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Abstract

In the thyroid gland Duox2-derived H2O2 is essential for thyroid hormone biosynthesis. Several

patients were identified with partial or severe iodide organification defects caused by mutations in

genes for Duox2 or its maturation factor, DuoxA2. A Duox2-deficient (Duox2thyd) mouse model

enabled in vivo investigation of its critical function in thyroid tissues, but its roles proposed in host

defense or other innate responses in non-thyroid tissues remain less certain. These mice carry a

spontaneous DUOX2 missense mutation, a T>G transversion in exon 16 that changes the highly

conserved valine 674 to glycine and results in severe congenital hypothyroidism. The exact

mechanism underlying the effects of the V674G mutation has not been elucidated at the molecular

or cellular level.

To determine how the V674G mutation leads to congenital hypothyroidism, we introduced the

same mutation into human Duox2 or Duox1 cDNAs and expressed them in HEK-293 cells stably

expressing the corresponding DuoxA proteins. We found the valine→glycine mutant Duox

proteins fail to produce H2O2, loose their plasma membrane localization pattern and are retained

within the endoplasmic reticulum. Duox2 mutant binds to DuoxA2, but appears to be unstable due

to this retention. Immunohistochemical staining of Duox2 in murine salivary gland ducts showed

Duox2 in mutant mice looses its condensed apical plasma membrane localization pattern

characteristic of wild type Duox2 and accumulates in punctate vesicular structures within cells.

Our findings demonstrate that changing the highly conserved valine 674 in Duox2 leads to

impaired subcellular targeting and ROS release required for hormonogenesis, resulting in

congenital hypothyroidism.
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Introduction

Duox enzymes, Duox1 and Duox2, are members of the Nox family of NADPH oxidase

enzymes that generate reactive oxygen species [1]. They were first both described in the

thyroid gland, where they were proposed to be sources of hydrogen peroxide (H2O2) used

by thyroid peroxidase for thyroid hormone biosynthesis [2, 3]. Congenital hypothyroidism is

the most frequent inborn endocrine disorder and one of the most common preventable cause

of mental retardation, with a prevalence of 1 in 3000-4000 newborns [4]. During the last

decade several Duox2 mutations have been identified in a subset of patients with partial or

total iodide organification defects resulting in transient to severe congenital hypothyroidism

[5]. Duox maturation factors, a.k.a. Duox activators (DuoxA), are necessary for Duox to

escape from the endoplasmic reticulum (ER) and undergo Golgi-based carbohydrate

modifications, which are crucial steps in the formation of an active, H2O2-generating Duox/

DuoxA complex at the plasma membrane [6-8]. Two case studies with mild congenital

hypothyroidism attributed to DuoxA2 mutations suggest some level of functional

redundancy and compensation between the DuoxA1 and DuoxA2 maturation factors [9, 10].

Until now none of the reported congenital hypothyroid cases have been associated with

mutations in the Duox1/DuoxA1 system [5], suggesting that Duox2/DuoxA2 is the primary

H2O2 source supporting thyroid hormone biosynthesis [2]. This hypothesis is further

supported by the fact that Duox1 knockout mice lack the congenital hypothyroid phenotype

[11].

In non-thyroid tissues the Duox proteins are also thought to function primarily as

extracellular H2O2 generators. Duox enzymes detected at high levels in exocrine glands (e.g.

salivary) and on mucosal surfaces of gastrointestinal and airway epithelia were suggested to

serve roles in antimicrobial host defense [12-14]. In the respiratory tract epithelium Duox

accumulates on the apical plasma membrane, where a functional partnership was proposed

with extracellular lactoperoxidase, which utilizes H2O2 to oxidize thiocyanate into an

effective antimicrobial oxidant, hypothiocyanite [12, 15, 16]. In zebrafish and invertebrates,

genetic evidence supports the role of Duox in gastrointestinal innate immunity [17-20],

whereas in mammals the precise role of Duox enzymes in the gut epithelia is less certain and

needs further study.

Consistent with the distinct expression patterns of the two Duox isoforms, their regulation

shows tissue-specific characteristics [1, 21, 22]. While in human respiratory and intestinal

epithelial cells Duox2 is upregulated by the Th1 cytokines, IFN-γ and TNF-α, [21, 23], in

thyrocytes it is induced by the Th2 cytokines, IL-4 and IL-13 [22]. Furthermore, emerging

evidence suggests that Duox2-derived H2O2 regulates innate immune responses by

enhancing production of proinflammatory mediators that could stimulate adaptive immune

responses [23-27]. Besides the beneficial proinflammatory effects of Duox2, it is becoming

widely accepted that excessive ROS production can lead to pathologic cell functions.
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According to this concept elevated Duox2 expression was found in patients with chronic

pancreatitis, ulcerative colitis, Crohn's disease and in many human cancers [23, 26, 28]. In

other systems, Duox enzymes also play an important role in extracellular matrix cross-

linking [29, 30]; the produced H2O2 can serve as paracrine mediator in zebrafish [31],

whereas in human lung epithelial cells ROS-based signals can accelerate cell migration [8,

32]. Many of these diverse functions involve extracellular release of H2O2 by Duox.

