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A B S T R A C T

Thyroid hormone synthesis requires H2O2, produced by two NADPH oxidases, Duox1 and Duox2. To be fully ac-
tive at the apical pole of the thyrocytes, these enzymes need additional maturation factors DuoxA1 and DuoxA2.
The proteins have been shown to be localized at the cell surface, suggesting that they could form a complex with
Duox counterparts. We have generated multiple HEK293 Tet-On3G cell lines that express various combinations
of DuoxA upon doxycycline induction, in association with a constitutive expression of the Duox enzyme. We com-
pared Duox specific activity, Duox/DuoxA cell surface interactions and the cellular consequences of sustained
H2O2 generation. By normalizing H2O2 extracellular production by Duox or DuoxA membrane expression, we
have demonstrated that the most active enzymatic complex is Duox2/DuoxA2, compared to Duox1/DuoxA1. A
direct cell surface interaction was shown between Duox1/2 and both DuoxA1 and DuoxA2 using the Duolink®
technology, Duox1/DuoxA1 and Duox2/DuoxA2 membrane complexes being more stable than the unpaired ones.
A significant increase in DNA damage was observed in the nuclei of Duox2/DuoxA2 expressing cells after doxycy-
cline induction and stimulation of Duox catalytic activity. The maturation and activity of Duox2 were drastically
impaired when expressed with the glycosylation-defective maturation factor DuoxA2, while the impact of the
unglycosylated DuoxA1 mutant on Duox1 membrane expression and activity was rather limited. The present data
demonstrate for the first time that H2O2 produced by the Duox2/DuoxA2 cell surface enzymatic complex could
provoke potential mutagenic DNA damage in an inducible cellular model, and highlight the importance of the
co-expressed partner in the activity and stability of Duox/DuoxA complexes.

Abbreviations

CGD Chronic Granulomatous Disease
Duox Dual Oxidase
DuoxA Duox Activator
EndoH Endoglycosidase H
ER Endoplasmic Reticulum
Nox NADPH Oxidase
PLA Proximity Ligation Assay
PMA Phorbol 12-Myristate 13-Acetate
ROS Reactive Oxygen Species
SOD Superoxide Dismutase
TH Thyroid Hormone
TPO Thyroperoxidase

1. Introduction

The existence of a thyroid H2O2-generating system was postulated
in the early seventies to be required for thyroid hormone (TH) synthe-
sis by the thyroperoxidase (TPO) enzyme [1]. The Dual Oxidase en-
zymes, Duox1 and Duox2, are two NADPH oxidases (Nox) belonging
to the Nox Family along with Nox 1 to 5 [2,3]. In addition to the
conserved Nox catalytic domain, the primary structure of Duox pro-
teins is extended by an NH2-terminal peroxidase-like ectodomain fol-
lowed by an additional transmembrane segment and an intracellular
loop containing two EF-Hand motifs responsible for their catalytic ac-
tivation via calcium ions. They are mainly expressed at the apical pole
of thyrocytes to allow TPO-mediated iodide organification, but also in
the intestine as well as in the respiratory tract, where they play a key
role in host defense in association with peculiar peroxidases and thio-
cyanate [4]. In 2002, the characterization of the first inactivating Duox2
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mutations causing iodide organification defect undoubtedly demon-
strated the essential role played by Duox2 in TH synthesis [5]. To date,
about 105 Duox2 variants have been described in more than 200 unre-
lated congenital hypothyroid patients [6]. However, Duox2 biallelic mu-
tations can be associated with permanent as well as mild transient con-
genital hypothyroidism, suggesting that Duox1 can partially compensate
for the loss of Duox2 [7,8]. Furthermore, the combination of mutations
in both Duox1 and Duox2 genes has been associated with a more severe
phenotype of inherited hypothyroidism [9].

One crucial step for Duox activation is their transition to the cell sur-
face for the production of extracellular hydrogen peroxide. This matura-
tion process is mediated by their respective maturation factors DuoxA1
or DuoxA2 [10]. Duox and DuoxA genes are arranged in a head-to-head
position on the chromosome 15q15.3, allowing co-transcription of both
Duox and DuoxA in the same tissues via bidirectional promoters [11].
DuoxA1 and DuoxA2 proteins were first described as endoplasmic retic-
ulum (ER) resident proteins acting as chaperones for Duox enzymes
[10]. However, subsequent studies clearly showed that DuoxA proteins
are also detected at the cellular membrane and could therefore form an
enzymatic complex with their Duox counterpart [12,13]. The identifi-
cation of cysteines forming disulfide bridges between Duox and DuoxA
proteins supports this hypothesis [14–16]. However, the final proof of
their interaction at the surface of the cell is still lacking. Duox exit from
the ER can be monitored via sugar modifications by the Golgi apparatus
during their maturation processing preceding cell surface incorporation
[17]. DuoxA proteins also present N-glycosylated putative residues but
the role of these sugar modifications on DuoxA function is still unknown
[10,12].

As NADPH oxidases, the Duox enzymes should primarily produce su-
peroxide, however when co-expressed with their paired partner, the fi-
nal product mainly detected is hydrogen peroxide [12]. Using chimeric
DuoxA constructs, we previously demonstrated that the NH2-terminal
end of DuoxA2 specifies the type of reactive oxygen species (ROS), H2O2
or O2.-, produced by Duox2 [18]. Moreover, the COOH-terminal end of
DuoxA1 was shown to be responsible for Duox1-mediated H2O2 produc-
tion. Ueyama et al. identified the first extracellular loop of Duox1 as re-
sponsible for the reduction of O2.- leakage when transferred in Duox2
[19]. As an H2O2 producer, Duox expression and activation need to be
tightly regulated. Independent studies have suggested that the accumu-
lation of H2O2 necessary for TH biosynthesis may promote a mutagenic
environment in the thyroid gland [20]. Duox enzymes are obligate cal-
cium-activated NADPH oxidases, but with activities being also modu-
lated through distinct protein kinase phosphorylation pathways [21].
Although micromolar concentrations of phorbol 12-myristate 13-acetate
(PMA) were needed to increase Duox1 function, activation of Duox2 is
already observed with nanomolar PMA concentrations. Moreover, pro-
tein kinase A stimulation by the adenylate cyclase agonist, forskolin,
only stimulates Duox1.

In the present work, we generated HEK293 Tet-On3G cell clones ex-
pressing Duox enzymes with their paired or unpaired maturation fac-
tors. The expression of DuoxA was under the control of the doxycycline
inducible promoter, allowing a precise comparison of Duox specific ac-
tivity as well as Duox/DuoxA cell surface interaction and stability.

