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Background: Iodide organification defects are associ-
ated with mutations in the dual oxidase 2 (DUOX2) gene
and are characterized by a positive perchlorate dis-
charge test. These mutations produce a congenital
goitrous hypothyroidism, usually transmitted in an au-
tosomal recessive mode.
Methods: We studied the complete coding sequence of
the human DUOX2 gene by single-strand conforma-
tional polymorphism (SSCP) analysis of DNA from 17
unrelated patients with iodide organification defects.
Samples showing an aberrant pattern were directly
sequenced. All mutations were validated by SSCP anal-
ysis. Finally, the effect of a splicing mutation was
studied by construction of minigenes.
Results: Genomic DNA sequencing revealed 3 novel mu-
tations [c.108G>C (p.Q36H), c.1253delG (p.G418fsX482),
and g.IVS19-2A>C] and 1 previously reported mutation
[c.2895-2898delGTTC (p.S965fsX994)] in 2 families with 1
(family 1) and 2 (family 2) affected members. This implies
the inheritance of 2 compound heterozygous mutations,
p.Q36H and p.S965fsX994 in family 1 and p.G418fsX482
and g.IVS19-2A>C in family 2. The c.1253delG mutation
was associated with a c.1254C>A transversion. In vitro

transcription analysis showed that exon 20 is skipped
entirely when the g.IVS19-2A>C mutation is present. The
wild-type glutamine residue at position 36 is strictly con-
served.
Conclusions: Two previously unknown compound het-
erozygous mutations in the DUOX2 gene, p.Q36H/
p.S965fsX994 and p.G418fsX482/g.IVS19-2A>C, are re-
sponsible for iodide organification defects in 2
unrelated families. Identification of the molecular basis
of this disorder might be helpful for understanding the
pathophysiology of this congenital hypothyroidism.
© 2006 American Association for Clinical Chemistry

Congenital hypothyroidism occurs with a prevalence of
�1 in 4000 newborns (1, 2). Patients with this syndrome
can be divided into 2 groups: those with nongoitrous
(dysembryogenesis) and those with goitrous (dyshormo-
nogenesis) congenital hypothyroidism. Dysembryogen-
esis, or dysgenesis, congenital hypothyroidism, which
accounts for 85% of cases, results from ectopic thyroid
tissue at the base of the tongue or in any position along
the thyroglossal tract, agenesis, and hypoplasia. In a
minority of these patients, the congenital hypothyroidism
is associated with mutations in genes responsible for the
development or growth of thyroid follicular cells: thyroid
transcription factor 1 (TTF-1; also known as TITF1, NKX2–1,
or T/EBP) (3, 4), thyroid transcription factor 2 (TTF-2; also
known as TITF2, FOXE1, or FKHL15) (5), paired box tran-
scription factor 8 (PAX-8) (6–9), thyrotropin (TSH)3 (10, 11),
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and TSH receptor (12–14). The presence of congenital goiter
(which accounts for the remaining 15% of cases) has been
linked to mutations in the Na�/I� symporter (NIS) (15–17),
thyroglobulin (TG) (18–21), thyroperoxidase (TPO) (22–24),
dual oxidase 2 (DUOX2; also known as ThOX2 and LNOX2)
(25), and Pendrine (PDS; also known as SLC26A4) (26, 27)
genes. These mutations produce a heterogeneous spectrum
of congenital goitrous hypothyroidism, usually transmitted
in an autosomal recessive mode.

Iodide organification defects are associated with mu-
tations in the TPO or DUOX2 genes (22–25) and are
characterized by a positive perchlorate discharge test.
TPO is the key enzyme in the formation of thyroid
hormones; it catalyzes both the iodination and coupling of
hormonogenic tyrosyl residues of TG with an absolute
requirement of H2O2, which acts as an electron acceptor
(28 ). H2O2 is generated on the apical plasma membrane of
the thyroid follicular cell by a metabolic pathway involv-
ing 2 members of the NADPH oxidase family: Duox1 and
-2 (29–34). The DUOX2 gene (GenBank accession no.
NT_010194) is located on chromosome 15q15.3 spanning
21.5 Kb of genomic DNA (31 ), which includes 33 coding
exons. The mRNA (GenBank accession no. NM_014080) is
6376 nucleotides long, and the preprotein is composed of
a putative 26-amino acid signal peptide followed by a
1522-amino acid polypeptide (31 ). The DUOX1 gene
encodes a homologous 1551-amino acid protein display-
ing 83% sequence similarity. To date, only 4 inactivating
mutations in the DUOX2 gene (p.R434X, p.Q686X,
p.R701X, and p.S965fsX994) have been identified in pa-
tients with iodide organification defect (25 ).

In the present study, screening by single-strand con-
formational polymorphism (SSCP) and direct sequencing
analysis of the DUOX2 gene revealed 3 previously unre-
ported mutations and 1 previously reported mutation in 2
unrelated families with congenital goiter and iodide organi-
fication defect, constituting 2 compound heterozygous mu-
tations (p.Q36H/p.S965fsX994 and p.G418fsX482/g.IVS19-
2A�C).

