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 Introduction  

 Thyroid hormone (TH) is essential for normal devel-
opment and metabolic activity of most tissues. This is il-
lustrated by the severe consequences of congenital hypo-
thyroidism, leading to growth failure and mental retarda-
tion when untreated  [1, 2] . The biological action of TH is 
mediated by the binding of the biologically active hor-
mone T3 to its nuclear receptor (TR). TRs are bound to 
T3 response elements in the promoter region of target 
genes and function as ligand-dependent transcription 
factors  [3, 4] . Nongenomic effects of TH have also been 
reported  [5] , but those nongenomic actions are beyond 
the scope of this review.

  Different TR isoforms are generated from  THRA  and 
 THRB  by usage of alternative splice sites and/or promot-
ers, with TRα1, TRβ1, and TRβ2 as the T3-binding iso-
forms  [4] . Both TRα1 and TRβ1 are widely expressed, 
with TRα1 as the predominant isoform in the brain, bone, 
heart, and intestine, and TRβ1 as the major isoform in the 
liver, kidney, and thyroid  [4, 6] . TRβ2 has a more restrict-
ed expression pattern (hypothalamus, pituitary, and reti-
na) and is involved in the regulation of the hypothalamus-
pituitary-thyroid axis as well as in the neurosensory de-
velopment  [7, 8] .

  Heterozygous mutations in the ligand-binding do-
main of  THRB  are associated with resistance to TH 
(RTHβ). RTHβ is characterized by high serum TH levels 
in combination with nonsuppressed thyroid-stimulating 
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 Abstract 

 Thyroid hormone (TH) exerts its biological activity via the TH 
receptors TRα1 and TRβ1/2, which are encoded by the  THRA  
and  THRB  genes. The first patients with mutations in  THRB  
were identified decades ago. These patients had a clinical 
syndrome of resistance to TH associated with high serum TH 
and nonsuppressed thyroid-stimulating hormone levels. 
Until recently, no patients with mutations in  THRA  had been 
identified. In an attempt to predict the clinical phenotype of 
such patients, different TRα1 mutant mouse models have 
been generated. These mice have a variable phenotype de-
pending on the location and severity of the mutation. Re-
cently, the first humans with mutations in  THRA  were identi-
fied. Their phenotype consists of relatively low serum T4 and 
high serum T3 levels (and thus an elevated T3/T4 ratio), 
growth retardation, delayed mental and bone development, 
and constipation. While, in retrospect, certain features pres-
ent in humans can also be found in mouse models, the first 
humans carrying a defect in TRα1 were not suspected of hav-
ing a  THRA  gene mutation initially. The current review fo-
cuses on the clinical consequences of TRα1 mutations.
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hormone (TSH). The syndrome may comprise goiter, 
tachycardia, and raised energy expenditure  [9–11] , al-
though many RTHβ patients are asymptomatic. Mice 
with specific TRβ defects exhibit a phenotype similar to 
that of RTHβ patients  [12, 13] .

  It has proven much more difficult to identify patients 
with mutations in  THRA.  In an attempt to predict the 
clinical consequences of TRα1 defects, different knockin 
and knockout mouse models have been generated. Inter-
estingly, when mice devoid of all TRs are deprived of TH, 
they have fewer symptoms of hypothyroidism than wild-
type hypothyroid mice due to the suppressive effect of 
unliganded TRs, in particular TRα1, on (positively regu-
lated) gene transcription  [14–16] . Mice with heterozy-
gous TRα1 mutations are viable and have a heteroge-
neous phenotype, depending on the severity and the loca-
tion of the mutation  [17] . Most adult TRα1 mutant mice 
are euthyroid with a mildly elevated TSH. Other charac-
teristics of the various mouse models include delayed en-
dochondral ossification resulting in dwarfism, disturbed 
behavior, memory impairment, locomotor dysfunction, 
mild bradycardia, and insulin resistance  [6, 17–23] . For 
an excellent review of the different TRα1 mutant mouse 
models, please refer to Vennström et al.  [17] .

