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1. Introduction

Reactive oxygen species (ROS) refer to unstable oxygen derivatives, including
superoxide (O2™), hydrogen peroxide (H202), and hydroxy! radical (OH"), among others
(1). These molecules can be produced in living organisms in a non-regulated way through
lipid metabolism within the peroxisomes, cyclooxygenases, as well as mitochondrial
oxidative metabolism (2). Previously considered as harmful metabolic by-products, ROS
have now been recognized to play a role in various physiological processes, such as host
defense and hormone biosynthesis, when generated under controlled conditions.
Members of the NOX NADPH oxidase family are the primary source for regulated

production of ROS in mammalian cells (3).
1.1 Mammalian NADPH oxidases

Mammalian NADPH oxidases, namely NOX1-5 and DUOX1-2, are membrane-
integrated enzymes that utilize NADPH and FAD to transport an electron across the
membrane, to reduce molecular oxygen into superoxide, as described by the following
reaction:

NADPH + 20, — NADP* + 20, + H*
Superoxide is then rapidly, spontaneously or enzymatically, converted to hydrogen
peroxide. The NOX/DUOX enzymes share similar structure and possess a highly
conserved catalytic core consisting of six transmembrane (TM) a-helical domains,
including two heme B prosthetic groups responsible for transferring electrons from
NADPH-FAD through the membrane. In addition, all isoforms comprise dehydrogenase
(DH) domain with FAD-binding sites followed by NADPH-binding sites located at the
cytosolic C- terminus.
Additionally, DUOX enzymes contain an N-terminal, extracellular peroxidase-homology
domain, an additional o-helical TM region, and two calcium-binding EF-hand motifs
located on the intracellular loop between the first and second transmembrane domains.
NOXS5 also contains four EF-hand motifs (Figure 1.).
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Figure 1. Domain structure of mammalian NADPH oxidases. NOX/DUOX enzymes
contain six (seven for DUOX1-2) TM domains, along with heme prosthetic group and
binding sites for FAD and NADPH. In addition, the NOX5 and DUOX enzymes also
possess calcium-binding EF-hand domains. (PHD: peroxidase-homology domain). The
figure is based on Figure 1. of (4).

Several NADPH oxidases function as protein complexes. The enzyme activity of NOX1-
3 is regulated by their cytosolic subunits, while NOX4 appears constitutively active.
DUOX enzymes and NOX5 can be stimulated by calcium. However, Dual Oxidases also
require maturation factors for proper function. The presence of at least one of the
NOX/DUOX enzymes has been described in almost all organs, most isoforms have a
characteristic tissue distribution, and in many cases, they play well known physiological
roles. For example, the importance of NOX2 in host defense or the crucial role of DUOX2
in synthesizing thyroid hormone is undisputed. However, several unanswered questions
remain about their function (4-6). The NADPH oxidase enzyme family members are

described in more detail below.
1.1.1 NOX2

NOX2, also known as gp91P"® or phagocyte oxidase, is the first identified and most
extensively studied NADPH oxidase isoform. The human and mouse NOX2 gene, CYBB
is located on the X chromosome (Xp21.1). The enzyme is a 570-amino-acid-long, highly
glycosylated protein, which is abundantly present in phagocytes and contributes to
eliminating microorganisms. However, it is also expressed in other cells, such as neurons,
cardiomyocytes, skeletal and smooth muscle cells, hepatocytes, endothelial cells, and
hematopoietic stem cells. The phagocyte oxidase functions as a protein complex and

requires six subunits for proper enzyme activity. Namely, gp91P"™ (NOX2), p22°hox,
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PAT7PIOX pB7PNOX pAQPMOX and Rac. The gp91P"°* subunit represents the catalytic core for
electron transport, while p22P"°* stabilizes NOX2 and binds to the organizer subunit,
p47P"% The p67°"* subunit acts as an activator, p40P"* is a regulator subunit, and Rac is
a GTP-binding protein. (4, 7). Mutations in any of the subunits of the phagocyte oxidase
complex can impair superoxide production, leading to chronic granulomatosis disease

(CGD) and recurrent catalase-positive bacterial infections in patients (8, 9).
1.1.2 NOX1

NOX1 enzyme was the first homolog of the NOX2 to be identified (10). The human and
mouse NOX1 are also located on the X chromosome (Xg22). The 564-amino-acid-long
protein is roughly 60% identical to NOX2 and generates superoxide. Furthermore,
functional similarities between these two NADPH oxidase isoforms have been observed.
Like phagocyte oxidase, NOX1 also necessitates additional cytosolic regulatory proteins
to function. NOXO1 (NOX Organiser 1) and NOXAL (NOX Activator 1), homologs of
p47Phox and p67P" are required, as well as p22P"* stabilizer of NOX1 and the GTP-
binding protein, Racl. NOX1 is highly expressed in colon epithelial cells. However, it is
also found in many other organs and cell types, such as uterus, placenta, prostate, vascular
smooth muscle cells, endothelial cells, osteoclasts, retinal pericytes, as well as in several
colorectal tumor cell lines (Caco-2, DLD-1 and HT-29) and a pulmonary epithelial cell
line (A549) (4, 7). The role of NOX1 is not yet fully understood, but its expression in the
colon and structural similarity to NOX2 suggest involvement in host defense and gut
microbiota homeostasis. In several patients, NOX1 loss-of-function mutations have been
linked to very early-onset inflammatory bowel disease (VEOIBD), although these rare
mutations do not cause highly penetrant Mendelian disease (11, 12). Knockout (KO) of
Nox1 alone did not cause obvious phenotypic changes in mice. However, in mice, the
absence of glutathione peroxidases-1 and -2 can lead to spontaneous ileocolitis, with the
severity of the disease varying based on the mouse's genetic background. When these
mice were bred to be triple-knockouts (TKO) with the addition of Nox1 gene deletion,
they displayed almost no signs of disease (e.g., lethargy and perianal alopecia). The
slower growth rate and shortened small intestine observed in the double-knockout (DKO)
mice were also eliminated in the TKO animals. These findings suggest that NOX1 is
responsible for the ileocolitis observed in the DKO mice (13). Conversely, the combined

deficiency of Nox1 and IL-10 in mice led to intestinal inflammation (14).
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1.1.3NOX3

Human NOX3 is located on chromosome 6 (6g25.1-26). The 568-amino-acid-long protein
is 58% identical to NOX2 and shares high similarity with NOX1 as well (7). NOX3 was
identified in 2000 (15), but the first study on its function in mice was published four years
later. Paffenholz et al. studied head-tilt mice with balance defects when they identified a
lack of NOX3 behind the vestibular dysfunction (16). NOX3 is mainly expressed in the
inner ear, including the cochlear and vestibular sensory epithelia, and it is essential for
the formation of otoconia crystals (16, 17). The functional enzyme complex is composed
of NOX3, p22P"*, NOX01, NOXA1, and Rac. Mutations in Noxo1 and p22°"**-encoding
Cyba also led to balance defects in mice. Interestingly, vestibular dysfunction was not
observed for loss of function mutations in Noxal. While the absence of NOX3 in mice is
well characterized, no NOX3 mutation has been described in humans, and no balance
defects have been found in mutations in CYBA, which encodes p22P"° (4).

1.1.4 NOX4

NOX4 is highly expressed in the kidney, where it was initially discovered and referred to
as renal NADPH oxidase (Renox) (18, 19). It has since been described in several different
cell types, such as osteoclasts, endothelial cells, vascular smooth muscle cells, fibroblasts,
cardiomyocytes, skeletal muscle cells, adipocytes, neurons, microglia, keratinocytes, and
melanoma cells. Unlike NOX1 and NOX3, which are highly similar to phagocyte
oxidase, NOX4 is distantly related and shares only about 39% amino acid identity with
NOX2. NOX4 is located on chromosome 11 (11914.2-g21) and encodes a 578 amino-
acid-long membrane protein. The constitutively active H.O2-producing enzyme complex
consists of NOX4 and p22°"*, The role of NOX4 is an intensively researched area
extending beyond the kidney. NOX4-deficient mice do not display striking phenotypic
differences. The function of the enzyme in the kidney, heart, lung, osteoclasts, and the
development of neurodegenerative diseases has been investigated, but a clear picture has

yet to emerge (4, 7, 14).
1.1.5 NOX5

NOX5 was described in 2001 (20, 21). Banfi et al. identified two NOX5 isoforms (spleen,
NOX5a and testis, NOX5B) and two additional splice variants such as NOXS5y and

NOX58. These isoforms possess an extended intracellular NH2-terminus containing four
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EF-hand domains. These domains are responsible for stimulating the enzyme’s
superoxide production through calcium (20). Cheng et al. identified the fifth NOX5
isoform (NOX5e or NOX5-S), which is not containing a calcium-binding motif (21). The
human NOX5 is located on chromosome 15 (15g22.31) and is expressed in spleen, testis,
lymph nodes, ovaries, placenta, uterus, various fetal tissues, pancreas, bone marrow, and
vascular smooth muscle. Unlike the other NADPH oxidase isoforms, the superoxide
production of NOX5 does not require additional proteins. In addition to the increase in
intracellular calcium levels, post-translational modification, and phosphorylation, among
other factors, seem to stimulate the enzyme activity. The physiological role of NOX5 is
poorly understood, partly due to the absence of the enzyme in rodents. NOX5 has been
extensively researched by various groups in the context of cardiovascular diseases. These
studies have implicated NOX5 in the pathogenesis of atherosclerosis and myocardial
infarction, among others (22). Recently, Pethe6 et al. conducted a study using CRISPR-
Cas9 to generate NOX5-deficient rabbits. Although there were no obvious phenotypic
differences, the absence of NOX5 increased plaque formation in the aorta under a high-
cholesterol diet in rabbits. This finding suggests a protective role of NOX5 in
atherosclerosis that contradicts previous publications. Therefore, further investigation is

necessary to fully comprehend the function of NOX5 in cardiovascular disease (23).
1.1.6 DUOX1 and DUOX2