Materials and Methods
patient selection
We studied 17 selected unrelated patients with iodide
organification defect (perchlorate discharge test �30%)
from an original cohort of 40 patients with congenital
goitrous hypothyroidism at screening. We previously
reported that 7 of these patients harbored mutations in the
TPO gene: 1 was compound heterozygous, and the other
6 were simply heterozygous for the mutations (24 ).

The project was approved by the Institutional Review
Board, and written informed consent was obtained from
all individuals involved in this study.

clinical report
Family 1: Index patient II-2. The patient is the second child
of a nonconsanguineous couple and was referred because
a high serum TSH value on neonatal screening at day 3 of

life. He was born at term after an uncomplicated preg-
nancy and delivery with a birth weight of 3.1 kg. At day
27 of life, he had persistent jaundice, large posterior
fontanel, and umbilical hernia. Thyroid tissue was palpa-
ble. After confirmation of hypothyroidism, he was started
with l-thyroxine supplementation. At age 5 years, his
thyroid hormone supplementation was interrupted for 4
weeks to investigate the etiology. A technetium-99 scan
showed a goiter, and hypothyroidism was confirmed. His
perchlorate discharge test result (46%) indicated a iodide
organification defect. Treatment was reinitiated. He had a
very good compliance, and his growth and development are
normal. His parents and sister have normal thyroid function.
The results of thyroid function tests of the members of
family 1 who were studied are shown in Table 1.

Family 2: Patient II-2. The patient is the second child of a
nonconsanguineous couple referred at the age of 8
months with hypothyroidism. She had all of the signs of
thyroid hormone deficiency with goiter, and after confir-
mation, treatment with l-thyroxine was started.

At the age of 4.5 years, the etiology of her condition
was assessed after withdrawal of the thyroxine supple-
mentation, and hypothyroidism attributable to iodide
organification defect was suspected (perchlorate dis-
charge test result, 68%). She grew up normally but is
mildly mentally retarded.

At age 15 years, after a noncomplicated pregnancy and
delivery, she gave birth to a 3.0-kg male infant (III-1) who
had a normal serum TSH concentration at neonatal
screening for congenital hypothyroidism. The boy grew
and developed normally up to 3 years of age when,

Table 1. Thyroid function test results for relatives and
patients with congenital goitrous hypothyroidism and

organification defect.a

Individuals
Serum TSH,

mIU/L
Serum TT4,b

nmol/L
Serum TG,

�g/L

Perchlorate
discharge

test, %

Family 1
I-1 1.8 79.8 NDc ND
I-2 2.7 109.4 ND ND
II-1 2.5 105.5 14 5
II-2d 156 37.3 431 46

Family 2
I-1 2.4 90.1 12 0
I-2 8.4 73.4 1.1 42
II-1 5.0 133.8 9.5 ND
II-2d �100 10.3 479 68
II-3 6.2 109.4 1.5 ND
II-4d �100 �12.87 1314 60
III-1 5.3/80e 119.7 84.2 31

Reference values �5 77–180 2–30 �10
a See pedigrees in Fig. 1 for details.
b To convert nmol/L to �g/dL, divide by 12.87.
c ND, not determined.
d Affected individuals with organification defect.
e Basal value/value after treatment with thyrotropin-releasing hormone.
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during a routine pediatric examination, a 30-g goiter was
detected. Thyroid evaluation showed high serum TSH
concentrations, a perchlorate discharge test result of 31%,
and positive anti-thyroid antibodies [anti-TPO antibodies,
70 kIU/L (reference values �20 kIU/L]); anti-TG antibod-
ies, 20 kIU/L (reference values �20 kIU/L)], indicating
autoimmune thyroid disease.

Family 2: Index patient II-4. The patient was the fourth child
of this family. He was referred at 1 month of age with severe
hypothyroidism (persistent jaundice, myxedematous face,
large posterior fontanel, and umbilical hernia) and goiter.
Hypothyroidism was confirmed, and treatment with l-
thyroxine was started. At age 4 years, the etiology of his
condition was evaluated after withdrawal of thyroxine treat-
ment. His findings resembled those of his sister.

The parents and the 2 healthy siblings of this family
were evaluated. Thyroid function was normal in patient
II-1, whereas the mother (I-2) and a sister (II-3) showed
high serum TSH concentrations and positive anti-thyroid
antibodies: for the mother (I-2), anti-TPO antibodies were
279 kIU/L and the anti-TG antibodies were �20 kIU/L;
for the sister (II-3), the anti-TPO antibodies were 70 kIU/L
and the anti-TG antibodies were 40 kIU/L. The perchlor-
ate discharge test in I-2 was 42%. The father (I-1) had TSH
concentrations within reference values and also positive
anti-thyroid antibodies (anti-TPO antibodies, 64 kIU/L;
anti-TG antibodies, 33 kIU/L. These findings indicate an
autoimmune thyroid disease in I-1, I-2, and II-3.

