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Research Article
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Duox1 and Duox2 proteins are particular members of the NADPH oxidase (Nox) family and
were first characterized as the thyroid NADPH oxidases. These proteins are responsible for
the hydrogen peroxide (H2O2) production necessary for the synthesis of thyroid hormones.
Although mutations in the Duox2 gene have been discovered in hypothyroid patients with
iodide organification defects, attempts to confirm the role of one or both proteins in the
generation of H2O2 in the thyroid were unfruitful. Using the RNA interference technique, we
demonstrated in this study that Duox1 is the main source of H2O2 in the rat thyroid cell line
PCCl3. We showed that (1) Duox1 was abundantly expressed in PCCl3 in regard to Duox2,
contrary to what was observed in the rat thyroid tissue; (2) the expression of a siRNA
specifically targeting Duox1-induced silencing of its transcript and the corresponding
protein with a parallel decrease of H2O2 production; (3) the re-expression of Duox1 in
silenced cells by a lentivirus based method rescued totally H2O2 production with rat Duox1
and partially with human Duox1. Western blotting analysis confirmed the synthesis of the
mature N-linked glycosylated protein responsible for this enzymatic activity.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

Thyroid hormone synthesis is a multistep process starting
with the uptake and the concentration of iodide which is
oxidized before its binding to specific tyrosyl residues of the
thyroglobulin (Tg) in the follicular lumen. Iodide is actively
transported through the basal membrane by the Na+/I−

symporter (NIS) [1–3] and leaked out or pumped out at the
apicalmembrane along the electric gradient through an iodide

channel, which could be pendrin [4–6]. In the follicular lumen,
iodide is organified by the thyroperoxidase (TPO) [7] using
hydrogen peroxide (H2O2) as cofactor which constitutes the
limiting step of the hormonogenesis [8]. It has long been
known that the thyroid H2O2-generating system is a NADPH
oxidase. This enzyme seems to produce H2O2 directly rather
than via initial production of superoxide anions [9–11]. Duox1
and Duox2 have been isolated and characterized first as the
thyroid oxidases [12,13]. Human Duox1 and Duox2 are very
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similar proteins displaying 83% sequence similarity. They are
co-localized with TPO at the apical membrane of the thyro-
cyte. They present the characteristics of heme bound NADPH
oxidases (Nox) like Nox1–Nox5 but with two EF-hand sequen-
ces in the first intracellular loop most probably conferring
their sensitivity to Ca2+ and an extracellular NH2 terminus
peroxidase-like domain. They present two glycosylation
states shifting the molecular mass from 160 to 180 and
190 kDa. The 190 kDa forms presumably correspond to the
mature proteins correctly processed at the plasma membrane
[14].

Duox1 and Duox2 are expressed in other organs than the
thyroid, for example, in the prostate [15] and in the res-
piratory tract epithelium [16]. In addition, Duox2 has been
found in salivary glands, in rectal mucosa and all along the
digestive tract, mostly in the colon, where it could be
implicated in the innate immunity [17–19]. Duox1 and
Duox2 mRNA are highly expressed in the thyroid. In human
thyroid, Duox2 mRNA is 1.5–5 times more abundant than
Duox1 mRNA as determined by northern blotting [20] or by
SAGE [21], and both transcripts remain expressed at the same
order of magnitude in toxic adenomas, hypofunctioning
nodules or in Graves' disease [22–25]. The respective roles of
Duox1 and Duox2 proteins in the thyroid are not yet totally
elucidated. However mutations in Duox2 gene have been
described for patients suffering from congenital hypothyroid-
ism with organification defect not due to TPO mutations [26–
28]. These mutations cause early stop codons leading to
truncated proteins without NADPH oxidase catalytic site.
These results prove, at least in human thyroid, that Duox2 is
necessary to provide H2O2 for the synthesis of thyroid
hormones and that the defect of H2O2 production due to
mutated Duox2 is not compensated by Duox1 in that tissue.

Until recently, we had no proof of a direct involvement of
Duox isozymes in the production of H2O2 because transfec-
tions of Duox1 and/or Duox2 cDNAs lead to the translation of
an incompletely processed protein blocked in the endoplasmic
reticulum (ER) compartment without any functional activity
[14]. Duox activator (DuoxA2) has been identified as a matu-
ration factor allowing the transition of the glycosylated Duox2
from ER to Golgi and its functional expression at the plasma
membrane in heterologous systems [29].

In this work, we investigated the role of rat Duox proteins
(rDuox) in PCCl3, a rat thyrocyte cell line with a functional
H2O2-generating system [14,30]. We used the RNA interference
technique in order tomeasureH2O2 productionwhenDuox1 or
Duox2 expressions were selectively silenced. We demonstrate
that rDuox1, which is the main expressed isoform in PCCl3
cells, is responsible for the Ca2+-dependent H2O2 production.