2. Material and methods

2.1. Plasmids and mutagenesis

The NH2-terminal hemagglutinin (HA) epitope-tagged (YPYD-
VPDYA) human Duox1 (HA-hDuox1-pIRESpuro) and Duox2
(HA-hDuox2-pIRESpuro) were obtained from pre-existing constructs,
HA-hDuox1-pcDNA3 and HA-hDuox2-pcDNA3, respectively, described
elsewhere [18]. The HA tag was inserted close to the NH2-extremity
of Duox1 and Duox2 between residues 23–24 and 27–28, respectively.

Restriction sites were added into either sides of Duox1 (NotI and BamHI)
and Duox2 (NotI) coding sequences before inserting them into the pIRE-
Spuro vector (Clontech Laboratories, CA, USA). The NH2-terminal V5
epitope-tagged (GKPIPNPLLGLDST) human DuoxA1
(V5-hDuoxA1-pTRE3G), containing cDNA sequence of the DuoxA1
α-isoform described by Morand et al. [12] was generated from the
V5-hDuoxA1-HA-pcDNA3 construct. Briefly, a BglII restriction site was
added upstream of V5-hDuoxA1-HA coding sequence, whereas the HA
tag was replaced by a stop codon and a MluI restriction site. The
generated sequence was inserted into the pTRE3G vector (Clontech
Laboratories, CA, USA). Finally, the NH2-terminal V5 epitope-tagged
human DuoxA2 (V5-hDuoxA2-pTRE3G) was obtained from the
hDuoxA2-myc-pcDNA3 pre-existing construct (generously given by Pr.
H. Grasberger). The V5 tag was added upstream of the hDuoxA2-myc
coding sequence including the BglII restriction site, and the myc tag was
replaced by a stop codon and the MluI restriction site. The generated
sequence was inserted into the pTRE3G vector (Clontech Laboratories,
CA, USA). The absence of mutation in all generated constructs was con-
firmed by sequencing. As previously demonstrated, these tags did not
prevent Duox and DuoxA expression and activity [12,14,15,18].

Mutations of all putative glycosylation sites were introduced into
DuoxA1 and DuoxA2 sequences in the V5-hDuoxA-pTRE3G plasmids
by site-directed mutagenesis using the Quickchange system (Stratagene,
CA, USA) in order to replace asparagines by glutamines.

2.2. Cell culture and transfection

HEK293 Tet-On3G cells and COS-7cells were cultured at 37 °C in a
humidified atmosphere with 5% CO2 and 20% O2 in Dulbecco's Mod-
ified Eagle's Medium (DMEM – Thermo Fisher Scientific, MA, USA)
supplemented with 10% FBS, 100 U/ml penicillin, 100μg/ml strepto-
mycin, 2.5μg/ml fungizone and 1mM sodium pyruvate (Thermo Fisher
Scientific, MA, USA). Stable transfection of HEK293 Tet-On3G cells
with Duox and DuoxA expressing plasmids (HA-hDuox-pIRESpuro and
V5-hDuoxA-pTRE3G, respectively) was performed with Xfect Reagent
(Clontech Laboratories, CA, USA) following the manufacturer's instruc-
tions. After selection with 100μg/ml geneticin (InvivoGen, CA, USA),
100μg/ml hygromycin (Thermo Fisher Scientific, MA, USA) and 0.5μg/
ml puromycin (InvivoGen, CA, USA), clonal cells were isolated by lim-
iting dilution. Each clone was routinely assayed by flow cytometry
analysis to verify their clonality and monitor possible changes in Duox
and DuoxA protein expression. Transient transfection of COS-7cells was
performed with XtremeGENE 9 DNA Transfection Reagent (Roche Life
Science, Germany) following the manufacturer's instructions and using
0.5μg of each Duox or DuoxA expressing vector in addition to 0.125μg
of the rtTA expression plasmid (Clontech Laboratories, CA, USA). One
day following transfection, DuoxA expression was induced with doxycy-
cline (2–1000ng/ml, Sigma-Aldrich, MO, USA).

2.3. Cell lysis and immunoblot analysis

Protein extracts were obtained by cell lysis in a citrate buffer (pH
5.5) containing 20mM EDTA, 1% Triton X-100 (BioRad, CA, USA)
and protease inhibitors (1μg/ml leupeptin, 60ng/ml pefabloc, 1mg/
ml pepstatin and Complete Protease Inhibitor Cocktail (Roche Life Sci-
ence, Germany). Cell lysate was rocked at 4 °C for 1h and centrifuged
at 10,000g for 10min to collect the soluble protein fraction. Protein
concentrations were determined by the Pierce 660nm Protein Assay
(Thermo Fisher Scientific, MA, USA). Proteins were denatured in
Laemmli buffer for 1min at 80 °C. To analyze Duox maturation, pro-
teins were first treated with endoglycosidase H (EndoH, 5 mU, Roche
Life Science, Germany) at 30 °C for 30min but not heated at 80 °C.
Equal amounts (10–30μg) of proteins were separated on an
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SDS/polyacrylamide gel, before being transferred to nitrocellulose (GE
Healthcare, IL, USA) or PVDF (Merck Millipore, MA, USA) membranes.
Membranes were blocked for 1h at room temperature in Odyssey Block-
ing buffer (Li-Cor, NE, USA) and incubated overnight at 4 °C with
anti-Duox (I2, 1/5000) [2], anti-V5 (1/5000, Thermo Fisher Scientific,
MA, USA), anti-actin (1/1000, Sigma-Aldrich, MO, USA) or anti-vinculin
(1/200, Clone SPM227, Abcam, United Kingdom) antibodies. Fluores-
cent secondary antibodies (IRDye 680 and IRDye 800, 1/10,000, Li-Cor,
NE, USA) were used for image acquisition with the Odyssey Infrared de-
tection system. Quantification of protein expression was assessed by the
Odyssey program. The percentage of Duox mature forms was calculated
after subtraction of the background value obtained in the control condi-
tion (without doxycycline) as follows: the intensity of the mature form
was divided by the sum of the intensities of the mature and immature
forms of Duox, multiplied by 100.

To inhibit protein synthesis, HEK293 Tet-On3G cells, treated for 3
days with 1μg/ml doxycycline, were washed to eliminate doxycycline
and treated with 100μg/ml cycloheximide (CHX, Sigma-Aldrich, MO,
USA) for 8, 16, 24 or 32h. Proteins were extracted and analyzed by
Western blot (as previously described). Each condition was compared
with CHX non-treated cells.