DUOX1 and DUOX2 share approximately 50% of amino acid identity with the phagocyte
oxidase, whereas the similarity between DUOX1 and DUOX2 is as high as 83%. In
contrast to most isoforms of the enzyme family, they produce hydrogen peroxide rather
than superoxide. However, they are also structurally different from NOX1-5. DUOX
enzymes were initially identified as THOX1 (Thyroid oxidase 1) and THOX2 (Thyroid
oxidase 2) in the thyroid gland (24, 25). Prior to their discovery, scientists have long been
searching for an enzyme that is calcium- and NADPH-dependent, functions as an oxidase,
and produces H20- in the epithelial cells of thyroid follicles. In 2001, Edens et al.
proposed the name DUOX (Dual oxidase) for the enzymes based on the structural features
of the protein. The N-terminal of the proteins contains an extracellular peroxidase-
homology domain, distinguishing them from the NOX enzymes. As | have focused on
the role of DUOX in squamous cells during my Ph.D. studies, | will provide a more

detailed presentation of these two enzymes.
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1.2 Characterisation of DUOX
1.2.1 Structural features of DUOX and regulation of catalytic activity

DUOX1 and DUOX?2 are located on human chromosome 15 (15g15.3), and both genes
are arranged in a head-to-head configuration, separated by a 16 kb region (26). The
DUOX1 gene is 36 kb containing 35 exons, and encodes a 1551-amino-acid-long protein.
In comparison, the DUOX2 is 22 kb and contains 34 exons. The protein is composed of
1548 amino acids (27). DUOX1/2 differs from other NADPH oxidases as they contain a
peroxidase-homology domain at the N-terminal. Although peroxidases are heme-binding
proteins, the peroxidase-homology domain in DUOX1/2 cannot bind heme due to the
absence of amino acid residues that are crucial for heme binding. Instead, it contains
cation binding sites (CBS) (28, 29). The role of the extracellular peroxidase-homology
domain is not yet fully understood. Site-directed mutagenesis of residues within the CBS
has prevented DUOX1 from binding to maturation factor DUOXA1, which is crucial for
proper function. This finding suggests a role for PHD in protein stability (29).
Furthermore, it might contribute to the conversion of superoxide to hydrogen peroxide by
delaying diffusion from the TM domain oxygen-reducing center (6). The pleckstrin
homology-like domain (PHLD) is located on the first intracellular loop after the
additional TM region, which is not present in other NOX isoforms (29). Two EF-hand
type calcium-binding domains follow the PHLD domain. Mutation in this region
abolished the calcium activation of enzymes (30). As mentioned above, the DH domain
following the six transmembrane helices is responsible for binding FAD and NAPDH.
Recent studies have investigated the structure of DUOX1-DUOXAL and indicated that
interactions between intracellular domains regulate the catalytic activity of DUOXL.
They suggest that the protein can switch conformation through dimerization or calcium

binding, which determines the electron transport efficiency (28, 29).

™ DH

N PHD EF' 2 3 4 5 6 7~ FAD NADPH| C

DUOX1/2

Figure 2. Domain structure of DUOX1/2. DUOX enzymes contain extracellular

peroxidase homology domain (PHD) followed by a unique transmembrane (TM) helix (0)
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and Pleckstrin homology-like domain (PHLD), as well as two EF-hand domains. N-
terminal dehydrogenase (DH) domain is located intracellularly and comprises FAD- and
NADPH-binding sites. The figure is based on Figure 1. of (6).

The characterization of the function and regulation of DUOX was hampered by the fact
that heterologously expressed DUOX was not properly glycosylated and remained in the
endoplasmic reticulum. However, identifying DUOX activator 1 (DUOXAL1) and DUOX
activator 2 (DUOXAZ2), essential proteins for the maturation and activation of DUOX1/2,
led to a breakthrough. The DUOXA genes are localized adjacent to the corresponding
DUOX on chromosome 15 in a head-to-head configuration. Furthermore, they are
expressed with their respective DUOX in the same tissues (31). DUOX1/2 are localized
in the endoplasmic reticulum in an inactive state. The maturation factor forms a stable
heterodimer with the enzyme. This complex formation is essential for ER-Golgi
transition, posttranslational modifications, and translocation to the plasma membrane.
Four splice variants of DUOXAL have been described. Two out of four, DUOXAla
(isoform 3) and vy (isoform 1) support DUOXI maturation. However, the
DUOX1/DUOXA1y complex also accumulates in a vesicular compartment. Morand et
al. also showed that DUOX1/DUOXAlo and DUOX2/DUOXA?2 pairs produce the
highest amount of hydrogen peroxide. Cross-functioning complexes are unstable and
produce less H20-; superoxide production has also been detected in these cases (32).

The regulatory role of phosphorylation in DUOX activity was also observed, but two
different signaling pathways were found for the two enzymes. Specifically, DUOX1
activity was stimulated through protein kinase A-mediated phosphorylation on serine
955, while DUOX2 phosphorylation is induced via protein kinase C activation associated

with high H.O; generation in response to phorbol 12-myristate 13-acetate (PMA) (30).
1.2.2 Function of DUOX
1.2.2.1 Thyroid hormone biosynthesis

The synthesis of the thyroid hormones 3,5,3',5'-tetraiodothyronine or thyroxine (T4), and
3,5,3'-triiodothyronine (T3) occurs in the thyroid follicles. The iodide required for
hormone synthesis is taken up from the blood via the sodium/iodide symporter (NIS) on
the basolateral side of the thyroid cells and transported to the lumen of the follicle via the

pendrin or the calcium-activated chloride channel, anoctamin-1. Thyroid peroxidase
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(TPO) catalyzes the binding to tyrosine residues of thyroglobulin (TG) through iodide
oxidation in the presence of DUOX-produced H.O> at the apical plasma membrane of
thyrocytes. When iodine is present in sufficient amounts, the synthesis of thyroid
hormones is limited by the generation of hydrogen peroxide. Following endocytosis,
thyroid hormones are released from iodinated thyroglobulin by proteolytic cleavage and
secreted into the bloodstream via dedicated transporters such as monocarboxylate
transporter 8 (MCT8) (33). DUOX2 is a crucial enzyme for the synthesis of thyroid
hormones. Mutations in DUOX2 and DUOXA2 have been identified in both permanent
and transient forms of congenital hypothyroidism (CH), a commonly inherited endocrine
disorder. In contrast, the function of DUOX1 in thyroid gland function is not yet fully
understood since DUOX1 knockout mice do not have hypothyroidism (14). Nevertheless,
Liu et al. reported heterozygous DUOX1 and DUOXAL missense mutations in two
patients with transient and permanent forms of CH, respectively (34). It is possible that
DUOX1 plays a compensatory role in the absence of DUOX2, given that mutations in
both genes have been linked with a more severe hypothyroid phenotype in humans (35).
Interestingly, a mutation in the DUOX2 has been detected not only in humans but also in
giant pandas (Ailuropoda melanoleuca), who have bamboo as a significant part of their
diet despite its low nutritional value and their short, carnivorous digestive tract.
Researchers have observed a significantly lower daily energy expenditure in captive and
wild giant pandas than in mammals of similar size. Pandas are able to maintain their low
energy expenditure due to their smaller-sized vital organs and decreased levels of physical
activity. In addition, unusually low levels of thyroid hormones (T3, T4) were measured
in these animals, likely linked to a point mutation in the DUOX2 gene. This mutation,
which is common among giant pandas, may account for the lower hormone levels and

enable the animal to adapt to a bamboo-based diet (36).
1.2.2.2 Role of DUOX in host defense
1.2.2.2.1 Modulation of DUOX expression by immune cytokines

Th2 cytokines IL-4 and IL-13 induced DUOX1 expression in human primary
tracheobronchial epithelial cells. Similarly, treatment with the Th1 cytokine IFN-y led to
elevated expression of DUOX2. Importantly, these cytokine treatments not only induced

the expression of the enzymes but also resulted in increased production of H202 by the
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cells. Furthermore, DUOX2 expression was also upregulated by polyinosine-
polycytidylic acid, a Toll-like receptor 3 (TLR) ligand. The findings imply that the
production of ROS in the respiratory tract as a component of the host defense response
can be controlled by Th1 and Th2 cytokines. (37). IL-4 and IL-13 have also been observed
to induce DUOX1 in keratinocytes (38). In addition, the effect of IFN-y on DUOX2 has
also been described in a pancreatic cancer cell line (39). It is important to note that the
cytokine-dependent DUOX expression profile can be altered depending on the cell line.
For instance, Th2 cytokines are responsible for the selective induction of DUOX2 in
intestinal and primocultured human thyroid cells. On the other hand, in colon
adenocarcinoma cells, DUOX2 expression increased upon TNF-a stimulation.
Additionally, Sendai virus infection-mediated autocrine TNF-a, and IFN- secretion led
to DUOX2 and DUOXA2 induction in human airway epithelial cells (5).

1.2.2.2.2 DUOX-LPO system

Geiszt et al. were the first to suggest the model of DUOX- lactoperoxidase (LPO) system
(40). LPO is a glycoprotein with antimicrobial activity in milk, tears, saliva, and airway
secretions. Lactoperoxidase oxidizes thiocyanate (SCN") to microbicidal hypothiocyanate
(OSCN") in the presence of H202 (41, 42). Using Northern blot and in situ hybridization,
DUOX2 was identified in epithelial cells of salivary ducts and rectal glands, while
DUOX1 was observed in tracheal and bronchial epithelial cells. They also tested whether
DUOX1 is indeed the source of H20- in primary normal human bronchial epithelial cells.
lonomycin-generated calcium signal activated H.O> production of the enzyme, which was
significantly reduced after DUOX1-targeting anti-sense oligonucleotide treatment of the
cells. The co-expression of LPO and DUOX enzymes in salivary glands, rectum, trachea,
and bronchi suggest that DUOX1 and DUOX2 are sources of H,O; that may support
LPO-mediated antimicrobial defense mechanisms at the mucosal surface (40).