Materials and methods

Design and construction of siRNA expression plasmids

pGE-1 from Stratagene, containing the human U6 RNA poly-
merase III promoter and the neomycin/kanamycin-resistance
genes, was used for the expression of siRNA (small interfer-
ing RNA). The 19-nt sequences corresponding to siRNAs
targeting rat Duox1 or rat Duox2 (rDuox1 or rDuox2) were

designed with the siRNA sequence selector of Clontech
(http://bioinfo.clontech.com/rnaidesigner/). At least three
oligonucleotides bearing 100% sequence identity with
rDuox1 or rDuox2 cDNA sequences were chosen after a
blast homology search to confirm their sequence specificity.
Their position relative to the start ATG in Duox1 and Duox2 is
represented in Table 1. The structure of the insert is the
following: BamHI cloning site, the 19-nt oligonucleotide
(sense), a 9-nt sequence corresponding to the hairpin loop,
the reverse complementary 19-nt sequence (antisense), a
transcription terminator sequence of 6-nt poly(T). The
complementary strand was 5′-ended with EcoRI cloning site.
Oligonucleotides were synthesized by Eurogentec. After
cloning in pGE-1 vector by BamHI and EcoRI digestions,
purified DNA plasmids were verified by XhoI/XbaI restrictions
and the sequences were checked by Big Dye Terminator cycle
sequencing on an automated ABI Prism 3100 sequencer
(Applied Biosystem).

H2O2 measurement

H2O2 measurements were performed according to the method
of Bénard and Brault [31]. PCCl3 cells were incubated in Krebs–
Ringer HEPES (KRH) medium pH 7.4 containing 0.1 μg/ml
horseradish peroxidase type II (Sigma), 440 μM homovanillic
acid (Sigma) and 1 μM ionomycin (Sigma)which allows the rise
of intracellular Ca2+ concentration. Fluorescence intensity of
oxidized homovanillic acid was measured at an emission
wavelength of 425 nm after excitation at 315 nm using a
fluorimeter LS50B (Perkin-Elmer). H2O2 concentrations were
determined according to a standard curve with known H2O2

concentrations incubated in the same conditions. The cells
were washed with PBS, lyzed in Laemmli buffer and protein
content was measured by a paper dye binding assay [32] to
normalize H2O2 measurements.

Cell transfection

PCCl3 cells (Coon's modified Ham's F-12 medium (Invitrogen)
with 5% decomplemented fetal bovine serum, 5 μg/ml
transferrin, 1 mU/ml bovine TSH, 1 μg/ml insulin, 2%
penicillin–streptomycin, 1% fungizone) were transfected
with siRNA constructs (pGE1–siRNA) using FuGENE6 reagent
according to the manufacture's protocol (Roche Molecular
Biochemicals). A selection of 4 days with 400 μg/ml neomycin
was performed for transient transfection. Stable cell lines
expressing the siRNA were established by limit dilution and
selection with 400 μg/ml neomycin. Co-transfections of CHO
cells (Ham's F-12, 10% fetal bovine serum, 2% streptomycin–
penicillin, 1% fungizone, 1% sodium pyruvate) with rDuox1 or
rDuox2 in pcDNA3.0 (200 ng) (Invitrogen) and pGE1–siRNA
(500 ng) were performed with FuGENE6 for 72 h.

Production of lentivirus expressing Duox1 and in vitro
transduction

The open reading frames encoding rDuox1 and human Duox1
(hDuox1) were cloned (5′ MluI – 3′ EcoRI) into pWXLd-GFP
lentiviral vector kindly given by D. Trono (School of Life
Sciences, Lausanne, Switzerland) in place of GFP cDNA. All
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the constructions were verified by sequencing. Lentiviral
vectors were produced by transient transfection into
Hek293FT cells (Invitrogen) using the calcium phosphate
method in a biosafety level 2 environment. Briefly, 2.5×106

cells were seeded in 10-cm diameter dishes 24 h prior to
transfection in DMEM (Invitrogen) containing 2 mM L-gluta-
mine, 0.1 mM MEM non-essential amino acids, 1 mM sodium
pyruvate, 10% fetal bovine serum and 1% penicillin–strepto-
mycin. The precipitate was formed by mixing 20 μg of the
transfer vector (pWXLd), 15 μg of the packaging plasmid
(psPAX2) and 6 μg of the envelope plasmid (pMD2G) to a final
volume of 500 μl water containing 250 mM CaCl2, and adding
thismix dropwise into 500 μl of 2×HEPES-buffer saline (280mM
NaCl, 50 mM HEPES, 1.5 mM Na2HPO4·2H2O pH 7.12). The
psPAX2 and pMD2G plasmids were also provided from D.
Trono. The conditioned medium was collected after 48 h,
cleared by low-speed centrifugation and filtered through
0.45 μm low protein binding filter. For PCCl3 transduction,
viral stocks were concentrated by ultracentrifugation. The
pWXLd-GFP virus stockwas titrated by serial dilution on PCCl3
cells in the presence of polybrene (3 μg/ml) followed by FACS
analysis (FACScan, Becton Dickinson). The titer of the pWXLd-
rDuox1 and pWXLd-hDuox1 virus was estimated from the p24
antigen concentration determined with an enzyme immu-
noassay (Innotest HIV antigen mAb, Innogenetics). For PCCl3
transduction, 50×103 cells were infected by the viral particles
during 24 h at a multiplicity of infection (MOI) of 10 in the
presence of polybrene (3 μg/ml).