2.4. Measurement of NADPH oxidase activity

Extracellular H2O2 production was measured using the Benard and
Brault fluorimetric assay [22], specific for H2O2 measurements as previ-
ously described [23,24], based on homovanillic acid (3-methoxy-4-hy-
droxyphenylacetic acid, 0.44mM, Sigma-Aldrich, MO, USA) fluores-
cence after its oxidation by horseradish peroxidase (0.1mg/ml,
Sigma-Aldrich, MO, USA) in the presence of H2O2. Cells were incubated
for 90min at 37 °C in 1ml Krebs Ringer Hepes (KRH) medium containing
stimulating agents such as ionomycin (2μM, Sigma-Aldrich, MO, USA),
forskolin (10μM, AG Scientific, CA, USA) or phorbol 12-myristate 13-ac-
etate (PMA, 2–5000nM, Sigma-Aldrich, MO, USA). H2O2 production ac-
cumulated in the medium was measured using a Tecan Infinite 200 Pro
fluorimeter in 96-well black plates, using excitation and emission filters
set at 315 and 425nm, respectively.

2.5. Flow cytometry

HA-Duox and V5-DuoxA surface expression was assessed by flow
cytometry using anti-HA.11 (1/100, Clone 16B12, mouse, BioLegend,
CA, USA) and anti-V5 (1/150, mouse, Invitrogen) antibodies as de-
scribed previously. Briefly, cells were detached with PBS containing
5mM EDTA/EGTA and incubated at room temperature for 30min with
primary antibodies in PBS-0.1% bovine serum albumin (BSA). After
washing steps, cells were incubated for 30min at 4 °C with anti-mouse
secondary antibodies (1/100, Alexa Fluor 488, Thermo Fisher Scien-
tific, MA, USA) and with propidium iodide (3μg/ml, Sigma-Aldrich, MO,
USA) to exclude damaged cells from analysis. 20,000 events/sample
were analyzed with a Beckman Coulter cytometer and the mean fluo-
rescence intensity of cell populations was determined by the Cyflogic
program. Fluorescence intensities obtained in control conditions (with-
out doxycycline) were subtracted from other values. For detection of
intracellular proteins, cells were permeabilized with 0.2% saponin in
PBS-0.1%BSA before immunodetection with the primary antibodies.

2.6. Proximity ligation assay (Duolink®, Sigma-Aldrich, MO, USA)

To study protein-protein interactions by the proximity ligation as-
say, cells were plated on 8-well chamber slides (LabTek chamber slides,
Thermo Fisher Scientific, MA, USA) 3–7 days before the experiment.
After blocking in HBSS-5% normal horse serum (NHS)-5%BSA for 1h

at room temperature, living cells were incubated with two primary an-
tibodies in HBSS-1%NHS-1%BSA: mouse anti-HA.11 to detect HA-Duox
and goat anti-V5 (Novus Biologicals, CO, USA) to detect V5-DuoxA.
The fixation step with paraformaldehyde (4%) at 4 °C for 10min was
followed by incubation with secondary antibodies coupled with “plus”
(anti-mouse, Sigma-Aldrich, MO, USA) and “minus” (anti-goat,
Sigma-Aldrich, MO, USA) DNA probes in HBSS-1%NHS-1%BSA for 1h
at 37 °C. The proximity ligation assay was then performed following
the manufacturer's instructions, with a 30min ligation step at 37 °C, fol-
lowed by the amplification step for 100min at 37 °C. The nuclei were
stained for 10min with DAPI (1/40,000) and the slides were mounted
with FluorSave (Merck Millipore, MA, USA) and analyzed by an Axio
Imager Z1 microscope (Zeiss) at 20x magnification. Per experiment, the
number of signals per cell from at least 6 images in each tested condition
was measured with the R program. Individual protein expression was
detected following the manufacturer's instructions using one single pri-
mary antibody (mouse anti-HA.11 or goat anti-V5) and two secondary
antibodies (anti-mouse or anti-goat) coupled with “plus” and “minus”
DNA probes. The proximity ligation assay was performed as described
above. In transient transfection experiments, the percentage of positive
COS-7cells (presenting at least 10 PLA positive signals) from all ana-
lyzed cells (DAPI positive) was determined with the Blobfinder program
(Duolink) from at least 5 images in each tested condition.

2.7. DNA damage measurement – ɣH2AX immunostaining

Cells were plated in duplicate on 8-well chamber slides (LabTek
chamber slides, Thermo Fisher Scientific, MA, USA) 3 days before the
experiment. Duox activity was stimulated by incubating cells for 90min
in KRH medium containing 2μM ionomycin and 5μM PMA. To scav-
enge H2O2 or O2.-, the cells were pre-incubated with 500 U/ml cata-
lase (cat, Sigma-Aldrich, MO, USA) or 600 U/ml superoxide dismu-
tase (SOD, Sigma-Aldrich, MO, USA), respectively. After fixation with
paraformaldehyde and blocking (PBS, 5% Horse Serum, 0.1% Triton
X-100, 0.5% Tween20, 10% BSA), cells were incubated overnight at 4 °C
with mouse anti-ɣH2AX primary antibody (1/1000, Merck Millipore,
MA, USA) and for 40min at room temperature with anti-mouse sec-
ondary antibody (1/400, RRX, Jackson ImmunoResearch, PA, USA), as
well as DAPI (1/30,000) for nuclei staining. Slides were mounted with
Glycergel mounting medium (DAKO, CA, USA) and analyzed with an
Axio Imager Z1 microscope (Zeiss) at 40x magnification. Total surface
of ɣH2AX foci signal from 6 to 10 images in each experimental condi-
tion was normalized to the total surface of nuclei using ImageJ program
(Macro by C. Chevalier, CMMI). Each experiment was performed in du-
plicate in two independent wells.

2.8. Detection of intracellular reactive oxygen species

HEK293 Tet-On3G cells were incubated for 90min in KRH medium
containing 2μM ionomycin and 5μM PMA to stimulate H2O2 produc-
tion by Duox enzymes. The cells were loaded with 5μM CellROX Green
Reagent (Thermo Fisher Scientific, MA, USA). In some experiments, 500
U/ml catalase was included to scavenge H2O2. Cells were detached with
PBS - 5mM EDTA/EGTA and an equal size population (20,000 events)
was analyzed by flow cytometry.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 for paired
or unpaired Student's t-test, conformity test or Mann-Whitney test for
non-parametric data. Values are presented as means ± standard error
of the mean (SEM), p < 0.05 was considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001).

