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lodide Organification defects (IOD) represent 10% of cases of congenital hypothyroidism (CH) being the
main genes affected that of TPO (thyroid peroxidase) and DUOX2 (dual oxidasa 2). From a patient with
clinical and biochemical criteria suggestive with CH associated with 10D, TPO and DUOX2 genes were
analyzed by means of PCR-Single Strand Conformation Polymorphism analysis and sequencing. A novel
heterozygous compound to the mutations c¢.2335-1G>C (paternal mutation, intron 17) and
€.3264_3267delCAGC (maternal mutation, exon 24) was identified in the DUOX2 gene. Ex-vivo splicing
assays and subsequent RT-PCR and sequencing analyses were performed on mRNA isolated from the
HelLa cells transfected with wild-type and mutant pSPL3 expression vectors. The wild-type and c.2335-
1G>C mutant alleles result in the complete inclusion or exclusion of exon 18, or in the activation of an
exonic cryptic 5’ ss with the consequent deletion of 169 bp at the end of this exon. However, we observed
only a band of the expected size in normal thyroid tissue by RT-PCR. Additionally, the ¢.2335-1G>C
mutation activates an unusual cryptic donor splice site in intron 17, located at position —14 of the
authentic intron 17/exon 18 junction site, with an insertion of the last 14 nucleotides of the intron 17 in
mutant transcripts with complete and partial inclusion of exon 18. The theoretical consequences of splice
site mutation, predicted with the bioinformatics NNSplice, Fsplice, SPL, SPLM and MaxEntScan programs
were investigated and evaluated in relation with the experimental evidence. These analyses confirm that
¢.2335-1G>C mutant allele would result in the abolition of the authentic splice acceptor site. The results
suggest the coexistence in our patient of four putative truncated proteins of 786, 805, 806 and 1105
amino acids, with conservation of peroxidase-like domain and loss of gp91PP*/NOX2-like domain. In
conclusion a novel heterozygous compound was identified being responsible of I0D. Cryptic splicing sites
have been characterized in DUOX2 gene for the first time. The use of molecular biology techniques is a
valuable tool for understanding the molecular pathophysiology of this type of thyroid defects.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Thyroid dyshormonogenesis is a defect in thyroid hormone
biosynthesis, which accounts for the 15—20% of the primary
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Congenital Hypothyroidism (CH) cases (Cavarzere et al., 2008).
Patients with dyshormonogenesis have a broad spectrum of disease
phenotypes, with or without brain involvement. These endocrine
disorders has been linked to mutations in the SLC5A5 (solute carrier
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family 5 member 5, NIS) (Spitzweg and Morris, 2010], SLC26A4
(solute carrier family 26 member 4, pendrin) (Bizhanova and Kopp,
2010), TPO (thyroid peroxidase) (Ris-Stalpers and Bikker, 2010),
DUOX2 (dual oxidasa 2) (Grasberger, 2010), DUOXA2 (DUOX matu-
ration factor 2) (Grasberger et al., 2012; Hulur et al., 2011; Liu et al.,
2015; Yi et al.,, 2013; Zamproni et al.,, 2008), IYD (iodotyrosine
deiodinase, DEHAL1) (Moreno and Visser, 2010) and TG (thyro-
globulin) (Targovnik et al., 2010, 2011) genes. Dyshormonogenesis
results frequently in a bilobed cervical goiter due to trophic action
of the elevated TSH level (Grasberger and Refetoff, 2011; Targovnik
et al.,, 2011). lodide organification defects (IOD) are associated with
mutations in the TPO, DUOX2, DUOXA2 or SLC26A4 genes and
characterized by a positive perchlorate descarge test (PDT)
(Fugazzola et al.,, 2011; Grasberger and Refetoff, 2011).

DUOX2 is a member of the NOX/DUOX family, which is
expressed at the apical membrane of thyroid follicular cells. DUOX2
produces hydrogen peroxide (H;0;) which is required for the
iodination and coupling of hormonogenic tyrosyl residues of TG (De
Deken et al., 2000; Dupuy et al., 1999; Ohye and Sugawara, 2010).
The DUOX2 gene (GenBank accession number NT_010194) is
located on chromosome 15q15.3 spanning 22 Kb of genomic DNA
which includes 34 exons, being the first non-coding. The mRNA
(GenBank accession number NM_014080) is 6376 nucleotide long
and the preprotein is composed of a putative 25 amino acids signal
peptide followed by a 1523 amino acids polypeptide encoding a
peroxidase homology ectodomain (peroxidase-like domain) and a
gp91P"%/NOX2-like domain (De Deken et al., 2000; Dupuy et al.,
1999; Morand et al.,, 2004; Ohye and Sugawara, 2010). A trun-
cated DUOX2 splicing variant has been identified in the rat thyroid
cell line FRTL5 (Morand et al., 2003). However, little is known about
the alternative splicing mechanism of DUOX2 gene.