The presence of DUOX enzymes in the airways has also been investigated in various
other studies. It has been observed that in fetal lung specimens, DUOX protein is
undetectable until 27 weeks of gestational age. However, it is strongly upregulated after
32 weeks. In vitro experiments with human fetal lung cells have also revealed that
DUOX1 is significantly increased during cell differentiation (43). Studies have found that
alongside the presence of DUOX1, DUOX2 is also expressed in human tracheal epithelial

cells (44) and human airway epithelia redifferentiated at the air-liquid interface (45).
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Numerous studies have explored the antimicrobial properties of DUOX-LPO in various
species and experimental conditions. Sarr et al. have published a comprehensive review
of these findings (46). In vitro, cell-free models are often used, where DUOX enzymes
are absent, and H20- is added either in bolus manner or produced as a by-product of an
enzymatic reaction catalyzed by glucose oxidase. LPO can utilize halides such as I, Br,
and F in addition to pseudohalide SCN- as a substrate. However, which substrate of
lactoperoxidase has the most effective antibacterial activity depends on the bacterium.
For instance, LPO-mediated killing of Actinobacillus actinomycetemcomitans is more
efficient when peroxidase catalyzes the oxidation of I, whereas against Bacillus cereus,
SCN-proves to be a more efficient substrate (46).

Several studies have investigated the LPO-dependent killing of Pseudomonas
aeruginosa, an opportunistic pathogen of human airways that commonly infects
immunocompromised individuals (46). Rada et al. demonstrated that P. aeruginosa
activates DUOX1 in bronchial epithelial cells. The stimulation requires the presence of
live bacteria and extracellular calcium. Additionally, this complex process involves
several bacterial surface virulence factors, such as flagellum and LPS (47). Pyocyanin,
secreted virulence factor of Pseudomonas aeruginosa, was reported to hinder DUOX
activity in human airway cells. Pyocyanin, a zwitterion, can easily penetrate airway cells
and utilize NADPH to produce superoxide, thereby inhibiting DUOX. Additionally, long-
term exposure to pyocyanin has been shown to suppress the induction of DUOX1 by Th2
cytokines (IL-4 and IL-13) in human airway cells. However, when LPO and hydrogen
peroxide were present together, pyocyanin was oxidized to less harmful species in a dose-
dependent manner (48).

It is important to note that the DUOX-LPO system displays antimicrobial activity not
only against bacteria but also against viruses. Influenza A virus-induced (IAV) DUOX2-
produced ROS triggers the expression of pattern recognition receptors (PRRs), which are
known to recognize double-stranded RNA viruses in the respiratory epithelium.
Knockdown of Duox2 in mouse nasal mucosa aggravated IAV infection (49). The role of
DUOX1 in IAV-infected mice was also investigated. In Duox1 knockout animals,
increased mortality, morbidity, and impaired lung viral clearance were observed (50).

A recent study has shed light on the potential involvement of DUOX in fungal infections.

Coccidioidomycosis, caused by the fungi Coccidioides immitis and C. posadasii, is
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prevalent in the southwestern United States, Mexico, and Central and South America.
Inhalation of arthroconidia leads to illness in about 30% of infected people, typically in
the form of pneumonia, while less than 1% develop disseminated coccidioidomycosis
(DCM), which affects the meninges, bones, skin, and joints. Whole genome sequencing
of DCM patients found heterozygous DUOX1 or DUOXAL variants. In vitro testing of
these variants revealed impaired hydrogen peroxide production of the enzyme. The study
also demonstrated that DECTIN-1, a C-type lectin pattern recognition receptor for the
fungal cell-wall component -glucan, induces DUOX1 activity. These findings suggest
the possible role of H>O; produced by DUOX1 in the defense against fungal infections
(51).

1.2.2.2.3 DUOX in the gastrointestinal tract

The fundamental importance of DUOX in Drosophila gut immunity has been well
established. Drosophila dual oxidase (dDuox) is essential for gut antimicrobial activities.
Even minor infection through consumption of contaminated food led to a significant
increase in mortality rates in adult flies, in which dDuox expression was silenced.
However, specific restoration of dDuox successfully reversed this effect, highlighting the
unique oxidative burst generated by this oxidase in the epithelium (52).

In mice, Duox2 expression is localized in the tip of epithelium of ileum and colon.
Sommer et al. conducted a study that compared the ileum and colon samples of
conventionally raised and germ-free mice and found that gut microbiota induced the
expression of Duox2. The induction of Duox2 expression in the ileum was facilitated by
NF-xB p50/p65 signaling through TRIF, whereas in the colon, MyD88 and p38 MAPK
mediated its induction (53). Furthermore, infection with Helicobacter felis caused the
upregulation of Duox2 and Duoxa2 expression in the stomachs of mice. Studies of
DUOXAL and DUOXAZ2-deficient mice (animals were supplemented with L-thyroxine)
revealed that the DUOX enzyme complex plays a crucial role in preventing gastric
colonization by H. felis and the subsequent inflammatory response (54).

Increased DUOX2 expression has been found in patients with Crohn’s disease and
response to Helicobacter pylori infections (55-58).

Exome sequencing of 59 very early-onset inflammatory bowel disease (VEOIBD)
patients by Hayes et al. revealed two novel DUOX2 variants associated with pancolitis

without congenital hypothyroidism. One patient required colonic resection due to severe
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disease, while the other had early-onset ulcerative colitis. Further analysis of DUOX2
variants in H661 epithelial-like cells showed that both produced significantly less H.O>
than wild-type DUOX2, although protein expression and cellular localization were not
altered. In addition, cells expressing these mutants were more susceptible to
Campylobacter jejuni invasion (11). The first patient with VEOIBD who inherited
biallelic DUOX2 inactivating mutations was identified by Parlato et al.. The parents were
carriers of two additional variants of DUOX2 but had no symptoms. The patient's biopsy
results showed considerably lower levels of DUOX2 expression than in healthy
individuals and unrelated disease controls. Functional studies in cells indicated that
DUOX2 failed to exit the endoplasmic reticulum or Golgi, likely due to impaired
dimerization with DUOXAZ. This led to a significant reduction in the production of H.O>
(59). In summary, these studies suggest a protective role for epithelial DUOX2 in the

gastrointestinal tract.
1.2.2.2.4 Implication of DUOX in wound healing

The role of DUOX1 in the tracheobronchial epithelium was reported as a participant in
the airway epithelial repair process. Stimulating the enzyme through ATP during
epithelial injury is critical to activating extracellular signal-regulated kinases (ERK1/2)
and matrix metalloproteinase-9 (MMP-9), which mediate epithelial cell migration and
repair (60). A low concentration of Pseudomonas aeruginosa lipopolysaccharide (LPS)
accelerates wound repair in human airway epithelial cells through activation of DUOX1.
This study suggested that LPS is bound by Toll-like receptor 4 (TLR4) and indirectly
activates the NADPH oxidase, which ultimately leads to the phosphorylation of epidermal
growth factor receptor (EGFR) and wound healing (61). The role of DUOX1 and EGFR
in wound healing was also reported in an in vivo experiment. Oropharyngeal delivery of
Duox1 silencing RNA delayed airway reepithelialization in mice after naphthalene-
induced airway epithelial injury, which was associated with a suppressed activation of
EGFR and signal transducer and activator of transcription-3 (STAT3) (62). The function
of DUOX in wound healing in zebrafish was investigated in several studies. Niethammer
et al. used hydrogen peroxide-specific biosensor HyPer to show that wounding induces
H20. production by DUOX, and this tissue-scale gradient of ROS is required for
leukocyte recruitment to the wound (63). Furthermore, it has been observed that the

presence of DUOX is required for the regeneration of sensory axons following the
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amputation of caudal fins in zebrafish larvae (64). Src family kinase Lyn was identified
as a redox sensor that mediates initial leukocyte recruitment after wounding in zebrafish.
Oxidation of single cysteine residue, C466 of Lyn by DUOX-produced H20 leads to
activation of the protein (65). The role of DUOX in wound healing was also investigated
in Drosophila embryo and Xenopus (5), but there is limited data on its role in mammalian
wound healing in vivo. Our workgroup has also observed Duox1 knockout animals
following the wounding of back skin, but we did not observe any significant differences
compared to the wild-type mice in wound healing (not published).

1.2.2.3 DUOX1-derived H20O2 production in urothelial cells

Urothelial cells produce H20; in response to calcium signals through DUOX1, according
to research by Donkoé et al. (66). Urothelial cells were stimulated with Thapsigargin (TG)
and the production of hydrogen peroxide was measured. The H20- output was 2.69 + 0.19
nmol/10°® cells/h, which is significantly lower than the ROS output of activated
neutrophils, which is 100-120 nmol/10°® cells/h (67). However, it corresponded with
hydrogen peroxide production of histamine-stimulated immortalized bronchial epithelial
cells (68). Specific activation of TRPV4 calcium channels by GSK 1016790A induced
calcium signal and enhanced H2O. production in urothelial cells. In response to
thapsigargin and ATP, the calcium signal was measured in urothelial cells prepared from
wild-type and Duox1 knockout animals. It was found that ROS produced by DUOX1 did
not affect the calcium signal of urothelial cells. No positive feedback mechanism was
present between H>O. and intracellular calcium levels, unlike previously observed in
Jurkat cells (69). The potential antimicrobial role of DUOX1 was also investigated, but
no difference was found between wild-type and DUOX1-deficient animals after bladder
infection with E. coli. In vivo cystometry was used to investigate bladder function.
Voiding contractions developed at similar filling volumes, but the frequency of voiding
contractions in DUOXZ1-deficient mice was significantly higher than in wild-type
animals. However, the amplitude of pressure waves was similar in both groups, and non-
void contractions showed no significant difference. These results suggested that the
mechanosensing of urothelial cells is associated with calcium-induced DUOX1-

dependent H202 production (66).
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1.2.2.4 Role of DUOX1 in keratinocytes

Hirakawa et al. observed that Th2 cytokines (I1L-4/1L-13) induced DUOX1 expression in
normal human epidermal keratinocytes. They also detected increased hydrogen peroxide
production following cytokines treatment, which was DUOX1-dependent. Furthermore,
IL-4/1L-13-induced DUOX1 expression enhanced phosphorylation of signal transducer
and transcriptional activator 6 (STAT6) through oxidation of the catalytic cysteine 215
of protein tyrosine phosphatase 1B (PTP1B). The oxidation of PTP1B leads to
inactivation of the phosphatase. These results revealed a novel role of IL-4/I1L-13-induced
DUOX1 in modulation of STAT®6 activity (38).