  In the last 2 years, 4 patients have been identified with 
3 different mutations in the TRα1 portion of the  THRA  
gene  [24–27] . Despite the existence of mouse models that, 
in retrospect, closely resemble certain features of the phe-
notype, the first identified patients were not suspected of 
having a  THRA  gene mutation initially. The first patient 
was identified via exome sequencing  [24] . Around the 
same time, 2 additional patients were identified by a can-
didate gene approach after mutations in (at that time) 
more likely candidates such as TH transporters and deio-
dinases had been excluded  [25] . This review describes the 
clinical consequences of the mutations in TRα1 in detail 
and discusses the relation with the different TRα1 mutant 
mouse models. One additional patient, with a mutation 
in  THRA  affecting both TRα1 and TRα2, was recently re-
ported  [28] , but since a detailed description and analysis 
of this patient have not (yet) been published, the patient 
will not be discussed in this review.

  Clinical Phenotype 

 The characteristics of the 4 patients with resistance to 
TH caused by mutations in TRα1 (RTHα) are summa-
rized in  table 1   [24–27, 29] . The key features of RTHα are 
growth retardation, delayed mental and bone develop-

ment, constipation, and elevated serum T3/T4 and T3/rT3 
ratios  [24–27] . All 4 patients identified so far have muta-
tions leading to a truncated protein with a complete lack 
of T3 binding: the 6-year-old girl (P1) has a heterozygous 
nonsense mutation (E403X)  [24] , the 11-year-old girl (P2) 
and her 47-year-old father (P3) have a heterozygous sin-
gle-nucleotide insertion (F397fs406X)  [25, 26] , and the 
45-year-old female patient (P4) has a heterozygous single-
nucleotide deletion (A382fs388X)  [27] .

  The 2 youngest patients (P1 and P2) initially presented 
with classical clinical features of hypothyroidism such as 
delayed motor development, delayed closure of the skull 
sutures, macroglossia, delayed tooth eruption, bone de-
velopment abnormalities, macrocephaly, and growth de-
lay  [24, 25] . The 2 adult patients (P3 and P4) also had 
symptoms of hypothyroidism at clinical evaluation, such 
as slow speech, drowsiness, slow reactions, dry skin and 
hair, and slow reflexes  [24–27] .

  Growth retardation is a consistent component of the 
phenotype in all 4 patients  (fig. 1)   [24, 25, 27] . All patients 
have short stature, with leg length being more affected than 
sitting height [ 24, 25, 27 , pers. commun. with Dionisios 
Chrysis]. Both young patients also have other bone devel-
opment abnormalities. One (P2) had congenital hip dislo-
cation around birth, with a delayed appearance of ossifica-
tion centers on X-ray, whereas the other (P1) suffered from 
femoral epiphyseal dysgenesis  [24, 25] . In addition, both 
had delayed closure of the skull sutures, delayed tooth 
eruption, and delayed bone age relative to their age  [24–
26] . DXA scans revealed normal bone mineral densities in 
the juvenile and adult patients  [26, 27] , but more detailed 
imaging data (such as qCT) are not yet available.

  As mentioned above, knockin mouse models with vari-
ous TRα1 defects have been generated  (table 2) : (1) TRα1-
P394fs406X, also known as TRα1-PV, resulting in a frame 
shift and premature stop leading to a complete loss of T3 
affinity  [21]  (this mutation is very similar to the TRα1-
F397fs406X mutation that has been identified in patients 
P2 and P3); (2) TRα1-R384C, resulting in a 10-fold reduced 
T3 affinity  [23] ; (3) TRα1-L400R, resulting in a reduced T3 
affinity as well as a reduced binding of coactivators  [22] , 
and (4) TRα1-P398H, resulting in a 3-fold reduced T3 af-
finity and interference with PPARα  [19] . Similar to hu-
mans, all knockin mice except TRα1-P398H suffer from 
growth retardation  [19, 23, 30, 31] . Interestingly, TRα1-
R384C mice with a reduced but not absent T3 affinity over-
come the growth retardation in adulthood and reach a 
near-normal size, whereas the other mice remain dwarfed 
 [17, 21–23] . The growth retardation of TRα1-L400R mice 
is disproportional as also seen in the RTHα patients  [22] . 
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No data on possible disproportional growth retardation are 
available for the other mouse models.

