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ORIGINAL ARTICLE

Mutations in IRS4 are associated with

central hypothyroidism
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Gera Hoorweg-Nijman,® Ferdinand Roelfsema,” Raoul C Hennekam,® Anita Boelen,’

A S Paul van Trotsenburg,” Eric Fliers'

ABSTRACT

Background Four genetic causes of isolated congenital
central hypothyroidism (CeH) have been identified,

but many cases remain unexplained. We hypothesised
the existence of other genetic causes of CeH with a
Mendelian inheritance pattern.

Methods We performed exome sequencing in two
families with unexplained isolated CeH and subsequently
Sanger sequenced unrelated idiopathic CeH cases. We
performed clinical and biochemical characterisation of
the probands and carriers identified by family screening.
We investigated /RS4 mRNA expression in human
hypothalamus and pituitary tissue, and measured serum
thyroid hormones and Trh and Tshb mRNA expression in
hypothalamus and pituitary tissue of Irs4 knockout mice.
Results We found mutations in the insulin receptor
substrate 4 (/RS4) gene in two pairs of brothers with CeH
(one nonsense, one frameshift). Sequencing of IRS4 in

12 unrelated CeH cases negative for variants in known
genes yielded three frameshift mutations (two novel)

in three patients and one male sibling. All male carriers
(n=8) had CeH with plasma free thyroxine concentrations
below the reference interval. MRI of the hypothalamus
and pituitary showed no structural abnormalities (n=12).
24-hour thyroid-stimulating hormone (TSH) secretion
profiles in two adult male patients showed decreased
basal, pulsatile and total TSH secretion. /RS4 mRNA

was expressed in human hypothalamic nuclej, including
the paraventricular nucleus, and in the pituitary gland.
Female knockout mice showed decreased pituitary Tshb
mRNA levels but had unchanged serum thyroid hormone
concentrations.

Conclusions Mutations in /RS4 are associated with
isolated CeH in male carriers. As IRS4 is involved in leptin
signalling, the phenotype may be related to disrupted
leptin signalling.

INTRODUCTION

Central hypothyroidism (CeH) is characterised
by thyroid hormone deficiency due to insuffi-
cient production of thyroid-stimulating hormone
(TSH)." Congenital CeH is often part of multiple
pituitary hormone deficiency, but isolated TSH
deficiency occurs in 20%-25% of cases. Known
genetic causes of congenital isolated CeH include
mutations in TSHB, TRHR, IGSF1 and TBL1X.*”
However, many cases remain unsolved.

In this study, we used ‘whole’ exome sequencing
(WES) to identify the genetic cause of isolated CeH
in two unrelated families. We identified mutations in
insulin receptor substrate 4 (IRS4) in both families.
Sanger sequencing in other cases of CeH identified
IRS4 mutations in three families. The IRS family
acts as interface between tyrosine kinase receptors,
including the insulin, leptin and insulin-like growth
factor 1 (IGF-1) receptors, and multiple intracel-
lular signalling pathways.® Although the precise
function of IRS4 is unclear, its discrete expression
in rat hypothalamic nuclei suggests a specialised
neuroendocrine function(s).”

METHODS

Patient acquisition

In contrast to TSH-based neonatal congenital
hypothyroidism (CH) screening programmes, the
Dutch thyroxine (T4)+TSH+T4binding glob-
ulin (TBG)-based screening effectively detects
primary CH and congenital CeH.®® Many of these
children are treated by the Department of Paedi-
atric Endocrinology of the Academic Medical
Center, University of Amsterdam.'® We studied
two pairs of brothers: 18-year-old A.Ill.4 and
his 14-year-old brother A.IILS (figure 1A), and
12-year-old B.III.4 and his 22-year-old maternal
half-brother B.IIL.3 (figure 1B). The first three
were detected by neonatal screening and were diag-
nosed with congenital CeH at the age of 2 weeks.
B.IIL.3, who was born before optimisation of the
Dutch neonatal screening programme for CeH,
had normal screening results and was diagnosed
after presenting with short stature and delayed
tooth eruption at age 12 years (table 1). In all four,
the diagnosis CeH was supported by thyrotro-
pin-releasing hormone (TRH) stimulation testing
(online supplemental table 1), while additional
endocrine testing demonstrated normal func-
tioning of the other hypothalamic—pituitary axes.
Levothyroxine (LT4) treatment was started in all.
While A.IILS, B.III.3 and B.III.4 have grown and
developed normally, A.II1.4 had a delayed pubertal
growth. Testosterone-primed growth hormone
(GH) stimulation tests were normal. With sponta-
neous progression of puberty, his growth improved,
resulting in a normal adult height (online supple-
mental table 2). All four patients tested negative
for mutations in TSHB, TRHR, IGSF1, and TBL1X.
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Figure 1

Pedigrees of five families with /RS4 mutations. Probands are indicated by an arrow; small horizontal lines indicate that DNA sequence analysis

was performed. Black filled symbols represent mutation carrying individuals. (A) Pedigree of family A, (B) family B, (C) family C, (D) family D and (E) family E.

Genetic analyses

Genomic DNA isolation was performed as described previously.*
WES and variant calling were conducted using BWA-MEM
(0.7.5), GenomeAnalysisTK-2.8-1-g932cd3a, Cartagenia 3.0.
and the SeqCap EZ Human Exome Library v3.0 kit (NimbleGen;
Roche, Madison, Wisconsin, USA) on a HiSeq2000 (Illumina,
San Diego, California, USA). Variants were filtered and analysed
as described previously.’ Candidate variants were confirmed by
Sanger sequencing. WES was performed in the four probands;
Sanger sequencing was performed in all their available first-de-
gree and second-degree relatives and in other patients with idio-
pathic isolated CeH. Written informed consent was obtained in
all cases.

Phenotyping

Clinical studies

Mutation carriers underwent assessment of growth and devel-
opment, biochemical evaluation of hypothalamus—pituitary axes
and glucose homeostasis, thyroid ultrasound and pituitary MRI.
Two patients (A.IIl.4 and B.IIL.3) underwent 24-hour blood
sampling to assess TSH secretion, as described earlier.'! Testicular
ultrasound was performed in all male mutation carriers aged 12
years or older. Mutation carriers additionally underwent hearing
assessment by pure tone audiometry (PTA) or otoacoustic emis-
sion testing. PTA was performed in a soundproof booth, using
a manual audiometer (Madsen Electronics, Taastrup, Denmark)
with TDH-39 headphones, calibrated according to ISO-389-1,
with adequate masking.'

