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Summary

Objective Nonsyndromic autosomal recessively inherited non-
goitrous congenital hypothyroidism (CHNG) can be caused by
mutations in TSHR, PAX8, TSHB and NKX2-5. We aimed to inves-
tigate mutational frequencies of these genes and genotype/pheno-
type correlations in consanguineous families with CHNG.

Design Because consanguinity in individuals with a presumptive
genetic condition is often an indicator of an autosomal recessive
inheritance and allows firmer correlations to be established
between genotype and phenotype, we planned to execute our study
in consanguineous families.

Patients Hundred and thirty-nine children with CHNG pheno-
type born to consanguineous families.

Measurements First, we investigated cases for evidence of linkage
to the four known CHNG genes by microsatellite marker analysis.
Mutation analysis by direct sequencing was then performed in
those cases in whom linkage to the relevant candidate gene could
not be excluded. In addition, in silico analysis of the predicted
structural effects of TSHR mutations was performed and related to
the mutation-specific disease phenotype.

Results Homozygous germline TSHR mutations were detected in
six families (5%), but no mutations were detected in PAX8, TSHB
and NKX2-5. Four of TSHR mutations had not previously been
described. Genotype—phenotype correlations were established and
found to be related to the predicted structural effects of the muta-
tions.
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Conclusions Known causative genes account for the develop-
ment of CHNG only in a minority of cases, and our cohort should
provide a powerful resource to identify novel causative genes and
to delineate the extent of locus heterogeneity in autosomal reces-
sively inherited CHNG.

(Received 20 April 2010; returned for revision 12 May 2010; finally
revised 2 July 2010; accepted 5 July 2010)

Introduction

Congenital hypothyroidism (CH) is the most common neonatal
metabolic disorder with an incidence of 1 in 3000-4000 live births
and, if untreated, results in severe neuro-developmental impair-
ment and infertility. The most frequent cause of hypothyroidism
worldwide, including congenital forms, is iodine deficiency. How-
ever, particularly in areas where dietary iodine is adequate, devel-
opmental defects of the hypothalamic—pituitary—thyroid axis are
the main important cause of CH. Thus, CH is most often caused by
defects in thyroid development leading to thyroid dysgenesis
(85%) [which can be subdivided into thyroid agenesis (40% of all
cases), failure of the gland to descend normally during embryologi-
cal development with or without ectopy (40%) or hypoplasia of a
eutopic gland] and the remaining cases are associated with either
goitre or a normal thyroid gland. Rarely, central (secondary/
tertiary) hypothyroidism may be caused by pituitary or hypotha-
lamic disease leading to deficiency of thyrotrophin (TSH) or thyro-
trophin releasing hormone, respectively."”

In this study, we focused on primary nongoitrous congenital
hypothyroidism (CHNG) likely to be caused by single gene defects.
Therefore, we executed our study in consanguineous families in
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whom recessive gene defects are the most likely cause for the devel-
opment of the disease. In OMIM database, four clinical entries with
known genetic causes, CHNG 1, 2, 4, and 5, have been described to
date (MIM numbers 275200, 218700, 275100 and 225250, respec-
tively). The causative genes for these are, respectively, TSHR,
PAX8, TSHB and NKX2-5. There is one additional locus on chro-
mosome 15q25.3 causing CHNG 3 for which the causative gene is
yet to be identified.

The presence of parental consanguinity in individuals with a pre-
sumptive genetic condition is often an indicator of an autosomal
recessive inheritance. In consanguineous families with autosomal
recessively inherited disorders, there is a high likelihood of muta-
tion homozygosity (both parents having inherited the same muta-
tion from a common ancestor), and so autozygosity mapping can
provide a powerful strategy to map regions containing a disease
gene. Conversely, candidate genes that are not contained within an
autozygous segment are unlikely to cause the relevant disorder. We
have ascertained a large cohort of consanguineous families
(n = 120) with CHNG and have undertaken genetic mapping and
mutation analysis studies for four candidate genes (TSHR, PAXS,
TSHB and NKX2-5). We identified four novel and two previously
reported TSHR mutations but most cases were not linked to any
known CHNG genes.