  The phenotype of the various models includes delayed 
tooth eruption and delayed closure of the skull sutures as 
well  [22, 23, 30–33] . In addition, delayed endochondral 
and intramembranous ossification has been documented. 

Again, only the TRα1-R384C mice overcome most of 
these defects in adulthood  [23] .

  Both young TRα1 patients (P1 and P2) had a delayed 
motor and mental development  [24, 25] . All 4 patients 
have cognitive deficits (IQ range 52–90), although patient 
P2 attends normal school with average grades  [24, 25, 27] . 

  Fig. 1.  Growth chart of the 11-year-old girl (P2) with an inactivat-
ing mutation in the TRα1 portion of the  THRA  gene, with growth 
velocity in the inset. The growth curve is compared with the nor-

mal range for the Greek population. The initiation of LT4 and GH 
therapy is indicated by the arrows. Adapted from van Mullem et 
al.  [25]  with permission. 

 Table 1.  Genotype and phenotype comparison of patients with a mutation in the TRα1 portion of the THRA gene

TRα1-E403X [24] TRα1-F397fs406X [25, 26] TRα1-A382PfsX7 [27]

Subject P1 P2 and P3 P4
Genotype

Mutation nonsense frame shift frame shift
Zygosity heterozygous heterozygous heterozygous

Phenotype
Bone development growth retardation growth retardation growth retardation
Mental development mildly affected mildly affected cognitive impairment, seizures
Constipation severe mild severe
TSH normal normal high-normal
FT4 low-normal low-normal low-normal
T3 high-normal high normal
T3/T4 ratio elevated elevated elevated
rT3 low low low



 van Mullem/Visser/Peeters Eur Thyroid J 2014;3:17–24
DOI: 10.1159/000360637

20

The patient with the most severe cognitive impairment 
(P4) has seizures, which have also been described in TRα1 
mutant mice  [17, 27] .

  The psychomotor phenotype has been documented in 
greatest detail in TRα1-R384C mice, which suffer from 
reduced grip strength, poor limb coordination, and an 
abnormal gait  [34] . The locomotor dysfunctions correlate 
with an aberrant development of GABAergic interneu-
rons and can be ameliorated by TH treatment during ear-
ly fetal and postnatal development. In addition, TRα1-
R384C mice exhibit extreme anxiety and reduced cogni-
tion  [35] . This behavior can be normalized by treating the 
adult animals with T3. It is therefore very tempting to 
speculate about possible benefits for human patients with 
TRα1 defects leading to a reduced, but not fully abolished, 
affinity of the receptor for T3. However, no such patients 

have yet been identified. TRα1-L400R mice have an atax-
ic walk, and TRα1-PV mice have reduced glucose utiliza-
tion in the brain  [22, 36] .

  All patients suffer from mild to severe constipation 
 [24–27] . The most severely affected patient (P1) also has 
bowel dilatation and delayed intestinal transit  [24] . This 
is very similar to the intestinal phenotype of TRα–/– 
mice, which suffer from a delayed development, intestinal 
hypoplasia, hypotrophy, and reduced function  [32, 37] .

  The 2 adult patients with RTHα (P3 and P4) have an 
increased BMI, but this is less pronounced in the young-
er patients (P1 and P2)  [24, 26, 27] . The metabolic phe-
notype is also very variable between the different mutant 
mouse models. Although TRα1-PV and TRα1-R384C 
mice have a reduced body weight, TRα1-P398H mice 
have an increased amount of body fat in combination 
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  Fig. 2.  Results of serum thyroid function tests and SHBG levels in 
samples collected from female patient P2 with an inactivating mu-
tation in the TRα1 portion of the  THRA  gene under different treat-

ment modalities (on and off LT4 and/or GH therapy) at different 
time points. The horizontal lines represent the different reference 
ranges. Adapted from van Mullem et al.  [26]  with permission. 
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with insulin resistance  [17, 19, 21, 23] . This difference 
may very well depend on the exact position of the muta-
tion, as well as on differences in the genetic background 
of the various mouse strains.