The level of extracellular calcium ions in the epidermis is crucial in epidermal
differentiation (70). Choi et al. detected increased DUOX1 expression in normal human
keratinocytes upon exposure to 1.2 mM Ca?* for 24 hours (71). Furthermore, knockdown
of DUOX1 with siRNA downregulated the expression of genes essential for the
permeability barrier, such as filaggrin, loricrin, KRT1, KRT5, and KRT10, respectively
TGM3, TGM5, DSC1, DSG1, and SERPINB. They also investigated the impact of
DUOX1 expression on cornified envelope (CE) assembly. The cornified envelope
replaces the plasma membrane of differentiating keratinocytes and consists of keratins.
Its primary function is to create a protective barrier against the environment (72).
Interestingly, they found that CE assembly was significantly reduced by DUOX1 siRNA
compared to control siRNA. This study suggested that DUOX1 is involved in
keratinocyte differentiation and maintaining epithelial integrity.

It is important to note that in C. elegans, the role of DUOX (Ce-DUOX1) in maintaining
the exoskeleton, the cuticle has been previously described. Ce-DUOXL is expressed in
the hypodermal cells beneath the cuticle of larval animals. To stabilize cuticular
extracellular matrix, Ce-DUOX catalyzes the cross-linking of tyrosine residues of
collagen and other proteins. Ce-DUOX-deficient nematodes display various cuticle
abnormalities, including large blisters, "dumpy"-like phenotypes, and translucency, as

well as impaired movement (73).

Our workgroup demonstrated that in spontaneously immortalized human keratinocytes,
HaCaT cells, the amount of peroxiredoxin (Prx) I and Il dimers increased in response to
thapsigargin treatment in a DUOX1-dependent manner. In addition, thapsigargin, ATPyS,

and EGF enhanced the oxidation of thioredoxin in the presence of DUOX1. When small
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interfering RNA silenced DUOX1, this effect of the stimuli was abolished (74). Prx | and
Il belong to the typical 2-Cys Prx isoforms. Their localization is dependent on the cell
type and environment, but Prx | and Il are mainly cytosolic. These antioxidant enzymes,
known as peroxide and peroxynitrite scavenging enzymes, play a crucial role in regulating
peroxide levels within cells. The typical 2-Cys peroxiredoxins comprise an active site
cysteine that is sensitive to oxidation by H2O,. Peroxidatic cysteine thiolate (CpS) of
typical 2-Cys Prxs is oxidized to a sulfenic acid (Cp-SOH), followed by condensation
with the resolving cysteine (Cr) of another subunit to form a head-to-tail disulfide-linked
homodimer. The thioredoxin-thioredoxin reductase (Trx-TrxR) system can reduce it back
to monomer. Cp-SOH of 2-Cys Prxs can react with a second H.O> molecule and become
hyperoxidized to cysteine sulfinic acid (Cp-SO2H). The sulfinic acid can be reduced in an
ATP-dependent reaction catalyzed by sulfiredoxin (Srx) (Figure 3.) (75, 76). To
summarise our findings above, hydrogen peroxide produced by DUOX1 oxidized Prx 1
and I1. Reduction of cross-linked Prxs oxidized Trx, which our workgroup could also
detect. These findings suggest that DUOX1-produced H2O. has a signaling role in
keratinocytes (74).
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Figure 3. Schematic representation of catalytic cycle of 2-Cys. Peroxidatic cysteine
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thiolate (CpS") of typical 2-Cys Prxs is oxidized to a sulfenic acid (Cp-SOH), followed by
condensation with the resolving cysteine (Cr) of another subunit to form a head-to-tail
disulfide-linked homodimer. The thioredoxin-thioredoxin reductase (Trx-TrxR) system
can reduce it back to monomer. Cp-SOH of 2-Cys Prxs can react with a second H>O>

molecule and become hyperoxidised to cysteine sulfinic acid (Cp-SO2H). The sulfinic acid
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can be reduced in an ATP-dependent reaction catalyzed by sulfiredoxin (Srx). The figure

is based on Figure 1. of (75).

The DUOX enzymes have also been observed in other cells, but during my Ph.D. studies,
| investigated the role of DUOX1 in epithelial cells, so | tried to focus on these literature
findings. Regarding my work, | will briefly touch upon the function of keratinocytes in

nociception in the following paragraph.
1.3 Role of keratinocytes in nociception

The skin is the body's largest organ, encompassing the entire external surface. It is
composed of three layers: the epidermis, dermis, and hypodermis. The epidermis, which
is the outermost layer, consists of a stratified squamous epithelium primarily made up of
keratinocytes. The epidermis has five layers: the stratum basale, stratum spinosum,
stratum granulosum, stratum lucidum, and stratum corneum. Keratinocytes, which
originate in the basal layer, produce keratin and form a well-organized stratified
epithelium through a coordinated program of differentiation and apical migration. It has
been conventionally believed that keratinocytes are solely responsible for the physical
and chemical barrier functions of the epidermis.

Somatosensory neurons, with cell bodies located in the trigeminal or dorsal root ganglia
(DRQG), innervate the skin. AB-fibers, such as those innervating Merkel cells and fibers
around the hair shaft, are considered touch receptors. Ad-fibers and C-fibers include
thermoreceptors and nociceptors. In pain transmission, Ad-fibers carry the rapid and
accurately localized component of the message, whereas C-fibers transmit the slow and
imprecisely localized component. C-fibers are subdivided into peptidergic and non-
peptidergic C-fibers. Peptidergic C-fibers primarily terminate in the spinosus layer of the
epidermis, while non-peptidergic C-fibers terminate more superficially in the granular
layer.

According to the classical point of view, Ad-fibers and C-fibers extremities, that pass
between keratinocytes and are called intra-epidermal free nerve endings (FNES), are the
exclusive detectors and transducers of noxious thermal, mechanical, or chemical stimuli.
However, in the last two decades, the classical theory seems to have been overturned, and
several studies have shown that keratinocytes are more than just a barrier, they can

modulate and directly initiate nociceptive responses (77, 78).
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Firstly, not only do intraepidermal free nerve endings terminate in the epidermis, but they
are entirely enwrapped by keratinocyte cytoplasm and form en passant synaptic-like
contacts with keratinocytes (79).

Beyond the anatomical proximity of the free nerve endings, several sensory and
neurotransmitter receptors are expressed on keratinocytes, such as transient receptor
potential proteins, voltage-gated cation channels, y-aminobutyric acid receptors,
adrenoceptors, glutamate receptors, and acetylcholine receptors (80). The forthcoming
discussion will center on transient receptor potential proteins.

Transient receptor potential (TRP) proteins constitute a significant receptor family
comprising non-selective ion channels permeable to Na*, Ca?*, and Mg?*. These channels
act as chemical, mechanical, and thermal stimuli sensors and are involved in various
physiological processes such as inflammation, pruritus, nociception, and cell
proliferation. TRPV1, TRPV3, TRPV4, TRPAL, and TRPMS8 have been identified on
human keratinocytes, inducing a Ca?* influx upon activation (80).

The TRPV1 channel protein is activated by various stimuli, including high temperature
(above 42 °C), capsaicin, low pH, ultraviolet irradiation, and shear stress. Although
initially believed to be exclusive to sensory neurons, further studies have shown that this
protein is also expressed at lower levels in other cell types, such as epidermal
keratinocytes (80, 81). Additionally, Inoue et al. demonstrated that capsaicin triggered a
rise in intracellular calcium levels in human primary keratinocytes and HaCaT, which
was effectively prevented by a TRPV1 antagonist, capsazepine (82). In patients with
Herpes Zoster, small fiber sensory neuropathy, diabetic peripheral neuropathy, and nerve
injury, the expression of TRPV1 was found to be increased in epidermal keratinocytes.
Notably, the level of TRPV1 expression was found to be correlated with the intensity of
pain experienced by these patients. Furthermore, TRPV1 in keratinocytes contributes to
the development of cutaneous inflammation by inducing cyclooxygenase-2 (COX-2) and
the production of pro-inflammatory mediators, including prostaglandin E2 (PGE2), IL-8,
IL-1B, IL-2, IL-4, and TNF-a (80).

TRPV3 is a warm temperature sensor (>33-39 °C) that is primarily expressed on
keratinocytes. Studies have shown that activating TRPV3 in keratinocytes can stimulate
the release of interleukin-1a, and can excite sensory neurons by releasing adenosine-5'-

triphosphate (ATP) in co-culture system (83). In vivo, mice with localized hind paw -
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1ginflammation caused by carrageenan exhibited nociceptive behavior when
intraplantarly injected with farnesyl pyrophosphate, a TRPV3 agonist (84). In addition,
the function of TRPV3 is crucial for establishing the skin barrier through its regulation of
transglutaminase activities that are necessary for keratinocyte cornification (85). Elevated
TRPV3 expression was detected in keratinocytes of breast tissue samples collected from
women experiencing breast pain and tenderness. Increased TRPV3 expression was also
found in pruritic hypertrophic burn scars, and atopic dermatitis skin. Contrastly, diabetic
skin showed reduced expression of TRPV3 (80).

