jorde R, Schirmer H, Wilsgaard T, et al. The phosphodi-
esterase 8B gene rs4704397 is associated with thyroid
function, risk of myocardial infarction, and body height:
the Tromsø study. Thyroid. 2014;24:215–222.

245. Roef GL, Rietzschel ER, De Meyer T, et al. Associations of
rs4704397 in phosphodiesterase 8B with thyrotropin and
thyroid hormone concentrations. Thyroid. 2013;23:376–
377.

246. Taylor PN, Panicker V, Sayers A, et al. A meta-analysis of
the associations between common variation in the PDE8B
gene and thyroid hormone parameters, including assess-
ment of longitudinal stability of associations over time and
effect of thyroid hormone replacement. Eur J Endocrinol.
2011;164:773–780.

247. Granfors M, Karypidis H, Hosseini F, et al. Phosphodies-
terase 8B gene polymorphism in women with recurrent
miscarriage: a retrospective case control study. BMC Med
Genet. 2012;13:121.

248. Shields BM, Freathy RM, Knight BA, et al. Phosphodies-
terase 8B gene polymorphism is associated with subclinical
hypothyroidism in pregnancy. J Clin Endocrinol Metab.
2009;94:4608–4612.

249. Fujishige K, Kotera J, Michibata H, et al. Cloning and
characterization of a novel human phosphodiesterase that
hydrolyzes both cAMP and cGMP (PDE10A). J Biol Chem.
1999;274:18438–18445.

250. Volpato CB, De Grandi A, Gögele M, et al. Linkage and
association analysis of hyperthyrotropinaemia in an Al-
pine population reveal two novel loci on chromosomes
3q28–29 and 6q26–27. J Med Genet. 2011;48:549–556.

251. Teumer A, Rawal R, Homuth G, et al. Genome-wide as-
sociation study identifies four genetic loci associated with
thyroid volume and goiter risk. Am J Hum Genet. 2011;
88:664–673.

252. Grasberger H, Van Sande J, Hag-Dahood Mahameed A,
Tenenbaum-Rakover Y, Refetoff S. A familial thyrotropin
(TSH) receptor mutation provides in vivo evidence that the
inositol phosphates/Ca2� cascade mediates TSH action
on thyroid hormone synthesis. J Clin Endocrinol Metab.
2007;92:2816–2820.

253. Zhou R, Bonneaud N, Yuan CX, et al. SOX9 interacts with
a component of the human thyroid hormone receptor-as-
sociated protein complex. Nucleic Acids Res. 2002;30:
3245–3252.

254. das Neves L, Duchala CS, Tolentino-Silva F, et al. Disrup-
tion of the murine nuclear factor I-A gene (Nfia) results in
perinatal lethality, hydrocephalus, and agenesis of the cor-
pus callosum. Proc Natl Acad Sci USA. 1999;96:11946–
11951.

255. Fernández LP, López-Márquez A, Martínez AM, Gómez-
López G, Santisteban P. New insights into FoxE1 func-
tions: identification of direct FoxE1 targets in thyroid cells.
PLoS One. 2013;8:e62849.

256. Nakazato M, Chung HK, Ulianich L, Grassadonia A, Su-
zuki K, Kohn LD. Thyroglobulin repression of thyroid
transcription factor 1 (TTF-1) gene expression is mediated
by decreased DNA binding of nuclear factor I proteins
which control constitutive TTF-1 expression. Mol Cell
Biol. 2000;20:8499–8512.

257. Ortiz L, Aza-Blanc P, Zannini M, Cato AC, Santisteban P.
The interaction between the forkhead thyroid transcrip-
tion factor TTF-2 and the constitutive factor CTF/NF-1 is
required for efficient hormonal regulation of the thyroper-
oxidase gene transcription. J Biol Chem. 1999;274:
15213–15221.

258. Klein M, Catargi B. VEGF in physiological process and
thyroid disease. Ann Endocrinol (Paris). 2007;68:438–
448.

259. Gérard AC, Poncin S, Audinot JN, Denef JF, Colin IM.

doi: 10.1210/er.2014-1081 edrv.endojournals.org 243

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024



Iodide deficiency-induced angiogenic stimulus in the thy-
roid occurs via HIF- and ROS-dependent VEGF-A secre-
tion from thyrocytes. Am J Physiol Endocrinol Metab.
2009;296:E1414–E1422.

260. Hick AC, Delmarcelle AS, Bouquet M, et al. Reciprocal
epithelial:endothelial paracrine interactions during thy-
roid development govern follicular organization and C-
cells differentiation. Dev Biol. 2013;381:227–240.

261. Guo M, Liu W, Serra S, Asa SL, Ezzat S. FGFR2 isoforms
support epithelial-stromal interactions in thyroid cancer
progression. Cancer Res. 2012;72:2017–2027.

262. Revest JM, Spencer-Dene B, Kerr K, De Moerlooze L,
Rosewell I, Dickson C. 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. 2001;231:47–62.

263. Feldt-Rasmussen U. Interactions between growth hor-
mone and the thyroid gland – with special reference to
biochemical diagnosis. Curr Med Chem. 2007;14:2783–
2788.

264. Laron Z. Interactions between the thyroid hormones and
the hormones of the growth hormone axis. Pediatr Endo-
crinol Rev. 2003;1(suppl 2):244–249; discussion 250.