Endocrine measurements

Plasma free T4 (FT4) and prolactin concentrations were
measured by fluoroimmunoassay using the Delfia 1232 Fluo-
rometer (Wallac, Turku, Finland), while total T4, triiodothy-
ronine (T3) and reverse T3 (rT3) were measured by an inhouse
radioimmunoassay (RIA)."> Plasma TSH, luteinizing hormone
(LH), follicle-stimulating hormone (FSH) and 17-oestradiol
were measured by electrochemiluminescence assay using the
Roche cobas €602 (Roche Diagnostics, Mannheim, Germany).
Plasma TBG and serum thyroglobulin were measured by a
RIA (BRAHMS, Thermo-Scientific Hennigsdorf, Germany).

Plasma testosterone was measured by an inhouse method using
the Acquity ultra-performance liquid chromatography-tandem
mass spectrometry system (Waters, Milford, Massachusetts,
USA). Serum sex hormone-binding globulin (SHBG) was
measured with immunoluminometric assay (ILMA) using the
Architect iSR2000 (Abbott Laboratories, Diagnostics Division,
Mllinois, USA). Serum IGF-1 and GH was measured with elec-
trochemiluminiscence assay using the Liaison (Diasorin, S.RA.,
Saluggia, Italy). Plasma insulin, insulin growth factor binding
protein 3, adrenocorticotropic hormone and cortisol were
measured by ILMA using the Immulite 2000 (Siemens Medical
Solutions, Camberley, UK).

Plasma total cholesterol was measured with enzymatic colori-
metric assay using the Roche cobas ¢502, while triglycerides and
glucose were measured with enzymatic colorimetric assay using
the Roche cobas ¢702 (both from Roche Diagnostics). Plasma
leptin concentrations were measured with a RIA from Millipore
(Billerica, Massachusetts, USA).
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Figure 2 Schematic of IRS4 and the positions of the mutations. PH, pleckstrin homology domain; PTB, phosphotyrosine-binding domain; PI3K,
phosphoinositide 3-kinase (region containing multiple PI3K binding motifs); Grb2, growth factor receptor-bound protein-2 (Grb2 binding site). Mutations

are indicated with black bars.
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mRNA expression in human tissue samples

Three unfixed, frozen (—80°C) human hypothalami and pitu-
itaries were obtained from the Netherlands Brain Bank (NBB)
and used for mRNA expression. Permission for brain autopsy
and for the use of human brain material and clinical informa-
tion for research purposes had been obtained according to the
protocols of the NBB. Serial coronal 50 um sections were cut
from unfixed frozen hypothalami on a cryostat. We collected
all consecutive sections from the level of the lamina terminalis
to the mammillary bodies as previously described.'* RNA was
extracted from the supraoptic, paraventricular and infundibular
nuclei, and lateral hypothalamic area and from the homogenised
pituitaries using TriReagent (Sigma) per the manufacturer’s
instructions, followed by DNase treatment (Qiagen GmbH,
Germany). cDNA was synthesised with an Applied Biosystem
Kit. From every sample, an RT reaction was performed in order
to check for genomic DNA contamination.

PCR

Primers were designed to amplify IRS4 transcript (NM_003604.2,
F:5"-CCCCCGGAGAGAGAAGAT-3", R: 5"-ACTGTAGACTGT
AGCGCATCG- 3, product size 171 bp, annealing temperature
65°C). Real-time PCR was performed using the Lightcycler480
(Roche Molecular Biochemicals, Mannheim, Germany) and
SensiFAST SYBR No-ROX Kit (Bioline, London, UK). Melting
curve analysis was performed, and product size was determined
by DNA gel analysis. All samples contained mRNA as checked
by hypoxanthine phosphoribosyl transferase (HPRT) expression
(a housekeeping gene).'*

Mouse studies

Irs4 knockout (KO) (hemizygous males and homozygous females)
and wild-type (WT) (B6129SF2/]) mice (n=6 per group) were
bred at Jackson Laboratories (Jax, Bar Harbour, Maine, USA).
Serum, brain and pituitaries from mice that are 6-8wecks
old were collected at the Jax facility, frozen and shipped on dry
ice. We measured serum thyroid hormones, and Trh and Tshb
mRNA expression in brain tissue.

Serum thyroid hormone concentrations

Serum TSH levels were measured using a mouse Pituitary
Magnetic Bead panel for TSH (MILLIPLEX), following the
instructions of the manufacturer (Merck-Millipore, Darmstadt,
Germany) and read on a BioPlex (BioRad). Total T4 and T3
were measured by an inhouse RIA." In order to prevent inter-
assay variation, all samples of one experiment were measured
within the same assay (intra-assay variation: TSH: 9%-12%, T3:
3.6% and T4: 6.6%).

RNA isolation and qPCR

Total RNA from the pituitary was isolated using TriReagent
(Ambion) and the Nucleospin RNA kit (Macherey-Nagel,
Duren, Germany). RNA concentrations were determined using
the Denovix spectrophotometer (Denovix, Wilmington, Dela-
ware USA). The cDNA synthesis was carried out using equal
RNA input and the first strand AMV ¢DNA synthesis kit (Roche
Molecular Systems, Pleasanton, California, USA). Quantitative
PCR was performed using the Lightcycler 480 apparatus and
the SensiFAST SYBR No-ROX Kit (Bioline) and according to
the Minimum Information for Publication of Quantitative Real-
Time PCR Experiments (MIQE) guidelines. Quantification was
performed using the LinReg software. Samples with a mean
deviation of more than 5% of the mean efficiency value of the

assay were excluded. Calculated values were normalised by the
geometric mean of three reference gene values (HPRT, EFlal
and cyclophilin), which were selected to be the most stable

among different groups. The primers used were previously
described.” '

In situ hybridisation

Twenty-micrometre brain sections were cut on a cryostat (Leica).
Riboprobe synthesis and in situ hybridisation for Trh mRNA
were carried out as reported before."

Statistics

Student’s t-test was used to compare results of patients and
controls (SPSS V.23 for Windows). P value of <0.05 was consid-
ered significant. For the mouse studies, effects of sex and geno-
type were assessed by two-way analysis of variance followed
by a post hoc test (Tukey’s or Sidak’s) with GraphPad software
(GraphPad Prism 7, La Jolla, California, USA).