Materials and methods

Subjects

We collected blood samples from a total of 139 cases from 120 con-
sanguineous families with primary nonsyndromic CH without evi-
dence of goitre or autoimmune thyroid disease. Families in which
autosomal dominant inheritance was suspected, with at least one
parent affected, were excluded from the study. Cases with clear evi-
dence of central hypothyroidism were also excluded, and almost all
cases had elevated TSH levels at the time of diagnosis (range
between 33 and 1578 mIU/1), levels for some cases not being avail-
able. Tissue scans showed a spectrum of thyroid morphologies
ranging from agenesis to normal-sized gland but none of the cases
had enlarged gland at the time of diagnosis. Forty consanguineous
families were recruited through the West Midlands Regional Clini-
cal Genetics Service in Birmingham, UK. Most of these families
were originated from the Mirpur region of Pakistan in whom CH
occurs at an unusually high rate (1:770 live births). In addition, 80
consanguineous Turkish families with CHNG were ascertained
through four large clinical centres in Turkey where consanguinity
rates are high. All families gave informed consent, and the study
was approved by local ethics committees. This study was conducted
according to the principles stated in the Declaration of Helsinki.
DNA was extracted by using standard methods and stored at
—20 °C until analysed.

Microsatellite marker analysis

Initially, cases were genotyped by using microsatellite markers
(short tandem repeats-STRs) that closely flank the existing loci for
CHNG (see Table 1). Even though we excluded the cases with clear

evidence of central hypothyroidism, TSHB locus was still included
in the analyses because hormone levels were not available for some
cases, and also because some TSHB mutations can completely abol-
ish the bioactivity but resulting mutant molecule can still form
heterodimer with the alpha-subunit and preserve immunoreactiv-
ity in some TSH measurement methods. Therefore, variable TSH
levels could be detected in patients with TSHB mutations depend-
ing on the method used. In families with two or more affected sib-
lings, microsatellite marker analyses of all family members were
carried out to observe the segregation of conserved haplotypes.
Standard polymorphic microsatellite markers (UniSTS; http://
www.ncbi.nlm.nih.gov) were used for each of the causative loci
investigated. Overall genotypes for 24 markers were determined for
each patient, including eight markers for the CHNG3 locus.
Table 1 shows the details of the causative genes examined and the
markers used for each locus. One oligonucleotide of each primer
pair was fluorescently labelled (5 HEX or TET or FAM), and geno-
mic DNA samples at a concentration of 20 ng/pl were amplified by
using these primers in a Tetrad2 PCR machine (Bio-Rad, Hercules,
CA, USA). Fluorescently labelled PCR products then were loaded
onto ABI 3730 DNA capillary electrophoresis machine in a 96-well
plate format, and subsequent data were analysed with the use of
ABI PrisM GENEMAPPER™ v3.0 software suite. The haplotypes, i.e.
set of closely linked alleles inherited as a unit, were deduced for all
patients. When an affected individual was homozygous for the
haplotypes closely surrounding a region where a disease gene is
located, i.e. both haplotypes derived from the two homologous
chromosomes are identical, this was taken as suggestive of linkage
whereas heterozygosity was considered as the proof of no-linkage.

Mutation analysis of the known causative genes in cases
with positive linkage

In families with potential linkage to a known CHNG gene (TSHR,
PAX8, TSHB and NKX2-5), we then proceeded to perform muta-
tion analysis of the relevant gene by direct sequencing. Each gene
was investigated by sequencing of all exons and intron—exon
boundaries on an ABI Prism 3730 DNA Analyzer, using the ABI
BicDyE TeErRMINATOR V3.1 Cycle Sequencing kits. Primer pairs
were designed for exon-specific PCR amplification of all exons of
four causative genes. At the purification stage, amplified products
were either treated with microCLEAN (Microzone Ltd, Haywards
Heath, UK) or gel-extracted (Qiagen, Crawley, UK). DNA sequ-
ences were viewed and analysed using CHrROMAS software.

