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Thyroid Hormone Receptor  (THRB) defects, typically transmitted as autosomal dominant traits, cause
Resistance to Thyroid Hormone (RTH). We analyzed the THRB gene in thirteen South American patients
with clinical evidence RTH from eleven unrelated families. Sequence analysis revealed seven novel
missense mutations. Four novel mutations were identified in exon 9. The first, a c¢.991A>G transition
which originates a substitution of asparagine by aspartic acid (p.N331D). The second nucleotide alter-
ation consists of a guanine to cytosine transversion at position 1003 (c.1003G>C) and results in
substitution of the alanine at codon 335 by proline (p.A335P). The third mutation, a ¢.1022T>C transition
produces a change of leucine by proline (p.L341P). The fourth mutation detected in exon 9 was
a ¢1036C>T transition which replaces the leucine at codon 346 by phenylalanine (p.L346F). The
sequencing of the exon 10 detected three novel missense mutations. The first, a c.1293A>G transition
changing isoleucine 431 for methionine (p.[431M). The second, the cytosine at position 1339 was
replaced by adenine (c.1339C>A) resulting in the replacement of proline by threonine (p.P447T). The
third mutation detected in exon 10 was a c.1358C>T transition resulting in the substitution of proline at
codon 453 by leucine (p.P453L). Finally, sequencing analysis of the THRB gene revealed three substitu-
tions previously described (p.A268G, p.P453T and p.F459C). The p.P453T was found in two patients.
In conclusion, we report thirteen patients with RTH caused by heterozygous mutations of the THRB gene.
Seven of the identified mutations correspond to novel substitutions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The clinical presentation exhibits marked phenotypic variability
and ranges from isolated abnormal findings on routine thyroid

The syndrome of resistance to thyroid hormone (RTH) is an
inherited disorder characterized by an variable tissue hypo-
sensitivity to 3,5,3'-1-triiodothyronine (T3), with persistent eleva-
tion of circulating free T3 and free thyroxine (T4) levels in
association with nonsuppressed serum thyrotropin (TSH) [1-3].
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testing to a combination of features that includes goiter, variable
symptoms of hyper- and hypothyroidism, delayed bone matura-
tion, short stature and attention deficit-hyperactivity disorder [2].
The incidence of RTH is 1 in 40.000 life births [3]. RTH is linked to
the thyroid hormone receptor f (THRB) gene located on chromo-
some 17 and covers 377 Kb of genomic DNA (GenBank Accession
Number: NC_000003) [4]. Human THRB gene encodes two N-
terminal variants, THRB1 and THRB2, which are transcribed from
separate promoters [5,6]. The THRB1N terminus is encoded by two
exons (3 and 4) that are replaced by a single exon in THRB2 [7].
These exons are alternatively spliced to six common exons (5-10)
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that encode the DNA binding and T3 binding domains and dimer-
ization domains of the receptor. The open reading frame from
THRB1 mRNA consists of 1386 nucleotides and encodes a protein of
461 amino acids (GenBank Accession Number: NM_000461) [8].
The general organization of the THRB1 5’-untranslated region
(UTR) showed eight alternately spliced exons preceding the first
44 bp of exon 3, suggesting that THRB1 mRNAs may originate from
multiple transcription initiation sites to form at least seven 5’-UTRs
[7]. The relative expression and product distribution of the THRB
gene vary among tissues and during different stages of develop-
ment [9-11].

THRs are members of the nuclear receptor superfamily which
includes receptors for steroid hormones, vitamins, retinoids, pros-
taglandins, fatty acids, and orphan receptors for which no ligands
are known. THRs regulate transcription of target genes by binding
to thyroid hormone-response elements (TREs) in their promotor
regions [12]. In the absence of T3, THRs interact and associate with
other molecules, the coregulator retinoid X receptor and core-
pressors [12]. These complexes have a silencing effect on genes
positively regulated by Ts. THRs have 2 functional domains, the
ligand binding domain (LBD) which recognizes T3 at the carbox-
yterminus and the DNA binding domain (DBD) near the middle of
the molecule [2].

The mutations are located in the last 4 exons, which code for the
hinge region and the LBD of the receptor. The 85% of cases are
heterozygous for the mutant THRB allele, consistent with the
autosomal dominant pattern of inheritance [13]. Therefore, mutant
THRBs interfere with the function of the wild-type receptor by
a dominant negative mechanism [14]. Transmission was clearly
recessive in only one family [15,16]. In this case, a complete deletion
of the protein-coding region of the THRB gene was identified. In
15% of the patients with the phenotype of RTH no mutations in the
THRB can be found [17].