RESULTS

WES revealed nonsense or frameshift mutations in X-linked IRS4
(transcript accession number NM_003604.2) in the two pairs of
brothers. Sanger sequencing in 12 other unrelated patients with
congenital isolated CeH revealed three (two novel) frameshift
mutations in IRS4 in three patients (table 1, figures 1C-E and 2):
two S-year-old boys (C.III.2 and E.II1.4), and a 10-month-old
boy (D.IIL.6). All three had been detected by neonatal screening
and were treated with LT4. Off-treatment re-evaluation of the
hypothalamus—pituitary—thyroid (HPT) axis in patients C.III.2
and E.II1.4 at age 3 years confirmed the initial CeH diagnosis in
C.I1.2, and LT4 was restarted; although E.II1.4 had repeatedly
too-low neonatal FT4 concentrations and a blunted TRH test in
the neonatal period, re-evaluation showed FT4 concentrations
around the lower limit of the reference interval (10.3 pmol/L).
Because of clinical signs of hypothyroidism, he was also restarted
on LT4. All three boys grew and developed normally. All
probands tested negative for mutations in TSHB, TRHR, IGSF1
and TBL1X. The IRS4 mutations were found in 14 relatives (one
male; E.IIL5). Ten individuals were included in the study, while
four women (two adults, two children) declined participation.
Three-year-old E.III.5 was diagnosed with CeH during endo-
crine evaluation for the present study and subsequently started
on LT4. In retrospect, he had a low neonatal screening total T4
concentration with low TBG (129 nmol/L; neonatal reference
interval: 160-750 nmol/L)."”

Families B and E had the same ¢.1772dupG mutation (table 1),
which was found with a minor allele frequency of 0.47% in
the Exome Aggregation Consortium (ExAC, http://exac.broa-
dinstitute.org; none hemizygotes), but did not occur in GoNL
(http://www.nlgenome.nl/), Scripps Wellderly (https://genomics.
scripps.edu/browser/) or in 300 house reference samples. The
other three mutations (A: c.643G>T; C: c.3161 3165del; D:
c.1587_1588insT) were novel.

Clinical characteristics

Endocrine and anthropometric findings

All male IRS4 mutation carriers (n=8) showed biochemical
CeH, with FT4 concentrations between 72% and 97.5% of
the lower limit of the reference interval (table 1, figure 3A,B).
Female heterozygous carriers (n=8) had FT4 concentrations
within the lower half of the reference interval. One female
carrier had a slightly elevated T3 concentration (A.IL.6), while
all others had T3 concentrations within the reference interval.
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Figure 3  Plasma FT4 and TSH concentrations. (A) plasma FT4 and (B) TSH concentrations in untreated condition. Neonates: neonates with /RS54
mutations; adults/children: adults and children with /RS4 mutations (black filled symbols: males; white filled symbols: females); controls: adult controls.

The grey shaded areas denote the reference intervals. Reference intervals for FT4: 10-23 pmol/L (adults and children) and 12—30 pmol/L (neonates), and
TSH: 0.5-5 mU/L (adults and children) and 1.7-7.9 mU/L (neonates). The adult controls (n=136) were recruited in earlier studies for the express purpose
of establishing reference intervals and were all healthy subjects, not suspected to have endocrine disorders.” (C) basal, pulsatile and total TSH secretion of
individuals with /RS4 mutations (blue triangles) and healthy controls (box plots). (D) the 24-hour secretion profiles of TSH in individuals with /RS4 mutations
(black lines) and healthy controls (coloured lines). FT4, free thyroxine; TSH, thyroid-stimulating hormone.

T3/T4 ratios were elevated compared with those of euthyroid
adult controls."® TRH testing (performed before LT4 treatment)
showed a blunted peak TSH in six of seven males, compatible
with CeH (online supplemental table 1).

Mean (fasted) IGF-1 plasma concentration was +1.1SD score.
Serum leptin concentrations were within the age-specific
and sex-specific reference intervals in 12 carriers and above
the reference interval in four carriers (two infants, two adult
females). Height, body mass index (BMI) and biochemical eval-
uation of other hypothalamus—pituitary axes were unremarkable
(online supplemental table 3).

Oral glucose tolerance tests (OGTT) in carriers aged 6years
or older (online supplemental table 4) demonstrated normal
glucose concentrations, both fasting and 2hours after inges-
tion of a glucose load. Homeostatic model assessment of insulin
resistance (HOMA-IR) showed insulin resistance in 3 of 15
individuals (online supplemental table 5). Data on low-density
lipoprotein, total cholesterol concentrations and sex hormone-
binding globulin concentrations are given in online supplemental
tables 3 and 6.

Twenty-four-hour TSH secretion profiles in 2 adult male
patients and 11 healthy controls (online supplemental table 7)
showed markedly decreased basal, pulsatile and total secretion
of TSH in patients, even though their FT4 concentrations were
significantly lower (figure 3C,D).

Imaging

Pituitary MRI in 12 carriers showed normal morphology of
the hypothalamus and the pituitary. Ultrasonography showed
thyroid volumes below the 2.5th percentile in two adult males
(both treated with LT4), and well below the 50th percentile in
five boys (three treated with LT4) (table 1)." Thyroid volumes
were below the 50th percentile in seven of eight adult women
(none treated with LT4).*° In a 1-year-old boy (treated with
LT4) and a 6-month-old girl (not treated with LT4), thyroid
volumes could not be calculated reliably because of their age.
Testicular volume was normal in the four adolescent and adult

men.21
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Audiometry

Three of 15 carriers (all adults, one male) had hearing thresholds
poorer than the age-specific reference interval without clinical
manifestations.*

Tissue studies

IRS4 mRNA was expressed in the several human hypothalamic
nuclei, including the paraventricular nucleus, and the pituitary
gland (online supplemental figure 1).

Mouse studies

Trh mRINA expression in the paraventricular nucleus of the hypo-
thalamus was assessed with in situ hybridisation. No significant
differences in hybridisation signal were observed between WT
and KO mice, or between male and female mice (online supple-
mental figure 2A). Tshb mRNA in the pituitary was markedly
decreased (p=0.04) in KO females compared with WT females,
but no differences were observed in males (online supplemental
figure 2B). This difference was not reflected in serum TSH, T4
or T3 concentrations. In both the WT and KO groups, females
had lower serum TSH levels than males. Serum T4, but not T3,
was higher in WT females compared with males. No differences
in either serum TSH, T4 or T3 were observed between KO mice
compared with WT mice (online supplemental figure 2C-E).