RT-PCR

In one family, a homozygous germline TSHR exon 2 deletion was
suspected, and we proceeded to investigate the status of the TSHR
transcript between exons 1 and 3. Thus, we extracted RNA from all
family members, synthesized their cDNA, and performed PCR and
sequencing reactions with primers covering the region between the
end of exon 1 and the beginning of exon 3. Total RNA was
extracted from lymphocytes using the RNeasy Mini Kit (Qiagen),
and then cDNA was synthesized using random primers and AMV
reverse transcriptase using the Promega reverse transcription
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Table 1. Features of known causative genes for congenital nongoitrous hypothyroidism (CHNG)

Chromosomal ~ CHNG

Gene location* locus Microsatellite markerst

Inheritance Thyroid morphology Biochemical spectrum

TSHR 14q31 CHNG1 D14S1433,D14S1008, D14S606, D14S610 AR Agenesis-normal High TSH Low TH to
euthyroid
PAXS8 2ql2-ql4 CHNG2 D2S2269, D2S160, D2S410, D2S1893 AR, AD with Agenesis, hemiagenesis, High TSH Low to
variable hypoplasia, ectopy normal TH
expressivity
TSHB 1p13 CHNG4 D1S2756,D152881,D152852, D1S189 AR Hypoplasia Variable TSH Low TH
NKX2-5 5q34 CHNG5 D58400, D5S2075, D5S211, ATA52D02 AD? Hypoplasia High TSH Low TH

*Location according to USCS Genome Bioinformatics (http://zeon.well.ox.ac.uk/HumanGenome).
tSequences available from Genome Database at http://www.ncbi.nlm.nih.gov/sites/entrez?db=unists.

AR, autosomal recessive; AD, autosomal dominant; TH, thyroid hormones.

system A3500 according to manufacturers’ instructions (Promega,
Southampton, UK). The primers used for RT-PCR and sequencing
reactions were TSHR_1_FOR (5-GAGAAATAGCCCCGAGTCC-
C-3") and TSHR_3_REV (5’- GAGTCACTTTACTCAAATTG -3’).

Structural prediction model for missense mutations

To analyse the likely structural effects of the missense mutations
identified in this work, we considered their evolutionary conserva-
tion, as illustrated by a multiple alignment of the top 50 Blast hits
(performed using the Uniprot server). We also examined potential
intermolecular interactions, to determine whether they would be
disrupted upon mutation. TSHR is a G-coupled receptor with 764
amino acids, comprised of a large, extracellular leucine-rich repeat
domain which binds the hormone, and a transmembrane domain
with seven helices. Sanders et al.” solved the crystal structure of the
extracellular domain, residues 1-213, in complex with a thyroid-
stimulating antibody (PDB code 3G04). The transmembrane
domain structure is not known; however, the bovine rhodopsin
structure (e.g. PDB code 1GZM*) provides a suitable template for
analysis or homology modelling (based on GRIS®> and swissmod-
el.expasy.org®). In addition, given the sequence similarity between
TSHR and FSHR, the structure of the FSH/FSHR complex (PDB
code 1XWD’) suggests the most likely binding site of TSH with
TSHR. Also, there is evidence that TSHR functions as a homo-
dimer. To consider the structural effects on dimerization, we analy-
sed the dimer contacts of a published model of dimeric bovine
rhodopsin (1IN3M®). Finally, individual missense mutations may
destabilize a protein domain, even to the extent of preventing
folding. To consider this effect, we predicted quantitative stability
changes (AAGp_y) with the software tool SDM? (http://mordred.
bioc.cam.ac.uk/~sdm/sdm.php).