265. Thomas GA, Davies HG, Williams ED. Site of production
of IGF1 in the normal and stimulated mouse thyroid.
J Pathol. 1994;173:355–360.

266. Eggo MC, King WJ, Black EG, Sheppard MC. Functional
human thyroid cells and their insulin-like growth factor-
binding proteins: regulation by thyrotropin, cyclic 3�,5�
adenosine monophosphate, and growth factors. J Clin En-
docrinol Metab. 1996;81:3056–3062.

267. Wescombe L, Lahooti H, Gopinath B, Wall JR. The car-
diac calsequestrin gene (CASQ2) is up-regulated in the thy-
roid in patients with Graves’ ophthalmopathy–support for
a role of autoimmunity against calsequestrin as the trig-
gering event. Clin Endocrinol (Oxf). 2010;73:522–528.

268. Lantz KA, Vatamaniuk MZ, Brestelli JE, Friedman JR,
Matschinsky FM, Kaestner KH. Foxa2 regulates multiple
pathways of insulin secretion. J Clin Invest. 2004;114:
512–520.

269. Dubois F, Vandermoere F, Gernez A, et al. Differential
14–3–3 affinity capture reveals new downstream targets of
phosphatidylinositol 3-kinase signaling. Mol Cell Pro-
teomics. 2009;8:2487–2499.

270. Wolfrum C, Besser D, Luca E, Stoffel M. Insulin regulates
the activity of forkhead transcription factor Hnf-3�/
Foxa-2 by Akt-mediated phosphorylation and nuclear/cy-
tosolic localization. Proc Natl Acad Sci USA. 2003;100:
11624–11629.

271. Yip VL, Pirmohamed M. Expanding role of pharmacog-
enomics in the management of cardiovascular disorders.
Am J Cardiovasc Drugs. 2013;13:151–162.

272. Lindquist KJ, Jorgenson E, Hoffmann TJ, Witte JS. The
impact of improved microarray coverage and larger sam-
ple sizes on future genome-wide association studies. Genet
Epidemiol. 2013;37:383–392.

273. Zenewicz LA, Abraham C, Flavell RA, Cho JH. Unraveling
the genetics of autoimmunity. Cell. 2010;140:791–797.

274. Huber AK, Concepcion ES, Gandhi A, et al. Analysis of
immune regulatory genes’ copy number variants in Graves’
disease. Thyroid. 2011;21:69–74.

275. Aschard H, Lutz S, Maus B, et al. Challenges and opportunities
in genome-wide environmental interaction (GWEI) studies.
Hum Genet. 2012;131:1591–1613.

276. Fricchione GL, Stefano GB. The stress response and auto-
immunoregulation. Adv Neuroimmunol. 1994;4:13–27.

277. Hargreaves CE, Grasso M, Hampe CS, et al. Yersinia en-
terocolitica provides the link between thyroid-stimulating
antibodies and their germline counterparts in Graves’ dis-
ease. J Immunol. 2013;190:5373–5381.

278. Agrawal N, Jiao Y, Sausen M, et al. Exomic sequencing of
medullary thyroid cancer reveals dominant and mutually
exclusive oncogenic mutations in RET and RAS. J Clin
Endocrinol Metab. 2013;98:E364–E369.

279. Yan J, Takahashi T, Ohura T, et al. Combined linkage
analysis and exome sequencing identifies novel genes for
familial goiter. J Hum Genet. 2013;58:366–377.

280. Cancer Genome Atlas Research Network. Integrated
genomic characterization of papillary thyroid carcinoma.
Cell. 2014;159:676–690.

281. Sun Y, Bak B, Schoenmakers N, et al. Loss-of-function
mutations in IGSF1 cause an X-linked syndrome of central
hypothyroidism and testicular enlargement. Nat Genet.
2012;44:1375–1381.

282. Zevenbergen C, Klootwijk W, Peeters RP, et al. Functional
analysis of novel genetic variation in the thyroid hormone
activating type 2 deiodinase. J Clin Endocrinol Metab.
2014;99:E2429–E2436.

283. Kilpinen H, Barrett JC. How next-generation sequencing is
transforming complex disease genetics. Trends Genet.
2013;29:23–30.

284. Ku CS, Tan EK, Cooper DN. From the periphery to centre
stage: de novo single nucleotide variants play a key role in
human genetic disease. J Med Genet. 2013;50:203–211.

285. Exome Variant Server. NHLBI GO Exome Sequencing
Project (ESP), Seattle, WA. http://evs.gs.washington.edu/
EVS/.

286. Ambrosio R, Damiano V, Sibilio A, et al. Epigenetic con-
trol of type 2 and 3 deiodinases in myogenesis: role of
lysine-specific demethylase enzyme and FoxO3. Nucleic
Acids Res. 2013;41:3551–3562.

287. Taylor PN, Porcu E, Chew S, et al. Whole-genome se-
quence-based analysis of thyroid function. Nat Commun.
March 6, 2015. doi: 10.1038/ncomms6681.

244 Medici et al Genetic Determination of the HPT Axis Endocrine Reviews, April 2015, 36(2):214–244

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/2/214/2354676 by guest on 10 April 2024

http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/