Duox-deficient mice represent unique experimental tools to examine the in vivo function of

Duox2 in thyroid and other tissues; two Duox2-deficient mouse models have been described

to date. Congenital hypothyroid mice with disruptions in both DuoxA maturation factor

genes described recently lack functional forms of both Duox enzymes [33]. Another mouse

strain (Duox2thyd) that allows examination of critical Duox2 functions apart from DUOX1

carries a spontaneous DUOX2 missense mutation (T>G base substitution in exon 16) that

changes a highly conserved valine to glycine at residue 674 [34]. The V674G mutation

results in a severe defect in thyroid hormone synthesis, manifested in congenital

hypothyroidism with all the associated growth and developmental defects (dwarfism and

hearing impairment). The V674G mutation is located between the first transmembrane helix

and the calcium-binding EF-hand motifs of Duox2, within a region that was previously

suggested to encompass an ER retention signal in the human Duox2 enzyme [35].

Since little is known at the molecular level about the interaction between Duox and their

maturation factors and the exact mechanism underlying the effects of the V674G mutation

has not been elucidated, the purpose of the current study was to explore in a heterologous

expression system how the valine→glycine mutation leads to the loss of function and

consequently to congenital hypothyroidism. We found that cells expressing the

valine→glycine human Duox (hDuox) mutant enzymes failed to translocate Duox in the

plasma membrane and release H2O2. We show that valine→glycine Duox mutant enzymes

are retained in the ER, where the V674G hDuox2 mutant remains in a complex with its

Duox activator protein. Furthermore, the translocation defect of mutant Duox was verified in

immunohistochemical studies of salivary gland sections from Duox2thyd mice.

Materials and Methods

Animals

Duox2 mutant mice were purchased from The Jackson Laboratories. The recessive thyd

mutation arose spontaneously in a B6(129)-Duox2thyd/J mouse (Jackson Laboratory; Stock

no. 005543), Duox1 knockout mice were purchased from Lexicon Genetics Inc. (The

Woodlands, TX, USA) and were described in an earlier report [11]. Heterozygous mice

were mated for simplified colony maintenance, since homozygous thyd/thyd mice suffer

from severe hypothyroidism [34] (http://jaxmice.jax.org/strain/005543.html). Animal

experiments were authorized by the Hungarian National Animal Experiment Committee

under permission No. 22.1/1100/003/2008. Animals were maintained on a standard diet and

given water ad libitum.
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Genotyping of Duox2-mutant mice

Approximately 100 ng of purified tail genomic DNA was used as a template for PCR. To

amplify the genomic 303-bp PCR product that contains the T→G change in exon 16, 5′-

GAATCACATGGGCTCAAAGG-3′ forward and 5′- ATGAAAACAGCCCACAGAGG -3′

reverse oligonucleotide primers were used with Taq LC polymerase (Fermentas, Ontario,

Canada) according to the manufacturer's instructions. Cycling conditions were as follows:

94°C for 2 minutes, 38 cycles of 94°C 30 seconds, 58°C 30 seconds, 72°C 30 seconds and

finally 72°C for 2 minutes. The PCR amplification yields a 303 bp product, which was

digested with HaeIII at 37 °C for 1 hour and separated on 1.5 % agarose gels. The

valine→glycine mutation creates an additional HaeIII cleavage site, resulting in further

cleavage of the 226-bp HaeIII fragment into 166 bp and 60 bp bands. Genotyping of the

Duox1 knockout mice was performed as described earlier [11].

cDNA and construction of mutations

The pcDNA5/FRT plasmids encoding the human tagged HADUOX1 and HADUOX2 cDNAs

were previously characterized [7]. Mutations were prepared using the Quickchange II site-

directed mutagenesis kit according to manufacturer's guidelines (Stratagene, La Jolla, CA,

USA). After mutagenesis constructs were confirmed by DNA sequencing.

Cell culture and transfection of the cells

Flp-In 293 cell lines that stably express V5hDuoxA1α or V5hDuoxA2 were previously

described by Morand, et al. [7]. Briefly, cells were cultured in minimum essential medium-α

supplemented with 10% fetal bovine serum, 50 units/ml penicillin, 50 μg/ml streptomycin

and 50 μg/ml hygromycin B (Life Technologies, Carlsbad, CA, USA) in a 5 % humidified

CO2 incubator at 37 °C. These lines were regularly assayed by Western blotting with anti-

V5 to monitor DuoxA protein expression. Cells were transiently transfected with

pcDNA5/FRT plasmid encoding human HADUOX2, V674G/V674A/V674L/

V674T HADUOX2, HADUOX1 or V670G HADUOX1 cDNAs using the FuGene® 6 (Roche,

Indianapolis, USA) or Lipofectamine® LTX with Plus™ (Life Technologies) transfection

reagents according to the manufacturer's instructions. The cells were typically seeded in 6-

well plates and transfected with 1-2 ug of plasmid DNA 24 hours later upon reaching

densities of ∼70% confluence. In some experiments transfection efficiencies were

confirmed by including EGFP reporter plasmid (1:5 relative to Duox plasmid) or by

determining plasmid-encoded Duox transcript copy numbers (relative to GAPDH) from

reverse transcription/real time-PCR reactions by methods described earlier [36], using the

SYBR Green PCR Mix (Invitrogen) and an ABI Prism 7500 RT-PCR System (Applied

Biosystems/Life Technologies).