The results of thyroid function tests of the family 2
members studied are shown in Table 1.

thyroid function tests
The perchlorate discharge test was performed according
to standard procedures. Briefly, 25 �Ci of radioiodine
(I-131) was administered orally, and thyroid uptake was
measured at 15-min intervals for 1 h. At this point, 500 mg
of potassium perchlorate was given orally, and sequential
uptakes were measured at 15-min intervals for an addi-
tional period of 2 h. Discharge was calculated as the
difference between the uptake at the time of perchlorate
administration and the uptake 120 min after perchlorate
administration, expressed as a percentage. Values �10%
were considered as a failure to retain the administered
radioiodine, probably because of a congenital organifica-
tion defect or an autoimmune thyroid disease.

Serum total thyroxine (TT4) and serum TSH were
determined by electrochemiluminescence immunoassay
(ELECSYSTM system; Roche). Serum TG was measured by
immunofluorometric assay (Delfia; Perkin-Elmer). Anti-
TPO and anti-TG antibodies were measured by immuno-
chemiluminometric assay (Immulite; Diagnostic Products
Corporation).

sscp analysis
SSCP analysis was used to screen for the presence of
mutations in each exon of the DUOX2 gene. Genomic

DNA was isolated from leukocytes by the sodium dode-
cyl sulfate–proteinase K method. The complete coding
sequence of the human DUOX2 gene, along with the
flanking intronic regions of each intron, were amplified
from the affected patients. PCR was performed in 50-�L
reactions containing a standard PCR buffer (Invitrogen,
Life Technologies), 250 ng of genomic DNA, 1.5 or 2.5 mM
MgCl2, 200 �M each of dATP, dCTP, dTTP, and dGTP;
with or without 80 nL/�L dimethyl sulfoxide; 1 U of Taq
polymerase (Invitrogen, Life Technologies); and 40 pmol
each of the forward and reverse primers. Intronic primers
were specially designed or were as reported previously
(25 ) for each of the 33 DUOX2 coding exons. Their
oligonucleotide sequences and the positions of their 5�
coding sequence ends are shown in Table 2. Samples were
denatured at 95 °C for 3 min followed by 35 cycles of
amplification, each consisting of denaturation at 95 °C for
30 s, primer annealing at 55–66 °C for 30 s, and primer
extension at 72 °C for 1 min. After the last cycle, the
samples were incubated for an additional 10 min at 72 °C
to ensure that the final extension step was complete. The
amplified products were analyzed in 2% agarose gels. The
gel matrix for SSCP analysis contained 8% or 10% poly-
acrylamide (29:1; Invitrogen, Life Technologies), with or
without 100 mL/L glycerol. Samples were electropho-
resed for 18 h at a constant temperature (4 °C). DNA was
visualized by silver staining.

dna sequencing
Samples showing an aberrant pattern in SSCP analysis
were directly sequenced with the Taq polymerase-based
chain terminator method (fmol; Promega); the DUOX2
forward and reverse primers were the same as those used
in the SSCP screening (Table 2). The results were analyzed
by use of the PC gene (Intelligenetics), DNASTAR
(DNASTAR Inc.), and Nucleotide BLAST (http://www.
ncbi.nlm.nih.gov/BLAST) software programs.

cloning of wild-type and mutated exon 11 pcr
fragments
The amplified fragment corresponding to exon 11 from
index patient II-4 (family 2) was T-A cloned into pGEM-T
Easy vector (Promega). DH5�-competent cells were used
for transformations. After transformation, the recombi-
nant clones were identified by color screening on indica-
tor plates containing isopropyl-thio-�-galactoside and
5-bromo-4-chloro-3-indolyl-�-d-galactoside (X-Gal), and
plasmid DNA was isolated by standard procedures. DNA
sequencing was performed as described above from wild-
type and mutant allele clones.

validation of DUOX2 mutations by sscp
analysis
We validated all mutations by studying healthy unrelated
individuals by SSCP analysis under conditions identical
to those described above, using the same intronic primers
to amplify exons 2, 11, 20, and 21 (Table 2).
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AciI restriction analysis
The mutant cytosine, detected by nucleotide sequencing
in position 108 (p.Q36H), creates a new AciI restriction site
that is absent in the wild-type allele, which has guanine at
position 108. The presence of the mutation was therefore
independently confirmed by restriction analysis with AciI
(New England BioLabs Inc.) in index patient II-2 (family
1) and his sister and parents. A 226-bp fragment contain-
ing exon 2 was generated by PCR under conditions
identical to those described above with the same exon 2
intronic primers (Table 2). The PCR product (1 �g) was
digested overnight at 37 °C with 10 U of AciI. After
digestion, the DNA fragments were separated on a 2%
agarose gel and visualized with ethidium bromide. Diges-
tion of the mutant allele produced 2 fragments of 142 and
84 bp.