Monoallelic DUOX2 mutations (dominant inheritance) have
been found in transient to mild permanent CH, whereas biallelic
mutations (recessive inheritance) have been associated with tran-
sient to severe permanent CH (Fugazzola et al., 2011; Grasberger,
2010). Up to date, sixty-eight mutations in the human DUOX2
gene have been identified and characterized: 3 splice site (ss)
mutations, 8 nonsense mutations, 43 missense mutations and 14
deletions and insertions (Abe et al., 2015; Cangul et al., 2014; Chai
et al., 2015; De Marco et al., 2011, Di Candia et al., 2006; Grasberger
et al., 2007; Hoste et al., 2010; Hulur et al., 2011; Jin et al., 2014,
Kasahara et al., 2013; Li et al,, 2011; Maruo et al., 2008; Moreno
et al., 2002; Muzza et al., 2014; Narumi et al., 2011; Ohye et al.,
2008; Pfarr et al., 2006; Satoh et al., 2015; Schoenmakers et al.,
2013; Tonacchera et al., 2009; Varela et al., 2006; Vigone et al.,
2005; Wang et al., 2014; Yoshizawa-Ogasawara et al., 2013).

In the present study we report a patient with CH and high levels
of serum TG. Analysis of DUOX2 gene revealed a previously docu-
mented ¢.2335-1G>C (gIVS17-1G>C)) mutation (Muzza et al,
2014) and a novel ¢.3264_3267delCAGC mutation, conforming a
new compound heterozygous. Acceptor ss mutation in intron 17
results in complete inclusion or exclusion of exon 18, or in the
activation of an exonic cryptic 5’ ss with partial inclusion of exon 18.
Remarkable, in addition of complete or partial inclusion of exon 18
in the ¢.2335-1G>C mutation form, the insertion of the last 14
nucleotides of the intron 17 was originate by activation of an un-
usual intronic cryptic 3’ ss. The competition between an activated
cryptic ss and the authentic ss, as can be seen in the present report,
represents an interesting field for the study of ss characteristics.

2. Materials and methods
2.1. Patient

We report a boy born in 2006 affected with CH and the first child

of healthy, non-consanguineous parents. He was born at term with
appropriate weight for gestational age, normal delivery. Apgar
score was 7/8 at 1 and 5 min. The clinical examination was normal
and he did not show goiter. He was diagnosed by newborn
screening on day 6 of life, being neonatal TSH of 33 mIU/L (Cut off:
10 mIU/L). The hypothyroidism diagnosis was confirmed at 11 days
of age with TSH: 62 mIU/L (reference range: 0.8—8.9), Total T4:
4.92 pg/dl (reference range: 7.4—19.1), Free T4: 0.6 ng/dl (reference
range 1.2—2.8), Total T3: 139 ng/dl (reference range: 137—321) and
TG: 874 ng/ml (reference range:11—200) with no circulating auto-
antibodies (anti-TPO and anti-TG). Thyroid ultrasound showed a
gland of normal location, size and morphology. Thyroid volume was
calculated by multiplication of length, breadth and depth and a
corrective factor of 0.52 for each lobe. Volume of the right lobe:
0.37 ml (reference range: 0.3—1.4) and volume of the left lobe:
0.39 ml (reference range: 0.4—1.7). The %°Tc scintigraphy confirmed
anormally located gland with normal radiotracer uptake. Bone age:
both ossification centers were present in knee X-rays. Echocardio-
gram was normal. The patient started the treatment with Levo-
thyroxine at the age of 11 days at a dose of 11 ug/Kg/day. At one
month of life the first clinical and laboratory control under treat-
ment were normal; TSH: 0.4 mlIU/L (reference range: 0.85—7.79)
Free T4: 1.88 ng/dl (reference range: 1.01—2.09). Compliance to
Levothyroxine treatment was adequate and he remains euthyroid.
He shows adequate growth and development. At this moment, he
attends primary school without learning difficulties.

Written informed consent to participate in the clinical and ge-
netic studies was given by both parents and the research project
was approved by the Institutional Review Board.

2.2. PCR amplification

Genomic DNA was isolated from peripheral blood leucocytes by
the standard cetyltrimetilammonium bromide (CTAB) method and
stored at —20 °C up to the analysis.

The promotor region and all 17 exons of the human TPO gene
including splicing signals and the flanking regions of each intron,
and the complete coding sequence of the human DUOX2 gene,
along with the flanking regions of each intron were amplified using
the primers and PCR conditions reported previously (Rivolta et al.,
2003; Varela et al., 2006). The amplified products were analyzed in
2% agarose gel.

2.3. Single Strand Conformation Polymorphism (SSCP) analysis

SSCP analysis was used to screen for the presence of mutations
in each exon of the TPO and DUOX2 genes and their flanking
intronic regions. The gel matrix for SSCP contained 8%, 10% or 12%
polyacrylamide (29:1), with or without 10% glycerol. Samples were
electrophoresed for 17—43 h at a constant temperature (4 °C). DNA
was visualized by silver staining.

2.4. DNA sequencing

TPO and DUOX2 PCR products showing an aberrant pattern in
SSCP analysis were purified by GEX PCR DNA and Gel Band Purifi-
cation Kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK)
and directly sequenced using sense- and antisense-specific primers
reported previously with the Big Dyedeoxyterminator Cycle
Sequencing Kit (Applied Biosystems, Weiterstadt, Germany). The
samples were analyzed on the 3130xI and 3500x1 Genetic Analyzer
(Applied Biosystems).

Sequence variants are numbered according to DUOX2 mRNA
reference sequences reported in National Center for Biotechnology
Information (NCBI), accession number: NM_014080.4. The ‘A’ of the
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ATG start codon is denoted as nucleotide +1 being the initiator
methionine, the codon 1. Splicing mutations are annotated by using
cDNA sequences and old nomenclature (g.IVS) is included in
parenthesis.