Measurement of H2O2 production

Two days after transfection cells were detached with Trypsin-EDTA, washed twice with

HBSS buffer (Life Technologies) and counted in trypan blue solution (Lonza, Basel,

Switzerland). Extracellular H2O2 production was measured in calcium and magnesium-

containing HBSS in response to 1 μM ionomycin in the presence of 1 mM luminol and 20

U/ml horseradish peroxidase. Kinetic measurements of luminescence-based detection of
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oxidized luminol were performed in 96-well white luminescence plates at 37 °C using 5×105

cells/well in a 200 μl volume, monitored at 15 seconds intervals over a time course of 12

minutes in a Luminoskan luminometer (ThermoScientific, Waltham, MA, USA). Cells were

stimulated with 1 μM ionomycin. All measurements were carried out in triplicate. Data from

multiple oxidase assays were normalized relative to 100% values observed with wild type

Duox and were represented as means ± standard errors of the mean. Differences between

groups were analyzed by Kruskal-Wallis One Way Analysis of Variance on Ranks, using

the Student-Newman-Keuls Method. P values less than 0.05 were considered as statistically

significant.

Intracellular H2O2 was monitored by ratiometric FRET (Fluorescence resonance energy

transfer) measurements using the cytosolic targeted PerFRET probe [37]. V5hDuoxA2

expressing Flp-In 293 cells were seeded onto collagen coated glass coverslips and were

cotransfected with PerFRET and wild -type or V674G HADuox2 encoding plasmids in a 1:4

ratio. Fluorescence intensity was detected on an inverted microscope (Axio Observer Dl,

Zeiss) equipped with a 40×1.4 oil immersion objective (Fluar, Zeiss) and a Cascade II

camera (Photometrics). The excitation wavelength of 435 nm was selected along with a

Dual-View emission splitting system (505dcxr, 480/30 and 535/30; Photometrics) enabling

the acquisition of simultaneous donor and raw FRET emissions. Excitation wavelengths

were set by a random access monochromator connected to a xenon arc lamp (DeltaRAM,

Photon Technology International). Images were acquired every 10 seconds for a period of

15 minutes. MetaFluor software (Molecular Devices) was used for programming and data

analysis. Emission ratio was calculated after background fluorescence subtraction by

dividing the raw FRET (Venus) and donor (Cerulean) emissions. Measurements were

performed at 37°C in extracellular H-medium (145 mM NaCl, 5 mM KCl, 1 mM MgCl2,

0.8 mM CaCl2, 10 mM HEPES, 5 mM glucose, pH = 7.4).

Immunofluorescence, Confocal microscopy

Cells grown on collagen-coated 30 mm glass-bottom dishes (MatTek, Ashland, MA, USA)

were fixed with 4% paraformaldehyde/PBS for 10 min, then permeabilized (or not) with

0.3% Triton X-100/PBS for 10 min and blocked with PBS supplemented with 5 % bovine

serum albumin and 5 % normal goat serum at room temperature. Cells were then incubated

with anti-HA (1:100; Covance), anti-V5 (1:200; Invitrogen) or anti-calnexin (1:50; Santa

Cruz) for 2 hours at room temperature, and staining was revealed with Alexa Fluor® 594,

488 and 647 labeled secondary goat antibodies (1:1000) (LifeTechnologies). Nuclei were

counterstained with DAPI (1:10000) (LifeTechnologies). Confocal fluorescence images

were collected on a Leica SP2 confocal laser-scanning fluorescent microscope using a 63×

oil immersion objective, NA 1.4 (Leica Microsystems, Wetzlar, Germany).

Flow cytometric analysis of cell-surface-exposed epitopes

Transfected cells (1 × 106) were detached using trypsin, blocked 15 min in 2 % FBS/PBS

and sequentially incubated (30 min each) with anti-HA (1:100), anti-V5 (1:100), mouse

IgG1 (1:10) or mouse IgG2a (1:25) isotype and mIgG1-Alexa647 or mIgG2a-Alexa488

(1:1000) secondary antibodies at 4 °C. After washing in ice cold PBS, fluorescence was

monitored using a FACSort flow cytometer (BD Biosciences, San Jose, CA, USA). 10,000
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events were acquired for each experiment and data analysis was performed with the

WinMDI Version 2.8 software. For comparisons of several independent experiments,

transfected cell populations exhibiting fluorescence intensities greater than the peak of

DuoxA-expressing (non-transfected) cells were gated and plasma membrane exposure of the

glycine mutants was normalized relative to the non-transfected cell peak and expressed as

percent of the wild type Duox-transfected cells. V674G mutant Duox2 surface expression

was analyzed by one-sample t-test and p values less than 0.05 were considered statistically

significant.

Immunodetection of Duox2 in salivary gland

The polyclonal anti-Duox antibody was kindly provided by Dr. Xavier de Deken (Université

Libre de Bruxelles). Frozen salivary gland sections from Duox1 knockout and Duox2-

deficient mice were immunostained with this polyclonal anti-Duox antibody (raised against

the Arg618-His1044 fragment of human Duox1) at a 1:150 dilution as previously described

[11, 38].