  RTHα patients have a normal body temperature  [26] , 
but data on cold intolerance are not yet available. TRα1-
P398H mice have a lower core body temperature, and 
both TRα1-P398H and TRα1-L400R mice have reduced 
cold-induced thermogenesis  [17, 19, 22] . The basal meta-
bolic rate (BMR) was low to low-normal in the 2 human 
RTHα patients studied (P1 and P4). This is similar to 
TRα1-P398H mice but in contrast to TRα1-R384C mice 
which have an increased BMR  [17] . TRα1-R384C mice 
are hyperphagic and resistant to obesity, due to a central-
ly induced hypermetabolism caused by apo-TRα1  [38] .

  Two patients (P1 and P4) had a low resting heart rate 
and a low blood pressure, while these parameters were 

normal in the other 2 patients (P2 and P3)  [24, 26, 27] . 
TRα1-R384C, TRα1-L400R, and TRα1-P398H mice all 
have a lower heart rate as well  [19, 20, 22] .

  Laboratory Findings 

 All 4 RTHα patients had low to low-normal serum
(F)T4, high-normal to high T3, and low rT3, in combina-
tion with normal TSH levels ( fig. 2 ,  3 )  [24–27] . As a conse-
quence, their T3/T4 and T3/rT3 ratios were clearly elevat-
ed, suggesting an altered peripheral TH metabolism  (fig. 2)  
 [26, 27] . These altered thyroid function tests did not fully 
agree with what was seen in the different mouse models, 
since TRα1-R384C and TRα1-L400R mice had normal TH 
levels, whereas thyroid function tests were only slightly al-
tered in TRα1-PV and TRα1-P398H mice  [17, 19, 21–23] .
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 Table 2.  Genotype and phenotype comparison of TRα1 mutant mice

TRα1-PV [21] TRα1-R384C [23] TRα1-L400R [22] TRα1-P398H [19, 22]

Model 1 2 3 4
Phenotype

T3 affinity lost reduced reduced reduced
Bone development dwarfism growth retardation dwarfism normal length
TSH elevated normal in adulthood normal elevated
FT4 normal normal in adulthood normal slightly elevated
T3 elevated normal normal slightly elevated

  Fig. 3.  Serum TSH plotted as a function of serum FT4 levels in a 
female patient (P2;  a ) and her father (P3;  b ) with an inactivating 
mutation in the TRα1 portion of the  THRA  gene. Different sym-
bols represent different treatment modalities (on and off LT4 and/

or GH therapy). The regression line is based on all data points. 
Reference ranges are indicated by the horizontal and vertical lines. 
Rx = Medication. Adapted from van Mullem et al.  [26]  with per-
mission. 
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  The elevated T3/T4 and T3/rT3 ratios in all affected 
humans are likely explained by an altered expression of 
deiodinases, which are the most important enzymes in 
the peripheral TH metabolism  [39] . Type 1 deiodinase 
(D1) is present in the liver, kidney, and thyroid and plays 
a key role in the production of the active hormone T3 
from T4 and in clearance of the metabolite rT3. Type 2 
deiodinase (D2) is expressed in the brain, pituitary, brown 
adipose tissue, thyroid, skeletal muscle, and osteoblasts. 
In tissues such as the brain, D2 is important for the local 
production of T3, whereas D2 in skeletal muscle may also 
contribute to plasma T3 production. Type 3 deiodinase 
(D3) is present in the brain, skin, placenta, pregnant uter-
us, and various fetal tissues during development. D3 is the 
major T3 and T4 inactivating enzyme and contributes to 
TH homeostasis by protecting tissues from excess active 
TH or its precursor. T3/T4 and T3/rT3 ratios are consid-
ered to be sensitive indicators of the peripheral metabo-
lism of TH, being positively influenced by D1 and D2 and 
negatively influenced by D3. These ratios are relatively 
independent of thyroidal T4 production and of variations 
in serum binding proteins. The elevated ratios could be 
due to increased D1 or D2 activity, decreased D3 activity, 
or a combination of both  [26] . It has been shown that 
TRα1-PV mice have increased levels of hepatic D1, while 
D1 is normal in the liver of TRα1-L400R mice  [21, 22] . 
TRα0/0 mice have normal liver D1 expression but im-
paired regulation of brain D3 expression, which leads to 
a reduced production of rT3 and degradation of T3  [40] . 
Further research is necessary to elucidate these altera-
tions in deiodinase activities in humans with RTHα  [26] .