DISCUSSION

In this study, we identified four mutations (one nonsense and
three frameshift) in IRS4 in seven male patients with CeH from
five families. Further investigations yielded mutations in 14
relatives, including one male who was subsequently also diag-
nosed with CeH. Male carriers met the biochemical criteria of
CeH, and FT4 concentrations of all female carriers were in the
lower half of the reference interval (figure 3). Six of seven male
carriers had blunted TRH test results. All carriers had relatively
low thyroid volumes, in keeping with relative TSH deficiency.
While most carriers had T3 concentrations within the age-ap-
propriate reference intervals, adult T3/T4 ratios were slightly
higher compared with euthyroid subjects.'® Although T3/T4
ratios have not been reported in untreated patients with CeH,
untreated TBL1X mutation carriers also had T3 concentra-
tions within reference interval combined with low-normal T4
concentrations, suggesting a slightly increased ratio.’ These find-
ings may help distinguish CeH from the non-thyroidal illness
syndrome, which is associated with reduced serum T3 concen-
trations,”® and thus decreased T3/T4 ratios. All male carriers
had cholesterol and SHBG levels within the reference interval,
although this was measured during treatment with LT4, while
three female mutation carriers had SHBG concentrations below
the reference interval. Two of these women had elevated total
cholesterol levels. Since low levels of SHBG and elevated lipid
levels are associated with hypothyroidism,** *° this may point
to a certain degree of hypothyroidism at the target tissue level,
although the number of observations is too small, and the varia-
tion in the population is too large to draw any firm conclusions
at this stage.

Mutations in IRS4 have not been associated with CeH before.
A missense mutation has been described in a female with para-
noid schizophrenia, but thyroid function was not reported in this
patient.”® In addition, IRS4 mutations have been associated with
a higher BMI in patients with schizophrenia,”” and IRS4 was
found to be associated with body size in dogs.”® Only three loss-
of-function mutations in IRS4 are reported in the ExAC database,
none of which were homozygous or hemizygous. Although two

other genes associated with isolated CeH, TBL1X and IGSF1,
are also located on the X-chromosome, they are distant from
IRS4, with IRS4 located on Xq22.3, TBL1X on Xp22.3-p22.2
and IGSF1 on Xq26.1.

IRS4 is located on the X-chromosome and encodes a 1257
amino acid protein, which contains a pleckstrin homology (PH)
domain and a phosphotyrosine-binding (PTB) domain in the
N-terminal region, followed by multiple tyrosine and serine
phosphorylation sites in the C-terminal tail.”” TRS4 is part of the
IRS family, which contains six members (IRS1-6). All proteins
contain PTB domains and multiple glycosylation sites to induce
a cascade in hormone signalling pathways.”’ The best character-
ised are IRS1 and IRS2, which are involved in insulin signalling
and of which knockdown results in marked dysregulation of
growth and metabolic homeostasis.* >* The function of IRS3-6
is still uncertain but thought to be highly specific due to their
restricted tissue distribution.’* IRS3 and IRS4 were found to
influence actions of IRS1 and IRS2.>* Although IRS1 and IRS2
were found to be non-redundant, function interchangeability
was found between IRS1 and IRS3. The functional overlap
between other family members is still under investigation.*

The IRS4 protein binds to and is activated by the intracellular
domain of tyrosine kinase receptors, most notably the insulin,
IGF-1 and leptin receptors (IR, IGF1R and LEPR).® IRS4 mRNA
is expressed in the pituitary gland and hypothalamus,” skeletal
muscle, heart, kidney and liver of rats.** In human tissue, RNA
expression was detected in hypothalamus, pituitary, thyroid and
ovary tissue (http://www.proteinatlas.org/ENSG00000133124-
IRS4/tissue; accessed 6 May 2017). In the present study, we
confirmed IRS4 mRNA expression in the human pituitary gland
and found expression in a number of hypothalamic nuclei,
including the paraventricular nucleus. Although we did not
measure IRS4 protein expression, marked RNA expression
suggests the presence of protein in those tissues.

IRS4 KO mice were reported to exhibit mild metabolic differ-
ences compared with WT mice. Particularly males were slightly
smaller, exhibited lower blood glucose levels in fasted and fed
states and had an impaired OGTT. Additionally, KO pairs repro-
duced less well, attributed to decreased fertility of females. Their
thyroid function was not reported.*®

In this study, we found that Irs4 KO mice did not have reduced
serum TSH or thyroid hormone concentrations, despite clearly
decreased Tshb mRNA expression in the pituitaries of KO
females. In addition, we found no significant effect of IRS4
absence on Trh expression in the hypothalamus. The finding that
Tshb mRNA expression was decreased only in female Irs4 KO
mice and that female KO and WT mice had somewhat lower
TSH concentrations than male KO and WT mice may suggest
the presence of sexual dimorphism in the HPT axis. Although
other characteristics of Irs4 deficiency seem more pronounced in
males,® this may suggest that female mice require Irs4 for suffi-
cient Tshb transcription, while males do not. The mouse data
seem to contradict the human findings, suggesting that KO mice
may not be an optimal model. IRS4 expression may vary between
species and have different contributions to the regulation of
the HPT-axis. A similar situation has been reported for other
genes; one example is the mouse model for IGSF1 deficiency,
which does not show the decreased serum total thyroid hormone
concentrations seen in human patients.*® This also holds true for
MCTS8, a TH transporter; patients with a mutation in MCT8
have a serious neurologic phenotype (Allan-Herndon-Dudley
syndrome), while MCT8 KO mice behave normally.*”

Although impaired glucose tolerance was reported in Irs4-null
mice,” in this study, IRS4 mutation carriers did not show signs