In the present study screening by direct sequencing analysis
revealed seven novel mutations and three previously reported
mutations in the exons 8-10 of the THRB gene, in South American
patients with RTH.

2. Materials and methods
2.1. Patients

The study was carried out on thirteen Caucasian individuals
diagnosed with RTH from eleven unrelated families. All patients
had elevated concentrations of free T4 (FT4) and normal or high TSH
values. Written informed consent was obtained from the parents of
the children or adult individuals involved in this study and the
research project was approved by the institutional review board.

2.2. Genomic DNA isolation

Genomic DNA was isolated from peripheral blood leucocytes by
the standard cetyltrimetilammonium bromide (CTAB) method [18].

2.3. PCR THRB gene amplification

The exons 8-10 of the human THRB gene, including splicing
signals and the flanking intronic regions were amplified from the
affected patients. Polymerase chain reaction (PCR) were performed
in 100 pl, using a standard 5X Colorless Go Taq Buffer (Promega,
Madison, WI, USA), containing 200 ng of genomic DNA, 1.5 mM
MgCly, 200 uM of each dNTP, 4% dimethylsulfoxide, 2 U Taq poly-
merase (Promega) and 50 pmol of each forward and reverse
intronic primers. The oligonucleotide sequences and positions of
their 5coding sequence ends are shown in Table 1. Samples were

denatured at 95 °C for 3 min followed by 40 cycles of amplification.
Each cycle consisted of denaturation at 95°C for 30s, primer
annealing at 57 °C for 30 s, and primer extension at 72 °C for 1 min.
After the last cycle, the samples were incubated for additional
10 min at 72 °C.

2.4. DNA sequencing

The THRB PCR products were purified by GFX PCR DNA and Gel
Band Purification Kit (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK) and then sequenced by utilizing an automated
sequencing system (ABI Prism 3100 DNA sequencer, Applied Bio-
systems, Weiterstadt, Germany). Both the sense and antisense
strands were sequenced using the same THRB-specific primers
used in the amplification.

2.5. Single-strand conformation polymorphism (SSCP) analysis

The gel matrix for SSCP analysis contained 10% polyacrylamide
(29:1) without glycerol. Samples were electrophoresed during 26 h
at a constant temperature (4 °C). DNA was visualized by silver-
staining.

2.6. Protein homology analysis

Amino acid sequence homology between several species of
THRB was compared using the MegAlign software programs
(DNASTAR, Hauser University of California-SF).

2.7. Protein secondary structure prediction analysis

The deduced amino acids of the wild-type and mutated human
THRB proteins were submitted for computer analysis of the protein
secondary structure prediction to the nnPredict-UCSF internet site
(http://www.cmpharm.ucsf.edu/nomi/nnpredict.html) and SSpro
internet site (http://scratch.proteomics.ics.uci.edu).

2.8. Nucleotide and amino acid nomenclatures

Position numbering is according to THRB1 mRNA reference
sequences (GenBank Accession Number: NM_000461). The A of the
ATG of the initiator methionine codon is denoted by nucleotide +1.
The codon for the initiator methionine is codon 1.

3. Results
3.1. Genotype analysis

The exons 8-10 of the THRB gene, including the flanking
intronic sequences were screened by direct sequencing from thir-
teen Caucasian patients with RTH from eleven unrelated families.
Sequence analysis revealed seven novel missense mutations and
three previously reported substitutions [19,20]. The eleven muta-
tions identified were all heterozygous. The novel mutations were
identified in exons 9 (c.991A>G [p.N331D], c.1003G>C [p.A335P],
¢.1022T>C [p.L341P], c.1036C>T [p.L346F]) and 10 (c.1293A>G
[p.[431M], c.1339C>A [p.P447T], c.1358C>T [p.P453L]) (Fig. 1). The
substitution p.P447T was present in the patient FA and her sister FT,
whereas the p.P453L in CE and her brother CL.

We ruled out the possibility that the all new missense mutations
could be polymorphisms since they were not detected in 100
chromosomes from the general population by SSCP analysis.