  Other laboratory findings were low-normal IGF1, with 
insufficient growth hormone (GH) responses to both 
clonidine and L-DOPA stimulation tests in P2 and P3  [24–
27] . Alterations in the GH-IGF1 axis have been described 
in different mouse models as well. TRα1-R384C mice have 
lower pituitary GH mRNA levels before adolescence, al-
though their IGF1 levels are in the normal range  [23] . Also 
TRα1-L400R mice have a reduced GH expression, whereas 
TRα1-PV mice have normal pituitary GH levels  [22, 30] .

  The patients with the same frame shift mutation (P2 
and P3) had clearly elevated levels of cholesterol and el-
evated LDL/HDL ratios, whereas cholesterol was normal 
in the other 2 patients (P1 and P4)  [25–27] . TRα1-P398H 
mice had slightly elevated serum lipids as well, whereas 
all other mutant mice had reduced serum lipid levels  [17] .

  Furthermore, all RTHα patients had anemia, which is 
frequently seen in hypothyroidism and is in line with the 
impaired erythropoiesis seen in TRα–/– mice  [26, 27, 41, 
42] . SHBG, which is a marker of thyroid status in the liver, 

varied between different patients from normal to high  (fig. 
2)   [24, 26, 27] . Creatine kinase, which is elevated in hypo-
thyroidism, was slightly raised in all patients  [26, 27, 43] .

  Mechanisms of Disease 

 A functional analysis of the TRα1 mutants identified 
in humans showed that none of them were capable of T3 
binding and/or of stimulating the expression of T3-
responsive genes  [24–27] . For 2 of the mutants, it has 
been shown that the dissociation from corepressors un-
der the influence of T3 is affected as well  [24, 27] . All mu-
tations identified were in the ligand-binding domain of 
TRα1 and thus did not appear to affect DNA binding. All 
patients are heterozygous, suggesting dominant negative 
effects of these mutant receptors in vivo. This was con-
firmed by in vitro studies, demonstrating dominant neg-
ative effects of the mutant receptors on wild-type TRα, 
and by an ex vivo analysis of patient-derived cells, show-
ing a marked reduction in T3-mediated induction of the 
known TR target gene KLF9  [24–27] . Furthermore, a 
dominant negative effect of TRα1-F397fs406X on wild-
type TRβ has been demonstrated as well. The clinical rel-
evance of this effect on TRβ remains to be determined in 
future studies. The dominant negative activity of these 
TRα1 mutants is similar to that of heterozygous TRβ mu-
tants identified in patients with RTHβ  [9] .

  As mentioned above, all  THRA  mutations identified so 
far in patients with RTHα result in a complete loss of T3 
binding affinity. It is expected that variants in  THRA  with a 
less detrimental effect on the function of TRα1 will have a 
more subtle effect on the clinical phenotype. The identifica-
tion of these patients in future years will be very relevant, 
since studies in mice with these milder mutations (TRα1-
R384C) have shown beneficial effects of T3 treatment on 
developmental and behavioral clinical features  [35] .

  Consequences of Therapy 

 LT4 therapy has beneficial effects on certain compo-
nents of the phenotype, but cognitive and fine motor skill 
defects remain. During LT4 treatment, serum (F)T4 and 
rT3 normalize while serum T3 remains elevated, resulting 
in suppressed TSH  (fig. 2)   [24–27] . Certain peripheral 
markers of TH action have been reported to respond to 
therapy as well. LT4 therapy induced a rise in serum SHBG 
or it remained elevated, while serum creatine kinase levels 
decreased  (fig. 2)   [24, 26, 27] . Although total and LDL cho-
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lesterol levels were only elevated in 2 patients (P2 and P3), 
it decreased with LT4 therapy in all 4 patients  [24–27] . Se-
rum copper levels have been reported to rise with LT4 treat-
ment as well, whereas selenium levels remain unchanged 
 [27] . Moreover, IGF1 levels normalized in both young pa-
tients, whereas no clear effect was induced on IGF1 levels 
in the affected adults  [24, 26, 27] . The anemia observed in 
all patients was normalized in only 1 adult (P3) during LT4 
therapy  [26, 27] . In 1 affected adult (P4), bone turnover 
markers rose progressively upon LT4 treatment, with cer-
tain markers (procollagen type 1 N-propeptide, C-telopep-
tide cross-linked collagen type I) becoming frankly elevated 
 [27] .