Immunoblot analysis

Cell extracts (2×106) were prepared in cold NP-40 buffer (Boston Bioproducts, Ashland,

MA, USA) supplemented with protease inhibitor cocktail (Sigma, St. Louis, MO, USA) by

rocking on a rocker platform for 15 min at 4 °C and then cleared by centrifugation (10000 g,

10 min, 4 °C). Protein concentrations were determined by the BCA method (Pierce,

Rockford, IL, USA). 50 μg of proteins were mixed with 4× LDS sample buffer (Life

Technologies), loaded and separated by SDS-PAGE under reducing conditions, then

transferred to nitrocellulose membranes (LifeTechnologies). Membranes were blocked in 1×

TBS (Boston Bioproducts) with 5 % nonfat dry milk and 0.1% Tween 20 for 1 hour at room

temperature and probed for 2 hours with anti-HA (1:2000; Covance), anti-HSP80 (1:2000;

SantaCruz), anti-V5 (1:2000; Invitrogen) or anti-Duox (1:1000). Membranes were washed 6

times in TBS 0.1 % Tween 20 and incubated with HRP-conjugated goat antibodies for 1

hour (1:3000; GE Healthcare, Piscataway, NJ). Immune complexes were detected by

chemiluminescence using an ECL Plus kit (GE Healthcare).

Immunoprecipitation assays

After 48 hours of transfection, 250-500 μg of cell lysates were incubated with 25-25 μl

Pierce® Anti-HA-Agarose (ThermoScientific) or anti-V5-Agarose affinity gel (Sigma) for 1

hour at 4 °C on a rocking platform. After 3 washes with NP-40 buffer supplemented with

protease inhibitor cocktail, bound proteins were eluted in DTT-containing 4× LDS buffer

and subjected to SDS-PAGE followed by Western blot analysis.

Results

Mutation of the valine 674 to glycine impairs Duox H2O2 production

Valine 674 of murine Duox2 occurs at highly conserved position among different

mammalian species, showing the same residue in Duox2 and Duox1 enzymes of rat, pig,

dog and human [34]. In contrast, in zebrafish and nonvertebrate Duox isozymes this position

is less conserved, being replaced by a threonine in mosquito, zebrafish, Drosophila and C.
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elegans Duox2 or an alanine in C. elegans Duox1 (BLI-3). Since we previously established

stable Flp-In 293 isogenic cell lines expressing single integrated copies of the human Duox

maturation factors [7], we explored the effects of this valine→glycine mutation in the

human Duox proteins. Attempts to establish stable mouse DuoxA2-expressing Flp-In 293

cells were not successful in reconstituting sufficient Duox2 oxidase activity when

transfected with similar epitope-tagged versions of the murine proteins (data not shown).

Using site-directed mutagenesis we replaced the valine 674 in human Duox2 and the

corresponding valine 670 in human DUOX1 enzymes to glycine and transiently expressed

them in clonally derived Flp-In 293 cells that stably express the human DUOXA maturation

factor cDNAs. Since Duox enzymes produce H2O2 in response to a calcium signal, we

stimulated cells with the calcium ionophore ionomycin and measured the ROS released into

the extracellular space by chemiluminescence detecting luminol oxidation in the presence of

HRP. While ionomycin stimulated a transient ROS production from wild type Duox2

(Figure 1A) and Duox1 (Figure 1B) enzymes, the valine→glycine mutant Duoxes failed to

release extracellular H2O2.

Several mutant forms of hDuox2 associated with congenital hypothyroidism exhibit defects

in translocation to the plasma membrane [5]. Therefore, we measured intracellular H2O2

production by Duox by independent means using the engineered ROS sensor protein

PerFRET [37]. This probe undergoes conformational changes upon oxidation leading to

decreased fluorescence emission through diminished intramolecular fluorescence resonance

energy transfer. Our previous studies showed that a cytosolic-targeted version of this probe

is capable of detecting ROS within cells expressing Duox, and can even detect ROS

produced in neighboring Duox-expressing cells. DuoxA2-expressing Flp-In 293 cells were

co-transfected with PerFRET and either wild type or mutant V674G HAhDuox2. The

Duox1-reconstituted model was not tested since these cells released significantly lower

amounts of H2O2. As shown in Figure 1C, wild type Duox2-expressing cells exhibited

decreased PerFRET fluorescence upon stimulation with ionomycin, which was further

diminished by addition of extracellular H2O2. In contrast, V674G HAhDuox2-transfected

cells showed no decrease in PerFRET fluorescence upon stimulation with ionomycin.

To confirm that the inactive mutant Duox proteins are produced in these reconstituted cell

models, we examined Duox protein expression in Western blot experiments. In spite of

identical transfection conditions and protein lysates loaded to the gel, we always detected

lower amounts of the valine→glycine Duox mutant proteins when compared with the wild

type (Figure 2A), which shows that the mutant Duoxes have decreased protein stability or

are produced less efficiently. In these experiments we used HA-tagged Duox and V5-tagged

DuoxA proteins to circumvent any problems related to altered affinities or detection

differences between mutant and wild type proteins with available Duox-specific antibodies,

because we have shown previously that neither of these epitope tags affect enzyme activity,

subcellular localization or Duox/DuoxA complex formation [7]. To confirm that the overall

efficiencies of wild type and mutant Duox transfections were equivalent, we included EGFP

plasmids (1:5 relative to the HAhDuox plasmid) in some experiments and saw no qualitative

differences in overall transfection rates (not shown). Furthermore, we used real-time PCR

assays of the reverse transcribed mRNAs from mutant and wild type Duox2-transfected cells
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and saw no significant differences in the threshold cycle (Ct) detecting the mutant or wild

type Duox2 transcripts in these cells. Together these findings suggest that the wild type and

mutant HAhDuox plasmids are transfected and transcribed at equivalent levels, but that the

valine→glycine mutant proteins are rendered inactive in comparison to wild type proteins.