698

Heinen CA, et al. J Med Genet 2018;55:693-700. doi:10.1136/jmedgenet-2017-105113

“ybuAdoo Aq parosioid 1sanb Aq 810z Jequiardas 9z uo jwoo fwqg Bwly:dny wouy papeojumod "8T0Z AINC O U0 £TTSOT-/T0Z-19usabpawl/ogTT 0T Se paysignd 1sii ;18U pajN


https://dx.doi.org/10.1136/jmedgenet-2017-105113
https://dx.doi.org/10.1136/jmedgenet-2017-105113
https://dx.doi.org/10.1136/jmedgenet-2017-105113
https://dx.doi.org/10.1136/jmedgenet-2017-105113
https://dx.doi.org/10.1136/jmedgenet-2017-105113
https://dx.doi.org/10.1136/jmedgenet-2017-105113
http://www.proteinatlas.org/ENSG00000133124-IRS4/tissue
http://www.proteinatlas.org/ENSG00000133124-IRS4/tissue
http://jmg.bmj.com/

Genotype-phenotype correlations

of glucose intolerance. All patients with IRS4 mutations had a
normal height and weight. One female carrier underwent fertility
treatment for fallopian tube obstruction. Due to the association
of IRS4 with IR, IGF1R and LEPR, we considered the possibility
that mutations in IRS4 impair the signalling capability of these
receptors. However, patients in this study had no abnormalities
in either OGTT or HOMA, suggesting a normal insulin sensi-
tivity, nor did they exhibit growth failure. Furthermore, thyroid
function in patients with INSR or IGF1R mutations has been
reported as being normal.”® ** These findings make a role for
IR and IGF1R in the pathogenesis of CeH in patients with IRS4
mutations unlikely.

The combination of these findings emphasises the complexity
of the central regulation the HPT axis and indicates that further
research is necessary before a (putative) mechanism explaining
the decreased plasma T4 concentrations in patients harbouring
a mutation in IRS4 can be proposed. For instance, testing of the
HPT axis in a more dynamic way in mice and other species with
mutations more similar to those in the human patients may offer
more insight.

Hypothalamic leptin signalling is closely associated with
thyroid function. During starvation, decreasing leptin concen-
trations lead to reduced TRH expression in the paraventric-
ular nucleus, contributing to persistently low plasma TSH and
thyroid hormone concentrations. This response to fasting may
function to conserve energy.* Leptin acts on the HPT axis
directly through receptors on hypophysiotropic TRH neurons
that upregulate proTRH production and conversion to TRH*
and indirectly through pro-opiomelanocortin and neuropeptide
Y/agouti-related peptide expressing neurons in the hypothalamic
arcuate nucleus that project to TRH neurons.*! In healthy men
who were fasted for 72 hours, 24-hour TSH secretion studies
showed normal baseline concentrations but marked suppression
of TSH secretion and loss of typical pulsatility characteristics.
The fasting-induced decrease in TSH pulsatility was restored by
leptin administration.** Additionally, 56-hour fasting in healthy
men and women was shown to decrease TSH responses to
TRH by 43% below baseline responses.”® In the present study,
IRS4-mutated patients showed remarkably similar TSH baseline
concentrations, 24-hour TSH secretion patterns and TRH test
results. These data may suggest that the central downregula-
tion of the HPT axis in patients with IRS4 mutations is medi-
ated by subtle hypothalamic LEPR dysfunction. Leptin-deficient
patients have a highly heterogeneous phenotype, with case-se-
ries describing subclinical hypothyroidism with increased TSH
and normal FT4 levels,* normal thyroid function® and normal
TSH concentrations combined with relatively low FT4 concen-
trations, which increased after treatment with r-metHuLeptin.*®
TRH tests in these patients were normal and exaggerated in a
subclinical hypothyroid patient.** Interestingly, 24-hour TSH
secretion studies in leptin-deficient patients found suppression of
TSH secretion* and variable loss of organisation of TSH pulsa-
tility which, in one study, was strongly correlated to the 24-hour
leptin secretion.’” Leptin-resistant patients were described
to have either normal thyroid function, or low levels of FT4
combined with normal levels of TSH, similar to patients with
mutations in IRS4. However, these patients showed an exagger-
ated and sustained TSH response to TRH, while IRS4 mutation
patients had a blunted response to TRH.*® Whether IRS4-mu-
tated patients may have LEPR dysfunction is highly speculative
at this time, and the mechanism behind the development of CeH
in these individuals requires further investigation.

An interesting topic for further investigation is TSH bioac-
tivity in patients with IRS4 mutations. Decreased TSH bioactivity

has been described in several Mendelian causes of isolated CeH,
such as mutations in TSHB and TRHR.! Whether this is also the
case in patients with IRS4 mutations remains to be studied.

In conclusion, we identified IRS4 mutations in patients with
congenital isolated CeH. Although Irs4 KO mice did not display
CeH, the human data suggest that IRS4 represents a novel
genetic cause of isolated CeH.

Author affiliations

"Department of Endocrinology and Metabolism, Academic Medical Center, University
of Amsterdam, Amsterdam, The Netherlands

“Department of Paediatric Endocrinology, Emma Children's Hospital, Academic
Medical Center, University of Amsterdam, Amsterdam, The Netherlands

3Department of Clinical Genetics, Academic Medical Center, University of Amsterdam,
Amsterdam, The Netherlands

“Department of Paediatric Endocrinology, Erasmus MC, Rotterdam, The Netherlands
5Department of Paediatrics, Reinier de Graaf Hospital, Delft, The Netherlands
®Department of Paediatrics, St. Antonius Hospital, Nieuwegein, The Netherlands
"Department of Endocrinology and Metabolism, Leiden University Medical Center,
Leiden, The Netherlands

8Department of Paediatrics, Emma Children’s Hospital, Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands

Correction notice This article has been corrected since it was published Online
First. A statement about equal contribution has been added to the first page.

Acknowledgements The authors are grateful for the critical review and advice
of Professor D J Bernard, McGill University, Montreal; the excellent help and advice
of E Endert, Laboratory of Endocrinology, AMC, Amsterdam; and for the technical
assistance of O V Surovtseva, Laboratory of Experimental Endocrinology, AMC,
Amsterdam. We would like to thank the patients and their families who kindly
consented to participate.

Contributors CAH coordinated the study. CAH, RCH, AB, ASPvT and EF designed
the study. EMdV, NZ-S, ELTvdA, BB, GH-N and ASPvT provided patient care and
collected data. MA and HB performed genetic analysis. FR performed statistical
analysis. CAH, RCH, AB, ASPvT and EF interpreted the results and wrote the
manuscript. All authors critically reviewed the report. No writing assistance was
provided. CAH, AB, ASPvT and EF had full access to all of the data in the study and
take responsibility for the integrity of the data. All authors revised the manuscript
critically and approved the final version for publication.