3



UN
CO

RR
EC

TE
D

PR
OO

F

L. Poncelet et al. Experimental Cell Research xxx (xxxx) xxx-xxx

3. Results

3.1. A novel cellular model to study duox maturation and interaction with
DuoxA

Previously, several groups have studied Duox maturation and activ-
ity in heterologous cell systems overexpressing Duox and DuoxA pro-
teins [12,13,18,19]. In the present study, we generated stable cell lines
constitutively expressing Duox1 or Duox2 associated with the expres-
sion of DuoxA1, the α-splice variant, or DuoxA2 under the control of
the doxycycline inducible promoter. These cells allowed us to modu-
late tightly DuoxA1 or DuoxA2 expression to precisely study Duox1
and Duox2 maturation, activity and cell surface interaction with the
maturation factors. To reliably study the surface expressions in intact
cells, HA- or V5-tags were inserted at the extracellular NH2-terminal end
of Duox and DuoxA proteins, respectively. Four types of HEK293 Tet-

On3G cell lines were generated expressing HA-Duox1 and V5-DuoxA1
(D1DA1), HA-Duox2 and V5-DuoxA2 (D2DA2), HA-Duox1 and
V5-DuoxA2 (D1DA2) or HA-Duox2 and V5-DuoxA1 (D2DA1). All the
experiments were performed with at least two independent HEK293
Tet-On3G cell clones to consider the variability between individual
clones.

Increasing concentrations of doxycycline were used to determine
maximal induction of DuoxA proteins and the optimal maturation of
Duox enzymes. After 3 days of treatment, DuoxA expression measured
by Western blot and flow cytometry directly depended on doxycycline
concentration. As previously shown by us and others, the appearance
of the mature form of Duox (molecular weight: 190kDa) via complex
oligosaccharide addition in the Golgi apparatus (Fig. 1A) was associ-
ated with DuoxA expression and corresponded to Duox and DuoxA cell
surface expression (Fig. 1B) [12,17]. After quantification of multiple
independent experiments performed with a 72h induction with 1μg/ml
doxycycline, the Duox most abundant mature form was repeatedly ob-
served for Duox1 in combination with DuoxA1 (77%±3; n=

Fig. 1. Duox maturation and surface expression are directly related to DuoxA expression and doxycycline concentrations. HEK293 Tet-On3G clones, expressing Duox1 and DuoxA1
(D1DA1), Duox2 and DuoxA2 (D2DA2), Duox1 and DuoxA2 (D1DA2) or Duox2 and DuoxA1 (D2DA1) were treated for 72h with increasing concentrations of doxycycline (Dox, 0–1000ng/
ml). (A) Western blot analysis of Duox and DuoxA protein expression and maturation. Fifteen μg of proteins were loaded on polyacrylamide gels and immunoblotted, as described in Mate-
rial and Methods, after treatment with endoglycosidase H to distinguish expression of mature (190kDa) and immature (160kDa) Duox protein. Data are representative of one experiment
out of 4 performed with 2 independent HEK293 Tet-On3G clones. (B) Duox and DuoxA surface expression measured by flow cytometry. HA-Duox and V5-DuoxA expressions were detected
at the surface of non-permeabilized cells with anti-HA and anti-V5 antibodies. Data are presented as means±standard error of the mean (SEM) of the mean fluorescence intensity of
doxycycline treated cell population minus the mean fluorescence intensity of non-induced cells (without doxycycline) in 3 different experiments and 2 independent Duox/DuoxA clones.
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10). DuoxA2 allowed the processing of 59%±5 (n=10) of Duox2 and
48%±7 (n=9) of Duox1. When co-expressed with DuoxA1, 43%±4
(n=9) of the Duox2 mature form could be detected. The correct pro-
cessing of Duox proteins was correlated with cell surface expressions of
both Duox and the maturation factor (Fig. 1B). A maximal Duox/DuoxA
cell surface expression was reached for all the combinations after DuoxA
induction with 1μg/ml doxycycline. Time course experiments showed
that 24h of doxycycline treatment was sufficient for optimal Duox matu-
ration, except for Duox2 associated with DuoxA1, which required longer
DuoxA induction (data not shown). Based on the flow cytometry experi-
ments, we decided to treat all the cells with 1μg/ml of doxycycline over
72h for all the subsequent experiments to compare the different Duox/
DuoxA expressing cells reliably.

No extracellular H2O2 accumulation was detected in the absence of
doxycycline, and very weak basal activity was measured after DuoxA
induction (Fig. 2A). Duox-dependent H2O2 production (nmol
H2O2/90min/100,000cells; n=3) was significantly increased after
treatment with 2μM ionomycin (D1DA1: 0.54±0.06, D2DA2:
0.38±0.07, D1DA2: 0.13±0.03, D2DA1: 0.03±0.01), even if the
amount of H2O2 generated by Duox associated with unpaired matura-
tion factors was very weak. As expected, only Duox1 activity was in-
creased by the adenylate cyclase agonist, forskolin. The combination of
ionomycin with forskolin or the PKC activator, PMA, potentiated Duox1
or Duox2 activity, respectively.

Fig. 2. H2O2 production by Duox1 and Duox2 enzymes. (A) H2O2 production in response to various stimulating agents. HEK293 Tet-On 3G cells were treated or not during 72h with
1μg/ml doxycycline (Dox). H2O2 production was measured after 90min of stimulation with vehicle alone, ionomycin (Iono, 2μM), PMA (5nM or 5μM) or forskolin (Fsk, 10μM). Data
are presented as means±SEM of at least 3 different experiments on 2 independent HEK293 Tet-On3G clones. Mann-Whitney tests were performed to compare doxycycline-dependent
H2O2 production of stimulated cells with cells treated with vehicle alone (*p < 0.05, **p < 0.01, ***p < 0.001) or cells stimulated with ionomycin alone ($ p < 0.05, $$ p < 0.01,
$$$ p < 0.001). (B) Calcium activated Duox2/DuoxA2 produces more H2O2 than Duox1/DuoxA1 when normalized to cell surface expression. HEK293 Tet-On3G clones expressing either
Duox1 and DuoxA1 (D1DA1) or Duox2 and DuoxA2 (D2DA2), were treated with 3 different doxycycline concentrations (D1DA1: 2, 5, 10ng/ml; D2DA2: 15, 20, 25ng/ml) for 72h and
H2O2 production was measured after 90min stimulation with 2μM ionomycin. H2O2 production was normalized to Duox (left panel) and DuoxA (right panel) cell surface expression
determined by flow cytometry. Data were repeated in three different experiments and in 2 independent HEK293 Tet-On3G clones. The means with SEM are presented on the graphs.
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3.2. Duox2 enzyme is more active than Duox1

We previously demonstrated a linear correlation between Duox cell
surface expression and extracellular H2O2 production [21]. In the pre-
sent heterologous system, using increasing amounts of doxycycline, we
confirmed the linear relationship of membrane Duox-dependent H2O2
generation as well as of cell surface DuoxA-mediated H2O2 production
(Supplementary Fig. S1). In addition, thanks to the identical extracel-
lular HA tag, we compared the specific activity of each Duox enzyme in
combination with its own maturation factor using three different doxy-
cycline concentrations and after normalization against Duox membrane
expression measured by flow cytometry and anti-HA staining (Fig. 2B).
We show that the Duox2 oxidase was almost 2 fold more active than
Duox1. Moreover, when the H2O2 production was normalized to the
membrane expression of the maturation factors using the V5 tag, the
specific catalytic activity of Duox2 was again significantly higher than
that of Duox1.