To explore the effects of the V674G Duox mutation further, we created other mutations at

this site: alanine and threonine substitutions were modeled from Duox sequence in lower

species, whereas a leucine substitution was based on its similarity to valine. V5hDuoxA2

expressing cells transiently transfected with the V674T and V674L HAhDuox2 produced

protein at levels comparable to wild type HAhDuox2, whereas the V674A HAhDuox2 protein

was observed by blotting at considerably lower levels, detected with anti-HA and anti-Duox

antibodies (Figure 2B). As expected, the V674A HAhDuox2-expressing cells exhibited

undetectable ROS production in response to ionomycin, whereas V674T and

V674L HAhDuox2 transfected cells produced ROS at levels that matched or exceeded that of

wild type HAhDuox2-expressing cells (Fig 2C). These finding revealed a strong requirement

for bulky aliphatic amino acid side chains at Duox2 position 674, as both the Gly and Ala

mutant proteins appeared to be considerably less stable.

The valine→glycine mutant Duox enzymes are not targeted to the plasma membrane

The extracellular N-terminal HA and V5 epitope tags on Duox and DuoxA proteins enabled

us to investigate cell surface exposure of both proteins in intact cells by flow cytometry.

While the wild type HAhDuox2 is transported and expressed on the plasma membrane along

with the V5hDuoxA2 maturation factor in unpermeabilized fixed cells, the valine 674 mutant

enzyme was not detected on the cell surface in unpermeabilized cells (Figure 3A); similar

results were observed when the V5hDuoxA2 was expressed alone (Figure 3B). We obtained

identical results with V670G HAhDuox1 mutant expressed in stable V5hDuoxA1α Flp-In

cells (Figure 3C, 3D). To compare the WT and mutant Duox proteins, we gated for the

transfected cell population and expressed surface exposure of the glycine mutants as percent

of the wild type Duox plasma membrane expression. Analysis of 3 independent Duox2

transfections (Figure 3E) revealed a significant difference in relative plasma membrane

expression between WT and Gly mutant expressing cells.

To confirm and extend these flow cytometry observations on cell surface targeting, we also

performed immunofluorescence imaging of staining of Flp-In 293 cells that stably

express V5hDuox activators and were transiently transfected with wild type or

mutant HAhDuox2 and HAhDUOX1 enzymes. Since both the HA and the V5 tagged portions

of the proteins are located within extracellular domains, we examined cell surface

expression on unpermeabilized cells. While the HAhDuox1 and HAhDuox2 wild type

proteins clearly colocalize with activators on the cell surface, neither

valine→glycine HAhDuox mutant enzyme nor their corresponding V5hDuoxA maturation

factors were detected on the plasma membrane in unpermeabilized cells (Figure 4).

The valine→glycine mutant Duox enzymes are retained in the endoplasmic reticulum

Several studies indicate that heterologously expressed Duox enzymes do not reach the cell

surface but are retained in the ER in absence of their corresponding DuoxA maturation
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factors [6, 9, 39, 40]. To determine where the valine→glycine HAhDuox1 and HAhDuox2

mutants are located inside the cells we performed immunofluorescence staining on

permeabilized Flp-In 293 along with staining for the ER marker chaperon protein, calnexin.

In the cases of wild type HAhDuox enzymes the majority of the proteins are located on the

plasma membrane along with the activators, but in contrast to wild type enzymes, the

V674G HAhDuox2 and V670G HAhDuox1 mutants are retained inside the cells, where they

colocalize with their activator proteins along with the ER marker calnexin (Figure 5).

The valine→glycine hDuox1 mutant forms a stable complex with DuoxA2

Previously it was shown that Duox2 forms a stable complex with DuoxA2 that can be

precipitated from the cell surface, but not when expressed with mismatched DuoxA1α or

DuoxA1γ isoforms [7]. Because little is known at the molecular level about the amino acid

residues determining the interaction between Duox and DuoxA proteins, we investigated the

effect of the valine 674 to glycine mutation on Duox-DuoxA complex formation in

immunoprecipitation experiments. Stable V5hDuoxA2 expressing Flp-In 293 cells were

transiently transfected with wild type or V674G HAhDuox2 mutant enzyme and after 48

hours cells were lysed and incubated with anti-HA or anti-V5 agarose. Western blot analysis

detected stable Duox2-DuoxA2 complexes even in the case of valine→glycine Duox2

mutant in both HA- and V5-agarose precipitation experiments, although lower quantities of

both proteins were captured in these precipitated complexes (Figure 6).

Detection of endogenous V674G Duox2 mutant in salivary glands

To detect the endogenous valine→glycine mutant Duox2 protein, we performed

immunohistochemistry on salivary gland sections from the hypothyroid Duox2thyd mutant

mice. Earlier studies showed that Duox2 expression is particularly high in salivary ductal

epithelial cells [12], whereas expression of both Duox isoforms is detected in thyroid tissue.

Because the Duox antibody we used in this study does not discriminate between the two

Duox isoforms, we examined Duox1 knockout mouse tissues as a reference, where, in the

absence of Duox1, we detect solely the Duox2 protein. In the Duox1 knockout salivary

gland sections, the wild type Duox2 is detected in a condensed staining pattern along the

apical aspect of ductal epithelial cells, whereas in the V674G mutant salivary gland sections,

the Duox2 staining is less intense along apical plasma membrane and the protein appears to

form dot-like vesicular structures within intracellular sites (Figure 7).