2.5. Cloning of wild-type and mutated exons 24 PCR fragments

The amplified fragment corresponding to exon 24 from index
patient II-1 was T-A cloned into pGEM-T Easy vector (Promega,
Madison, WI, USA). DNA sequencing was performed as described
above from wild type and mutant allele clones using the intronic
primers DUOX2-24F and DUOX2-24R (Varela et al., 2006).

2.6. Construction and expression of the minigenes

To study the effect of the c.2335-1G>C mutation, we constructed
wild-type and mutated hybrid minigenes using the vector pSPL3
(Life Technologies Inc., Gaithersburg, MD). The genomic DNA region
from index patient II-1 containing exon 18 (226-bp) and intronic
flanking sequences (1228-bp upstream from the 5’ exon end and
65-bp downstream from the 3’ exon end) were amplified by long
PCR technique using elongase (Invitrogen, Carsbad, CA). The for-
ward primer (SPL3-117-F), 5'-ATAAGAATGCGGCCGCGA-
AACCTGGGCTGCATAGAA-3’, contained the Notl site (underlined)
and the reverse primer (SPL3-118-R), 5'-CAGGATCCCAGGT-
CATCTCCTTGCTGAAA-3’, contained the BamHI site (underlined).
The 1543-bp (1519 of which were intron 17/exon 18/intron 18
DUOX2 sequences) PCR product was sequentially digested with
Notl and BamHI. The insert was directionally cloned into the Notl
and BamHI sites of the pSPL3 vector. Because index patient II-1 is
heterozygous for the ¢.2335-1G>C mutation, the wild-type and
mutated alleles were thus cloned. The recombinant plasmids were
amplified in DH5a-competent cells and purified by use of the
Wizard Plus SV Minipreps DNA Purification System (Promega). The
correct sequence was confirmed by sequencing with DUOX2-18R
intronic primers (Varela et al., 2006).

HelLa cells were grown in 3.8-cm dishes in DMEM supplemented
with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin
(Invitrogen) in a 5% CO, atmosphere at 37 °C. When cells reached
approximately 80% confluence, they were transfected with 500 ng
of plasmid DNA (wild-type, mutant, and control pSPL3)/3.8-cm dish
with the Lipofectamine 2000 (Invitrogen). Twenty four hours later,
cells were harvested and total RNA was extracted with SV Total RNA
Isolation System (Promega).

The RT-PCR was performed using vector-specific primers: for-
ward primer (pSPL3F), 5'-TCTGAGTCACCTGGACAACC-3’ and
reverse primer (pSPL3R), 5'- ATCTCAGTGGTATTTGTGAGC-3'. Sam-
ples were heated to 94 °C for 5 min, followed by 39 cycles of DNA
denaturation (94 °C for 30 s), annealing (55 °C for 30 s), and
polymerization (72 °C for 1 min). After the last cycle, the samples
were incubated for additional 10 min at 72 °C. The RT-PCR products
were purified from the agarose gel by using the Illustra GFX PCR
DNA and Gel Band Purification Gel (GE Healthcare), cloned into
pGEM-T Easy vector (Promega) and then sequenced with the
pSPL3F and pSPL3R vector primers.

2.7. RT-PCR experiment

Total RNA was prepared from human thyroid tissue using TRIzol
Reagent. cDNA was synthesized using 2 pg of total RNA and DUOX2
reverse primer with Moloney murine leukemia virus reverse
transcriptase (Promega) according to the manufacturer's protocol.
The resulting cDNA products were amplified with GoTaq DNA Po-
lymerase (Promega) according to the manufacturer's protocol. The
samples were denatured at 95 °C for 5 min followed by 40 cycles of

amplification consisting of 1 min 95 °C, 30 s 57 °C and 1 min 72 °C,
and a final primer extension of 10 min 72 °C.

PCR primers were designed from DUOX2 mRNA sequence
(NM_014080.4). Four different pairs of primers were used: 16F-19R,
16F-20R, 17F-19R and 17F-20R. The forward primers for exons 16
and 17 were 5-GAGCAGTCCCATCATCATCC-3 (16F) and 5-
TGTTTAGTTCTGAAGAGGAACGG-3 (17F), respectively. The reverse
primers for exons 19 and 20 were 5-TCATGGTGAAGAATTCGTCCTT-
3 (19F) and 5-CATGTCAGCTCCTCCTTGTC-3 (20R), respectively. The
expected sizes of the amplified products 16F-19R, 16F-20R, 17F-19R
and 17F-20R were 673, 789, 495 and 607 bp, respectively.

The RT-PCR products were purified from the 2% agarose gel by
using the Illustra GFX PCR DNA and Gel Band Purification Gel (GE
Healthcare), cloned into pGEM-T Easy vector (Promega) and then
sequenced with the T7 promoter primer.

2.8. Computer prediction analysis

Searching for potential 5’ ss and 3’ ss sequences in the DUOX2
gene spanning from intron 17 to intron 18 was accomplished using
the  NNSplice  (http://www.fruitfly.org/seq_tools/splice.html),
Fsplice  (http://linux1.softberry.com/berry.phtml?topic=fsplice&
group=programs&subgroup=gfind), SPL (http://linux1.softberry.
com/berry.phtml?topic=spl&group=programs&subgroup=gfind)
and SPLM (http://linux1.softberry.com/berry.phtml?topic=splm
&group=programs&subgroup=gfind) prediction tools. Scores of
the 9-nt sequences corresponding either to authentic and exonic
cryptic 5’ ss, were calculated by means of the MaxEntScan program
(http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.
html) by selecting for the analyses the MAXENT, the MDD, the MM,
or the WMM. While, scores of the 23-nt sequences, corresponding
either to authentic, mutated and cryptic 3’ ss, were calculated by
means of the MaxEntScan program (http://genes.mit.edu/burgelab/
maxent/Xmaxentscan_scoreseq_acc.html) by selecting for the an-
alyses the MAXENT, the MM, or the WMM.