3.3. Duox and DuoxA stability depends on their co-expressed partner

It is well known that in leukocytes of patients suffering from chronic
granulomatous disease (CGD) caused by CYBA inactivating mutations,
the absence of p22phox protein impairs the correct

maturation of the NADPH oxidase Nox2 whose expression is barely de-
tectable, demonstrating the crucial role played by p22phox on Nox2 sta-
bility [25]. Recently, it has been shown that DuoxA2 stability is highly
dependent on Duox2 oxidative folding through intra-molecular disulfide
bridges [14]. We have monitored Duox maturation and activity when
DuoxA expression was decreased by washing out doxycycline from the
culture medium after the induction period. After 72h of doxycycline
treatment followed by cell washing, Duox and DuoxA protein expression
(Fig. 3A and C) and H2O2 production (Fig. 3B) were measured dur-
ing 1, 2, 3 or 4 days without doxycycline. In cells expressing Duox with
its paired DuoxA partner, the mature form of Duox remained detectable
until 4 days after doxycycline removal. Cell surface expression of both
proteins as well as H2O2 generation were also maintained 4 days after
doxycycline withdrawal; the amount of H2O2 produced following the re-
maining Duox/DuoxA membrane expression. However, in the presence
of the cross-functioning maturation factor (D1DA2 and D2DA1 cells) the
high molecular weight form of Duox disappeared much faster, associ-
ated with barely detected H2O2 production and cell surface expression
at day 4. The prolonged period of Duox maturation observed days after
doxycycline withdrawal could probably be explained by the persistence
of rtTA-mediated transcriptional activity and/or residual transcripts be-
ing translated.

To precisely evaluate the half-life of Duox and DuoxA proteins,
cells were treated (Fig. 4A) or not (Supplementary Fig. S2) with

Fig. 3. Duox maturation, activity and cell surface expression persist longer when expressed with its paired maturation factor. HEK293 Tet-On3G clones were treated for 72h with
1μg/ml doxycycline (D0) and washed to withdraw doxycycline from the culture medium. Cells were stopped 1, 2, 3 or 4 days after the washing step (D1, D2, D3, D4). Control cells (Ctrl)
were not induced with doxycycline and stopped 4 days after the washing step. (A) Fifteen μg of proteins were separated by Western blot after endoglycosidase H treatment to analyze
Duox maturation and DuoxA expression. One representative Western blot experiment is presented. (B) H2O2 production was measured after 90min stimulation with 2μM ionomycin. Data
are presented as means±SEM of 3 different experiments. (C) Duox and DuoxA surface expression measured by flow cytometry. HA-Duox and V5-DuoxA expression were detected at
the surface of non-permeabilized cells with anti-HA and anti-V5 antibodies. The mean fluorescence intensity of control cells was subtracted from the mean fluorescence intensity of cells
treated with doxycycline. Data are presented as means±SEM from 3 independent experiments. All experiments (A, B, C) were confirmed on another series of independent Duox/DuoxA
clones.
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Fig. 4. Duox is stabilized by DuoxA. (A) The half-life of Duox and DuoxA proteins increases in paired complexes. HEK293 Tet-On3G clones expressing different combination of Duox/
DuoxA proteins were treated 72 h with 1 μg/ml doxycycline (T0), washed to eliminate doxycycline from the culture medium and cultured with 100 μg/ml cycloheximide. Proteins were
extracted after 8, 16, 24 or 32 h and analyzed by Western blot. Control cells (Ctrl) not induced with doxycycline were stopped 32 h after the washing step. The expression of Duox mature
protein (EndoH-resistant) was normalized to vinculin and DuoxA expression to actin. Protein expression at T0 was considered as 1. Data are presented as means ± SEM of 3 different
experiments in 2 different Duox/DuoxA cell clones. Unpaired Student's t-tests were performed to compare the different values of protein expression. Significant differences were obtained
between D1DA1 and D1DA2 after 24 h regarding mature Duox expression (left panel, *p < 0.05), and for DuoxA expression between D1DA1 and D2DA1 (right panel, *p < 0.05) and
between D2DA2 and D1DA2 (right panel, $ p < 0.05) after 8 h. (B) The level of Duox protein is increased by DuoxA. HEK293 Tet-On3G clones were treated (grey) or not (black) for
72 h with 1 μg/ml doxycycline. Protein extracts without EndoH treatment of 8 different experiments from two series of independent clones were analyzed by Western blot. Total Duox
expression was normalized to vinculin. The values of normalized Duox expression obtained in the non-induced cells were considered as 1. The means ± SEM are presented on the graphs
(n = 8). One representative Western blot experiment is shown in the right panel.

cycloheximide (100μg/ml) after induction by doxycycline. In cells ex-
pressing Duox with its corresponding maturation factor, the half-life was
about 32h and 16h for the mature oxidase and the DuoxA protein, re-
spectively. However, in the presence of unpaired DuoxA the half-life of
both proteins seems to drop to about 16h for mature Duox and less than
8h for the maturation factor, suggesting the importance of the paired
partners for the stability of Duox/DuoxA complexes. Finally, by analyz-
ing the total level of Duox expression (without endoglycosidase H treat-
ment), we observed that DuoxA expression could significantly increase
the total amount of the oxidase, except in Duox1/DuoxA2 expressing
cells (Fig. 4B). These data confirm our previous observation obtained
with DuoxA chimeras showing that Duox1 was more dependent than
Duox2 on its dedicated maturation factor [18].