Funding This work was financially supported by an AMC Foundation grant.
Competing interests None declared.
Patient consent Obtained.

Ethics approval The Medical Ethics Committee of the Academic Medical Center,
Amsterdam, approved the study protocol (NL52353.018.15).

Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

REFERENCES

1. Persani L. Clinical review: Central hypothyroidism: pathogenic, diagnostic, and

therapeutic challenges. J Clin Endocrinol Metab 2012;97:3068—78.

2. Hayashizaki Y, Hiraoka Y, Endo Y, Miyai K, Matsubara K. Thyroid-stimulating hormone
(TSH) deficiency caused by a single base substitution in the CAGYC region of the
beta-subunit. Embo J 1989;8:2291-6.

Collu R, Tang J, Castagné J, Lagacé G, Masson N, Huot C, Deal C, Delvin E, Faccenda
E, Eidne KA, Van Vliet G. A novel mechanism for isolated central hypothyroidism:
inactivating mutations in the thyrotropin-releasing hormone receptor gene. J Clin
Endocrinol Metab 1997;82:1561-5.

Sun Y, Bak B, Schoenmakers N, van Trotsenburg AS, Oostdijk W, Voshol P, Cambridge
E, White JK, le Tissier P, Gharavy SN, Martinez-Barbera JP, Stokvis-Brantsma WH,
Vulsma T, Kempers MJ, Persani L, Campi |, Bonomi M, Beck-Peccoz P, Zhu H, Davis TM,
Hokken-Koelega AC, Del Blanco DG, Rangasami JJ, Ruivenkamp CA, Laros JF, Kriek
M, Kant SG, Bosch CA, Biermasz NR, Appelman-Dijkstra NM, Corssmit EP, Hovens
GC, Pereira AM, den Dunnen JT, Wade MG, Breuning MH, Hennekam RC, Chatterjee
K, Dattani MT, Wit JM, Bernard DJ. Loss-of-function mutations in IGSF1 cause an
X-linked syndrome of central hypothyroidism and testicular enlargement. Nat Genet
2012;44:1375-81.

w

~

Heinen CA, et al. ] Med Genet 2018;55:693-700. doi:10.1136/jmedgenet-2017-105113

699

“ybuAdoo Aq parosioid 1sanb Aq 810z Jequiardas 9z uo jwoo fwqg Bwly:dny wouy papeojumod "8T0Z AINC O U0 £TTSOT-/T0Z-19usabpawl/ogTT 0T Se paysignd 1sii ;18U pajN


http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1210/jc.2012-1616
http://www.ncbi.nlm.nih.gov/pubmed/2792087
http://dx.doi.org/10.1210/jc.82.5.1561
http://dx.doi.org/10.1210/jc.82.5.1561
http://dx.doi.org/10.1038/ng.2453
http://jmg.bmj.com/

Genotype-phenotype correlations

5 Heinen CA, Losekoot M, Sun Y, Watson PJ, Fairall L, Joustra SD, Zwaveling-Soonawala 28 Plassais J, Rimbault M, Williams FJ, Davis BW, Schoenebeck JJ, Ostrander EA.

N, Oostdijk W, van den Akker EL, Alders M, Santen GW, van Rijn RR, Dreschler WA, Analysis of large versus small dogs reveals three genes on the canine X chromosome
Surovtseva OV, Biermasz NR, Hennekam RC, Wit JM, Schwabe JW, Boelen A, Fliers E, associated with body weight, muscling and back fat thickness. PLoS Genet

van Trotsenburg AS. Mutations in TBL1X Are Associated With Central Hypothyroidism. 2017;13:e1006661.

J Clin Endocrinol Metab 2016;101:4564-73. 29 Lavan BE, Fantin VR, Chang ET, Lane WS, Keller SR, Lienhard GE. A Novel 160-

6 Wauman J, De Smet AS, Catteeuw D, Belsham D, Tavernier J. Insulin receptor substrate kDa Phosphotyrosine Protein in Insulin-treated Embryonic Kidney Cells Is a New
4 couples the leptin receptor to multiple signaling pathways. Mol Endocrinol Member of the Insulin Receptor Substrate Family. Journal of Biological Chemistry
2008;22:965-77. 1997,272:21403-7.

7 Numan S, Russell DS. Discrete expression of insulin receptor substrate-4 mRNA in 30 Withers DJ, Gutierrez JS, Towery H, Burks DJ, Ren J-M, Previs S, Zhang Y, Bernal D,
adult rat brain. Brain Res Mol Brain Res 1999;72:97-102. Pons S, Shulman Gl, Bonner-Weir S, White MF. Disruption of IRS-2 causes type 2

8 Kempers MJ, Lanting Cl, van Heijst AF, van Trotsenburg AS, Wiedijk BM, de Vijlder diabetes in mice. Nature 1998;391:900—4.

1), Vulsma T. Neonatal screening for congenital hypothyroidism based on thyroxine, 31 Araki E, Lipes MA, Patti M-E, Briining JC, Haag Ill B, Johnson RS, Kahn CR, Haag B.
thyrotropin, and thyroxine-binding globulin measurement: potentials and pitfalls. / Alternative pathway of insulin signalling in mice with targeted disruption of the IRS-1
Clin Endocrinol Metab 2006;91:3370—6. gene. Nature 1994;372:186-90.

9 Lanting Cl, van Tijn DA, Loeber JG, Vulsma T, de Vijlder JJ, Verkerk PH. Clinical 32 Laustsen PG, Michael MD, Crute BE, Cohen SE, Ueki K, Kulkarni RN, Keller SR,
effectiveness and cost-effectiveness of the use of the thyroxine/thyroxine-binding Lienhard GE, Kahn CR. Lipoatrophic diabetes in Irs1-/-/Irs3-/- double knockout mice.
globulin ratio to detect congenital hypothyroidism of thyroidal and central origin in a Genes Dev 2002;16:3213-22.
neonatal screening program. Pediatrics 2005;116:168-73. 33 Tsuruzoe K, Emkey R, Kriauciunas KM, Ueki K, Kahn CR. Insulin receptor substrate

10 Zwaveling-Soonawala N, van Trotsenburg AS, Verkerk PH. The severity of congenital 3 (IRS-3) and IRS-4 impair IRS-1- and IRS-2-mediated signaling. Mol Cell Biol
hypothyroidism of central origin should not be underestimated. J Clin Endocrinol 2001;21:26-38.