The three previously reported substitutions observed were:
p.A268G in exon 8 [19] and, p.P453T [20] and p.F459C [20] in exon
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Table 1
Summary of THRB primers used for PCR amplification and sequencing
Exon Forward primers Fragment size (bp) Reverse primers
Position of 5’ end Nucleotide sequence (5 — 3') Position of 5’ end Nucleotide sequence (5 — 3')
8 —124 tgtaaaacgacggccagtgatgtgaaaactggaaactgtacagg 431 +124 caggaaacagctatgaccgacgttgctttcatatgattaagtccc
<) —40 ctggcattttgaattcgttctttgetg 344 +42 aaagctctttggatccccactaacgag
10 —44 ccttccatctctgeagceaatgtecatc 312 +26 gaattatgagaatgaattcagtcagt

The intronic nucleotide position is numbered from the exon end: negative numbers start from the g of the ag splice acceptor site, positive numbers start from the g of the gt
splice donor site. The M13 sequences included in the respective primers are underlined.
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¢.1022T>C [p. |.341 P] SA c.1036C>T [p. L346F]

Exon 10

GAAGGTGGAATGCNCCACAGAACTCTT,

Fig. 1. Sequencing analysis of the THRB gene in patients with RTH. Partial DNA sequence (coding strands) of exons 9 and 10 making use of forward primers. The arrows point to the
mutation in the index patients. Wild-type allele coexists in each case with the mutated allele.
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10 (data not shown). The p.P453T was found in two unrelated
patients.

In addition, sequencing analysis revealed a recently reported
2.IVS9-+9G>A polymorphism [21]. From 50 controls analyzed by
SSCP, the homozygous variants G/G and A/A were represented by
the 71.7% and 3.8%, respectively whereas the heterozygous form
appeared in a frequency of 24.5%.

3.2. (linical findings and segregation analysis

The main clinical characteristics of the index cases with the
identified novel THRB mutations, their hormone concentrations
and thyroid function tests are shown in Table 2. The nine patients
have elevated concentrations of FT4 with normal level of TSH,
except for the patient CP who presented elevated TSH level. Six
patients present increased thyroid volume (patients FM, SA, CP, AM,
FA and FT) and two of them (patients FM and CP), anti-thyroid
antibodies. Administration of exogenous L-T3 (50, 100, 200 pg/
1.70 m? of body surface, each given for 3 days) in patients FM, SA,
CP, CE and CP did not result in the usual TSH suppression (Table 2),
prompting the clinical diagnosis of RTH. Patients FM, SA, CP, CE, CL,
AM and FA were submitted to an intravenous TRH test at base line
condition (7 pg/kg of body weight for children or 200 pg for adults).
All patients studied showed a normal TSH response to the thyro-
tropin test (Table 2). The patient FA was diagnosed with RTH at the
age of 62 years. She underwent subtotal thyroidectomy at the age of
22 years due to goiter.

Segregation studies were performed by SSCP analysis. CP, FM
and SA patient’s mother evaluation revealed that they were
heterozygous carriers of the p.N331D, p.L341P and p.L346F muta-
tions, respectively, and have biochemical data of RTH. Whereas all
unaffected fathers were homozygous for the wild-type THRB. In
contrast, the genetic study in family of patient AM allowed us to
demonstrate a de novo mutation in the index case. Analysis of
members of the family of patients CE and CL showed that p.P453L
was also present in the father who presented diagnosis of RTH. This
variation was not detected in the mother and sister. The mutation
p-A335P has not been found in the mother of patient ME. Unfor-
tunately, the father was not available for segregation analysis.
Finally, p.P447T mutation that was identified in FA and FT sisters
could not be determined in their parents.

3.3. Protein homology analysis

The deleterious effect of the all new missense mutations was
therefore evaluated by assessing the degree of evolutionary
conservation of the respective amino acids, among several human
and other animal wild-type THRB. Multiple sequence alignment of
the human THRB (Homo sapiens [NP_000452]) with sequences
found in the GenBank database (Macaca mulatta [XP_001090554],
Macaca fascicularis [BAE89698], Mus musculus [BAE34683], Rattus
norvegicus [P18113], Equus caballus [XP_001494341], Canis famil-
iaris [XP_862690], Conger myriaster [BAD27471], Danio rerio
[CAM56478], Gallus gallus [NP_990778], Xenopus laevis
[NP_001090182]), using Clustal method, revealed that wild-type
asparagine®!, alanine33 341 346 431

, leucine®®, leucine*®, isoleucine™’,
proline*¥” and proline*3 are strictly conserved in all THRB species.