Western blot analysis

Thirty μg of total protein extracts from PCCl3 lyzed in Laemmli
buffer were separated by SDS/polyacrylamide gel electrophor-

esis (PAGE) and transferred to nitrocellulose as previously
described [12]. Duox proteins were detected using a rabbit
polyclonal antibody raised against the first intracellular loop
of human Duox1 (I2) [12] at a dilution of 1/8000 or a rabbit
polyclonal antibody raised against the first intracellular loop
of human Duox2 (F2) [33] at a dilution of 1/5000 kindly pro-
vided by C. Dupuy (IGR, Villejuif, France). Actin was detected
by a polyclonal antibody (Sigma) at a dilution of 1/750 to verify
the amount of loaded proteins. The immune complexes were
detected by horseradish peroxidase-conjugated antibodies
according to the ECL method (Perkin-Elmer Life Sciences).

Total RNA isolation and semi-quantitative RT–PCR

Total RNA was extracted from transfected PCCl3 cells with
Trizol (Invitrogen) and purified on RNeasy columns (Qiagen).
After reverse transcription, the cDNAs were amplified by
Taq polymerase (Invitrogen) using the following primers:
rat-Duox1 forward 5′-CCACTGAAGTTTTCCCGTACA-3′ and
reverse 5′-CCTGCAAGCCAAAAGAAGAC-3′ (26 cycles), rat-
Duox2 forward 5′-CGCATAGCTGAGATGGATGA-3′ and reverse
5′-AGAGGGAGCCATTACCCTGT-3′ (30 cycles), GAPDH forward
5′-GTCAACGGATTTGGTCGTAT-3′ and reverse 5′-CACTGC-
CACCCAGAAGACTG-3′ (23 cycles), rat-NIS forward 5′-GTGG-
CATTGTCATGTTCGTC-3′ and reverse 5′-CGTGAAGGCGC-
CTAGTAGAG-3′ (23 cycles). The PCR conditions were 95 °C for
30 s, 60 °C for 1 min, 72 °C for 1 min. PCR products were
visualized on a 1% agarose gel. For the detection of Duox
mRNAs in rat thyrocyte cell lines and in rat thyroid tissue
(Sprague Dawley rat strain), cDNAs were PCR amplified with
35 cycles at 95 °C for 30 s, 57 °C for 1 min, and 72 °C for 1 min
using the following primers common for rDuox1 and rDuox2:
rat-Duox1–2A forward 5′-GACTTCCATTTCATGCTGCG-3′ and

Table 1 – (A)Nameandposition fromstartATGof oligonucleotide sequences in rDuox1and rDuox2 cDNAencoding
siRNAs; (B) Structure of the double strand oligonucleotide cloned in the pGE-1 vector encoding a siRNA
Table 1 – (A) Name and position from start ATG of oligonucleotide sequences in rDuox1 and rDuox2 cDNA encoding siRNAs;
(B) Structure of the double strand oligonucleotide cloned in the pGE-1 vector encoding a siRNA
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reverse 5′-AGGTGATGAGGTTGCGGCAC-3′. The regions ampli-
fied for rDuox1 and rDuox2 are: 2747–3331 and 2759–3229,
respectively. After DNA staining with ethidium bromide, the
agarose gel was scanned with a Typhoon Trio+ (Amersham
Biosciences).

Subcloning of rDuox1 and rDuox2 from PCCl3 and rat thyroid
tissue

cDNA of PCCl3 and rat thyroid tissue was amplified (40 cycles
at 95 °C for 30 s, 56 °C for 1 min, 72 °C for 1 min) using the
primers rat-Duox1-2B forward 5′-ATCATCTAGAAGCAGGT-
CAACCTCATCCTG-3′ including a XbaI restriction site and
rat-Duox1-2B reverse 5′-TGACCTCGAGGAAATGGAAGT-
CCTCCCAGG-3′ including a XhoI restriction site. The 710 pb
PCR product band was cut from agarose gel 1% and extracted
using MinElute gel extraction kit (Qiagen). The purified
products were restricted by XhoI and XbaI, subcloned into
pBluescript Sk+ vector and transformed in DH10B Escherichia
coli. Colonies were screened by DNA restriction using XbaI/StuI
and XhoI/NcoI. The plasmids were sequenced using the T3
universal primer.