Besides TRPV3, TRPV4 is also highly expressed in keratinocytes and plays a role in
intercellular barrier integrity in human keratinocytes (86). TRPV4 can be activated by a
specific range of temperatures (25-34 °C), as well as by extracellular hypotonicity, shear
stress, or ultraviolet B radiation. The activation of TRPV4 by histaminergic pruritogens
can trigger itch behaviors by stimulating the phosphorylation of MAPK and ERK in
keratinocytes (80).

TRPAL is present in various tissues, including sensory neurons and epidermis. Its
function in keratinocytes is still a topic of debate. Some studies have shown that TRPAL
is activated by noxious cold (<17 °C) in human keratinocytes in vitro, while Trpal
knockout mice and rats displayed normal cold sensations. However, other studies found
that Trpal knockout mice showed behavioral deficits in response to cold (0 °C) and
mechanical stimuli. The expression of TRPAL1 is low in non-stimulated human
keratinocytes, but can be upregulated through NFxB and MAPK pathways. Moreover,
topical application of a TRPA1 agonist can induce the secretion of PGE2 and leukotriene
B4 (LTB4) from human keratinocytes (80).

TRPMB8 is located in the endoplasmic reticulum of human keratinocytes. Research
conducted in vitro has shown that when TRPMS is activated by mild cold temperatures
ranging from 24 to 33 °C, it triggers the release of Ca?* from the endoplasmic reticulum
and the uptake of Ca?* by the mitochondria, which modulates the synthesis of ATP and
superoxide in the mitochondria. This temperature-dependent regulation of epidermal

TRPMB8 plays a potential role in the proliferation and differentiation of keratinocytes (80).
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2. ODbjectives

The aim of my work was to gain a better understanding of the role of the hydrogen
peroxide-producing NADPH oxidase, DUOX1 in squamous cells. Therefore, the
following objectives were set:

1. to investigate the source of EGF-induced hydrogen peroxide production in

squamous cells.

2. to characterize the molecular mechanism of H>O> production induced by

increased intracellular calcium concentration.

3. to identify the molecular targets of DUOX1-produced hydrogen peroxide.

4. to confirm the presence of DUOX1 in mouse skin.

5. to develop an antibody against mouse and human DUOX1 and establish a

genetically controlled system to verify the specificity of the antibodies.

6. to investigate the selectively altered nociceptive behavior of DUOX1-deficient

mice.
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3. Methods
3.1 Cell culture

A431 (ATCC, Manassas, VA, USA, CRL-1555), HEK293 (ATCC, Manassas, VA, USA,
CRL-1573 ), HEK293T (ATCC, Manassas, VA, USA, CRL-3216), HEK293A
(Invitrogen R705-07) and HaCaT cells (ATCC, Manassas, VA, USA) were cultured in
Dulbecco's Modified Eagle's Medium with glutamine and 4.5 g/L glucose (DMEM;
Lonza Group Ltd., Basel, Switzerland) supplemented with 100 U/ml penicillin, 100 U/ml
streptomycin (Lonza Group Ltd., Basel, Switzerland) and 10% fetal bovine serum (FBS;
Lonza Group Ltd., Basel, Switzerland). Cells were grown in a humidified incubator with
5% COgz in air, at 37 °C. Primary mouse keratinocytes were prepared from the back skin
of wild-type and DUOX1-deficient mice, as described previously (87).

3.2 Animals

Duox1 knockout mice described earlier by Donko et al. (66) were purchased from
Lexicon Pharmaceuticals, Inc. (The Woodlands, TX, USA). Briefly, Duox1 knockout
animal was created using retroviral-based gene-trap technique (Model #TF1226, Taconic,
NY,USA). The location of the inserted cassette was identified by sequencing. C57BL/6N
wild-type mice were obtained from commercial sources. Experimental animals were
maintained on a standard diet and given water ad libitum in either specific pathogen-free
or conventional animal facilities of Basic Medical Science Centre, Semmelweis
University. Animals for nociception assays were kept in the animal house of Szentagothai
Research Centre, University of Pécs, in individually-ventilated cages on wood shavings
bedding, at 22+2 °C temperature and a standard 12-12 h light-dark cycle (lights on
between 7:00-19:00). They were provided with standard rodent chow and water ad
libitum. All experiments were designed and performed according to the 243/1998.
Hungarian government regulation on animal experiments. Experiments were approved by
the Ethics Committee on Animal Research of the University of Pécs (license number:
BA02/2000-10/2011). 10-12 week old male mice of each genotype were used up to the
necessary sample size. The sample size was determined based on our previous
experiments using the same models (88), also considering the 3R (replace, reduce, refine)
rule for the animal ethical principles. The animals were randomized into different

experimental groups. The researchers were blinded to the experimental design, the
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treatment the animals received, and the genotype. Due to short-term anesthesia and short
observation times, the general health status of animals was not affected. The analysis
included the results of all tested animals; there were no exclusions.

3.3 Mustard oil-induced thermal hyperalgesia on the tail

The noxious heat threshold of the tail of mice was measured with an increasing-
temperature water bath (Experimetria Ltd., Budapest, Hungary) as previously described
(88). Mice were placed into plastic restrainers, which were hung on a rack above the water
bath so that the tails could be immersed into the water. The following parameters were
set on the device: a starting temperature of 30 °C, a heating rate of 24 °C/min, and a cut-
off temperature of 53 °C. The heating was immediately stopped when the animals showed
nocifensive behavior, and the tails were removed from the water. The corresponding
water temperature was recorded as the noxious heat threshold. After 3 control threshold
measurements, thermal hyperalgesia was induced by immersing the tails into 5% mustard
oil dissolved in 30% DMSO in water for 30 seconds. Noxious heat threshold
measurements were repeated at 10 min intervals for 60 minutes after treatment. Where

indicated, 3 mg/kg intraperitoneal naloxone pretreatment had been applied.

3.4 Formalin test

To evaluate formalin-induced nociception, mice were injected intraplantar with 2.5%
formalin (20 pl, i.pl.) and then placed into transparent observation chambers. A mirror
was placed behind the chamber so that the observer could see the animals from behind.
Spontaneous nocifensive behavior was assessed between 0-5 min and 20-45 min after
injection, based on the characteristic 2-phase response induced by formalin. The duration
of paw licking was measured by a stopwatch while paw flinching responses were counted.
A Composite Pain Score (CPS) was also calculated by the following formula: CPS=(2x
paw licking time + 1x paw flinchings)/observation time. The swelling induced by
formalin was determined 3 h after injection by measuring the thickness of the paw with a
digital caliper (Mitutoyo, Kawasaki, Japan). The swelling was expressed as a % increase

compared to the contralateral paw.
3.5 Amplex Red assay

Confluent cells on 24-well plates (SPL Life Sciences Co., Korea) were washed with H-
medium (145 mM NaCl, 5 mM KCI, 1 mM MgClz, 0.8 mM CaCl,, 10 mM HEPES, and
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5 mM glucose, pH 7.4) and background fluorescence was also measured in 0.3 ml/well
H-medium. For the assay, an H-medium-based reaction solution was used containing
horse radish peroxidase (Sigma-Aldrich, Burlington, MA, USA) and Amplex Red
(Synchem, Germany) in a final concentration of 0.2 U/ml and 50 pM respectively. Cells
were stimulated with 1 pM thapsigargin (Sigma-Aldrich, Burlington, MA, USA), 500
ng/ml EGF (PeproTech, Rocky Hill, NJ, USA), or 100 puM vitamin B3 (Sigma-Aldrich,
Burlington, MA, USA), or 10 uM ATPyS (Sigma-Aldrich, Burlington, MA, USA), or 2
nM GSK 1016790A (Sigma-Aldrich, Burlington, MA, USA). Stimuli were added to the
Amplex Red-containing reaction solution immediately before pipetting onto the cells.
The fluorescence measurement started promptly after adding the reaction solution, and
the cells were kept at 37 °C throughout the measurement. Fluorescence of the end-product
resorufin was measured at 590 nm with POLARstar Optima multimode microplate reader
(BMG Labtech, Ortenberg, Germany). Background fluorescence was subtracted from the
fluorescence values of each well. Each experimental condition was run in 3 parallels on

the 24-well plate.
3.6 Calcium imaging

A431 and HaCaT cells were grown on coverslips. Before the experiment, cells were
washed in H-medium, and Fura-2-AM (Molecular Probes, USA) was loaded in a final
concentration of 1 uM for 20 minutes at room temperature. Ratiometric fluorescence
intensity measurements were performed on an inverted microscope (Axio Observer D1,
Zeiss) equipped with a 40x, 1.4 oil immersion objective (Fluar, Zeiss) and a Cascade 1l
camera (Photometrics). Excitation wavelengths were set by a random access
monochromator connected to a xenon arc lamp (DeltaRAM, Photon Technology
International). Images were acquired every 5 s for a period of 10 to 15 min with the
MetaFluor software (Molecular Devices). The final concentrations of different stimuli
were 500 ng/ml EGF and 1 uM thapsigargin. 40000 HEK?293 cells/well were plated on
96-well plates (SPL Life Sciences Co., Korea) pretreated with poly-L-lysine (Sigma-
Aldrich, Burlington, MA, USA). HEK293 cells were transfected with human TRPAL-
expressing plasmid using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The plasmid was kindly provided by Zoltan Sandor,
Department of Pharmacology and Pharmacotherapy, University of Pécs, Medical School.