Finally, the analysis of nucleotide sequences that allows the
identification of putative exonic splicing enhancer (ESE) responsive
to the human Ser/Arg-rich proteins (SR proteins) (Blencowe, 2000)
was performed using the ESEfinder program (http://rulai.cshl.edu/
tools/ESE/).

3. Results

3.1. Screening of mutations in the TPO and DUOX2 genes by SSCP
and sequence analysis

Promoter and all 17 exons of TPO gene and all 33 coding exons of
the DUOX2 gene, along with the flanking intronic sequences, from
patient II-1 and healthy controls were screened by SSCP analysis.
The analysis of TPO PCR products did not show aberrant bands,
suggesting the absence of TPO gene mutations. Whereas, analysis of
DUOX2 PCR products showed 2 different patterns of migration that
were not detected in the healthy controls. Sequence analysis of the
samples showing the abnormal SSCP patterns revealed 1 previously
identified mutation and 1 novel mutation. The previously reported
3’ ss mutation in intron 17 was a ¢.2335-1G>C (Muzza et al., 2014)
and the novel mutation was a GAGC deletion in exon 24
(c.3264_3267delCAGC) (Fig. 1).

These findings indicate that index patient II-1 is a compound
heterozygous for ¢.2335-1G>C/c.3264_3267delCAGC (Fig. 1). The
€.3264_3267delCAGC heterozygous state of index patient II-1 was
confirmed by cloning and sequencing of both wild type and mutant
alleles (Fig. 1). Sequencing analysis of PCR products of exons 18 and
24 from index patient II-], his father (I-1), his mother (I-2), and his
unaffected sister showed that II-1 inherited 1 copy of the c.2335-
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A

c.3264_3267delCAGC

Fig. 1. Mutations in the DUOX2 gene in index patient II-1 and their parents. Partial sequencing chromatograms of genomic DNA from patient II-1 are shown. The pedigree shows
the pattern of inheritance of the mutant DUOX2 alleles. Squares represent males and circles females. Filled symbols denote affected individuals and half-filled symbols, unaffected
heterozygote individuals. The solid symbols indicate the ¢.2335-1G>C mutated allele and the hatched symbols the ¢.3264_3267delCAGC mutated allele. Sense strand is shown.
Arrows denote the position of identified mutations, single chromatogram peaks indicate homozygosity and two overlapping peaks at the same locus, heterozygosity. Partial
sequencing chromatograms of wild-type (WT) and mutated (c.3264_3267delCAGC) alleles corresponding to exon 24 from index patient II-1 cloned into pGEM-T Easy vector are

shown.

1G>C mutation from his father and 1 copy of the
€.3264_3267delCAGC mutation from his mother (Fig. 1). The
healthy sister (II-2) was heterozygous for the ¢.2335-1G>C muta-
tion and did not carry the ¢.3264_3267delCAGC mutation.

Direct sequencing of DUOX2 exon 24 revealed the presence of
the p.1067S>L polymorphism (Maruo et al., 2008; Muzza et al.,
2014) in all members of the family, in homozygous state.

3.2. Minigene analysis

To assess the impact of the ¢.2335-1G>C ss mutation, minigene
constructs were generated and tested in transiently transfected
cultured cells by RT-PCR amplification. Wild-type and mutated RT-
PCR fragments were cloned in pGEM-T Easy vector and then
sequenced with the pSPL3F and pSPL3R vector primer. Fig. 2 illus-
trates the pattern found in wild type and c.2335-1G>C mutation
RT-PCR products. Both amplification reactions displayed three
different transcripts: one of them corresponds apparently to the
complete included exon 18 (« splicing event), the middle transcript
corresponds to the partially included exon 18 (B splicing event) and

the smallest transcript is compatible in size with the skipping of
exon 18 (y splicing event). Sequence analysis confirmed the com-
plete inclusion of exon 18 (486 bp), the deletion of 169 nucleotides
at the end of exon 18 (317 bp) and their complete exclusion in the
wild type transcripts (260 bp) (Fig. 3). The splicing events were
similar in ¢.2335-1G>C minigene compared to the wild type, except
that an insertion of the last 14 nucleotides of the intron 17 was
identified by sequencing in « (500 bp) and f (331 bp) aberrant
splicing events (Fig. 3).

The mutation ¢.2335-1G>C activated an unusual cryptic donor
splice site in intron 17. The putative nucleotide composition is
CTCTTTCCCTCCCTCTGCTG/CTG (backslashes indicate the cryptic
intron 17 junction site), located at position —14 of the authentic
intron 17/exon 18 junction site (Fig. 2).

The internal deletion of exon 18 was anticipated as result to
activation of a cryptic site resembling the 5’ ss consensus sequence.
The nucleotide composition of cryptic 5’ ss activated is AAG/
GTGCGG (backslashes indicate the cryptic exon 18 junction site),
169 nucleotides upstream of the authentic exon 18/intron 18
junction site (Fig. 2).