Iodide uptake

PCCl3 cells were preincubated in 1 ml of KRH for 30 min
followed by 1 h incubation in the same medium containing
1 mCi 125I and 10−7 M KI. At the end of the incubation, the
medium was removed and the cells were quickly rinsed with
PBS before lysis in 1 ml 1 N NaOH. Cells were incubated in
parallel with 10−4 MNaClO4 to block iodide entry. Radioactivity
was measured in a gamma Wizard Counter (Perkin-Elmer).
Results were normalized to protein concentrations.

Results

Efficiency and specificity of the siRNAs targeting rDuox1 and
rDuox2 tested in a heterologous system

The anti-Duox antibodies raised against Duox1 (I2) [12] and
Duox2 (F2) [33] are not able to distinguish the two isoforms.
Until now, there is no serum able to discriminate Duox1 from
Duox2. Before using our siRNA constructs on the PCCl3 cell
line, we have tested their specificity on CHO cells expressing
one or the other Duox isoform (rDuox1-pcDNA3.0 and
rDuox2-pcDNA3.0). Duox1 and Duox2 proteins separately
over-expressed in CHO cells, are visualized with the anti-
bodies as one immunoreactive band corresponding to the
immature high mannose form of Duox at a molecular mass
of 150 kDa [14] (Fig. 1). The Neg siRNA construct, provided by
Stratagene, was used as negative control of RNA interference:
it is constituted of the pGE-1 vector coding for a siRNA that
does not suppress expression of any gene expressed in
human, rat or mouse. The Neg siRNA construct had no effect
on rDuox1 or rDuox2 protein expression detected with
polyclonal antibodies I2 or F2, respectively (Fig. 1A). Four
siRNA constructs targeting specifically rDuox1 transcript (D1-
44, D1-65, D1-67, D1-72) provoked a reduction of the expres-
sion of the corresponding protein and have no effect on

rDuox2 expression (Fig. 1B). The six constructs encoding
siRNAs against rDuox2 (D2-30, D2-31, D2-43, D2-46, D2-70,
D2-90) were efficient in selectively silencing rDuox2 expres-
sion with no effect on rDuox1 protein level (Fig. 1C). D2-70
and D2-90 inhibited almost total rDuox2 expression. These
results showed that the designed siRNAs allow specific
silencing of rDuox1 and rDuox2 protein expression in the
CHO cell line.

Transient expression of rDuox siRNA in PCCl3 cells

PCCl3 is a rat thyrocyte cell line often used as a thyroid model
[30]. PCCl3 cells possess a functional H2O2-generating system
sensitive to Ca2+ stimulation. In basal conditions, these cells
produce a small quantity of H2O2 which is strongly increased
after treatment with the Ca2+ ionophore, ionomycin [14] (Fig.
2A). To analyze the respective role of rDuox1 and rDuox2 in
H2O2 generation, PCCl3 were transiently transfected with the
siRNA constructs previously tested in co-transfection experi-
ments in the CHO cells. The effect of these siRNAs was tested
on H2O2 production after treatment with ionomycin. The
production of H2O2 was not significantly affected by the
expression of Neg siRNA and was therefore considered as the
100% activity value in most of the experiments (Fig. 2A). PCCl3
cells expressing siRNAs targeting rDuox1 transcript produced
50% of the amount of H2O2 generated by PCCl3 cells trans-

Fig. 1 – Efficiency and specificity of the rDuox siRNAs in the
CHO heterologous system. CHO cells were co-transfected
with rDuox1-pcDNA3.0 or rDuox2-pcDNA3.0 and with pGE-1
constructs encoding siRNAs. 10 μg of total proteins were
equally loaded and resolved by SDS/PAGE electrophoresis.
rDuox1 protein expression was immunodetected with
anti-Duox I2 antibodies (dilution 1/8000) and rDuox2 was
immunodetected with the F2 antibodies (dilution 1/5000). (A)
rDuox expressions in CHO co-transfected with negative
control siRNA (Neg). 1: pcDNA3.0 alone, 2: rDuox1 or
rDuox2-pcDNA3.0. 3: rDuox1 or rDuox2-pcDNA3.0 + Neg
siRNA. (B) Efficiency and specificity of the siRNAs targeting
rDuox1. (C) Efficiency and specificity of siRNAs targeting
rDuox2.
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fected with Neg siRNA plasmids (Fig. 2B). However, PCCl3 cells
transfected with six different rDuox2 siRNA constructs did
not show any significant decrease in their H2O2 production
(Fig. 2C). As the two antibodies are not able to discriminate
the two Duox isoenzymes, the silencing effect of the siRNA
was evaluated on their mRNA expression by conventional RT–
PCR using specific primers for each transcript. rDuox1 mRNA

level (visualized after 26 cycles of PCR on reverse transcribed
mRNA) was decreased in PCCl3 expressing siRNAs which
target rDuox1 (Fig. 3A). The expression of rDuox2 transcript
(visualized after 30 cycles of PCR) was not affected by the co-
expression of the six different siRNA constructs targeting
rDuox2 (Fig. 3B). These results showed a perfect correlation
between silencing of endogenous rDuox1 expression and the
decrease of H2O2 generation, suggesting that rDuox1 is the
relevant source of H2O2 in these cells and showing that
rDuox2, expressed at very low level in PCCl3, little contributes
to H2O2 synthesis.