The next day cells were washed with H-medium and loaded with Fura-2-AM (2 uM
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dissolved in H-medium,) for 30 min at 37 °C. Cells were rewashed, and the baseline
fluorescence was measured using Clariostar (BMG Labtech, Ortenberg, Germany).
Excitation wavelengths were 335 and 380 nm, and emission wavelength was 510 nm. The
final concentrations of different stimuli were as follows: 500 or 100 uM H>0> (Sigma-
Aldrich, Burlington, MA, USA) and 10 uM AITC (Sigma-Aldrich, Burlington, MA,

USA). Each experimental condition was run in 3 parallels.
3.7 siRNA transfection

Stealth siRNAs (Life Technologies) were transfected at the time of cell plating in 20 nM
final concentration using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s instructions. Measurements were carried out 48 h after transfection. Three
different DUOX1-specific SIRNA sequences were tested, and three different control
siRNAs of varying GC content were used as control. All DUOX1-specific sequences gave
efficient knockdown of DUOX1 expression. For DUOXA1 knockdown, one specific
stealth sSiRNA was used.

3.8 Western blot experiments

Laemmli sample buffer was added to the cell lysate samples and these were run on 8% or
10% SDS polyacrylamide gels and blotted onto nitrocellulose membranes. Membranes
were blocked in phosphate buffered saline containing 0,1% Tween- 20 and 5% dry milk
or 5 % bovine serum albumin (for phospho-tyrosine specific Western blots). The first
antibodies were diluted in blocking buffer and used either for 1 h at room temperature or
overnight at 4 °C. After several washing steps in PBS-Tween-20 membranes were
incubated with HRP-linked secondary antibodies (Amersham Pharmaceuticals,
Amersham, UK) diluted in blocking buffer. After further PBS-Tween-20 washing steps,
antibody binding was detected using enhanced chemiluminescence and Fuji Super RX
medical X-ray films. Importantly samples were never boiled when processed for Western
blotting with the DUOX1 antibody. The redox state of KCNQ4 was also measured by
immunoblotting. Detection of proteins was performed using HRP-Conjugated
Streptavidin (Thermo Fisher Scientific, Waltham, MA, USA) in phosphate
buffered saline containing 0,1% Tween- 20 and 5% bovine serum albumin. Vinculin and
actin antibodies were purchased from Sigma-Aldrich (V9131, A1978), EGFR antibodies
were from Cell Signalling Technology (4267S), and DUOX antibodies were non-

commercial.
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3.9 Non-commercial DUOX1 antibodies

In the experiments shown in Figure 9. and 12., a rabbit polyclonal anti-DUOX antibody
(kindly provided by Francoise Miot, Brussells, Belgium), which was raised against the
Arg618-His1044 fragment of human DUOX1 was applied (25). Later our own polyclonal
antibody had been developed against a 411-amino-acids-long sequence of recombinant
human DUOX1 (amino acids 622-1032). This antigene was produced and purified from
BL21 Competent Cells and injected intracutaneously with Freund’s adjuvant into New
Zealand white rabbits. For polyclonal antibodies, rabbits were sacrificed, and antibodies
were affinity purified from the sera using Affigel 10 beads (BioRad Laboratories,
Hercules, CA, USA) loaded with the antigens according to the manufacturer's

instructions.
3.10 DUOX1 CRISPR in HaCaT

HaCaT cells were genetically mutated for DUOXI1, using a pSpCas9(BB)—2A-GFP
(PX458, Addgene) vector, following Target Sequence Cloning Protocol by ZhangLab
(89). The vector contained the 5’-gagctgtctcggctgcggacagg-3' guide sequence. The cells
were transfected with Lipofectamine LTX and Plus Reagent (Invitrogen), and GFP-
positive cells were sorted onto 96-well plates. Cell clones were screened by PCR of
genomic DNA using 5'-gtgcagtgaggatatcccaaccc-3’ sense and 5'-ctggctcctgaccaatgetgg-
3’ antisense oligos. PCR products were analyzed by Surveyor mismatch analysis, then
sent for sequencing. It was confirmed by Western blot analysis and Amplex Red assay

that the selected cell line does not express DUOXL.
3.11 Biotinylation of reduced thiols

HEK293T cells were transfected on poly-L-lysine (Sigma-Aldrich, Burlington, MA,
USA) coated 6-well plates (SPL Life Sciences Co., Korea) with Kcng4 Mouse Tagged
ORF Clone (OriGene, Rockville, MD, USA) using Lipofectamine LTX and Plus
Reagents (Invitrogen) following the manufacturer’s instructions. The next day the
transfected cells were washed with H-medium and treated with 0, 20, 100, or 500 uM
H202in 2 ml H-medium for 3 minutes at 37 °C. After the treatment, cells were lysed and
collected in ice-cold lysis buffer (50 mM TRIS, 140 mM NaCl, 1% Triton X-100, 0.1%
SDS, 1mM PMSF, and cOmplete Mini Protease Inhibitor Cocktail (Merck, Darmstadt,
Germany), pH 8) with 250 uM biotin polyethyleneoxide iodoacetamide (BIAM, Thermo
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Fisher Scientific, Waltham, MA, USA). Samples were centrifuged at 15,000 RPM for 10
minutes at 4°C, and the supernatants were incubated for 25 min at 4 °C. The protein
concentration of the samples was adjusted to equal amounts using Pierce BCA
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) for subsequent
immunoprecipitation. 50-100 ug of protein were used to pull down FLAG-tagged
KCNQ4 proteins with monoclonal anti-FLAG M2 antibody produced in mouse (mouse
monoclonal Anti-FLAG M2 antibody, F3165) and Protein G Sepharose beads (Abcam,
UK) at 4 °C overnight. For Western blot analysis, beads were boiled in Laemmli sample
buffer.

3.12 Biotinylation of reversibly oxidized thiols

The experiment started like the biotinylation of reduced thiols, described above. After
H20, treatment, biotin labeling of reversibly oxidized thiols was conducted by a modified
protocol based on Lowe et al. (90). Briefly, free thiols were alkylated with 100 mM N-
ethylmaleimide (NEM, Sigma-Aldrich, Burlington, MA, USA) in H-medium for 5
minutes at room temperature. Subsequently, cells were lysed and collected from the plate
in ice-cold BASE-buffer (1% IGEPAL-CA630, 150 mM NaCl, 50 mM TRIS, 1 mM
EDTA, pH 8) supplemented with 100 mM NEM and cOmplete Mini Protease Inhibitor
Cocktail (Merck, Darmstadt, Germany) on ice. Samples were centrifuged at 15,000 RPM
for 10 minutes at 4 °C. Excess of NEM was removed from the supernatants using 0.5 ml
Zeba Spin Desalting Columns (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s recommendations. Reversibly oxidized thiols were
reduced with 2.3 mM dithiothreitol (DTT, Avantor, Radnor, PA, USA) for 30 minutes on
ice. After removing excess DTT with desalting columns, reduced thiols were
alkylated with biotin polyethyleneoxide iodoacetamide (Thermo Fisher Scientific,
Waltham, MA, USA) for 2 hours on ice in ultrasound bath. After removing unbound
BIAM with desalting columns, the steps of the biotinylation of reduced thiols, as
described above, were followed. KCNQ4 was immunoprecipitated, and signals were
detected by Western blot.

3.13 Biotinyl tyramide assay

HaCaT and HaCaT DUOX1 knockout confluent cells on coverslips were washed with H-

medium and treated with 1 uM thapsigargin in the presence or absence of 0.2 U/ml horse
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radish peroxidase and 27,5 uM biotinyl tyramide (Sigma Aldrich, Burlington, MA, USA)
for 5 minutes at 37 °C. After treatment, cells were washed 3 times with PBS on ice, and
bound biotinyl tyramide was visualized with fluorescent streptavidin (Vector
Laboratories, Inc., Burlingame, CA, USA) at 1:1000 in PBS for 30 minutes at 4 °C. Cells
were fixed with ice-cold 4% paraformaldehyde solution and cell nuclei were stained with
To-Pro-3 (Invitrogen). Samples were mounted with Mowiol (Sigma Aldrich, Burlington,
MA, USA) and analyzed with an LSM710 confocal laser-scanning microscope using a

63x oil objective (Carl Zeiss).
3.14 Quantitative PCR

Mouse tissue RNA was isolated from dorsal root ganglions, hind paw, and tail skin using
RNeasy Mini Kit (Qiagen, Hilden, Germany). Human keratinocyte RNA was purified
using NucleoSpin RNA (Macherey-Nagel, Diren, Germany). Before the RNA
preparation, tissue samples were collected into RNAlater reagent (Thermo Fisher
Scientific, Waltham, MA, USA) at room temperature. cDNA was synthesized from 2 ug
of total RNA using High-Capacity cDNA Reverse Transcription Kit (Fermentas)
according to the manufacturer’s recommendations. For qPCR reaction, 0.5 pl of cDNA
was used in a 10 pl reaction solution using TagMan Gene Expression Assays (Thermo
Fisher Scientific, Waltham, MA, USA) and LightCycler 480 Probes Master (Roche Life
Science) in a LightCycler LC480 plate reader (Roche Life Science). For each cDNA
sample, the expression of the target was divided by the expression of the endogenous
control. The crossing point was determined by the second derivative method. The specific

Tagman Gene Expression assays utilized are described in our publications (74, 91).
3.15 Measurement of ATP secretion