Results

Genotyping with 16 microsatellite markers associated with the
TSHR, TSHB, PAX8 and NKX2-5 genes (see Table 1) was per-
formed in 139 individuals with CHNG (44 of Pakistani origin and
95 of Turkish origin). Heterozygosity of the disease genes was
detected in 65 cases (13 of Pakistani origin and 52 of Turkish
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Table 2. Number of patients at each locus in whom linkage could not be
excluded

CHNG loci
Population TSHR TSHB PAX NKX2-5 CHNG3
All (n = 139) 24 17 15 9 9
Pakistani cases (n = 44) 10 8 5 6 2
Turkish cases (n = 95) 14 9 10 3 7

CHNG, nongoitrous congenital hypothyroidism.

origin) from a total of 37 kindreds. Details of the number of
affected individuals and genes for which linkage could not be
excluded are shown in Table 2.

Direct sequencing of the TSHR gene was performed in 24 indi-
viduals from 16 kindreds in whom linkage to TSHR could not be
excluded. Germline TSHR mutations were characterized in six kin-
dreds (see Table 3). A homozygous G to A transition at codon 553
of the TSHR gene, causing substitution of an alanine residue by a
threonine (A553T), was detected in two affected siblings from a
family of Pakistani origin (B1). The parents and an unaffected sib-
ling were heterozygous for this missense mutation confirming the
segregation of the disease allele. Both affected children showed

absent I'**

uptake in thyroid scintigraphy but had severely hypo-
plastic glands on ultrasonography at the time of diagnosis. Our
studies showed that this mutation was significantly destabilizing
(AAGp_N —2°7) and that the Ala553 residue was conserved for 49
of the 50 sequences in our alignment.

A homozygous splice site mutation ¢.317+1G>A was identified
in a Turkish family with two affected children (T1) and it segre-
gated with disease status (both parents and an unaffected sib were
heterozygous). Both cases carrying this novel mutation had appar-
ent thyroid aplasia on US scan.

Three different homozygous missense mutations were detected
in 3 Turkish families with a single affected individual (see Table 3).
None of these three mutations were detected in 340 ethnically
matched control chromosomes and each segregated with disease
status. Family T2 with a homozygous p.Pro556Arg mutation
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Table 3. Details of TSHR mutations detected in six kindreds with congenital hypothyroidism

Number of

Family Ethnic Nucleotide Protein Mutation Previously affected
ID origin change change type Exon reported? individuals Phenotype
Bl Pakistani c.1657G>C p-Ala553Thr Missense 10 Yes 2 Severe thyroid hypoplasia
T1 Turkish c317+1G>A 2 splice - No 2 Thyroid aplasia
T2 Turkish c.1667C>G p-Pro556Arg Missense 10 No 1 Thyroid aplasia
T3 Turkish c.484C>G p.Prol62Ala Missense 6 Yes 1 Moderate TSH resistance
T4 Turkish c.1591C>T p.Arg531Trp Missense 10 No 1 Mild TSH resistance
T5 Turkish Deletion exon 2 144 Exon2 deletion 2 No 2 Severe thyroid hypoplasia
Table 4. Structural prediction scores calculated by the software tool SDM”’ (a)
3G04* SDM prediction
Prol62Ala -0-72 Neutral
TSHR 1GZM+ SDM predictions
Arg531Trp F146W 1-25 Neutral
Arg531Glu F146Q —2:08 Disease-associated
Ala553Thr A168T -2:65 Disease-associated 340 bp
Pro556Arg P171IR 0-69 Neutral
Pro556Leu P171L 345 Disease-associated 268 bp
*PDB code for the extracellular domasin of TSHR molecule based on crystal b) Exon 1 Exon 3
structure as resolved by Sanders ef al.
TPDB code for bovine rhodopsin molecule. Equivalent residues corre- ceGcac AcCcTCTIC TACG TATCT
sponding to the mutation sites in TSHR molecule are indicated and predic- Case
tion scores are based on alterations in these residues.
presented when the proband was 3 months old. At the time of diag-
nosis, a TSH level of >100 pU/ml (normal <20 uU/ml) and a FT,
level of 0-4 ng/dl (normal 0-8—1-9 ng/dl) were detected, and thyroid Parent

aren

gland was not detected on scintigraphy or US scan. Even though
treatment immediately started at the age of 3 months, the 11- year-
old case now shows moderate mental retardation. At age 11 years,
a US scan showed an apparently absent right thyroid lobe and a
very hypoplastic left lobe. We note that the proline556 residue is
conserved in all of the 50 sequences in our alignment and located at
the end of a transmembrane helix.