Since the two Duox mRNAs have been found in the thyroid
of most of the species (human, dog, rat, pig, etc.) [12–14,34], we
determined the relative levels of Duox1 and Duox2 transcripts
in PCCl3 cells by PCR amplification and sequencing. A couple
of primers (rat Duox1–2A forward and reverse) was designed
to anneal identical regions in rDuox1 and rDuox2 but
amplifying sequences of different sizes (580 bp for rDuox1
and 470 bp for rDuox2). rDuox1-pcDNA3.0 and rDuox2-
pcDNA3.0 plasmidswere PCR amplifiedwith the sameprimers
to control similar amplification efficiency for the two Duox
cDNAs (Fig. 4A). RT–PCR was performed on total RNA from
three rat thyroid cell lines: PCCl3, FRTL5 andWRT and on total
RNA from rat thyroid tissue (Fig. 4B). In these three thyroid cell
lines, the expression of rDuox1mRNAwas far more important
(∼80% of total Duox transcripts) than the expression of rDuox2
(∼20%) as estimated by quantification of the intensity of the
amplified fragment. In contrast, the rDuox2mRNA expression
was slightly higher (∼57%) than rDuox1 (∼43%) in the rat
thyroid tissue (Fig. 4C). The relative expression of Duox1 and
Duox2mRNA in the wild type PCCl3 and rat thyroid tissue was
confirmed by RT–PCR using primers rat-Duox1-2B (see Materi-
als and methods) followed by subcloning, restriction and
sequencing of the PCR products. Starting from PCCl3 total
RNA, 87% of the analyzed colonies possessed the Duox1
plasmid and 13% the Duox2 plasmid; for rat thyroid tissue, we
obtained 43.5% of colonies containing Duox1 versus 56.5%
containing Duox2.

Fig. 3 – Silencing of rDuox1 and rDuox2mRNA expression in
PCCl3 transiently transfected with siRNA constructs. Total
RNA extracted from transfected PCCl3 cells with Neg, rDuox1
or rDuox2 siRNA constructs was reverse transcribed and PCR
amplified using specific primer for rDuox1 (A) or rDuox2 (B).
GAPDH was amplified to estimate an equal efficiency of
amplification in each sample. V: PCCl3 transfected with the
pGE-1 vector alone.

Fig. 2 – H2O2 production by PCCl3 transiently expressing a
siRNA interferingwith rDuox1 or rDuox2. H2O2 production by
PCCl3 transfected with different constructs encoding siRNAs
was measured during 1 h and 30 min at 37 °C as described in
Materials and methods. Each sample was tested in duplicate
and the H2O2 expressed in ng/μg protein was represented in
percentage of the value of H2O2 obtainedwithwild type PCCl3
(wt) or PCCl3 transfected with the Neg siRNA treated with
ionomycin. (A) Wild type PCCl3 (wt) and PCCl3 transfected
with Neg siRNAwere treated (+) or not by ionomycin 1μM. (B)
Ionomycin stimulated PCCl3-expressing Neg siRNA or 4
different rDuox1 siRNAs (D1-44, D1-65, D1-67, D1-72). (C)
H2O2 generation by PCCl3-expressing Neg siRNA or 6
different rDuox2 siRNAs (D2-30, D2-31, D2-43, D2-46, D2-70,
D2-90) and stimulated with ionomycin. These experiments
are representative of two independent experiments.
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Stable silencing of rDuox1 in PCCl3

As PCCl3 mainly expressed rDuox1 and siRNAs against
rDuox2 had no silencing effect, we focused our study on
rDuox1. D1-65 and D1-72 siRNA constructs, which produced
the most important decrease of H2O2 production in transient
transfection experiments (Fig. 2B), were transfected as well as
the Neg siRNA, in PCCl3 to establish stable expressing cell
lines. Ten clones expressing rDuox1 siRNA were selected for
each siRNA constructs after limit dilution, four of them are
described in Fig. 5. Silencing of endogenous rDuox1 protein
expression was analyzed by Western blotting using the I2
anti-Duox antibody. Detection of actin was used as loading
control. Compared to wild type PCCl3, Neg PCCl3 clones did
not show any significant decrease of rDuox protein expres-
sion (Fig. 5A). Two N-linked glycosylated forms of rDuox
protein were detected. They correspond to the mature
(160 kDa) and immature (150 kDa) proteins [14]. D1-65#1,
D1-65#3, D1-72#3 and D1-72#9 siRNA clones showed the most
important decrease of rDuox protein expression (Fig. 5A).
The silencing effect of these siRNAs was also observed at the

level of rDuox1 mRNA synthesis with no interference on the
rDuox2 mRNA level (Fig. 5B).