Discussion

Investigators on the thyroid metabolism field have long appreciated that this tissue has a

high capacity for oxidant production required for iodine oxidation and for thyroglobulin

iodination during thyroid hormone biosynthesis. Well before all the components involved in

this process were identified, early radioiodination studies revealed that these oxidative

processes are tightly regulated and confined to the thyroid follicle lumen (thyrocyte apical

surface) in order to prevent toxic ROS generation within the cell [41, 42]. The Duox2-

DuoxA2 system was later identified as an indispensable source of extracellular H2O2 in the

thyroid gland, as mutations of either Duox2 or DuoxA2 were shown to cause

hypothyroidism due to insufficient H2O2 generation required to support thyroperoxidase-
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mediated thyroid hormone biosynthesis (reviewed in [5]). A spontaneously occurring point

mutation of valine 647 in murine Duox2 results in severe congenital hypothyroidism in

homozygous thyd/thyd mice, suggesting an essential role for this conserved amino acid in

extracellular ROS production [34]. The thyd/thyd mice grow to only one-half the size of

control littermates, have approximately one-ten and one-twentieth of normal circulating

levels of thyroxine and insulin-like growth factor-1, respectively, and 100-1000× the normal

levels of thyroid-stimulating hormone levels. As a consequence of the reduced thyroid

hormone levels the homozygous mutant mice develop short bones with diminished bone

mineral density and defects in the inner ear development resulting in hearing loss typical of

severe congenital hypothyroidism. To explore the consequences of this mutation we have

introduced the valine 674 to glycine mutation into human Duox2, as well as the

corresponding valine 670 mutation into human Duox1. We found that in the heterologous

expression systems both valine→glycine human Duox mutant enzymes failed to release

extracellular H2O2 in response to intracellular calcium signals (Figure 1). Valine 674 is

located in the first intracellular loop that exhibits no homology to other known protein

domains, between the first transmembrane helix (res. 596-620) and the calcium ion binding

EF-hand motifs (res. 832-843). In this region the first heterozygous mutations: Q686X and

R701X were reported to cause premature termination signals that were associated with mild

and transient hypothyroidism at early stages of life when the demand for thyroid hormone is

the greatest [43]. Two other Duox2 bialellic missense mutations in this region, A649E and

H678R, were suggested to cause transient congenital hypothyroidism, but these amino acid

changes were associated with additional mutations (R885Q and L1067S, respectively) and

their effects on the ROS production have not been elucidated [44]. Later it was shown that

the H678R Duox2 polymorphism, close to the murine Duox2 mutation we studied, exhibits

normal cell surface expression and only slight decreases in H2O2 producing activity [45,

46]. Several other hDuox2 missense mutations reviewed recently [5] were shown to affect

translocation of Duox to the plasma membrane (i.e., the extracellular peroxidase homology

domain mutations: Q36H, R376W, D506N), although the effects of the murine V674G

Duox2 mutation appears to reflect distinct local structural requirements affecting protein

stability as well subcellular targeting.

We determined that the mutation of the valine 674 of hDuox2 or the homologous valine 670

mutation of hDuox1 affect intracellular trafficking, such that the extracellular epitope-tagged

mutant Duox enzymes could not be detected at the cell surface either by flow cytometry or

by immunofluorescence staining of unpermeabilized cells (Figure 3 and 4). It has been

shown that only glycosylated and completely processed Duox enzymes are transported to

the plasma membrane and produce H2O2, while the partially processed forms of

glycosylated Duox proteins are retained in the endoplasmic reticulum [6, 9, 39, 40]. Until

the discovery of Duox maturation factors (DuoxA1 and DuoxA2) expression of active Duox

enzymes was not possible. The Duox activators were originally described as ER resident

maturation factors that allowed Duox to escape the ER and reconstitute full enzymatic

activity [6]. Later the DuoxA proteins were shown to form stable complexes with Duox

proteins that are processed and co-translocated to the plasma membrane as part of the active

ROS-generating complexes [7, 8]. Immunofluorescent staining of permeabilized cells

indicated that the valine→glycine Duox mutant enzymes are retained within the
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endoplasmic reticulum colocalized with Duox activators and the ER specific calnexin

protein (Figure 5). The translocation defect of valine 674 Duox2 mutant was verified by

immunohistochemical staining of salivary gland sections from the Duox2thyd mutant mice,

where mutant Duox2 was detected at considerably lower levels than native, wild type Duox2

and was less condensed along the luminal plasma membrane of major duct epithelial cells,

while forming punctate or vesicular structures within cells (Figure 7).

In order to better understand structural requirements of position 674 and the effects of the

V674G mutation on protein stability and subcellular targeting, we investigated several other

Duox2 mutations. Valine 674 was converted to alanine, threonine or leucine. While alanine

(CeDuox1) and threonine (mosquito, zebrafish, CeDuox) substitutions are observed in Duox

in lower species, the leucine mutant was created as another residue bearing a bulky

hydrophobic side-chain similar to the highly conserved valine.