Metab 2015;100:E297-E300. 34 Fantin VR, Lavan BE, Wang Q, Jenkins NA, Gilbert DJ, Copeland NG, Keller SR,

11 Joustra SD, Roelfsema F, Endert E, Ballieux BE, van Trotsenburg AS, Fliers E, Lienhard GE. Cloning, tissue expression, and chromosomal location of the mouse
Corssmit EP, Bernard DJ, Oostdijk W, Wit JM, Pereira AM, Biermasz NR. Pituitary insulin receptor substrate 4 gene. Endocrinology 1999;140:1329-37.

Hormone Secretion Profiles in IGSF1 Deficiency Syndrome. Neuroendocrinology 35 Fantin VR, Wang Q, Lienhard GE, Keller SR. Mice lacking insulin receptor substrate 4
2016;103:408-16. exhibit mild defects in growth, reproduction, and glucose homeostasis. Am J Physiol

12 1S0. 389-1. Acoustics - Reference zero for the calibration of audiometric equipment. Endocrinol Metab 2000;278:E127-E133.

Part 1 - Reference equivalent threshold sound pressure levels for pure tones and 36 Turgeon MO, Silander TL, Doycheva D, Liao XH, Rigden M, Ongaro L, Zhou X, Joustra
supra-aural earphones, 1998. SD, Wit JM, Wade MG, Heuer H, Refetoff S, Bernard DJ. TRH Action Is Impaired in

13 Wiersinga WM, Chopra ). Radioimmunoassay of thyroxine (T4), Pituitaries of Male IGSF1-Deficient Mice. Endocrinology 2017;158:815-30.
3,5,3"-triiodothyronine (T3), 3,3",5'"-triiodothyronine (reverse T3, rT3), and 37 Visser WE, Friesema ECH, Jansen J, Visser TJ. Thyroid hormone transport in and out of
3,3'-diiodothyronine (T2). Methods Enzymol 1982;84:272-303. cells. Trends in Endocrinology & Metabolism 2008;19:50—-6.

14 Bisschop PH, Dekker MJ, Osterthun W, Kwakkel J, Anink JJ, Boelen A, Unmehopa 38 Hgjlund K, Hansen T, Lajer M, Henriksen JE, Levin K, Lindholm J, Pedersen O, Beck-
UA, Koper JW, Lamberts SW, Stewart PM, Swaab DF, Fliers E. Expression of Nielsen H. A novel syndrome of autosomal-dominant hyperinsulinemic hypoglycemia
11B-hydroxysteroid dehydrogenase type 1 in the human hypothalamus. J linked to a mutation in the human insulin receptor gene. Diabetes 2004;53:1592-8.
Neuroendocrinol 2013;25:425-32. 39 Walenkamp MJ, Karperien M, Pereira AM, Hilhorst-Hofstee Y, van Doorn J, Chen JW,

15 de Vries EM, Nagel S, Haenold R, Sundaram SM, Pfrieger FW, Fliers E, Heuer H, Boelen Mohan S, Denley A, Forbes B, van Duyvenvoorde HA, van Thiel SW, Sluimers CA,
A.The Role of Hypothalamic NF-xB Signaling in the Response of the HPT-Axis to Bax JJ, de Laat JA, Breuning MB, Romijn JA, Wit JM. Homozygous and heterozygous
Acute Inflammation in Female Mice. Endocrinology 2016;157:2947-56. expression of a novel insulin-like growth factor-I mutation. J Clin Endocrinol Metab

16 Boelen A, Kwakkel J, Thijssen-Timmer DC, Alkemade A, Fliers E, Wiersinga WM. 2005;90:2855-64.

Simultaneous changes in central and peripheral components of the hypothalamus- 40 Nillni EA, Vaslet C, Harris M, Hollenberg A, Bjorbak C, Flier JS. Leptin regulates
pituitary-thyroid axis in lipopolysaccharide-induced acute illness in mice. J Endocrinol prothyrotropin-releasing hormone biosynthesis. Evidence for direct and indirect
2004;182:315-23. pathways. The Journal of biological chemistry 2000;275:36124-33.

17 Fisher DA. Clinical review 19: Management of congenital hypothyroidism. / Clin 41 Fekete C, Marks DL, Sarkar S, Emerson CH, Rand WM, Cone RD, Lechan RM. Effect of
Endocrinol Metab 1991;72:523-9. Agouti-related protein in regulation of the hypothalamic-pituitary-thyroid axis in the

18 Mortoglou A, Candiloros H. The serum triiodothyronine to thyroxine (T3/T4) ratio in melanocortin 4 receptor knockout mouse. Endocrinology 2004;145:4816-21.
various thyroid disorders and after Levothyroxine replacement therapy. Hormones 42 Chan JL, Heist K, DePaoli AM, Veldhuis JD, Mantzoros CS. The role of falling leptin
2004;3:120-6. levels in the neuroendocrine and metabolic adaptation to short-term starvation in

19 van Rijn RR. Skull, Intracranial Space, and Vertebral Column: Thyroid Gland Volume. In: healthy men. J Clin Invest 2003;111:1409-21.
van Rijn RR, Blickman JG, eds. Differential Diagnosis in Pediatric Imaging. Stuttgart, 43 Samuels MH, Kramer P. Effects of metoclopramide on fasting-induced TSH
New York, Delhi, Rio: Thieme Verlagsgruppe, 2011:654. suppression. Thyroid 1996;6:85-9.

20 Berghout A, Wiersinga WM, Smits NJ, Touber JL. The value of thyroid volume measured 44 Gibson WT, Farooqi IS, Moreau M, DePaoli AM, Lawrence E, O'Rahilly S, Trussell RA.
by ultrasonography in the diagnosis of goitre. Clin Endocrinol 1988;28:409-14. Congenital leptin deficiency due to homozygosity for the Delta133G mutation: report

21 Joustra SD, van der Plas EM, Goede J, Oostdijk W, Delemarre-van de Waal HA, Hack of another case and evaluation of response to four years of leptin therapy. J Clin
WWM, van Buuren S, Wit JM. New reference charts for testicular volume in Dutch Endocrinol Metab 2004;89:4821-6.
children and adolescents allow the calculation of standard deviation scores. Acta 45 Paz-Filho G, Delibasi T, Erol HK, Wong M-L, Licinio J. Congenital leptin deficiency and
Paediatr 2015;104:e271-e278. thyroid function. Thyroid Res 2009;2:11.