176 ES. Belforte et al. / Molecular and Cellular Endocrinology 419 (2016) 172—184

Wild-Type RT-PCR products

exon 18

pSPL3F t a pSPL3R
—> 9 Not | | 9
Sv40 _ _ pSPL3exon a - : pSPL3 exon b -
promotor n :;r;u Intron 17
AAG/IGTGCGG
Cryptic 5’ss
o
N
w
= g
o 2 4
2 2 3
r 3 b4
w @
o: 486 bp /a: 500 bp
B:317 bp = <—B:331bp
y: 260 bp v: 260 bp
exon18 SPL3R
pSPL3F a p
ifYOt:O_tor_ pSPL3 exon a — : — pSPL3 exon b -
Intron Intron

pSPL3

CTCTTTCCCTCCCTCTGCTG/CTG
Cryptic 3’ss

AAG/GTGCGG
Cryptic 5’ss

Mutant RT-PCRproducts
(c.2335-1G>C)

Fig. 2. In vitro expression of the wild-type and c¢.2335-1G>C mutant minigenes. Schematic representation of the genomic organization of the wild-type and mutant minigenes
and their RT-PCR products. The 1519-bp PCR amplified fragment from index patient II-1 was directionally cloned into the Notl and BamHI sites of the exon-trapping pSPL3 vector,
which was expressed in HeLa cells. Vector and genomic DNA splice donor (gt) and acceptor (ag) sites are shown. cDNA was synthesized from transcribed mRNA and amplified with
pSPL3F and pSPL3R primers complementary to flanking vector sequences. The processing of the wild-type transfected sequences produces RT-PCR products of 486 bp (inclusion
exon 18, « splicing event), 317 bp (activation of cryptic 5’ splice site in the exon 18, f splicing event) and 260 bp (skipping of exon 18, y splicing event). The c.2335-1G>C construct
generated also three fragments of 500 pb (o splicing event), 331 pb (B splicing event) and 260 bp (7 splicing event). Mutant o and f splicing events result from splicing at a cryptic
site 14 nucleotides 5’ of the correct intron 17 splice acceptor site. RT-PCR products (empty pSPL3 vector, ¢.2335-1G>C mutant and wild-type) were run on a 2% agarose gel

electrophoresis./denotes the cryptic junction site.

3.3. RT-PCR experiment

In order to test whether the two smaller transcripts identified in
the expression of wild-type DUOX2 hybrid minigene are observed
in normal thyroid tissue, we performed four different RT-PCRs
spanning exons 16—20 (16F-19R, 16F-20R, 17F-19R and 17F-20R
products). We detected only bands of the expected size in all

products (data not shown).

3.4. 3’ and 5 splice site prediction analysis

In-silico prediction of the effect of the ¢.2335-1G>C mutation on
splicing showed the expected inactivation of intron 17 acceptor site
(Fig. 4a). The location of such substitutions usually has an adverse
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Fig. 3. Direct sequence data from Wild-type and c.2335-1G>C mutant RT-PCR products. The exons from pSPL3 vector (exon a: 90 bp and exon b: 170 bp) and the exon 18 of
DUOX2 (226 bp or 57 bp by activation of cryptic 5’ splice site) are represented by open and dark boxes, respectively. Inclusion of 14 nucleotides in mutant o and B splicing events by
activation of a putative intron 17 cryptic site is indicated by gray shaded square. Partial sequencing chromatograms corresponding to ¢, f and y splicing events (as described in

Fig. 2) are reported above of the respective diagrams.

effect on the recognition of ss by the cellular machinery. NNSplice,
FSplice, SPL and SPLM combined prediction program analysis did
not identify the mutated 3’ ss as an acceptor site of splicing (Fig. 4a).
The strength of cryptic and physiologic sites were also compared by
three other methods, the maximum entropy model (MAXENT), the
first-order Markov model (MM) and Weight Matrix Model (WMM),

that require the prior knowledge of the input sequence to be tested.
MAXENT, MM and WMM scores were negatives for the mutated 3’
ss with respect to wild type 3’ ss (Fig. 4a). The putative cryptic 3’ ss
identified in intron 17, predicted by minigene analysis, is not
identified by NNSplice, FSplice, SPL and SPLM tools, whereas
MAXENT, MM and WMM scores were unexpectedly higher for the
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Cryptic 3’ss Wild-type 3’ ss Mutated 3’ ss
CTCTTTCCCTCCCTCTGCTG/CTG CTGCTGCTGCCCGAGTGCAG/GTG CTGCTGCTGCCCGAGTGCAC/GTG

NNsplice 0.00 0.24 0.00
FSplice 0.00 0.00 0.00
SPL 0.00 0.00 0.00
SPLM 0 10 0

MAXENT 4.57 4.44 -3.62
MM 3.70 2.62 -5.44
WMM 6.59 4.76 -3.31

b

Cryptic 3’ ss and Mutated 3’ ss

Cryptic 3’ ss and Wild-type 3’ ss

T Freeeeteetyt o
CTCTTTCCCTCCCT}CTGCTG/CTG CTCTTTCCCTCCCTLTGCTG/CTG
CTGCTGCTGCCCGAGTGCAG/GTG CTGCTGCTGCCCGAGTGCAC/GTG

SF2/ASF
SC35
SRp40
SRp55

Fig. 4. In Silico analysis of the cryptic, wild-type and mutated 3’ splice sites. a)
Individual scores for each 3’ splice site obtained by a panel of acceptor site prediction
programs (NNSplice, FSplice, SPL, SPLM, MAXENT, MM and WMM). b) Potential SR
binding sites (SF2/ASF, SC35, SRp40 and SRp55) identified by the ESEfinder 3.0 pro-
gram. The height of each bar represents the motif scores, whereas its width indicates
the length of the binding site motifs for SR proteins and its position along the
sequence./denotes the cryptic, wild-type and mutated junction sites.