Studies of these new residue 674 mutations on Duox2 activity and expression (Figure 2B, C)

revealed that there is a structural requirement for bulky, uncharged residues at this site, since

leucine and threonine mutants are fully active, whereas the alanine substitution (small side

chain similar to glycine) renders Duox2 inactive and unstable, consistent with disruptive

effects of the spontaneous glycine mutation. Structural predictions deduced through analysis

by Chou-Fasman, GOR, and neural network algorithms (http://cib.cf.ocha.ac.jp/bitool/MIX/)

all suggest that the segment from residues 672-678 of the native protein is folded in an

alpha-helical conformation, whereas the substitution of glycine 674, a known disrupter of

alpha-helical structure, drastically reduces the probability of alpha-helical structure

throughout this segment. Our observations strongly suggest that misfolding of this region

perturbs interactions or induces aggregation, thereby resulting in an inefficient exit of the

Duox/DuoxA complex from the ER.

In our transfected Flp-In 293 cell system, coimmunoprecipitation of the transiently

transfected valine→glycine hDuox2 mutant enzyme detected a complex with DuoxA2

within the ER (Figures 5). Analysis of the protein produced suggested that the

valine→glycine hDuox2 mutant is intrinsically less stable than wild type; this was even

more pronounced with the valine→glycine hDuox1 mutant protein (Figure 2), which

precluded coimmunoprecipitation experiments with the mutant hDuox1 protein.

In summary, we characterized the effects of a spontaneously generated valine 674 to glycine

mutation of murine Duox2 in a heterologous expression system using the human Duox

proteins, and we concluded that this substitution results in a translocation defect and

complete loss of function that explains the severe congenital hypothyroid phenotype of the

thyd/thyd mouse strain (Figure 8). While the instability and defective targeting of mutant

Duox2 was confirmed in salivary glands of thyd/thyd mice, this animal model poses serious

limitations for studies of Duox2 function in non-thyroid tissues because of the profound

overriding defects in growth and development associated with the severe hypothyroidism

phenotype in these animals related to low circulating thyroid hormone and IGF-1 levels.

Experiments designed to correct thyroid hormone insufficiency in this model should be

considered cautiously, since even minor hyperthyroidism or hypothyroidism could affect

development, adaptive and innate immunity, and inflammatory processes in many tissues
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[44]. Therefore, strategies aimed at inducible, tissue-specific knockout of Duox2 expression

would be ideally suited for investigations of Duox2 functions in non-thyroid tissues.
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Highlights

• We explored effects of the Duox2thyd mutation causing hypothyroidism in mice.

• V674G Duox2 and V670G Duox1 failed to produce extracellular hydrogen

peroxide.

• Mutant Duox forms a complex with its maturation factor but is retained in the

ER

• Staining of salivary glands from thyd mice verified the Duox2 translocation

defect.
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Figure 1. Measurement of H2O2 release of the valine→glycine mutant Duox enzymes
(A, B) Stable V5hDuoxA-expressing Flp-In 293 cell lines transiently transfected with wild

type or mutant V674G HAhDUOX2 or V670G HAhDUOX1 cDNAs were stimulated with 1

μM ionomycin. Data collected from triplicate measurements in a luminescence plate reader

are shown from one representative assay from at least three independent experiments. Error

bars reflect mean ± standard error of the mean.

(C) Fluorescence emission ratio (535/480nm) of V5hDuoxA-Flp-In 293 cells co-expressing

the cytosol targeted H2O2 sensor, PerFRET, and wild type or mutant V674G HAhDuox2

proteins. After acquisition of a baseline emission, H2O2 production was stimulated with 1

μM ionomycin (iono) and then the probe was maximally oxidized by the addition of 100 μM

H2O2. Curves represents the average from 2 independent experiments, n=40-50 cells.
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Figure 2. Western blot analysis of the valine→glycine mutant Duox proteins
(A) Western blot analysis of protein lysates (50 μg) extracted from stable V5DuoxA-

expressing Flp-In 293 clones transiently transfected with HA-tagged hDuox cDNAs detects

lower levels of valine→glycine Duox mutant (V670G DUOX1 and V674G Duox2) proteins

in comparison to the corresponding wild type hDuox. Anti-HA (Covance) antibody was

used at a 1:2000 dilution; as a loading control anti-HSP80 antibody was used in a 1:2000

dilution. (B) Western blot analysis of the valine 674 to alanine, leucine and threonine

mutant HAhDuox2 proteins. Anti-Duox antibody was used in 1:1000, anti-beta-actin in

1:2500 dilutions. Ala: alanine, Leu: leucine, Thr: threonine mutants of valine 674 of human

Duox2. Blots are representative; bar graphs (right) show the mean relative intensities + SEM

of HA-Duox bands normalized to the loading control and expressed as percent of wild type

Duox from 3 independent experiments. (C) Extracellular H2O2 producing activity of the

different valine 674 substituted Duox2 mutant enzymes. Activities were measured as

integrated RLU detected over 20 minutes after ionomycin stimulation from 3 independent

experiments and then expressed as percentage of the wild type Duox2 H2O2 production.
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Differences between groups were analyzed by ANOVA; p<0.05 values were considered as

statistically significant, indicated by asterisks.
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Figure 3. Analysis of cell surface expression of the valine→glycine HAhDuox mutant proteins
Flow cytometric analysis of cell-surface-exposed HAhDuox and V5hDuoxA proteins co-

expressed in stable V5hDuoxA Flp-In 293 cells (10,000 cell counts per assay). Cells were

stain with mouse anti-HA IgG1 (1:100) or anti-V5 IgG2a (1:100) monoclonal antibodies and

labeled with Alexa Fluor® 647 IgGl or Alexa Fluor® 488 IgG2a secondary antibodies

(1:1000), respectively.