H2O2 production was examined in the PCCl3 clones treated
with ionomycin. Six independent clones expressing the Neg
siRNA produced amounts of H2O2 similar to wild type PCCl3,
confirming that this siRNA did not interfere with rDuox
expression (Fig. 6A). Most of the PCCl3 clones, in which
rDuox1 was silenced, produced less H2O2 than the Neg siRNA
cells (Figs. 6B–C); this inhibition was clearly correlated with
lower levels of rDuox1 protein (Fig. 5A).

The main function of the thyroid is to concentrate and
organify iodide to synthesize thyroid hormones. In order to
exclude an overall nonspecific effect of silencing which could
influence the thyrocyte function, iodide uptake capacity was
analyzed in D1-65 PCCl3 cells. NIS mRNA level estimated by
RT–PCR remained unchanged andwas comparable to the level
in wild type PCCl3 or in PCCl3-expressing Neg siRNA (Fig. 7A).
Moreover, iodide uptake, which is abolished by the NIS
competitive inhibitor NaClO4, was not affected in the D1-65
PCCl3 clones and was similar to the uptake in the Neg siRNA

Fig. 5 – Silencing of rDuox1 in PCCl3 clones expressing the
D1-65 andD1-72 siRNAs. (A) Duox expression in PCCl3 clones
stably transfected with D1-65 and D1-72 siRNA constructs. 4
out of 10 representative clones are shown. 30 μg of total
protein extracts were loaded on a 6% SDS–PAGE gel. rDuox
proteins were immunodetected with the I2 antibody at a
dilution of 1/8000. Actin (antibody fromSigma, dilution 1/750)
was immunodetected as control of protein loading. (*):
non-specific band. (B) rDuox transcripts expression
measured by RT–PCR on total RNA fromwild type PCCl3, Neg,
D1-65 or D1-72 PCCl3 clones using specific primers for
rDuox1 (455 bp), rDuox2 (695 bp) and GAPDH (545 bp) for
normalization.

Fig. 4 – Expression of rDuox transcripts in PCCl3, FRTL5,
WRT and rat thyroid tissue by RT–PCR. (A) PCR amplification
of 1 pM rDuox1-pcDNA3.0 or rDuox2-pcDNA3.0 cDNA using
primers common to Duox1 and Duox2 (primers
rat-Duox1-2A forward and reverse). These primers amplify a
fragment of 580 bp from rDuox1 and a fragment of 470 bp
from rDuox2. (B) Amplification of Duox1 and Duox2 cDNAs
obtained by reverse transcription of total RNA from PCCl3 (1),
FRTL5 (2), WRT (3) and rat thyroid tissue (4) with the same
primers as in panel A. GAPDH amplification was used for
normalization. These results are representative of four
independent experiments. (C) Relative densitometry of
Duox1 (black) andDuox2 (grey) expression; summarized data
from four independent experiments.
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clone (Fig. 7B). These results confirm that the D1-65 siRNA
specifically targets rDuox1 without interfering with the
thyroid phenotype of the PCCl3 thyroid cell line.

Lentivirus-based over-expression of Duox1 in D1-65 PCCl3

To demonstrate that Duox1 is able to produce H2O2, we over-
expressed the protein in two independent PCCl3 clones, D1-
65#1 and D1-65#3, characterized by a very low expression level
of endogenous rDuox1 and a low H2O2 production. Vesicular

stomatitis virus (VSV) G-pseudotyped lentivirus particles are
able to mediate efficient delivery, integration and stable
expression of transgenes in a broad type of cells, especially
in cells, like PCCl3, which are poorly transfected by classical
transfection methods [35,36]. Using the pWXLd lentiviral
vector, from Trono's lab, expressing the GFP protein (pWXLd-
GFP), we have shown that 25×104 infectious particles were
needed to efficiently transduce one PCCl3 cell suggesting that
this cell line is very resistant to the virus infection. Never-
theless, using amultiplicity of infection (MOI) of 10, more than
90% of PCCl3 cells were transduced (data not shown). After
infection of D1-65#1 and D1-65#3 cells with the lentivirus
pWXLd-GFP, pWXLd-rD1 or pWXLd-hD1, H2O2 production of
the transduced cells was measured in the presence or not of
ionomycin (Fig. 8A). Lentiviral particles expressing GFP did not
significantly modify the H2O2 production activity of D1-65#1
(14%) and D1-65#3 (45%) compared to the non-infected cells
(15% and 39% respectively). In contrast, over-expression of
rDuox1 rescued H2O2 generation in the two clones at a level
close to the wild type PCCl3 (138% and 166% respectively).
Over-expression of hDuox1 increased also H2O2 production
(42% vs. 14% and 83% vs. 45%) but with a lower potency than
rDuox1 protein. These results provide evidence that human
and rat Duox1 are functional NADPH oxidases able to produce
H2O2. Western blot analyses confirmed Duox over-expression
in the transduced cells (Fig. 8B, upper panel) and showed the
protein as a doublet with the high molecular weight form
corresponding to the active maturated protein, contrary to