HEK?293A cells expressing the GRABAatp sensor were kindly provided by Balazs Enyedi.
GRABATr1.0 expression plasmid was created by Gibson cloning based on the sequence
provided in the article of Wu et al. (92) . GRABAatr1.0 was N-terminally fused through a
P2A peptide with a plasma membrane-localized far-red fluorescent protein, mKate2.
Membrane localization of mKate2 was achieved by fusing it to the N-terminal targeting
sequence of the protein Lck (MGCVCSSNPENNNN). 35000 cells/well (30% HEK293A-
70% HaCaT or 100% HEKZ293A) were plated on Ibidi 8-well p-slides (Ibidi GmbH,
Gréfelfing, Germany) pretreated with poly-L-lysine (Sigma-Aldrich, Burlington, MA,
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USA). Next day before measurements, growth medium was replaced with imaging
medium (EC1, containing 3.1 mM KCI, 133.2 mM NacCl, 0.5. mM KH2PQO4, 0.5 mM
MgSOs, 5 mM Na-HEPES, 2 mM NaHCOgz, 1.2 mM CaClz, and 2.5 mM Glucose)
Experiments were performed at room temperature on a NikonTi2 inverted microscope
equipped with an Apo LWD 40x WI AS DIC N2 water immersion objective, a Yokogawa
CSU-W1 Spinning Disk unit, a Photometrics Prime BSI camera and 488 nm and 561 nm
diode laser lines. After recording the cells for 2 minutes, a custom-made perfusion system
was opened, and fresh EC1 medium was delivered by perfusion to wash the previously
produced ATP away. As treatment, 2.5 nM GSK 1016790A or 500 uM H.O> were

applied. At the end of the measurement, 1 uM ATP was added as a positive control.
3.16 Analysis and quantification of ATP secretion

GRABATr-expressing cells were automatically segmented in the red channel (mKate2)
using the software Cellpose (93). The mean intensity of the green and red channels
(cpEGFP and mKate2) was recorded for each cell at each time point using the generated
masks. Taking advantage of the P2A peptide linker between the mKate2 and GRABAaTp
resulting in a 1:1 expression ratio, we used the green/red ratio as a normalized measure
of the GRABAatp signal. To express all intensities between 0 and 1, we applied the
following further normalization: (F-Fo)/(Fmax-Fo), where F is the intensity at a given time
point, Fo is the average intensity value of the baseline measured during the 5 minutes prior
to the stimulation and Fmax is the maximum intensity value after ATP stimulation. Finally,
we applied a rolling average of 3 on the normalized data. The final output data was then
denoted AF/Fo. We excluded the 2 minutes pre-perfusion baseline and the first 3 minutes
of the washing step from the analysis for all experiments. Before analysis, the background
intensity was removed automatically using the SMO software, and images were registered
using the pystackreg software. All data were analyzed and plotted using the Python
libraries Pandas, Numpy, and Seaborn. Statistical analysis was done using the t-test of the

‘stats’ module from the Python library Scipy.
3.17 Statistical analysis

Statistical analyses were performed using Graph Pad Prism 7.0 and Origin Pro 8 software
programs. Specific statistical tests are presented in the figure legend for each experiment.

P-values below 0.05 were considered statistically significant.
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4. Results
4.1 EGF stimulates H20> production in A431 and HaCaT cells

Bae et al. previously described that epidermal growth factor (EGF) induces H2O>
production in A431 cells, but the origin of the ROS was not identified (94). We had a
theory about a possible source of H20.. Therefore, we wanted to reproduce this
experiment. Hydrogen peroxide production by human epidermoid squamous carcinoma
A431 and human spontaneously transformed epidermal keratinocyte HaCaT cells were
detected through the measurement of changes in Amplex Red fluorescence. In the
presence of horseradish peroxidase, the Amplex Red reagent reacts with H2Oz in a 1:1
stoichiometry to produce the red-fluorescent oxidation product, resorufin. Both cell lines
showed measurable basal H20 production, which can be generated by other molecular
processes, such as mitochondrial activity. As shown in Figure 4. A and B, compared to
the non-treated control cells, both cell lines showed increased H>O, production after EGF
stimulation, increasing the Amplex Red fluorescence signal. The stimulated cells
produced approximately 3 nmol/h/10° cells H,O,, as determined by simple linear

regression analysis of Amplex Red fluorescence on an H2O2 concentration scale.
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Figure 4. Detection of EGF-induced H2O> production in human keratinocyte cell lines.
A431 (A) and HaCaT (B) cells were stimulated with 500 ng/ml EGF for 30 minutes, and
changes in Amplex Red fluorescence were measured. Representative plots (at least 3
independent experiments) show mean + SD of triplicate. The figure is modified from
Figure 1. of (74).
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4.2 Intracellular Ca**-induced H»O; production in keratinocyte cell lines

The interaction between EGF and EGFR increases intracellular calcium level by
activating phospholipase Cy (95). In our following experiments, we investigated the role
of the calcium signal in EGF-induced H>O> production. To confirm that intracellular
calcium levels increased after EGF stimulation, we utilized Fura-2-AM - a fluorescent
indicator for intracellular calcium - in the cells we examined. A431 and HaCaT were
loaded by incubation with 1 uM solutions of the cell-permeant AM ester. In the cell,
nonspecific esterases hydrolyzed the AM ester to liberate the FURA. Figure 5. shows that
EGF increased the intracellular Ca?* level in both cell lines. To elicit the maximal Ca?*
response, cells were treated with thapsigargin, a non-competitive inhibitor of endoplasmic
reticulum Ca?*-ATP-ase (SERCA). Thapsigargin depletes intracellular calcium stores

and evokes Ca?* influx from the extracellular space.
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Figure 5. Detection of changes in intracellular calcium level with FURA-2-AM. Cells
were loaded with 1 uM FURA -2-AM for 20 min. (A) A431 cells were stimulated with 500
ng/ml EGF, followed by 1 uM thapsigargin. (A) HaCaT cells were also treated with 500
ng/ml EGF, then I uM thapsigargin was added. (B) Representative graphs (at least three
independent experiments) show the results of 6 different cells from one well. The black

line represents the average of the six other colored curves (74).

Upon detecting the increase in intracellular calcium levels in both A431 and HaCaT cells
after EGF stimulation, we further examined the impact of calcium on H2O> production in
these cells. Our findings revealed that treatment with BAPTA-AM, a calcium chelator,
prior to EGF stimulation prevented the previously observed growth factor-evoked
increase in H2O> production (Figure 6.). These results indicate the essential role of the

calcium signal in EGF-induced ROS production.
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Figure 6. Role of calcium in EGF-induced production of H.O; in A431 and HaCaT
cells. A431 (A) and HaCaT (B) cells were incubated for 10 min at 37 °C with 50 uM
BAPTA-AM, then received 500 ng/ml EGF stimulus. After 10 min, H2O2 production was
detected by Amplex Red assay. Unpaired t-test was used. The figure is modified from
Figure 2. of (74).

Our next experiment was based on a previously also described phenomenon that in
HaCaT cells EGF, bradykinin, thapsigargin, and Ca?*-ionophore A23187 induced ROS
production, and this increased generation of ROS was intracellular calcium level-

dependent (96). Therefore, we used diverse stimuli to elicit the intracellular calcium
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signal. Meanwhile, H2O, production was detected by Amplex Red reagent. In A431 cells,
a relevant increase was measured compared to non-treated cells in response to the
thapsigargin (Figure 7. A). HaCaT cells were also treated with several intracellular Ca?*
signal-inducing stimuli, which enhanced H202 production. In addition to thapsigargin,
ATP analog ATPyS, vitamin B3 (also known as niacin), and TRPV4 agonist GSK
1016790A were applied. All stimuli increased H202 production, resulting in an elevation
of Amplex Red fluorescence, although the degree of elevation varied among the stimuli
(Figure 7. B).
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Figure 7. Measurement of Amplex Red fluorescence in A431 and HaCaT cells with
distinct intracellular calcium signal-inducing stimuli. (A) A431 cells were stimulated
with 1 uM thapsigargin. (B) HaCaT cells were treated with I uM thapsigargin, 10 uM
ATPyS, 100 uM vitamin B3, or 2 nM GSK 1016790A. Representative plots (at least 3
independent experiments) show mean = SD of triplicate. The figure is modified from
Figure 2. of (74).

4.3 Expression of NADPH oxidases in A431 and HaCaT cells

Although H20O: can be produced in cells by several processes (e.g., as a by-product by the
mitochondrial respiratory chain ), it is known that in mammalian cells, NADPH oxidases
are the primary source of regulated H202 production (3). Therefore, we wanted to
investigate the possible involvement of this enzyme family in EGF-induced production
of H20x. First, we used quantitative PCR to investigate the expression pattern of NADPH
oxidase family components in A431 and HaCaT cells (Figure 8.). DUOX1 was the most
abundantly expressed NADPH oxidase isoform, and its maturation factor DUOXA1 was

also highly expressed. Although CYBA (encodes P22°H9X) expression was also high in
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HaCaT cells, it was not observed in A431 cells. Moreover, the expression level of NOX
isoforms (NOX1-4), which require the co-expression of P22°H9% was negligible
compared to DUOX1.
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Figure 8. Quantitative PCR analysis of the expression of NADPH oxidase isoforms and
their regulators in keratinocyte cell lines. The plot is representative of three independent

experiments. The figure is modified from Figure 1. of (74).

Additional commonly used epithelial tumor cell lines (human lung epithelial
adenocarcinoma cells A549, ovarian carcinoma cells A2780, and cervical cancer cells
HeLa) were also examined. Still, no relevant amount of DUOX1 expression was detected
nor increased H>O; production after EGF stimulus (74).

Next, we also confirmed the presence of DUOX1 at the protein level in these cells (Figure
9.). Since the antibody cannot distinguish between DUOX isoforms, we used siRNA to
verify that DUOX1 was indeed detected by Western blot. Based on these results, we can
conclude that among the NADPH oxidases, DUOX1 is the possible source of regulated
H20> production in A431 and HaCaT cells.
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Figure 9. Western blot analysis of DUOX1 protein expression in HaCaT and A431
cells. Epithelial cells were transfected with 20 nM scrambled or DUOX1 specific SiRNA
and harvested 48 h later. The Western blot was repeated more than four times from
different siRNA transfections, with similar results. The figure is modified from Figure 1.
of (74).