3.4. Duox/DuoxA form cell surface complexes that are more stable with
paired partners

Previous studies using immunofluorescence staining clearly showed
the cell surface expression of Duox and DuoxA proteins [12,13]. In-
direct methods based on immunoprecipitation experiments suggested
also that these two proteins interact at the membrane via extracellu-
lar domains [14,16]. However, the final proof of Duox interaction with
its maturation factor at the cell surface is still lacking. We used the
proximity ligation assay (PLA, Duolink® technology) to specifically de-
tect the protein-protein surface interaction by staining living cells with
corresponding anti-HA and -V5 primary antibodies before the fixation
step. We also evaluated the presence of these complexes over time in
our four different cell lines (D1DA1, D2DA2, D1DA2 and D2DA1) af-
ter doxycycline withdrawal. We first verified that the signal observed
was specific for the cell surface by detecting the membrane expression
of Duox or DuoxA proteins by PLA (Supplementary Fig. S3). A pos-
itive PLA signal for Duox expression was detected only after doxycy-
cline-mediated induction of DuoxA expression, even if Duox proteins

were constitutively expressed inside the cells (Supplementary Figs.
S3A and B). Furthermore, no DuoxA membrane expression could be de-
tected in HEK293 Tet-On3G cells expressing only DuoxA1 or DuoxA2
after doxycycline treatment (Supplementary Fig. S3C). After a 72h
treatment with 1μg/ml doxycycline (D0), we clearly observed a posi-
tive PLA interaction signal in all HEK293 Tet-On3G cell lines (Fig. 5).
The signal was weaker when Duox2 and DuoxA1 were co-expressed, in
correlation with a lower cell surface expression (Fig. 1B). Quantifica-
tion of the number of dots per cell by the R program confirmed the
lower level observed in D2DA1 clones (D1DA1: 30±3 signals/cell, D2-
DA2: 32±3 signals/cell, D1DA2: 24±2 signals/cell, D2DA1: 16±2
signals/cell; n=3). Three days after doxycycline withdrawal (D3), the
Duox/DuoxA membrane interaction was maintained in D1DA1 and D2-
DA2 cells, but the PLA signal significantly dropped in cells express-
ing cross-functioning partners, suggesting that complexes composed of
paired Duox/DuoxA proteins were more stable at the cell surface than
unpaired complexes. We verified that these Duox/DuoxA interactions
were specific by co-expressing V5-DuoxA and untagged-Duox (to en-
sure DuoxA cell surface expression) with unrelated HA-tagged proteins
(the receptor of the chemokine chemerin (ChemR23) and the atypical
chemokine receptor D6 [26,27]). No significant PLA interaction signal
was detected, although the corresponding proteins were correctly ad-
dressed at the cellular membrane (Supplementary Fig. S4).

3.5. Glycosylation of DuoxA is needed for Duox and DuoxA surface
expression and duox activity

DuoxA1 and DuoxA2 are also N-glycosylated proteins presenting
respectively 4 and 3 putative sites of glycosylation (Fig. 6A) [10].
However, the additional putative N-linked glycosylation target residue
Asn-71 of DuoxA1 is located at the end of the second transmembrane
domain, suggesting that it might not be modified. It has been shown
that glycosylation-defective mutants of Duox enzymes are unable to be
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Fig. 5. Cell surface interaction between Duox and DuoxA persists longer in cells expressing matched Duox/DuoxA partners. HEK293 Tet-On3G were treated (D0) or not (Ctrl)
during 72h with 1μg/ml doxycycline. The medium was changed to withdraw doxycycline and cells were stopped 3 days after the washing step (D3). Duox/DuoxA surface interaction was
detected on non-permeabilized cells using the PLA technology (red signal) as described in Material and Methods. The nuclei were stained with DAPI (blue). Scale bars: 50μm. Images on
the right (D0 confocal) were obtained by confocal microscopy (LSM 510 Meta (Zeiss)). Scale bars: 10μm. The number of positive PLA signals per cell from 3 independent experiments was
plotted on the graph for each experimental condition. The means±SEM are presented. Results were confirmed on another series of independent Duox/DuoxA clones. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

correctly processed at the cell surface, resulting in the absence of H2O2
production [19]. To evaluate whether glycosyl modifications of DuoxA
could affect their function in relation to Duox processing and activ-
ity, all putative glycosylation sites (Asn-71, Asn-84, Asn-109, Asn-121
in DuoxA1 and Asn-84, Asn-109, Asn-121 in DUOXA2) were replaced
by glutamines (Gln) using site-directed mutagenesis. The correspond-
ing mutant constructs were transiently transfected in COS-7cells with
Duox expressing plasmids and DuoxA expression was induced by 1μg/
ml doxycycline during 72h. The DuoxA variants presented faster elec-
tro-mobility shift (Fig. 6B). The maturation of Duox2 was dramatically
impaired when expressed with its glycosylation-defective maturation
factor, while the mature form of Duox1 was still present even if the ex-
pression was slightly reduced. Cell surface expression of the Duox2 and
DuoxA2 mutants were also drastically diminished, with very low H2O2
produced (Fig. 6C and D). However, the impact of impaired glycosyla-
tion on the DuoxA1 mutant remained limited, on its cell surface expres-
sion, as well as on Duox1 membrane expression and activity (Fig. 6C
and D).

3.6. Hydrogen peroxide produced by active Duox2/DuoxA2 complex can
induce DNA damage

Hydrogen peroxide is able to provoke DNA single and double strand
breaks and is involved in RET/PTC1 rearrangements in human thyroid
cells, suggesting that hormonogenic H2O2 could participate to the high
rate of spontaneous mutations observed in the thyroid tissue [28–33].
Using histone H2AX phosphorylation (ɣH2AX) immunostaining, we in-
vestigated the impact of the H2O2 produced by Duox/DuoxA cell lines
on DNA damage. After 90min of Duox2-mediated H2O2 accumulation
by stimulation with 2μM ionomycin and 5μM PMA, we showed a
clear increase of ɣH2AX signals in Duox2/DuoxA2 expressing cells (Foci
surface/Nuclei surface: 37.2%±1.3; n=3) (Fig. 7A). Treatments

with catalase, a scavenger of H2O2, but not with superoxide dismutase,
protected DNA from double strand breaks in these Duox2/DuoxA2 ex-
pressing cells. Similar results were obtained by Western blot (Supple-
mentary Fig. S5) and in two additional independent HEK293 Tet-On3G
cell lines expressing Duox2 and DuoxA2 (Supplementary Fig. S6). The
amount of DNA damage was dependent on the level of Duox2 activity
and a significant increase of ɣH2AX foci could be measured already after
15min of Duox2 stimulation in cells incubated with ionomycin and PMA
(Fig. 7B and C). No augmentation of ɣH2AX foci could be detected in
all other investigated HEK293 Tet-On3G cell clones or without induction
of DuoxA expression by doxycycline (Supplementary Fig. S7). Surpris-
ingly, ɣH2AX foci could not be detected in Duox1/DuoxA1 cells after
stimulation of 90, 120 or 180min, while in these cells external H2O2
added to the medium still provoked the expected DNA damage (Supple-
mentary Figs. S5 and S7).

To monitor the intracellular ROS accumulation upon Duox2 activa-
tion, we used the CellROX fluorogenic probe that exhibits a strong fluo-
rescent signal upon oxidation. An increase in the fluorescence intensity
was observed in Duox2/DuoxA2 expressing cells stimulated with 2μM
ionomycin and 5μM PMA only after doxycycline induction (Fig. 8),
while incubation with catalase significantly diminished the level of in-
tracellular ROS. No such modulation of intracellular ROS was observed
in the other investigated Duox/DuoxA cell lines (Supplementary Fig.
S8).