3.4. Protein secondary structure prediction analysis

We submitted the human THRB amino acid sequence to the
nnPredict-UCSF internet site for protein secondary structure
prediction to explore putative effects of the p.N331D, p.A335P,
p.L341P, p.L346F, p.1431M, p.P447T and p.P453L mutations on the
protein structure. The presence of aspartic acid>*! caused a reduced
stretch of the B-sheet structure. The presence of proline®*® and
proline®*! caused a reduced stretch of helix structure. On the
contrary, the presence of methionine**, threonine*#” and leucine*>?
produce an extended stretch of the helix structure. In addition, the
presence of the proline®*! introduces a p-sheet. Although no
changes in the protein secondary structure were observed with
p.L346F mutation using nnpredict analysis, in contrast, structural
variations were detected by means of SSpro program.

4. Discussion and conclusions

In the present report we have described the genotypic analysis
of thirteen South American patients with RTH. We found, seven
different novel missense mutations and three previously reported
substitutions, all located in the LBD of the THRB. More than 2000
affected individuals belonging to about 500 families have been
identified. 85% of patients harbor mutations in the THRB [13]. Up to
now, approximately 124 different mutations have been discovered
[3]. Mutations described have been classified as missense and

Table 2

Clinical and laboratory data in patients with resistance to thyroid hormone and novel missense mutations in the THRB gene, identified in this study.

Patients Gender Age at diagnosis  Thyroid size ~ TT4 (ug/dl)  FT4(ng/dl) TTs Basal TSH  TSH post Ts*  TSH post TRH®  Anti-TPO Anti-TG
(years) (ng/dl) (mU/L) (mU/L) (mU/L) antibodies  antibodies

FM F 9.1 Increased 19.9 3.2 324 29 0.22 28 Positive ND

SA F 10 Increased 244 5.2 425 3.6 0.38 17 Negative Negative

CP M 12.9 Increased 12.9 24 222 15.2 0.70 100 Positive Positive

CE M 12.7 Increased 171 34 238 2.7 0.21 17.3 Negative Negative

CL M 0.52 Normal 20.6 3.07 314 23 0.70 7.6 Negative Negative

Normal range (ECLIA-Elecsys system, Roche) 6-14 0.8-2.2 80-220 0.5-5

AM M 9.8 Increased 221 3.74 225 1.58 ND 11.9 Negative ND

Normal range (MEIA-Axsym system, Abbot) 6.5-12.3 0.86-1.82 101-214  0.45-6.5

ME F 1 Normal ND 4.1 224 2.7 ND ND Negative Negative

Normal range (Immulite system, DPC) 0.8-2.4 105-269 0.7-6.4

FA F 62 Increased 16.4 2.7 207 1.8 ND 11.9 Negative ND

FT F 50 Increased 15.3 ND 195 0.7 ND ND Negative ND

Normal range (Immulite system, DPC) 5-11.5 0.9-2 85-175 0.6-4

F, Female; M, Male; TSH, thyroid stimulating hormone; TRH, thyrotropin releasing hormone; TTy, total thyroxine; FT4, free thyroxine; TTs, total 3,3’,5-triiodo-L-thyronine; ND,

not determined.
CE and CL are brothers. FA and FT are sisters.

3 TSH responses to oral administration of supraphysiological doses of L-T3 (50, 100, 200 pg/1.70 m? of body surface, each given for 3 days).
b TSH responses to intravenous administration of TRH (7 pg/kg of body weight for children or 200 pg for adults).

Molecular and Cellular Probes (2009), doi:10.1016/j.mcp.2009.02.002

Please cite this article in press as: Rivolta CM, et al., Genotyping of resistance to thyroid hormone in South American population. Identification...,




C.M. Rivolta et al. / Molecular and Cellular Probes xxx (2009) 1-6 5

nonsense mutations, frameshift mutations by single nucleotide
deletion or insertion and duplication of seven nucleotides
producing frameshifts and proteins containing two extra amino
acids [2,3]. The majority has single nucleotide substitution resulting
in single amino acid replacement. One of the mutations described
was a deletion of the entire coding region [15,16]. Somatic THRB
gene mutations have been identified in two TSH-producing pitui-
tary adenomas [22]. Mutations were found in 3 regions of the LBD
of the gene, named as clusters 1, 2 and 3, at codons 429-461, 310-
353 and 234-282, respectively [3]. In our patients, five mutations
are located in cluster 1 (p.I[431M, p.P447T, p.P453L, p.P453T and
p.F459C), four in cluster 2 (p.N331D, p.A335P, p.L341P and p.L346F)
and the remaining one in cluster 3 (p.A268G). However, there was
no correlation between the phenotype and location of mutations in
the receptor gene [23]. Within each cluster, mutations occur at
higher frequency in some of the codons (e.g. 243, 313, 317, 320, 338,
438, 453) located in CpG dinucleotides or in guanine and/or cyto-
sine rich areas, conforming hot spot regions [2,24]. CpG dinucleo-
tide motifs are frequent sites of point mutation in mammalian DNA
and could be caused by deamination of a methylated cytosine
resulting in a thymine. In the present study the novel mutations
¢.1358C>T (p.P453L) and c.1339C>A (p.P447T), and the recurrent
mutation c.1357C>A (p.P453T) are located in a cytosine tract of the
exon 10.