Fig. 7 – Expression of NIS and iodide uptake in PCCl3
expressing D1-65 siRNA. (A) Expression of NIS mRNA by
RT–PCR on total RNA isolated from PCCl3 wild type, Neg#1
and 4 D1-65 PCCl3 clones. GAPDH cDNA was amplified for
normalization. (B) 125I (1 mCi/ml) uptake in wild type PCCl3
preincubated with or without NaClO4. After washing, the
cells were lyzedwith 1 NNaOH and the 125I was countedwith
a gamma Wizard Counter (Perkin-Elmer). The radioactivity
was normalized to protein concentration and expressed in
percentage of the uptake by wild type PCCl3.

Fig. 6 – H2O2 production by PCCl3 clones expressing D1-65 or
D1-72 siRNAs. PCCl3 cells were stimulated by 1 μM
ionomycin 1 h and 30 min at 37 °C and the H2O2 production
was measured as described in Materials and methods. Each
sample was tested in duplicate. (A) H2O2 production from
wild type PCCl3 corresponding to 100% activity and 6
individual clones expressing the Neg siRNA. (B) H2O2

production from Neg#1 PCCl3 corresponding to 100% activity
and 4 clones expressing the D1-65 siRNA. (C) H2O2 production
by Neg#1 PCCl3 and 4 clones expressing the D1-72 siRNA.
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Cos-7 cells transfected with Duox1 which only expressed the
immature highmannose form as previously described (Fig. 8B,
lower panel) [14,33].

Discussion

Both Duox1 and Duox2 mRNAs are highly expressed in the
thyroid of mammals [12,20,22,25]. The respective role of the
two proteins encoded by these two genes in the same cell
remains an open question. The lack of selective antibodies has
not yet allowed to clarify if these two proteins are actually co-
expressed in the thyroid and if both are active. Some
arguments suggest that, in human thyroid, Duox2 has a
main function in the generation of H2O2. Biallelic mutations in
Duox2 gene encoding a truncated protein supposed to be
inactive were responsible for permanent and severe congeni-
tal hypothyroidism with iodide organification defect [26–28].

Duox1 and Duox2 mRNAs are also transcribed in other tissues
like in the airway epithelium where their expression is
differentially up-regulated; Duox1 by IL-4 and IL-3 and
Duox2 by IFN-γ [16,18,37–39]. In the thyroid, the regulation
by the thyroid-stimulating hormone (TSH) is less discriminat-
ing: in dog and pig thyroid, TSH simultaneously up-regulates
mRNA of Duox1 and Duox2 at the same order of magnitude
but this up-regulation is not observed in human thyroid
[12,13]. In other tissues, one Duox is mainly expressed: Duox1
in trachea [18] and Duox2 in the salivary gland [18] and in the
epithelial cells along the digestive tract [17] but nothing is
known about the regulation of their expression or activity.

Silencing specifically Duox1 or Duox2 with siRNAs was a
way to distinguish the respective role of the two proteins in
the generation of H2O2 in the thyroid cells. We chose to silence
Duox1 or Duox2 in a differentiated rat thyroid cell line, PCCl3,
which possesses a Ca2+-dependent H2O2-generating system.
PCCl3 cells, like FRTL5 or WRT, are widely used as thyroid
models [30,34]. They present properties ascribed to normal
differentiated thyrocytes such as TSH dependence for growth
and functions of differentiation: iodide uptake, Tg and TPO
gene transcription and H2O2 production. However, they also
differ in numerous ways: absence of iodide organification,
different responses to growth stimuli, and so on [40]. Duox2
cDNA has been identified in FRTL5 (AF237962) [34] as well as
Duox1 (AF542180). PCCl3 cells were particularly used in this
study for their strong and constant H2O2 production in
response to Ca2+-stimulated pathway [14]. We observed that
siRNAs against Duox1 interfere efficiently and selectively with
Duox1 expression at the level ofmRNA leading to a decrease of
protein expression (supposed to be Duox1) and H2O2 produc-
tion. NIS function, assessed by measuring the transcript level
and the iodide uptake, was not affected by the expression of
siRNAs against Duox1 meaning that these siRNAs do not
interfere with the thyroid function. Surprisingly, siRNAs,
which efficiently silence Duox2 in the CHO heterologous
system, were unable to inhibit PCCl3 endogenous Duox
expression or H2O2 production. These results can be explained
by the low amount of Duox2 transcript detected in these cells
compared to Duox1 and therefore its negligible contribution to
H2O2 production. The same phenomenon has already been
described in rat airway epithelial cells using siRNAs silencing
Duox1 which is less abundant than Duox2 in these cells [38].