construction and expression of the minigenes
To study the effect of the g.IVS19-2A�C mutation, we
constructed wild-type and mutated minigenes, using the
exon trapping vector pSPL3 (Life Technologies). The
genomic DNA region from index patient II-4 (family 2)
between exons 18 and 22 and the intronic flanking se-
quences (158 bp upstream from the 5� exon 18 end and 156
bp downstream from the 3� exon 22 end) were amplified
by long PCR, as described previously (35 ). The forward
primer (pSPL3-In17F; 5�-CACCGAATGCGGCCGCAA-
CAGAGGCCCCAGTCAGTA-3�) contained the NotI site,
and the reverse primer (pSPL3-In22R; 5�-GCGGATCCG-
AGACTCAGGATGGTCGCTT-3�) contained the BamHI
site. The 3900-bp (3876 of which were DUOX2 sequences)
PCR products were purified from the agarose gel by use
if the GFX PCR DNA and Gel Band Purification Kit

Table 2. DUOX2 oligonucleotides used as primers in PCR amplification and sequence reactions.a

Exon

Forward primers

Fragment
size, bp

Reverse primers

Position of
5� end Nucleotide sequence, 5�33�

Position of
5� end Nucleotide sequence, 5�33�

1 �170 tggcgtttggatgaaggt 300 �46 agggatcctggggaacac
2 �36 gtagctgggagcgtagtgct 226 �90 gtgttccccgcagattcc
3 �73 aggcttagggagaggtttgg 275 �36 cagatcaaccccactggtct
4 �23 tacggacggtttgtcacg 307 �89 cgcctctcccctccag
5 �34 ctcgacccgggctcac 246 �10 gtggcctcacCGTACAGC
6 �48 atcacgctaccgctcgtct 312 �97 tggcggttgtccacagat
7 �48 cccacaccatccaacttgtg 228 �119 gaaggagacggtgatgatgg
8 �54 aggatgtggaggcaagaa 250 �99 agtgaaactgcgaaggagtg
9 �104 aaggctcaatcctagtgaaccc 260 �65 tttcccagcctgtgtgaagaga

10 �39 tgggtagaggcctatcttga 218 �76 ctgctattgatgaacccagaggga
11 �44 atggagaggacaaagcccat 255 �47 gccataggaaagctttagctgc
12 �72 gagggatggggcaacagt 291 �43 aggctgaggagcagtctgag
13 �37 cttcccatcccagtgacttc 220 �65 gcaccctcaatcttgatcct
14 �66 gggaaagaggtctggccacata 301 �97 tgagcctggtctcaaacggt
15 �69 atagcctaagccacagtggagc 288 �105 aggtgccttggctttcctct
16 �46 ctggggacatctgctgaact 317 �68 gtggcctcgcttgtgataat
17 �126 caacccaagatccattgagg 326 �69 ttctatgcagcccaggtttc
18 �58 ttccagcataggcttcacct 319 �35 attcttggatagcctgccacct
19 �37 gcaaggagatgacctgcatt 204 �73 tcctctgactggacctgttt
20 �59 acctacccaagcctgacctt 325 �69 cccaccaggaactctcattt
21 �34 ggaagccagtcctgcctctt 178 �74 gccagtcctactcccttcatt
22 �52 gttctcctggctgcaaagac 213 �77 gatatgtgggtggggccta
23 �59 cattaagggaaggccagagg 305 �67 gctttccactcctctccaag
24 �37 cctgtgccaagctgatgtaa 305 �37 gctgcagcaaagaggaagaa
25 �44 agtctgtcctggttggcatc 184 �40 caccctatgagtcccaggag
26 �65 gtgttgtgacagtgctggag 208 �93 cccatggccagtatagacaag
27 �57 tttcagcccaagctgaagtc 254 �69 tccctctttcaccttcctgt
28 �26 gttgtactaactggccgtgt 287 �107 acagagtcagaggcagtgat
29 �45 gagcaggccttctcatctgt 345 �67 atagggaagggcagagatcc
30 �39 cagggtcaggctcatttcat 251 �53 gtcacaattcggccacctat
31 �53 atctagggaggctgaactga 266 �57 ttacgctgccaatccatctg
32 �82 ctgtctcttgggctatgtgg 319 �108 caatcgggtggagttctctg
33 �58 caaggagagtgagcaccttt 286 4955 AGGCCTAAGGTGGATTCTGA

a Exons sequences are in uppercase, introns sequences are in lowercase. 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.
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(Amersham Biosciences) and were sequentially digested
with NotI and BamHI. The insert was directionally cloned
into the NotI and BamHI sites of the pSPL3 vector. Because
index patient II-4 (family 2) is heterozygous for the
IVS19-2A�C mutation, the wild-type and mutated alleles
were thus cloned. The recombinant plasmids were ampli-
fied in DH5�-competent cells and purified by use of the
Concert High Purity Plasmid Miniprep System (Life Tech-
nologies). The correct sequence was confirmed by se-
quencing with the intronic forward primer used for PCR
amplification of exon 20 (Table 2).