4. Discussion

In the present work, DuoxA inducible cell lines were generated to
study Duox expression, activity and interaction with regard to the pres-
ence of the maturation factor. This inducible system offered for the first
time the possibility to characterize the temporal relationship between
the oxidase and the maturation factor better. In order to circumvent
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Fig. 6. N-glycosylation of DuoxA is needed for Duox expression and activity. COS-7cells were co-transfected with plasmids expressing Duox1 or Duox2, and wild type (wt) or mutated
(mut) DuoxA. After 72h of treatment with 1μg/ml doxycycline, cells were harvested for analysis of protein expression and activity. (A) Schematic representation of DuoxA1 and DuoxA2
with the putative glycosylation sites. (B) Equal amounts of protein were immunoblotted to analyze Duox protein maturation (after EndoH treatment) and DuoxA protein expression (with-
out EndoH treatment). (C) Surface expression of Duox and DuoxA was quantified with PLA technology (one primary antibody) and Blobfinder software. Duox and DuoxA expression in
the presence of wild type DuoxA and doxycycline induction was considered as 1. (D) H2O2 production was stimulated with 2μM ionomycin for 90min and normalized to the total protein
content. Data are presented as means±SEM of 4 independent experiments.

the possible toxic effects of sustained H2O2 generation, the function of
the Duox enzymes, constitutively expressed in the cells, was switched
off until the induction of DuoxA upon doxycycline treatment. All the
possible combinations (D1DA1, D2DA2, D1DA2 and D2DA1) have been
investigated to decipher better the functional impact of cross-function-
ing pairs that could be present in epithelial cells where the two Duox/
DuoxA isoforms coexist as in the thyroid [20].

Despite the high sequence similarity between Duox1 and Duox2
(83%), the two oxidases present multiple differences in terms of ex-
pression and activation mechanisms [20]. In our co-transfected HEK293
Tet-On3G cell lines, we confirmed that the Duox1 enzyme was stimu-
lated upon cAMP cascade activation, whereas Duox2-dependent H2O2
generation was increased by nanomolar concentrations of PMA as in
heterologous systems transiently expressing Duox and DuoxA [21]. The
fundamental role played by DuoxA proteins is to promote the correct
maturation of Duox enzymes for their ER exit to the cell surface. Eval-
uation of the amount of Duox mature forms showed that, as expected,
optimum Duox maturation was observed in matched Duox/DuoxA pair
expressing cells that provide more than 50% of proteins presenting
Golgi-based carbohydrate modifications. Higher cell surface expression
of both Duox/DuoxA proteins and H2O2 generation were also measured
in these cells. The activity of Duox1 and Duox2 is dictated by spe-
cific regions of DuoxA1 and DuoxA2, respectively, that also influence
their processing and transfer to the cellular membrane [18]. The role
played by DuoxA, if not identical, presents similarities with the func-
tion of the protein p22phox in association with the other NADPH oxidase,
NOX2. Truncated mutants of p22phox have shown that carbohydrate

modifications, cell surface expression and enzymatic function of NOX2
are closely related and depend on specific regions of p22phox [34].

DuoxA was suggested to be part of the quality control system. Mutant
Duox2 presenting an oxidative folding defect showed protein turnover
increased in the presence of DuoxA2 [35]. In the present work, we
demonstrated that the steady-state level of Duox proteins was increased
after DuoxA induction except for Duox1 co-expressed with DuoxA2.
Moreover, in cells expressing matched Duox and DuoxA partners, the
half-life of the proteins was estimated at 32h and 16h respectively,
and significantly dropped in cells expressing unmatched pairs. Stabi-
lization of DuoxA in the presence of Duox was recently demonstrated,
highlighting a new facet of the relationship between the two part-
ners. While DuoxA1 was stabilized in the presence of Duox1 or Duox2,
only Duox2 increased the expression level of DuoxA2 [14,15]. In con-
clusion, Duox1 and DuoxA2 may not stabilize each other, resulting
in a relatively inefficient enzymatic complex with very low level of
cell surface expression [12,18]. Inter-molecular disulfide bonds have
been suggested to be involved in the interaction between Duox and
DuoxA [14,15]. The respective conformations of Duox1 and DuoxA2
might be incompatible for the formation of such disulfide bridges, lim-
iting the formation of stable complexes. Using DuoxA variants with
all the putative N-glycosylation sites mutated, we revealed additional
functional differences between the two maturation factors. The mat-
uration and activity of Duox2 were dramatically impaired with the
glycosylation-defective DuoxA2 mutant, although we cannot exclude
the possibility that these mutations could also modify the conforma-
tion of the maturation factor limiting the function of the enzymatic

9



UN
CO

RR
EC

TE
D

PR
OO

F

L. Poncelet et al. Experimental Cell Research xxx (xxxx) xxx-xxx

Fig. 7. H2O2 produced by Duox2/DuoxA2 expressing cells induces DNA damage. HEK293 Tet-On3G clones (D2DA2) were treated (+Dox) or not (- Dox) during 72 h with 1 μg/
ml doxycycline, then incubated for 90 min with stimulating agents (PMA and ionomycin). Cells were fixed and stained for γH2AX foci (red) and DNA (DAPI; blue). Data are presented
as the percentage of the surface of γH2AX foci versus the total nucleus surface for each analyzed image. The means ± SEM are presented on the graphs. (A) Cells were incubated with
0.2 mM H2O2, 2μM ionomycin (I), 5μM PMA (P), 500 U/ml catalase (cat) or 600 U/ml superoxide dismutase (SOD) (n=3). One representative image of each condition is presented. Scale
bars: 20μm. (B) Cells were incubated with 2μM ionomycin and increasing amounts of PMA (0.5–5000nM). (C) Time course analysis of γH2AX foci in cells incubated with 2μM ionomycin
and 5μM PMA for 15, 30, 60 or 90min. Statistical significances are presented for each doxycycline condition compared to its corresponding non-induced condition. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Detection of intracellular ROS. HEK293 Tet-On3G cells expressing Duox2 and DuoxA2 were treated (+dox) or not (- dox) with 1 μg/ml doxycycline for 72 h. Duox2 activity
was stimulated during 90 min with 2 μM ionomycin and 5 μM PMA in the presence or not of 500 U/ml catalase (cat). CellROX signal was analyzed by flow cytometry (n = 3). Condition
corresponding to doxycycline treated cells was considered as 1 and conformity test was performed to compare with the other conditions.