In the last two decades only nine different THRB mutations have
been reported in South American subjects displaying clinical
manifestations of RTH. We have described two new mutations:
p.M313T [25], 1297-1304delGCCTGCCA [26] and two previously
reported substitutions: p.R338W (1012C>T) [27] and p.P453T
(1357C>A) [28] in Argentinian patients. The 1297-
1304delGCCTGCCA produces a frameshift at amino acid 433 and
introduces a stop codon TGA at position 461, 85 nt downstream
from deletion. Patient’s parents had only the wild-type sequences,
indicating a de novo mutational event [26]. Other report showed
a new p.M310L substitution in a Brazilian patient who presented
diffuse goiter, short stature and learning difficulties [29]. Also direct
sequencing analysis of the THRB gene revealed four documented
mutations: p.A317T (c.949G>A), p.R438H (c.1313G>A), p.P453T
(c1357C>A) and c.1358dupC (stop codon at 463) in four unrelated
Brazilian families with diagnosis of RTH [30].

RTH with elevated thyroid hormones, nonsuppressed thyro-
tropin levels and relatively eumetabolic with variable manifesta-
tions of hyper- and hypothyroidism suggests a generalized disorder,
whereas RTH associated with hyperthyroidism symptoms indicates
a possible selective pituitary resistance [2]. However, this subclas-
sification does not have a logical basis because the second form is
encountered in individuals with the same mutation [3]. It is inter-
esting to observe that within the same family, the same mutation
may be associated with thyrotoxic characteristics in some indi-
viduals or clinically euthyroid in others with comparably elevated
thyroid hormone [23]. Another report shows that the same muta-
tion has been associated with biochemical resistance in one patient
or normal thyroid function tests in others members of the same
family [31]. These different clinical findings suggest marked
phenotypic variability of this disorder. Our observation shows that
in all patients analyzed, the mutations were associated with clinical
and biochemical manifestations of RTH. An autosomal dominant
mode of inheritance was demonstrated in six patients and
a sporadic manner was observated in only two cases. It is important
to point out that the majority of our patients had other clinical
manifestations apart from goiter (Table 2). Some of patients
showed sinus tachycardia (FM, CE, CP and SA), attention deficit-
hyperactivity disorder (SA), learning disability (FM and CE) and
emotional disturbances (SA). Goiter is by far the most common
finding, reported in 66-95% of cases [3]. Enlargement is usually

diffuse. As the patients FM and CP were positive for anti-thyroid
antibodies, we diagnosed them as having RTH with coincidental
autoimmune thyroiditis. It appeared that in patient CP decreased
thyroid function caused by chronic thyroiditis resulted in an
increased TSH level. Several cases of RTH associated with autoim-
mune thyroid disease (AITD) have been reported in the literature
[32-41]. Traditionally, the coexistence of RTH and AITD was
considered fortuitous. In contrast, a recent study hypothesizes that
the chronic TSH elevation in two patients with RTH stimulates TNF-
o secretion [41]. TNF-¢, in turn mediates thyroid cell destruction by
binding to its receptors on thyrocytes, or indirectly by potentiating
antibody formation or cytotoxic T lymphocyte production [41].
However, sequential laboratory analysis of further cases and
experimental studies are required to define if this hypothesis
is true.

In conclusion, the present report represents the first compre-
hensive genotyping analysis in South American patients with RTH.
Seven novel THRB gene missense mutations were identified.
Mutational analysis of the THRB gene allows definitive diagnosis of
RTH and may help to avoid potential missdiagnosis and inappro-
priate treatment. Also the identification of new mutations in THRB
system might be helpful for understanding the pathophysiology of
this disease. Additionally, we demonstrated that the direct
sequencing of exons 8-10 of the THRB gene is well suited for
routine use in laboratories engaged in screening programs of
hereditary thyroid diseases, facilitating the rapid detection of new
patients with RTH.
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