CV-1 cells were grown in 3.8-cm dishes in DMEM
supplemented with 50 mL/L bovine calf serum and 100
kIU/L penicillin–streptomycin in a 5% CO2 atmosphere at
37 °C. When the cells reached �90% confluence, they
were transfected with 1 �g of plasmid DNA (wild-type,
mutant, and control pSPL3) per 3.8-cm dish with Lipo-
fectamine 2000 (Invitrogen, Life Technologies). After in-
cubation for 48 h, the cells were harvested and total RNA
was extracted with Trizol (Invitrogen, Life Technologies).
Reverse transcription-PCR (RT-PCR) was performed in
the SuperScript One-Step RT-PCR System (Invitrogen,
Life Technologies) with the exon 18 forward primer (e18F;
5�-TGACAAGGATGGCAATGGCT-3�) and the exon 22
reverse primer (e22R; 5�-GCCAAACCTCTTCTTCAGTC-
CA-3�). Samples were incubated at 45 °C for 50 min, then
at 94 °C for 10 min, followed by 40 cycles of DNA
denaturation (94 °C for 45 s), annealing (55 °C for 1 min),
and polymerization (72 °C for 1 min). After the last cycle,
the samples were incubated for an additional 10 min at
72 °C. The RT-PCR products were purified from the
agarose gel by use of the GFX PCR DNA and Gel Band
Purification Kit (Amersham Biosciences) and then direct
sequenced with the e18F and e22R primers.

protein analysis
We compared amino acid sequence homologies between
several species of Duox2 and Duox1 families, using the
Protein Blast and Search for Conserved Domains (http://
www.ncbi.nlm.nih.gov/BLAST) software programs.

Results
screening of mutations in the DUOX2 gene by
sscp and sequence analysis
All 33 coding exons of the DUOX2 gene, along with the
flanking intronic sequences, from 17 unrelated patients
with iodide organification defect and healthy controls
were screened by SSCP analysis. Analysis of PCR prod-
ucts showed 4 different patterns of migration in 2 patients
(II-2 in family 1 and II-4 in family 2) that were not
detected in the healthy controls. The remaining 15 unre-
lated patients did not show aberrant bands, suggesting
the absence of DUOX2 gene mutations. Sequence analysis
of the samples showing the abnormal SSCP patterns
revealed 3 previously unreported mutations and 1 previ-
ously identified mutation (c.2895-2898delGTTC) (25 ). One
was a missense mutation involving a guanine-to-cytosine

transition at nucleotide 108 in exon 2 (c.108G�C), which
replaces the wild-type glutamine at codon 36 with a
histidine (p.Q36H; see Fig. 1 in the Data Supplement that
accompanies the online version of this article at http://
www.clinchem.org/content/vol52/issue2/). The second
was a guanine deletion at nucleotide 1253 in exon 11
(c.1253delG), which produced a frameshift at amino acid
418 in exon 11 with a putative premature stop codon at
amino acid position 482 in exon 12 (p.G418fsX482; see Fig.
2 in the online Data Supplement). The third was a
adenine-to-cytosine transversion at position �2 of the
splice acceptor site in intron 19 (g.IVS19-2A�C; see Fig. 3
in the online Data Supplement). This infers the possibility
that the splice-site mutation might lead to total elimina-
tion of exon 20 of the DUOX2 gene. Translation of the
resulting mutated transcript showed that the reading
frame was not maintained by the junction of exons 19 and
21 and that, consequently, a frameshift was generated
with a putative premature stop codon at amino acid
position 886 in exon 21.

The last mutation detected by SSCP analysis was a
previously reported GTTC deletion in exon 21 (c.2895-
2898delGTTC) (25 ), which causes a frameshift at amino
acid 965 in exon 21 with a putative premature stop codon
at amino acid position 994 in exon 22 (p.S965fsX994; see
Fig. 4 in the online Data Supplement).

These findings indicate that index patient II-2 (family
1) is compound heterozygous for p.Q36H/p.S965fsX994,
whereas index patient II-4 (family 2) is compound het-
erozygous for p.G418fsX482/g.IVS19-2A�C.

The c.1253delG heterozygous state of index patient II-4
was confirmed by cloning and sequencing of both wild-
type and mutant alleles. Another difference identified in
the mutant allele was a cytosine-to-adenine transversion
in position 1254 (c.1254C�A; see Fig. 2 in the online Data
Supplement).

Previous SSCP analysis did not show evidence of TPO
gene mutations in either index patient (II-2 in family 1 and
II-4 in family 2) (24 ).

validation of DUOX2 mutations by sscp
analysis
We ruled out the possibility that the p.Q36H mutation
could be a polymorphism because it was not detected in
134 chromosomes from the general population by SSCP
analysis (data not shown). The p.G418fsX482 and g.IVS19-
2A�C mutations were not detected in 100 alleles from
healthy individuals screened by SSCP analysis. In con-
trast, 1 of the 200 chromosomes also analyzed by SSCP
had the p.S965fsX994 mutation (data not shown).

segregation analysis of DUOX2 mutations in
family 1
SSCP analysis of PCR products of exons 2 and 21 from
index patient II-2, his father (I-1), his mother (I-2), and his
unaffected sister (II-1; Fig. 1) showed that II-2 inherited 1
copy of the p.Q36H mutation from his mother and 1 copy
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of the p.S965fsX994 mutation from his father. The healthy
sister (II-1) was heterozygous for the p.Q36H mutation
and did not carry the p.S965fsX994 mutation (Fig. 1).