Two of the mutations characterized in this study (p.Prol62Ala
and p.Arg531Trp) were associated with a milder phenotype. The
case from family T3 had the missense mutation p.Prol62Ala and
was diagnosed with a moderately high TSH level (48 nU/ml) in
neonatal screening and had normal thyroid scintigraphy and US
scan with euthyroid hormone levels. Our structural predictions
suggested that p.Pro162Ala would only cause a mild destabilization
(AAGp_n —0-7) in the receptor molecule and slightly disrupt ligand
binding. The other mild missense mutation p.Arg531Trp was
detected in family T4, and the case had a mildly elevated level of
TSH (33-3 mIU/1), a normal level of FT4 (1-3 ng/dl), and a thyroid
gland of normal size and location in US scan at the time of diagno-
sis. Our SDM predictions suggested that p.Arg531Trp mutation
might slightly disrupt the dimerization of the receptor molecule.

In family, T5 exon 2 of the TSHR gene failed to amplify in the
two affected siblings. Analysis of the TSHR transcript by RT-PCR

GT A CCT ATTT

Fig. 1 (a) Pedigree (upper panel) and TSHR exon 1-3 RT-PCR results
(lower panel) in family T5 with two affected cases showing two different-
sized fragments, 268 bp and 340 bp. (Note the homozygous state of the
bands in affected cases vs heterozygous state in carrier family members). (b)
Sequence traces of TSHR exon 1-3 cDNA from an affected case (upper
panel) and one of her parents (lower panel) representing homozygous and
heterozygous states of the deletion, respectively.

revealed two differently sized fragments in the parents. In cDNA
derived from blood of both affected children, only the smaller frag-
ment (268 bp) was detected, whereas both parents and an unaf-
fected sibling also expressed a larger (340 bp) fragment (which
corresponded to the expected size). Sequencing confirmed that the
340- bp fragment contained exon 1, 2 and 3 sequence, whereas the
268- bp fragment did not include exon 2 (Fig. 1). These findings
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were consistent with a homozygous exon 2 deletion in the two
affected children. Phenotypically, the older sibling had no activity
in thyroid scintigraphy and a hypoplastic gland on US scan but
hormone levels at diagnosis were not available. The younger sibling
had a TSH level of 1578 mIU/l and a FT4 level of 0-16 ng/dl at the
time of diagnosis, and his US scan detected a very hypoplastic thy-
roid tissue.

No mutations were detected in the TSHB, PAX8 and NKX2-5 in
the patients in whom linkage to one or more of these genes could
not be excluded.

Predicted structural consequences of missense mutations
detected

SDM scores (for predicted effect on protein stability) for each of
the missense mutations detected in this study are summarized in
Table 4. Mutation Prol62Ala is predicted to be only mildly desta-
bilizing (AAGp_n —0'7). However, it is conserved in all of the
TSHRs in our alignment. To consider its intermolecular interac-
tions, we examined the interactions of the equivalent residue,
Ile155, in the FSH/FSHR complex (PDB code IXWD7, Fig. 2).
There are no known direct contacts; however, it is in the local envi-
ronment of the binding site so we predict it could slightly disrupt
binding. The remaining missense mutations were found in three
sites in the transmembrane domain. As the structure was not avail-
able, the stability predictions were made for the mutations at equiv-

Fig. 2 FSH/FSHR complex and TSHR. The hormone-binding domains are
superimposed (FSHR in magenta, TSHR in blue, FSH in green and cyan)
and displayed as a cartoon, and the mutated residue (Pro162 in TSHR,
equivalent to Ile155 in FSHR) shown as yellow spheres.

© 2010 Blackwell Publishing Ltd, Clinical Endocrinology, 73, 671-677
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alent positions in bovine rhodopsin (PDB code 1GZM?* see
Table 4 and Fig. 3; equivalent positions were found using an align-

: : 10,11
ment made using Uniprot'”

and the alignments could be seen in
Supplements 1 and 2).