cryptic 3’ ss with respect to wild type 3’ ss (Fig. 4a). Interestingly,
according to ESEfinder, c.2335-1G>C mutation diminish the score
of SF2/ASF protein and changes the position of SRp55 protein that
bind to ESE sequence located around the intron 17/exon 18 junction
(Fig. 4b).

In order to evaluate the in silico relevance of the cryptic 5’ ss, the
potential 5 ss sequences located in the exon 18 were predicted
using the NNSplice, FSplice, SPL and SPLM tools. As shown in Fig. 5a,
the exonic cryptic 5’ ss activated, predicted by minigene analysis,
was recognized by all programs. MAXENT, MDD (maximum
dependence decomposition model), MM and WMM scores were
consistently slightly lower for the cryptic 5’ ss with respect to wild
type 5 ss (Fig. 5a). Using the ESEfinder program we observed that
the cryptic site has ESE sequences recognizable by SF2/ASF, SRp40
and SRp55 proteins, whereas wild type 5 ss was recognized by
SRp40. (Fig. 5b).

3.5. DUOX2 proteins prediction analysis

According to the results obtained by expression of the mini-
genes, in addition of transcript with complete exon 18 inclusion,
the wild type induces proteins with a reading frame change by
junction of the partially deleted exon 18 with the exon 19, or the

a Cryptic 5’ ss Wild-type 5’ ss
AAG/GTGCGG AAG/GTAGGG
NNsplice 0.70 0.93
Fsplice 9.04 11.28
SPL 0.81 0.94
SPLM 38 62
MAXENT 8.17 8.76
MDD 12.58 13.68
MM 7.51 8.48
WMM 7.41 9.40
Cryptic 5’ ss Wild-type 5’ ss
31232232232, e R e
AAG/GTGCGG AAG/GTAGGG

SF2/ASF
l SC35

SRp40

SRp55

Fig. 5. In Silico analysis of the cryptic and wild-type 5’ splice sites. a) Individual
scores for each 5’ splice site obtained by a panel of acceptor site prediction programs
(NNSplice, FSplice, SPL, SPLM, MAXENT, MDD, MM and WMM). b) Potential SR binding
sites (SF2/ASF, SC35, SRp40 and SRp55) identified by the ESEfinder 3.0 program. The
height of each bar represents the motif scores, whereas its width indicates the length
of the binding site motifs for SR proteins and its position along the sequence./denotes
the cryptic and wild-type junction sites.

junction of exon 17 (complete exclusion of exon 18) with exon 19. In
both cases, two truncated proteins are generated (Fig. 6). Therefore,
activation of a cryptic 5’ ss produces a frameshift at amino acid 798
and the skipping of exon 18 results in a frameshift at amino acid 779
(Fig. 6). Both reading frame changes give rise to their respective
putative premature stop codons, 8 codons downstream, within
exon 19 (Fig. 6). Consequently, the finally encoded protein from the
partial deleted exon 18 is predicted to contain 805 residues,
including 797 residues of normal DUOX2 sequences, whereas from
the total deleted exon 18 is predicted to contain 786 residues,
including 778 residues of normal DUOX2 sequences (Fig. 6).

Splicing assay with the minigene construct containing c.2335-
1G>C mutation provides evidences consistent with the fact of the
putative expression of three proteins with a reading frame change,
by intron 17 cryptic 3’ ss activation, or by simultaneous activation of
intron 17 cryptic 3’ ss and exon 18 cryptic 5’ ss, or by complete exon
18 exclusion (Fig. 7). Therefore, these three mutant forms resultin a
frameshift at amino acid 779 and in a premature stop, at codon 807
in the first two cases or at codon 787 by complete skipping of exon
18 (Fig. 7).

The ¢.3264_3267delCAGC mutation results in a frameshift at

Fig. 6. Structural organization of the wild-type DUOX2 proteins generated by intron 17 authentic 3’ splice site activation, exon 18 cryptic 5’ splice site activation and exon 18
skipping. The peroxidase-like and gp91P"°*/NOX2-like domains, glycosilation sites (NXS/T site), EF-hand calcium motifs, and, FAD and NADPH binding sites, drawn to scale, are
shown. The seven alpha helice transmembrane domains are represented by boxes. The partial nucleotide and the deduced amino acid sequences from wild-type are reported below
of the respective schematic protein diagrams. The nucleotide sequence is given in the upper line, and the amino acid translation (represented by single-letter code) is given below
their respective codons. The nucleotide position in human DUOX mRNA is designated according to reference sequences (NCBI, accession number: NM_014080.4). The ‘A’ of the ATG
start codon is denoted as nucleotide +1 being the initiator methionine, the codon 1. The exon 18 cryptic 5’ splice site is boxed. The resulting frameshift by exon 18 cryptic 5 splice
site activation or by exon 18 skipping are underlined. indicates exon/exon boundaries and exon numbering is showed. Splice site, ss; signal peptide, SP.
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amino acid 1088 with a putative premature stop codon 17 codons
downstream, located in the same exon 24 (p.A1088fsX17 or
p-A1088fsX1105) (Fig. 8). However, the 1088 alanine did not change
(GCC > GCG). Consequently, the finally encoded protein is predicted
to contain 1104 residues, including 1088 residues of normal DUOX2
sequence (Fig. 8).