22 Johansson M, Arlinger S. Reference data for evaluation of occupationally noise- 46 Farooqi IS, Matarese G, Lord GM, Keogh JM, Lawrence E, Agwu C, Sanna V, Jebb SA,
induced hearing loss. Noise & health 2004;6:35-41. Perna F, Fontana S, Lechler RI, DePaoli AM, O'Rahilly S. Beneficial effects of leptin

23 Beck-Peccoz P, Rodari G, Giavoli C, Lania A. Central hypothyroidism - a neglected on obesity, T cell hyporesponsiveness, and neuroendocrine/metabolic dysfunction of
thyroid disorder. Nat Rev Endocrinol 2017. human congenital leptin deficiency. J Clin Invest 2002;110:1093-103.

24 Dumoulin SC, Perret BP, Bennet AP, Caron PJ. Opposite effects of thyroid hormones 47 Mantzoros CS, Ozata M, Negrao AB, Suchard MA, Ziotopoulou M, Caglayan S,
on binding proteins for steroid hormones (sex hormone-binding globulin and Elashoff RM, Cogswell RJ, Negro P, Liberty V, Wong ML, Veldhuis J, Ozdemir IC,
corticosteroid-binding globulin) in humans. Eur J Endocrinol 1995;132:594-8. Gold PW, Flier JS, Licinio J. Synchronicity of frequently sampled thyrotropin (TSH)

25 Staub J-J, Althaus BU, Engler H, Ryff AS, Trabucco P, Marquardt K, Burckhardt D, and leptin concentrations in healthy adults and leptin-deficient subjects: evidence
Girard J, Weintraub BD. Spectrum of subclinical and overt hypothyroidism: Effect on for possible partial TSH regulation by leptin in humans. J Clin Endocrinol Metab
thyrotropin, prolactin, and thyroid reserve, and metabolic impact on peripheral target 2001,86:3284-91.
tissues. Am J Med 1992;92:631-42. 48 Clément K, Vaisse C, Lahlou N, Cabrol S, Pelloux V. Cassuto D, Gourmelen M, Dina C,

26 Melkersson K. Case report of a patient with schizophrenia and a mutation in the Chambaz J, Lacorte JM, Basdevant A, Bougneres P, Lebouc Y, Froguel P, Guy-Grand
insulin receptor substrate-4 gene. Neuro endocrinology letters 2013;34:173-6. B. A mutation in the human leptin receptor gene causes obesity and pituitary

27 Melkersson K, Persson B, Hongslo T. The insulin receptor substrate-4 (IRS-4) gene dysfunction. Nature 1998;392:398-401.
and schizophrenia: no evidence for a main genetic factor, however one report 49 Soldin OP, Hoffman EG, Waring MA, Soldin SJ. Pediatric reference intervals for FSH, LH,
of a single schizophrenia patient with a mutation. Neuro endocrinology letters estradiol, T3, free T3, cortisol, and growth hormone on the DPC IMMULITE 1000. Clin
2011;32:52-8. Chim Acta 2005;355:205-10.

700 Heinen CA, et al. J Med Genet 2018;55:693-700. doi:10.1136/jmedgenet-2017-105113

“ybuAdoo Aq parosioid 1sanb Aq 810z Jequiardas 9z uo jwoo fwqg Bwly:dny wouy papeojumod "8T0Z AINC O U0 £TTSOT-/T0Z-19usabpawl/ogTT 0T Se paysignd 1sii ;18U pajN


http://dx.doi.org/10.1210/jc.2016-2531
http://dx.doi.org/10.1210/me.2007-0414
http://dx.doi.org/10.1016/S0169-328X(99)00160-6
http://dx.doi.org/10.1210/jc.2006-0058
http://dx.doi.org/10.1210/jc.2006-0058
http://dx.doi.org/10.1542/peds.2004-2162
http://dx.doi.org/10.1210/jc.2014-2871
http://dx.doi.org/10.1210/jc.2014-2871
http://dx.doi.org/10.1159/000439433
http://dx.doi.org/10.1111/jne.12017
http://dx.doi.org/10.1111/jne.12017
http://dx.doi.org/10.1210/en.2016-1027
http://dx.doi.org/10.1677/joe.0.1820315
http://dx.doi.org/10.14310/horm.2002.11120
http://dx.doi.org/10.1111/j.1365-2265.1988.tb03672.x
http://dx.doi.org/10.1111/apa.12972
http://dx.doi.org/10.1111/apa.12972
http://dx.doi.org/10.1530/eje.0.1320594
http://dx.doi.org/10.1016/0002-9343(92)90782-7
http://dx.doi.org/10.1371/journal.pgen.1006661
http://dx.doi.org/10.1074/jbc.272.34.21403
http://dx.doi.org/10.1038/36116
http://dx.doi.org/10.1038/372186a0
http://dx.doi.org/10.1101/gad.1034802
http://dx.doi.org/10.1128/MCB.21.1.26-38.2001
http://dx.doi.org/10.1210/endo.140.3.6578
http://dx.doi.org/10.1152/ajpendo.2000.278.1.E127
http://dx.doi.org/10.1152/ajpendo.2000.278.1.E127
http://dx.doi.org/10.1210/en.2016-1788
http://dx.doi.org/10.1016/j.tem.2007.11.003
http://dx.doi.org/10.2337/diabetes.53.6.1592
http://dx.doi.org/10.1210/jc.2004-1254
http://dx.doi.org/10.1210/en.2004-0476
http://dx.doi.org/10.1172/JCI200317490
http://dx.doi.org/10.1089/thy.1996.6.85
http://dx.doi.org/10.1210/jc.2004-0376
http://dx.doi.org/10.1210/jc.2004-0376
http://dx.doi.org/10.1186/1756-6614-2-11
http://dx.doi.org/10.1172/JCI0215693
http://dx.doi.org/10.1210/jcem.86.7.7644
http://dx.doi.org/10.1038/32911
http://dx.doi.org/10.1016/j.cccn.2005.01.006
http://dx.doi.org/10.1016/j.cccn.2005.01.006
http://jmg.bmj.com/

	Mutations in IRS4 are associated with central hypothyroidism
	Abstract
	Clinical characteristics
	Endocrine and anthropometric findings
	Imaging
	Audiometry

	Tissue studies
	Mouse studies

	Discussion
	References