  One patient reported being more energetic (P2), while 
another patient (P4) showed greater alertness after the 
initiation of LT4 therapy  [26, 27] . However, the cognitive 
deficits did not clearly improve with LT4 treatment  [26] . 
The anxiety and memory problems of TRα1-R384C mice 
can be remedied with T3 treatment during adulthood 
 [35] , but it is important to realize that this mutation re-
sults in a reduced T3 affinity, a defect that can be over-
come with high levels of T3. In contrast, all RTHα pa-
tients identified so far have a mutation that is completely 
devoid of T3 binding.

  LT4 therapy further induced an initial catch-up growth 
in 1 patient (P2), but the effect was less clear in the other 
young patient (P1)  (fig. 1)   [24, 25] . Additional GH ther-
apy had little effect on growth  [25] . In all patients, LT4 
treatment had a beneficial effect on constipation  [24–27]  
without improving intestinal motility  [24] . While BMR 
also normalized with LT4 therapy, there was no differ-
ence in body temperature during treatment  [24, 26, 27] . 
Blood pressure and heart rate partially normalized in 1 of 
the affected adults (P4)  [27] , whereas the other showed no 
clear response, independently of basal blood pressure and 
heart rate  [24, 26] . In all patients, the cardiac response was 
blunted, particularly considering the elevated T3 levels 
during treatment  [24, 26, 27] . This is in line with the 
dampened cardiac response in TRα1–/– mice  [44] .

  To what extent TRβ1 is involved in the beneficial ef-
fects of TH treatment by taking over the role of the im-
paired TRα1 is not yet clear.

  Future Perspectives 

 In order to fully understand the clinical phenotype as-
sociated with RTHα, it is important to identify additional 
subjects with  THRA  mutations. A detailed characteriza-
tion of additional individuals will not only improve our 

understanding of the physiologic role of TRα1, but it will 
also provide a detailed insight into the molecular mecha-
nisms underlying the specific phenotype associated with 
TRα1 defects. Expectedly, variants in  THRA  with a less 
detrimental effect on the function of TRα1 will have a 
more subtle effect on the clinical phenotype. Parallel to 
the different mouse models, the phenotype of new pa-
tients may also vary depending on the exact position of 
the mutation. This is supported by the recent report of a 
RTHα patient (P4) with more severe cognitive impair-
ment than the other 3 patients  [27] .

  The identification of additional subjects with less se-
vere mutations in  THRA  is even more important because 
studies in TRα1 mutant mice predict that such individu-
als will benefit from treatment with TH  [17, 35] . Although 
some beneficial effects of LT4 treatment have already 
been observed in patients with mutations resulting in a 
complete lack of T3 binding, such as an increase in growth 
velocity and a response of peripheral markers of TH ac-
tion, more beneficial effects can be expected in patients 
with a TRα1 mutant having residual T3 binding affinity.

  Conclusion 

 The first 4 patients identified with inactivating muta-
tions in  THRA  have a phenotype consisting of growth retar-
dation, delayed bone development, mildly delayed motor 
and mental development, slightly abnormal thyroid func-
tion tests, low GH and IGF1 levels, anemia, and constipa-
tion. Seizures, changes in cardiac function, and dyslipid-
emia may also occur. The identification of additional pa-
tients is necessary to fully understand the clinical phenotype.

  Although these patients may present with hypothyroid 
symptoms and growth retardation, the diagnosis can eas-
ily be missed when only TSH and (F)T4 are analyzed, 
since these may be normal. When  THRA  mutations are 
suspected, serum T3 and rT3 should be measured as well, 
and especially elevated T3/T4 and T3/rT3 ratios could in-
dicate RTHα.
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