complex. The impact of the unglycosylated DuoxA1 mutant on Duox1
membrane expression and activity was rather limited. The putative
N-glycosylation sites are located in the first extracellular loop of DuoxA
proteins where the cysteine 167 of DuoxA2 involved in the inter-

molecular disulfide bond with Duox2 is also found. Furthermore, the
most frequent DuoxA2 mutation involved in congenital hypothyroidism
(p.Y138X) is also located in this extracellular loop, supporting that this
region could play a crucial role in the partnership with Duox2 [6].
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Direct interaction of the p22phox protein with Nox1-4 is crucial for
the formation of a functional oxidase [36,37]. After the discovery that
Duox activators not only promote Duox maturation but are also trans-
ported to the cell surface, it has been suggested that they could be part
of the functional H2O2 generating complex with their Duox counterpart
[12,13]. Immunoprecipitation experiments have shown interactions be-
tween paired Duox/DuoxA proteins, while a much weaker interaction
was detected between the cross-functioning partners [12,14,15]. Using
the Duolink® technology combined with an adapted protocol, we ex-
plored the association of Duox with DuoxA specifically at the cell sur-
face, the correct localization for the active enzyme. Cells expressing
matched Duox/DuoxA proteins demonstrated a PLA signal remaining
longer compared to Duox1/DuoxA2 and Duox2/DuoxA1, which strongly
suggests that DuoxA could have functional implications in the active en-
zymatic complex. In addition, the linear relationship between the level
of extracellular H2O2 production and the amount of DuoxA membrane
expression also supports this hypothesis. Depending on the enzymatic
complex formed, it has been shown that the activity of Duox1 is reduced
in the presence of DuoxA2, while superoxide leakage is detected when
Duox2 is associated with DuoxA1 [12,18]. The NH2-extremity of DuoxA
and the first extracellular loop of Duox have been demonstrated to be in-
volved in the type of ROS generated by the oxidase [18,19]. Additional
experiments are required to define the molecular mechanisms involved
in the activation of the enzymatic complex, in particular the different
conformations adopted by the proteins depending on the associated mat-
uration factor.

We have demonstrated that the most efficient enzymatic complex in
this cellular model is Duox2/DuoxA2 compared to Duox1/DuoxA1, al-
though we cannot ignore the risk that the tag insertion at the NH2-ex-
tremity of the proteins may modify their natural behavior. Even if the
thyroid tissue expresses both H2O2 generator systems, only biallelic mu-
tations in the Duox2 gene are responsible for congenital hypothyroidism
[6]. The lower specific activity of Duox1/DuoxA1 complex could not be
sufficient to compensate for the complete loss of Duox2, especially dur-
ing the neonatal period where the requirement of thyroid hormones is
crucial [38]. However, the transient nature of hypothyroidism observed
in some patients carrying biallelic nonfunctional Duox2 variants sug-
gests that Duox1/DuoxA1 may compensate for the defect of Duox2 after
the infantile period.

It has been suggested that the high rate of spontaneous mutations
observed in the thyroid could be the consequence of the elevated level
of H2O2 required for TH biosynthesis [20]. Hydrogen peroxide is rel-
atively stable and can freely diffuse through cellular membranes or
via channels like aquaporins 3 and 9 [39,40]. We have previously
shown that exogenous H2O2 can induce DNA single and double strand
breaks in human thyrocytes [30,33,41]. Recently, it has been shown
that irradiation of a human thyroid cell line induces Duox1-dependent
H2O2 production provoking persistent DNA damage [29]. We have pro-
posed that a chronic exposure to H2O2 generated in the thyroid tissue
could, in particular pathological conditions (iodide- or antioxidant-de-
ficiency), be mutagenic promoting benign or malignant tumor forma-
tion [32]. For the first time, we provide evidence that H2O2 gener-
ated by the most potent thyroid oxidase, the Duox2/DuoxA2 complex,
is also able to provoke DNA damage in an artificial HEK293 cellular
model: 1) Increased of γH2AX foci, mark of DNA damage response, was
observed only in doxycycline-induced Duox2/DuoxA2 stimulated cells;
2) The number of γH2AX foci depended on the level of Duox2 acti-
vation and duration; 3) Scavenging ROS by catalase, but not superox-
ide dismutase, prevented DNA damage; 4) Intracellular ROS accumu-
lation was observed only in Duox2/DuoxA2 cells upon Duox2 activa-
tion. However, the HEK293cells are not thyrocytes, which are partic-
ularly protected against H2O2-induced DNA damage. Multiple factors
contributing to the resistance of thyrocytes to hydrogen peroxide have
been identified [41]. On the contrary, the HEK293cells are known to be

particularly sensitive to the toxic effects of H2O2 [42]. Additional exper-
iments are required to characterize the Duox-mediated DNA damage in
a more physiological system like thyrocytes; however treatments with
drugs to sensitize the cells to oxidative stress (e.g. buthionine sulphox-
imine to deplete cells of glutathione) will be most probably required.

The absence of DNA damage increase observed in Duox1/DuoxA1
cells, wherein H2O2 production was stimulated, was very surprising.
However, these unexpected data do not exclude that H2O2-produced by
Duox1/DuoxA1 complex could also cause DNA damage in other exper-
imental conditions. Cells expressing Duox1/DuoxA1 produced a simi-
lar level of extracellular H2O2 (75 nM/90min/μg proteins) as Duox2/
DuoxA2 cells, which was equivalent to the amount generated by
primo-cultured human thyrocytes (100 nM/90min/μg proteins) (Per-
sonal communication). However, we demonstrated that the specific ac-
tivity of the Duox1 enzyme is lower than Duox2, which might not be
sufficient for suitable local accumulation of H2O2 close to the membrane
that may facilitate its passage in the cell to generate cytotoxic effects. In
addition, different cellular localizations of the oxidases could also be in-
volved in these discrepancies. Accumulation of multiple Duox2/DuoxA2
enzymatic complexes in microdomains at the cell surface like in lipid
rafts could also promote a local concentration of H2O2 that would be ad-
equate to reach the critical concentration to induce DNA damage [43].
A nuclear localization of DuoxA1 has been reported in neuronal stem
cells [44], however no such nuclear localization for Duox or DuoxA pro-
teins overexpressed in HEK293cells has been described by us or others
[12]. Duox2/DuoxA2 interaction or co-localization with other proteins,
like aquaporins, could be also another hypothesis to explain the discrep-
ancy between Duox2 and Duox1-mediated DNA damage, by promoting
intracellular H2O2 passage.

In conclusion, the present data demonstrated for the first time that
the most active cell surface enzymatic complex is Duox2/DuoxA2 and
that potential mutagenic DNA damage could be induced in HEK293cells
by hydrogen peroxide generated by this NADPH oxidase. These results
highlighted also the importance of the partner in the activity and stabil-
ity of Duox/DuoxA complexes and raised the question of their functional
impact in tissues co-expressing the two Duox/DuoxA isoforms such as
the thyroid.
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