The guanine-to-cytosine transversion at position 108
creates a restriction site for AciI. The index patient II-2, his
mother, and his unaffected sister (II-1) have a wild-type
allele (226 bp) containing guanine at position 108, which is
resistant to digestion with AciI, and a mutant allele
containing cytosine at position 108, which is digested with
AciI, producing 2 fragments of 142 and 84 bp. In contrast,
the father has only the wild-type sequence at this position
(data not shown).

segregation analysis of DUOX2 mutations in
family 2
SSCP analysis of PCR products of exons 11 and 20 from
index patient II-4, his father (I-1), his mother (I-2), his

unaffected sister (II-1), his unaffected brother (II-3), his
affected sister (II-2), and the unaffected nephew (III-1; Fig.
1) showed that both affected siblings II-2 and II-4 inher-
ited 1 copy of the p.G418fsX482 mutation from their
mother and 1 copy of the g.IVS19-2A�C mutation from
their father. The healthy sister and brother (II-1 and II-3)
and the unaffected nephew (III-1) were heterozygous for
the g.IVS19-2A�C mutation and did not carry the
p.G418fsX482 mutation (Fig. 1).

minigene analysis
Using the exon trapping system, we tested a minigene
containing the g.IVS19-2A�C mutation for abnormal
splicing. In vitro transcription showed that exon 20, which
consists of 197 bp, is skipped entirely when the g.IVS19-
2A�C mutation is present, whereas the minigene that
contains the wild-type allele is correctly spliced (Fig. 2).

Fig. 1. Segregation analysis of the DUOX2 mutated alleles in members of families 1 and 2.
(A), pedigrees showing the pattern of inheritance of the DUOX2 mutated alleles. Squares and circles indicate male and female members, respectively. Filled symbols
denote affected patients; half-filled symbols, unaffected heterozygote individuals. The open arrows indicate the index patients (II-2 in family 1 and II-4 in family 2). In
family 1, the striped symbols indicate the p.Q36H allele, and the filled symbols the p.S965fsX994 allele. In family 2, the striped symbols indicate the p.G418fsX482
allele, and the filled symbols the g.IVS19-2A�C allele. (B), SSCP analysis of exons 2, 11, 20, and 21. The PCR products were subjected to electrophoresis in 8%–10%
nondenaturing acrylamide gels without glycerol. The filled arrows indicate the aberrant migration bands.
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Interestingly, RT-PCR amplification products of both
minigenes lacked exon 21. Two nonspecific PCR bands
were detected in the pSPL3 vector control and in both
wild-type and mutant minigenes (Fig. 2B).

protein analysis
Comparison of the human Duox2 with sequences found
in the GenBank database, using the Blast network service,
revealed that the wild-type glutamine residue at position

36 was strictly conserved in all Duox1 and Duox2 species
analyzed (Fig. 3).

Discussion
An organification defect attributable to DUOX2 gene
mutations is one of the causes for thyroid dyshormono-
genesis (25 ). This type of primary congenital hypothy-
roidism is characterized by intact iodide trapping, normal
TG protein, and aberrant organification of iodide (1, 2). In

Fig. 2. In vitro expression of the wild-type and mutant
g.IVS19-2A�C minigenes.
(A), schematic representation of the genomic organization
of the wild-type and mutant minigenes and their RT-PCR
products. The 3876-bp PCR amplified fragments from index
patient II-4 (family 2) were directionally cloned into the NotI
and BamHI sites of the exon-trapping pSPL3 vector, which
was produced in CV-1 cells. Vector and genomic DNA splice
donor (gt) and acceptor (ag) sites are shown. cDNA was
synthesized from transcribed mRNA and amplified with
primers e18F and e22R, located in exons 18 and 22 of the
DUOX2 gene, respectively. Processing of the wild-type trans-
fected sequences produced a majority PCR product of 438
bp. In contrast, the IVS19-2A�C mutation leads to the
skipping of exon 20, producing a 241-bp fragment. (B),
agarose electrophoresis of the RT-PCR products. The RT-
PCR fragments from wild-type (WT) and mutant (Mut) mini-
genes, pSPL3 vector control (C) and the negative PCR
control (�) were electrophoresed on a 2% agarose gel,
stained with ethidium bromide, and visualized under ultra-
violet light. The nonspecific PCR bands are indicated by
filled arrows. The DNA size marker (MW) was a 100-bp DNA
ladder (Invitrogen, Life Technologies).