4. Discussion

Here we describe such a case, which represents a new hetero-
zygous compound ¢.2335-1G>C/c.3264_3267delCAGC in the
DUOX2 gene. Mutations in the DUOX2 gene have been conclusively
shown to cause CH, a disorder that in some circumstances could be
compensated by expression of DUOX1 in the thyroid (Hoste et al.,
2010). A patient harbouring DUOX2 mutations is predicted to
have at birth a mild-severe CH with a thyroid gland of normal or
enlarged volume and partial or total IOD, depending on the severity
of the defect (Fugazzola et al., 2011). Affected individual have
clinical and biochemical criteria suggestive of CH associated with
I0D: high serum TG and high levels of serum TSH with simulta-
neous low levels of circulating thyroid hormones (Targovnik et al.,
2011). In untreated patients, a complete defect causes a severe
phenotype resulting in mental retardation with a goiter. The mea-
surement of TG serum concentrations help to differentiate patients
with 10D of those with IYD or TG mutations. Very low TG concen-
trations are specific for the diagnosis of TG defects (Targovnik et al.,
2011), whereas patients with IOD or IYD mutations have elevated or
very elevated serum TG levels. A significant discharge of thyroidal
radioiodine after PDT is consistent with I0D. Unfortunately, PDT
from patient II-1 was unavailable. However, the high levels of TG
allowed us to orient our study to a defect of IOD and therefore
analyze the TPO and DUOX2 genes, major genes involved in the
generation of this disorder.

In this study, we used an ex-vivo splicing assay based on a
minigene hybrid system and bioinformatics tools to examine the
effects at the pre-mRNA level of a ss mutation, ¢.2335-1G>C, in the
DUOX2 gene (Figs. 2 and 3). Defects in pre-mRNA splicing have been
shown as a common disease-causing mechanism in a considerable
number of pathophysiological entities, either by altering positions
of ss consensus sequences or by affecting intronic or exonic splicing
regulatory sequences (Bonnet et al., 2008; Tournier et al., 2008).
Most commonly, the consequence of mutations in the natural 5
and 3’ ss corresponding to higher eukaryotes is skipping of the
adjacent exon, followed by activation of donor and acceptor cryptic
sequences within adjacent exon or intron sequences, whereas
intron retention is very rare (Roca et al., 2003; Buratti et al., 2007).
In the literature only three DUOX2 splice site mutations are re-
ported, ¢.2335-1G>C (Muzza et al., 2014), also identified in this
study, ¢.2654G>T in exon 19 (Narumi et al., 2011) and ¢.2655-2A>C
(g.IVS19-2A>C) (Varela et al., 2006). Muzza et al., (2014) identified
the ¢.2335-1G>C mutation and performed RT-PCRs (spanning
exons 17—19) from RNA extracted from peripheral leukocytes. They
detected only bands of the expected size and hypothesize that the
mutated spliced allele could be submitted to degradation. The
usefulness of splicing reporter minigene assays has been shown to
be a good approach to determine the effect of the variants on the
splicing process (Bonnet et al., 2008; Tournier et al., 2008). A high
level of concordance between data obtained with minigene assays
and data from patient's RNA has been shown (Bonnet et al., 2008).
Because the blood cells and thyroid tissue from II-1 were unavai-
lable we used hybrid minigen constructs to evaluate c.2335-1G>C
mutation. For ¢.2335-1G>C mutation, minigene and computer-
assisted 3’ ss prediction analysis recognized a significant differ-
ence between the wild-type and the mutant sequences, suggesting
that they might have an impact on the DUOX2 splicing (Fig. 4). On

the other hand, the analysis of mutated minigenes led to the
identification of an unusual cryptic donor site in intron 17. Inter-
estingly, the present study shows experimental evidence of acti-
vation of a cryptic 5’ ss in both, wild type and mutant pre-mRNAs
(Fig. 5). Several studies have suggested that cryptic 5’ ss scores
are generally lower than those calculated for the authentic ss (Roca
etal., 2003). The local context of the cryptic sites allows the splicing
machinery to actively discriminate against their usage and in favor
of natural sites (Roca et al., 2003). Here we describe that NNSplice,
FSplice, SPL, SPLM, MAXENT, MDD, MM and WMM tools show a
slightly lower score for the cryptic 5’ ss than for the authentic 5’ ss
(Fig. 5). ESE sequences act as exonic binding sites for SR proteins
(SF2/ASF, SC35, SRp40 and SRp55) (Blencowe, 2000). ESE motifs
were identified in the vicinity of the ss of constitutive and alter-
native exons (Wang et al., 2005). In this work we report the iden-
tification of ESE binding sites potentially recognizable by SF2/ASF,
SRp40 and SRp55 proteins within cryptic 5’ss in exon 18 of the
DUOX2 gene, whereas around of wild type 5’ ss was identified a
binding site only for SRp40 protein (Fig. 5). In this context, we
hypothesize that the similar score for the cryptic 5’ ss than for the
natural 5’ ss and the significant strong presence of ESE binding site
for SR proteins within cryptic 5’ ss, are consistent evidence for the
activation of the cryptic 5’ ss in the context of wild type and mutant
pre-mRNAs. Consequently, the cryptic 5’ ss of exon 18 does not
remain silent despite the presence of an authentic active site.