Residue Arg531 was conserved in all of the TSHRs in our align-
ment. Mutation Arg531Trp (Phel46 in bovine rhodopsin) is pre-
dicted to be slightly stabilizing (AAGp_n 1-3), while Arg531Glu is
predicted to be significantly destabilizing (AAGp_n —2:1). The
equivalent site in bovine rhodopsin, Phel46, is at the dimer inter-
face, so these mutations may act by disrupting dimerization. Resi-
dues Ala553 and Pro556 (Alal68 and Prol171 in bovine rhodopsin,
respectively) are both buried, and therefore do not make any inter-
molecular contacts; however, the bovine rhodopsin equivalent resi-
dues are found in one of the helices at the dimer interface (as
modelled in 1N3M?®). Ala553Thr (Ala168Thr in bovine rhodopsin)
is predicted to be significantly destabilizing (AAGp n —2-7). In
addition, the alanine is conserved for 49 of the 50 sequences in our
alignment (the only exception is Danio rerio TSHR, with glycine in
the equivalent position). Pro556Arg and Pro556Leu (at the Prol71
site in bovine rhodopsin) are predicted by SDM to be neutral and
disease-associated mutations, respectively (AAGp_y 0-7 and 3+45).
However, proline is conserved at this site in all of the sequences in
our alignment and is found at the end of a helix, suggesting it is
structurally required at this site.

Discussion

CH is the most common preventable cause of mental retardation.
Therefore, early and accurate diagnosis of the disease is of crucial
importance for timely therapeutic intervention. In this study, we

Fig. 3 Bovine rhodopsin dimer structure displayed as a cartoon. This struc-
ture was used to model the effects of the membrane domain mutations in
TSHR. The yellow residues, shown as spheres (146, 168, 171, top to bottom
in the image), are equivalent to the mutated residues in TSHR (531, 553,
556).
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performed linkage and mutation analysis of four known-causative
genes for CHNG (TSHR, PAX8, TSHB, and NKX2-5) in a large
cohort of patients with CHNG phenotype from consanguineous
families.

Individuals with autosomal recessively inherited disorders born
into consanguineous families are most likely to be homozygous for
a mutation inherited from a common parental ancestor. This
observation is the basis for using an autozygosity mapping strategy
to identify disease genes for recessively inherited disorders. Con-
versely, the finding of heterozygosity at microsatellite markers
flanking a disease gene makes it unlikely that the gene contains a
mutation. To prioritize patients for gene sequencing, we initially
typed affected individuals for 16 microsatellite markers linked to
the four disease genes. Whilst this might have excluded some
patients who (despite being from consanguineous families) were
compound heterozygotes or who harboured a homozygous muta-
tion within a small region of autozygosity, such patients are likely
to be infrequent. Mutation analysis demonstrated that 15% of the
families with thyroid dysgenesis carried a TSHR mutation but no
mutation was detected for the other three genes tested in our
cohort. To our knowledge, we report the first large (exonic) dele-
tion of TSHR. The exon 2 deletion is predicted to cause an in frame
deletion (IFD) and skipping of exon 2 in the transcript. However,
this mutation would not have been detected if the probands had
been heterozygous, and our finding suggests that techniques that
can reliably detect heterozygous exonic deletions (e.g. MLPA)
should have a role in TSHR mutation testing.

As expected, all six consanguineous kindreds had homozygous
TSHR mutations. The finding of homozygosity for a mutation
facilitates the elucidation of genotype—phenotype correlations. The
p.Ala553Thr missense mutation identified in family B1 was origi-
nally described in a consanguineous Moroccan family with two
affected siblings in whom initial physical examination and **™Tc
scintigraphy failed to demonstrate the presence of thyroid tissue
(leading to an incorrect diagnosis of athyreosis) but subsequent
ultrasonography (US) revealed the presence of a very hypoplastic
thyroid tissue in normal position in both cases'?. Similarly in our
study, this mutation was associated with a severe phenotype, and
our results indicated highly destabilizing nature of this alteration
and high degree of conservation of the altered residue. These results
combined with the in vitro observations showing that the expres-
sion of the mutant protein in transfected cell lines'*™"” is associated
with very low expression of the mutant protein at the cell surface
and are consistent with the severe phenotype associated with this
mutation. The novel ¢.317+1G>A splice site mutation was also
associated with a very severe phenotype, indicating a deleterious
effect of this alteration on the resulting receptor.