Fig. 3. Protein homology analysis.
Shown is the partial protein alignment of the different
species of the Duox2 and Duox1 families. Conserved
residues are indicated by gray shading, and the glutamine
residue at position 36, involved in the missense mutation
(p.Q36H), is boxed.
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this study, all 3 affected individuals had clinical and
biochemical criteria suggestive of congenital goiter asso-
ciated with deficiency in the organification of iodide:
presence of goiter, hypothyroidism, positive perchlorate
discharge test, and high serum TG and TSH concentra-
tions with simultaneous low serum TT4 concentrations
(1, 2). Molecular analyses indicated that the affected indi-
viduals carry either compound heterozygous mutations
for p.Q36H/p.S965fsX994 or p.G418fsX482/g.IVS19-
2A�C.

Duox2 contains 7 transmembrane domains (TMDs), a
domain of homology with peroxidase (TPO-like), 5 poten-
tial sites for N-glycosylation, 1 conserved arginine and 4
specific histidines involved in the heme prosthetic group
binding, 1 FAD- and 4 NADPH-binding sites, and 2
EF-hand domains (31–34) (see Fig. 5A in the online Data
Supplement). The p.Q36H missense mutation is located in
the TPO-like domain of Duox2 (see Fig. 5B in the online
Data Supplement). The putative function of the peroxi-
dase homology domain is not yet clear. Edens et al. (36 )
reported that the TPO-like domain of Duox1 catalyzes
protein cross-linking by forming dityrosine bonds. The
p.Q36H mutation was not detected in the general popu-
lation, suggesting that this change is not a polymorphism.
More importantly, the wild-type glutamine residue at
position 36 is strictly conserved in all species for which
suitable Duox1 and Duox2 sequences have been reported.
On the basis of such observations, we hypothesize that the
glutamine residue in this position plays a critical struc-
tural role in the Duox2 protein. Consequently, the p.Q36H
mutation may cause structural instability leading to defi-
cient Duox2 function.

The putative truncated protein of 481 amino acids
generated by the c.1253delG mutation (p.G418fsX482)
eliminates the last 2 potential sites for N-glycosylation,
both EF-hand domains, all histidine and arginine sites, all
TMDs, and the FAD- and NADPH-binding sites (see Fig.
5C in the online Data Supplement), whereas the putative
truncated protein of 993 amino acids generated by the
c.2895–2898delGTTC mutation (p.S965fsX994) eliminates
all histidine and arginine sites, the last 6 TMDs, and the
FAD- and NADPH-binding sites (see Fig. 5E in the online
Data Supplement). We found the c.1253delG mutation
associated with the c.1254C�A transversion in the same
allele. This substitution was not detected in any of the
100 alleles from healthy individuals screened by SSCP
analysis, suggesting that it is not a polymorphic nucleo-
tide position. However, a hypothetical allele with the
c.1254C�A transversion and without the c.1253delG mu-
tation would conserve glycine-418 (GGC�GGA). The
functional consequences of both truncated proteins, on
the one hand, is insufficient thyroidal production of H2O2,
which prevents the synthesis of sufficient quantities of
thyroid hormones. On the other hand, deletion of the
middle region and/or C-terminal of Duox2 could alter the
protein folding and assembly, leading to a marked reduc-
tion in the ability to export the protein from the endoplas-

mic reticulum (37, 38). An interesting but unsolved ques-
tion, which could not be investigated because the thyroid
tissue from patients was unavailable and we thus could
not perform mRNA analysis, would have been to estimate
the DUOX2 transcript concentration in goiters. In general,
mRNA containing nonsense mutations is found in low
concentrations. This decrease is attributable to an acceler-
ated degradation rate of the mutated mRNA because the
untranslated part of the messenger is not protected by
ribosomes. To complement this scenario, it is not possible
to exclude that an alternative splicing mechanism, by
activation of cryptic splice sites, might restore the normal
reading frame disrupted by the mutation and eliminate
the stop codon that would truncate the protein. As is
reported for the human TPO gene, a GGCC insertion-
duplication at position 1186 in the eighth exon
(p.R396fsX472) would lead to a frameshift at amino acid
396 with a premature stop at 472 in exon 9 (22 ). Alterna-
tive splicing by a cryptic acceptor splice site in exon 9
restores the normal reading frame disrupted by the mu-
tation and eliminates the stop codon.