(A) Compared to wild type HAhDuox2 (solid line), the histogram of V674G HAhDuox2

expressing cells (dotted line) shows considerably lower cell counts in the gated high

fluorescence channels (bracketed horizontal bar) that excludes the stained negative control

cell peak of Flp-In 293 cells stably expressing V5hDuoxA2 alone (broken line). (B)

Histogram of V5-DuoxA2 detected in V674G HAhDuox2-transfected cells (dotted line)

closely resembles the negative control cell peak, whereas a significant population of wild
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type HAhDuox-transfected cells is detected with high cell surface V5-hDuoxA2 expression.

Similar results of low cell surface detection of both Duox1 and DuoxA1α proteins were

obtained with transfection of V670G HAhDuox1 mutant enzyme (C, D). C and D panels

shows one representative of two independent experiments. (E) Normalized plasma

membrane expression of wild type (WT) and V674G mutant (Gly) hDuox2-transfected cell

populations calculated as percent of wild type hDuox2 from three independent transfection

experiments. Analysis of hDuox2-transfected cell populations with fluorescence intensities

greater than the peak of control DuoxA2 Flp-In 293 cells, as indicated by gating shown in

panels A and B. Bars represents mean + SEM of the three experiments, with asterisks (*)

considered statistically significant relative to WT with a p<0.05 using one sample t-tests.
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Figure 4. Valine→glycine mutation of HAhDuox enzymes impairs cell surface detection of Duox
and DuoxA proteins
Cell surface immunofluorescence staining of unpermeablilized V5hDuoxA2 or V5hDuoxA1

stable Flp-In 293 cells transiently transfected (48 h) with HAhDuox coding vectors. In

contrast to the wild type proteins, the V674G HAhDuox2 and V670G HAhDuox1 enzymes

are not detected on the cell surface. Anti-HA (Covance) and anti-V5 (LifeTechnologies)

antibodies were diluted at 1:100, goat anti-mouse Alexa Fluor® 647 and 488 secondary

antibodies at 1:1000. Nuclei were counterstained with DAPI in 1:10000. Scale bars show 10

μm. Two other independent transfection experiments yielded similar results.
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Figure 5. The valine→glycine mutant Duox enzymes colocalize with the endoplasmic reticulum
protein calnexin
Immunofluorescence staining of permeabilized stable V5hDuoxA2- or V5hDuoxA1α-

expressing Flp-In 293 cells transiently transfected (48 h) with wild type or

valine→glycine HAhDuox mutant coding vectors. In contrast to wild type, the

valine→glycine mutant Duox2 and DUOX1 are retained inside the cells with the activator,

where they colocalize with the ER marker calnexin. Anti-HA (Covance) and anti-V5 (Life

Technologies) antibodies were diluted 1:100 and anti-calnexin was 1:50. Goat anti-mouse

Alexa Fluor® 647/594/488 secondary antibodies were applied at 1:1000 dilution. Nuclei

were counterstained with DAPI in 1:10000. Scale bars represent 10 μm. Two other

independent experiments gave similar results, showing only intracellular (ER) staining

patterns in cells expressing mutant Duox proteins.
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Figure 6. Valine→glycine mutant HAhDuox2 forms a complex with the V5hDuoxA2 maturation
factor
HAhDuox2 or V674G HAhDuox2 was transiently expressed (48 h) into stable V5hDuoxA2-

expressing Flp-In 293 cells. 500 μg proteins of total cell lysates were immunoprecipitated

with anti-HA (IP:HA) or anti-V5 (IP:V5) agarose for 30 min at 4°C. Western blot analysis

of immunoprecipitated complexes shows that valine→glycine Duox2 forms a stable

complex with the DuoxA2 maturation factor, although at lower levels than wild type Duox2.

Anti-HA, anti-HSP80 and anti-V5 antibodies were used in 1:1000, 1:2000 and 1:5000

respectively. Blots show results of one representative experiment and bar graphs represent

the mean relative intensities + SEM of V5- and HA-reactive bands detected in IP complexes

normalized to the loading control and expressed as percent of the wild type from 3

independent experiments. P<0.05 was considered statistically significant (*).
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Figure 7. Immunofluorescence detection of the wild type and valine→glycine mutant Duox2 in
mouse salivary gland frozen sections from Duox1 knockout and Duox2 mutant (B6(129)-
Duox2thyd/thyd/J) mice
Wild type Duox2 protein detected in Duox1 knockout mice is condensed along the apical

plasma membrane of major duct epithelial cells (left), whereas the V674G mDuox2 mutant

protein is less abundant and is detected in intracellular vesicles (right). Polyclonal anti-Duox

antibodies were used at a 1:150 dilution and were detected with Alexa488-conjugated goat

anti-rabbit Fab (Life Technologies, Carlsbad, CA, USA) used at a1:1000 dilution.

Micrographs shown are representative of 3 three independent staining experiments obtaining

similar results.
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Figure 8. Mutation of conserved valine 674 results in a Duox and DuoxA translocation defect
Mutation of valine 674 to glycine within the first intracellular loop of Duox2 results in a loss

of ROS release from the plasma membrane. The mutant Duox2 forms a stable complex with

its maturation factor DuoxA2, but is retained in the ER and rendered unstable.
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