An interesting observation in the present study is the identifi-
cation of two smaller transcripts from wild-type DUOX2 hybrid
minigene expression, theoretically compatibles with putative
truncated proteins of 805 and 786 amino acids, by activation of the
exonic cryptic 5’ ss and complete skipped of exon 18, respectively
(Fig. 6). However, we observed only a band of the expected size in
normal thyroid tissue by RT-PCR. It can be hypothesized that the
two smaller spliced transcripts identified in wild-type minigene
hybrid system could represent adequate targets, in the thyroid
environment, for nonsense-mediated mMRNA decay (NMD)
pathway, a mechanism that degrades selectively mRNAs containing
premature stop codons (Hentze and Kulozik, 1999). This study also
showed that the ¢.2335-1G>C mutation originates two putative
truncated proteins of 806 amino acids when the unusual intronic
cryptic 3’ ss is activated alone or in combination with activation of
the exonic cryptic 5 ss and 786 amino acids when exon 18 is
complete skipped (Fig. 7), whereas the ¢.3264_3267delCAGC mu-
tation results in a putative truncated protein of 1105 amino acids
(Fig. 8). The functional consequence of the frameshift and subse-
quent premature stop codon, generated by missplicing of DUOX2
pre-mRNA, could be the complete ability loss to generate thyroid
H,0,, providing a causal link with the IOD. All premature termi-
nation codons in wild-type and mutated proteins eliminate the
gp91P"%/NOX2-like domain, preserving the peroxidase-like
domain (Figs. 6—8). It has been demonstrated that isolated hu-
man DUOX2i.599 ectodomain displays no peroxidase activity
(Meitzler and Ortiz de Montellano, 2011).

From our study, we can draw five conclusions: First, molecular
analysis of a patient with hereditary hypothyroidism and normal
size thyroid gland reveals a novel heterozygous compound, c.2335-
1G>C/c.3264_3267delCAGC in the DUOX2 gene. Second, functional
analysis demonstrated that the wild type and c.2335-1G>C mini-
genes express three different transcripts: (1) complete inclusion of
exon 18, (2) partial inclusion of exon 18 by use of cryptic 5’ splice
site located to 169 nucleotides upstream of the wild type exon 18/
intron 18 junction and (3) skipping of the entire exon 18. Third, the
€.2335-1G>C mutation promotes the activation of a unusual cryptic
3’ ss localized in the intron 17 at 14 nt upstream the wild type
intron 17/exon 18 junction, with the resulting insertion of the last
14 nucleotides of the intron 17 in mutant transcripts with complete
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Fig. 7. Structural organization of the putative c.2335-1G>C mutation DUOX2 proteins by intron 17 cryptic 3’ splice site activation, simultaneous activation of intron 17
cryptic 3’ and exon 18 cryptic 5’ splice sites and exon 18 skipping. The peroxidase-like domain and glycosilation sites (NXS/T site), are shown. The first alpha helice trans-
membrane domain is represented by a box. The partial nucleotide and the deduced amino acid sequences from putative ¢.2335-1G>C mutants are reported below of the respective
schematic protein diagrams. The nucleotide sequence is given in the upper line, and the amino acid translation (represented by single-letter code) is given below their respective
codons. The nucleotide position in human DUOX2 mRNA is designated according to reference sequences (NCBI, accession number: NM_014080.4). The ‘A’ of the ATG start codon is
denoted as nucleotide +1 being the initiator methionine, the codon 1. The last 14 nucleotides of intron 17 which it is included in the transcript by activation of cryptic 3’ splice site,
located in intron 17, is boxed. The resulting frameshift by the inclusion of last 14 nucleotides of intron 17 or by exon 18 skipping are underlined. 1 indicates exon/exon boundaries and

exon numbering is showed. Splice site, ss; signal peptide, SP.
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Fig. 8. Structural organization of the wild-type and putative c.3264_3267delCAGC (p.A1088fsX17) DUOX2 proteins. The peroxidase-like and gp91P"°*/NOX2-like domains,
glycosilation sites (NXS/T site), EF-hand calcium motifs and FAD and NADPH binding sites, drawn to scale, are shown. The seven alpha helice transmembrane domains are rep-
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schematic protein diagrams. The nucleotide sequence is given in the upper line, and the amino acid translation (represented by single-letter code) is given below their respective
codons. The nucleotide position in human DUOX2 mRNA is designated according to reference sequences (GenBank, accession number: NM_014080.4). The ‘A’ of the ATG start codon
is denoted as nucleotide +1 being the initiator methionine, the codon 1. The ¢.3264_3267delCAGC mutation is boxed in the wild-type sequence. The arrow denotes the positions of
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and partial inclusion of exon 18. Fourth, these results suggest the
coexistence in our patient of four putative truncated proteins of
786, 805, 806 and 1105 amino acids, with conservation of
peroxidase-like domain and loss of gp91P"®*/NOX2-like domain.
Finally, the present study provides new insights on the role of the
DUOX2 inactivating mutations in the generation of dyshormono-
genesis, and on the particular effect of c.2335-1G>C mutation on
the mechanism of DUOX2 splicing.
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