Another mutation found in this study is a previously
unreported A-to-C transversion at position �2 in the
acceptor site of intron 19. This splice site mutation might
lead to total elimination of exon 20 of the DUOX2 gene.
It is known from other genes that mutations in this site
that alter the consensus acceptor site can lead to exon
skipping (18 ). Because of the thyroid tissue from II-4 is
unavailable, we used an in vitro exon-trapping system to
evaluate whether the g.IVS19-2A�C mutation produces
an abnormal transcript by a defect in exon splicing. We
found that during in vitro transcription, the mutation in
the acceptor splice site causes skipping of exon 20. The
excision of exon 20 in the DUOX2 mRNA might generate
a frameshift with a putative premature stop codon in exon
21, which encodes a grossly truncated protein of 885
amino acids. The premature stop eliminates all histidine
and arginine sites, the last 6 TMDs, and the FAD- and
NADPH-binding sites (see Fig. 5D in the online Data
Supplement). Unexpectedly, the RT-PCR products of both
wild-type and mutant minigenes lacked the sequence
corresponding to exon 21. At present, there are no pub-
lished reports referring to the existence of alternatively
spliced mRNAs lacking exon 21 of the DUOX2 gene.
However, the excision of exons 20 and 21 would restore
the normal reading frame in the mutated allele. Further
experiments are required to confirm excision of exon 21 in
the mRNA and to determine their functional conse-
quences.

Finally, it is interesting to note that patient II-2 (family
1), who carries a missense mutation in one allele and a
putative premature stop codon in the other allele
(p.Q36H/p.S965fsX994), had a perchlorate discharge test
result of 46%, whereas patients II-2 and II-4 (family 2),
who carry 2 putative premature stop codons, one in each
allele (p.G418fsX482/g.IVS19-2A�C), have major iodide
discharges: 68% and 60%, respectively. Subsequently, we
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could hypothesize that the p.Q36H mutation causes a
slight reduction in Duox2 function. However, the positive
perchlorate discharge test observed in members I-2 (42%)
and III-1 (31%) of family 2, both heterozygous for the
p.G418fsX482 and g.IVS19-2A�C mutations, respectively,
could be caused for their autoimmune thyroid diseases.

From our study, we can draw 5 conclusions: (a) SSCP
analysis of the entire coding sequence of the human
DUOX2 gene, including the flanking intronic regions, and
sequencing of the fragments presenting aberrant migra-
tion patterns revealed 3 previously unreported mutations
(p.Q36H, p.G418fsX482, and g.IVS19-2A�C) and 1 previ-
ously reported mutation (p.S965fsX994). (b) These finding
established the inheritance in 2 unrelated family of 2 com-
pound heterozygous mutations (p.Q36H/p.S965fsX994 and
p.G418fsX482/g.IVS19-2A�C). (c) Analysis of the GenBank
database revealed that the wild-type glutamine residue at
position 36 is strictly conserved. (d) In vitro transcription
analysis confirmed that exon 20 is skipped entirely when the
g.IVS19-2A�C mutation is present. (e) The p.S965fsX994
mutation is the most frequent mutation in the DUOX2 gene;
consequently, it would be helpful to investigate further cases
with congenital hypothyroidism regarding this mutation.
The identification and characterization of an increasing
number of natural mutations have provided important in-
sights into the structure–function relationship of Duox2.
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Koo E, et al. Partial deficiency of thyroid transcription factor 1
produces predominantly neurological defects in humans and mice.
J Clin Invest 2002;109:469–73.

4. Krude H, Schütz B, Biebermann H, von Moers A, Schnabel D,
Neitzel H, et al. Choreoathetosis, hypothyroidism, and pulmonary
alterations due to human NKX2–1 haploinsufficiency. J Clin Invest
2002;109:475–80.

5. Clifton-Bligh RJ, Wentworth JM, Heinz P, Crisp MS, John R, Lazarus
JH, et al. Mutation of the gene encoding human TTF-2 associated
with thyroid agenesis, cleft palate and choanal atresia. Nat Genet
1998;19:399–401.

6. Macchia PE, Lapi P, Krude H, Pirro MT, Missero C, Chiovato L, et

al. PAX8 mutations associated with congenital hypothyroidism
caused by thyroid dysgenesis. Nat Genet 1998;19:83–6.

7. Vilain C, Rydlewski C, Duprez L, Heinrichs C, Abramowicz M,
Malvaux P, et al. Autosomal dominant trasmission of congenital
thyroid hypoplasia due to loss-of-function mutation of PAX8. J Clin
Endocrinol Metab 2001;86:234–8.

8. Congdon T, Nguyen LQ, Nogueira CR, Habiby RL, Medeiros-Neto G,
Kopp P. A novel mutation (Q40P) in PAX8 associated with congen-
ital hypothyroidism and thyroid hypoplasia: evidence for pheno-
typic variability in mother and child. J Clin Endocrinol Metab
2001;86:3962–7.

9. Meeus L, Gilbert B, Rydlewski C, Parma J, Roussie AL, Abramowicz
M, et al. Characterization of a novel loss of function mutation of
PAX8 in a familial case of congenital hypothyroidism with in-place,
normal-sized thyroid. J Clin Endocrinol Metab 2004;89:4285–91.

10. Pohlenz J, Dumitrescu A, Aumann U, Koch G, Melchior R, Prawitt
D, et al. Congenital secondary hypothiroidism caused by exon
skipping due to a homozygous donor splice site mutation in the
TSH�-subunit gene. J Clin Endocrinol Metab 2002;87:336–9.

11. Borck G, Topaloglu AK, Korsch E, Martiné U, Wildhardt G, Onenli-
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