The high level of Duox1 expression relative to Duox2
expression in PCCl3 was not observed in thyroids of Sprague-
Dawley rats. Duox2 was obviously more abundant in the
thyroid tissue than in the cell line but it is noteworthy that this
ratio was not observed in another study. Indeed Moskwa et al.
have observed a higher level of Duox1 compared to Duox2 in
thyroid tissue but the authors did notmention the strain of rat
used [38]. These results show that the chosen model, PCCl3, is
only informative for Duox1 and may not be fully representa-
tive for what happens in vivo. This shows again that such cell
lines should be validated for any variable studied when used
as models [40]. Nevertheless the results demonstrate that
Duox1 alone is able to generate H2O2 and that the amount of
Duox1 present in PCCl3 cells is sufficient to generate a
calcium-dependent H2O2 production.

Transfection of Duox cDNAs in non-thyroid cells does not
lead to functional NADPH oxidases as assessed by H2O2

Fig. 8 – Rescue of H2O2 generation in D1-65 PCCl3 clones. (A)
H2O2 generation in rDuox-transduced PCCl3 cells. D1-65#1
and D1-65#3, rat Duox1 knock-down PCCl3 cells, were
infected with pWXLd-GFP, pWXLd-rD1 or pWXLd-hD1
lentivirus. H2O2 measurements were performed after
stimulation (+) or not with 1 μM ionomycin during 2 h and
30 min at 37 °C. All samples were tested in duplicate and the
level of H2O2 was represented in percentage of the value
obtained for ionomycin stimulated wild type PCCl3. Graph is
representative of two independent experiments. (B) Duox
protein expression in transduced cells. 15 μg of total protein
extracts were separated in a 6% SDS–PAGE gel. Duox proteins
were immunodetected with the I2 antibody at a dilution of
1/16,000. wt: wild type PCCl3 cells: Hum: 5 μg of total protein
extracts of human thyrocyte; Cos rD1 and Cos hD1: 5 μg of
total protein extracts from Cos transfected with rat or human
Duox1 in pcDNA3.0 by FuGENE6 method.
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generation [14]. During the completion of this work, DuoxA1
and DuoxA2 (Duox activators) have been characterized as the
maturation factors of Duox proteins [29]. DuoxA2 resides in
the endoplasmic reticulum compartment. It is essential for
Duox2 to undergo glycosylations necessary for its maturation
through the Golgi and its correct expression at the plasma
membrane where it is functional. We have observed that
Duox1 co-expressed with DuoxA1 in heterologous systems is
functional (unpublished data). This shows that the expression
of Duox1 alone with DuoxA1would be sufficient to explain the
dual oxidase activity measured in PCCl3. The functional
activity in vivo of the couple Duox/DuoxA can be the
consequence of the particular genomic organization of the
Duox/DuoxA genes in a head to head orientation. They most
probably share a bidirectional promoter since DuoxA and
Duox transcripts are expressed in the same tissues. This has
already been described for the genes of the type IV collagen α-
chain of the human basement membrane and of the histones
H2A/H2B [41,42]. Following this hypothesis, one could expect
the DuoxA1/DuoxA2 mRNA ratio would be in favor of DuoxA1
in PCCl3 cells. This seems not to be the case since DuoxA1 and
DuoxA2 present rather similar levels of mRNA expression in
PCCl3 cells (unpublished data).

The use of lentivirus technology allows to obtain suppres-
sion in a high percentage of PCCl3 which are known difficult to
be transfected by classical liposome-mediated transfection
methods. The re-introduction of Duox1 in PCCl3 cells rDuox1
knocked-down reversed the phenotype of the cells with re-
expression of Duox1 correctly N-linked glycosylated and
production of H2O2 comparable to wild type cells. This
indicates again that ectopic expression of Duox1 alone with
endogenous DuoxA1 is able to reconstitute a functional H2O2-
generating system. The lower potency of human Duox1 to
increase H2O2 generation in PCCl3 compared to rat Duox1
could arise from species specificities in the Duox/DuoxA
association complex.

Nevertheless, the main role attributed to Duox1 does not
rule out any function of Duox2 in vivo since Duox2 mRNA is
more expressed than Duox1mRNA in rat thyroid tissue aswell
as in human thyroid tissue. The present data suggest that the
NADPH oxidase activity can be associated to one Duox/DuoxA
couple in the thyroid. Either Duox1 or Duox2 could play the
main role depending on the species and the experimental
system investigated. In the case of PCCl3 thyroid cells, Duox1 is
highly expressed and is responsible for the generation of H2O2.
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