The missense mutation p.Pro556Arg detected in family T2
was associated with a severe phenotype, suggesting a critical
role for this residue in the structure of the molecule. Even
though this change was not previously reported, another mis-
sense mutation at the same site (p.Pro556Leu) was character-
ized in severely hypothyroidic hyt/hyt mice and functional
investigations showed that this substitution totally abolished
TSH binding and receptor function.'® In wvitro studies also
revealed that p.Pro556Leu eliminated G protein-coupled cAMP

production and cAMP-responsive reporter gene expression.
Overall, these data support the association of this mutation
with the severe phenotype observed in our patient.

The missense mutation p.Prol62Ala associated with a mild
phenotype in family T3 was previously described as a loss-of-
function mutation, and heterozygous carriers of this mutation
had mild resistance to TSH manifesting as euthyroidism with
slight hyperthyrotropinaemia.'”' There have been only a few
previous reports of homozygous individuals for this mutation,
and all four cases coming from three different consanguineous
families had moderately elevated TSH levels (<100 pU/ml) with
normal thyroid radioiodine scan and FT, levels at normal
range.””** Similar phenotypic features of our case provide fur-
ther evidence for the association of this mutation with a moder-
ate TSH resistance. The other mild missense mutation detected
in family T4, p.Arg531Trp, is the first naturally occurring homo-
zygous mutation reported to date at this site. An alternative mis-
sense substitution at the same residue was investigated previously
in an in vitro functional study®®, and Feng et al. identified a
motif in the second intracellular loop (IL2) of the TSHR mole-
cule involving R531 as a potential G-coupling motif. They found
that substitution of arginine residue with a glutamine (p.Arg531-
Glu) resulted in a significant decrease in the basal activity of the
receptor but had very little or no effect on the hormone-stimu-
lated cAMP production, and further studies showed that this
mutation was structurally conservative. The clinical features
observed in our patient are consistent with mild TSH resistance
and might be attributed to a slight structural change and/or
reduced basal activity of the receptor brought about with the
mutation.

The severe phenotype associated with exon 2 deletion in family
T5 might be explained by the fact that this exon encodes an amino
terminal extracellular ligand-binding domain of the receptor mole-
cule. Our literature review suggested that homozygous LOF point
mutations at the sites encoding the extracellular domain (ECD) of
the molecule generally caused mild phenotypes, whereas homozy-
gous LOF point mutations in the transmembrane domain were
rather associated with severe phenotypes. However, our results
implicate that gross alterations in the ECD might also severely
affect the function of the receptor and thus cause severe phenotypes
as observed in our patients.

Overall, there is further evidence from our results that TSHR
loss-of-function mutations cause a wide spectrum of phenotypic
consequences, ranging from a slight TSH resistance to very severe
hypothyroidism. Similarly, while some deleterious TSHR muta-
tions may result in severe hypoplasia rendering the gland undetect-
able by initial scintigraphy, some milder mutations may be
associated with normal-sized or even slightly enlarged thyroid
glands, suspecting defective hormone synthesis. Our findings sug-
gest TSHR mutation testing should be the first investigation in
families with suspected nondyshormonogetic autosomal recessive
CHNG. Nevertheless, currently known genes seem to account for
only a small proportion of CHNG (5% of all consanguineous kin-
dreds and 25% of kindreds with two or more affected children)
suggesting that further loci for autosomal recessive CHNG remain
to be identified and that autozygosity mapping studies in

© 2010 Blackwell Publishing Ltd, Clinical Endocrinology, 73, 671-677
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consanguineous families could lead to the identification of novel
CHNG genes.
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