4.4 Role of DUOX1 in intracellular Ca?*-induced H,O2 production

As mentioned in the introduction, the intracellular calcium signal stimulates DUOX1
activity via the calcium-binding EF hand of the enzyme (27). Based on the results
described above and this information, in our following experiments, we investigated the
role of DUOX1 in the H20; response to intracellular Ca?* level increase. Expression of
DUOX1 was effectively downregulated by DUOX1 siRNA treatment, which reduced the
basal production of H20., and there was no significant increase in ROS generation in
response to either EGF or thapsigargin stimuli (Figure 10. A and C). To confirm the
crucial role of DUOX1 in EGF-induced H20. production, DUOX1 maturation factor,
DUOXAL was also effectively reduced by DUOXALl siRNA treatment. Several
publications demonstrated that the enzymatic activity of DUOX1 is dependent on the
maturation factor, which assists the enzyme to be transported from the endoplasmic
reticulum to the plasma membrane (31, 32). As shown earlier (Figure 8.), both cell lines
express DUOXAL. Silencing of DUOXAL has a similar effect as silencing of DUOX1 on
EGF-induced H20: production (Figure 10. B and D). This result also verified the essential

role of DUOX1 activity in growth factor-stimulated, increased H20O- generation.
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Figure 10. Measurement of Amplex Red fluorescence in DUOX1 or DUOXAL
siRNA-treated A431 and HaCaT cells. HaCaT (A, B) and A431 (C, D) cells were
transfected with scrambled, DUOX1 (A, C) or DUOXAL (B, D) siRNA. After 48 h
silencing, cells were treated with EGF or thapsigargin at 37 °C for 20 minutes. (A) Plot
shows mean + SEM of four independent experiments. (B-D) Representative plots of two
independent measurement shows mean = SD. Unpaired t-test was used. The figure is
modified from Figure 3. of (74).

DUOX1-produced H20, was published to affect intracellular calcium signaling in Jurkat
cells (69). Nevertheless, our group could not observe this effect using primary urothelial
cells from wild-type and Duox1l knockout mice (66). We also wanted to investigate
whether DUOX1-derived H.O> modulates the intracellular calcium level in A431 or
HaCaT cells. After 48 h siRNA treatment, cells were loaded with FURA-2-AM, then
stimulated with EGF and thapsigargin. SIRNA-mediated downregulation of DUOX1 did

not affect the stimuli-induced increase in intracellular calcium (Figure 11.).
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Figure 11. Analysis of EGF-and thapsigargin-induced changes in intracellular
calcium level after DUOX1 siRNA treatment. (B, D) Before the FURA-2 ratio
measurements, Duox1 was silenced. (A-B) HaCaT cells, (C-D) A431 cells were treated
with 500 ng/ml EGF, followed by 7 uM thapsigargin. Graphs show representative results

of three independent experiments (74).
4.5 Pattern of tyrosine phosphorylation in the absence of DUOX1 activity

A wide variety of proteins contain redox-sensitive amino acid residues, including protein
tyrosine phosphatase (PTP) superfamily. The signature motif His-Cys-X-X-Gly-X-X-
Arg-Ser/Thr, which defines the PTP superfamily, bears a constant cysteine residue, which
is susceptible to reversible oxidation. The thiol group of Cys is oxidized to sulphenic acid,
and this redox modification inhibits transiently the enzyme activity, which modulates
tyrosine phosphorylation response to distinct physiological stimuli (97, 98).

Lee et al. published that the oxidation of cysteine residue of recombinant protein-tyrosine
phosphatase 1B (PTP1B) by EGF-induced H20> production inhibits enzyme function in
A431 cells (99). Based on our experimental results detailed above, we were curious to
see that DUOX1 silencing would affect the tyrosine phosphorylation pattern in response
to EGF. As shown in Figure 12., although EGF induced protein phosphorylation, the lack
of DUOX1 activity did not result in a visible difference in the amount of phosphorylated

tyrosines.
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Figure 12. Western blot analysis of tyrosine phosphorylation response in DUOX1
siRNA-treated A431 cells. Cells were transfected with scrambled or DUOX1 siRNA for
48 h. Then, 100 ng/ml EGF was added at 37 °C for 0, 2, 10, or 30 min. The membrane
was blocked with a solution containing 5% BSA. The Western blot was repeated three

times, with similar results (74).

We utilized the Human Phospho-Kinase Array Kit to investigate the phosphorylation
patterns of kinases and their protein substrates in both wild-type and siDUOX1 treated
cells. Our analysis focused on 43 kinase phosphorylation sites and two related total
proteins. However, we did not observe any significant differences between the control

and silenced samples in terms of the relative levels of phosphorylation (data not shown).

4.6 Distinct behavioral responses to nociceptive stimuli in Duox1 knockout and wild-

type mice

DUOX1-deficient mice had already been available to our group for several years prior to
my employment in the laboratory. As the animal displayed no clear phenotypic difference
from the wild-type, they started to study the mice in more detail, subjecting them to
different tests. In collaboration with Zsuzsa Helyes' laboratory in Pécs, they were also

used for various nociception experiments. | was not involved in these measurements, as |

44



was not yet a member of the lab, but I would like to present two important results because,
during my Ph.D., part of my work was looking for an explanation of these phenomena.

Duox1 knockout and wild-type animals displayed the first significant difference in the
allyl isothiocyanate (AITC) containing mustard oil-induced thermal hyperalgesia.
DUOX1-deficient mice were much more sensitized to thermal stimuli than wild-types.
For the experiment, an increasing temperature water bath was used and thermal
hyperalgesia was evoked by immersing the tail into TRPA1 agonist allyl isothiocyanate
containing mustard oil for 30 sec. AITC stimulates capsaicin-sensitive sensory nerve
terminals, and they release proinflammatory neuropeptides, causing acute neurogenic
inflammation and consequently increased sensitivity toward thermal stimuli (88). After
the pretreatment, their tail was hung into the water bath. The bath temperature was
considered a noxious heat threshold, when the mouse removed its tail. As Figure 13. A
shows, in every timepoint after the pretreatment with AITC Duox1 knockout animals
thermonociceptive threshold was significantly lower than wild-types. The decrease of the
thermonociceptive threshold (hyperalgesia) of the pretreated DUOX1-deficient and
control mice was also significantly different (Figure 13. B). To exclude the possible role
of endogenous opioid mechanisms, intraperitoneal naloxone was injected to the animals
before the experiment. The opioid antagonist pretreatment did not reduce the thermal

nociceptive threshold.
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Figure 13. Allyl isothiocyanate-induced thermal hyperalgesia in wild-type and Duox1
knockout mouse. Comparison of the tail thermonociceptive threshold and its decrease
after AITC treatment in wild-type and Duoxl knockout mice. (A and B) Thermal

hyperalgesia was evoked by allyl isothiocyanate-contained mustard oil for 30 sec. Mice
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were placed into restrainers and their tail was first immersed into AITC-containing
mustard oil, then into increasing temperature water bath. Noxious heat threshold
measurements were repeated at 10 min intervals for 60 minutes after treatment. Plots
show mean + SEM of n=16-17 animals/group. *** p <0.001 compared with
corresponding controls, by 2-way ANOVA. The figure is based on Figure 4. of (91).

An increase in both paw lickings and paw flinches after intraplantar formalin injection
was also measured, which resulted in a significantly increased composite pain score
(composite pain score=(2x paw licking time + 1x paw flinchings)/observation time) in
DUOX1-deficient mice (Figure 14. A-C ). However, the swelling induced by formalin
was not significantly different between control and Duox1 knockout animals (Figure 14.
D). The formalin-induced behavioral response also involves TRPAL activation, as the
above-detailed AITC treatment (100).
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Figure 14. Formalin-evoked nociception in wild-type and Duox1 knockout animals.

After intraplantar 20 pl 2.5% formalin injection, spontaneous nocifensive behavior was
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observed between 0-5 min and 20-45 min in wild-type and Duox1 KO mice. (A) The
duration of paw licking was measured by a stopwatch. (B) Paw-flinching responses were
counted. (C) Composite Pain Score (CPS) was calculated using the following formula:
CPS=(2x paw licking time + 1x paw flinchings)/observation time. (D) The swelling
induced by formalin was determined 3 h after injection by measuring the thickness of the
paw. The swelling was expressed as a % increase compared to the contralateral paw.
Data are mean + SEM of n=5-5 animals/group. * p<0.05 compared with corresponding
controls, by unpaired T-test. Except for Phase 2 CPS, no statistically significant
differences were found between wild-type and Duox1 knockout animals. The figure is
based on Figure 5. and Figure S4. of (91).

Several other nociceptive studies, such as measurement of mechanical nociceptive
thresholds after mechanical noxious stimuli (plantar incision), or following a short heat
injury, comparison of noxious heat and mechanical nociceptive thresholds have been
performed. Still, they did not show significant differences between Duox1 knockout and

wild-type animals. All experiments are described in detail in our publication (91).
4.7 Establishment of Duox1 knockout HaCaT cell line via CRISPR-Cas9

To investigate the role of DUOXL in the process detailed in the previous paragraph, we
wanted to generate a specific antibody against DUOX1 because we could not find any
commercially available one, that works properly in Western blot and immunostaining as
well. To efficiently test the possible antibodies, DUOX1 knockout HaCaT cell line was
established by CRISPR-Cas9 technique. The success of the gene modification was first
verified by Surveyor assay (Figure 15. A) and then by sequencing (Figure 15. B). Loss of

a guanine and a cytosine nucleotide led to a frame-shift mutation and an early stop codon.
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Figure 15. Verification of DUOX1 knockout HaCaT cell line. (A) In Surveyor assay,
due to the mutation in the DUOX1 KO sample, CEL enzyme cleavage products appeared.
(B) Sequencing result. Two nucleotides were deleted, resulting in a frameshift mutation
and an early stop codon.

To confirm the lack of DUOX1 activity, H2O. production was measured after different
Ca?* signal-generating stimuli, such as GSK 1016790A, ATPyS, and thapsigargin. H20
generation of HaCaT wild-type cells was significantly increased after the treatments,
while stimulated DUOX1 KO cells did not show any significant difference compared with

the knockout control (Figure 16.).
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Relative Amplex Red Fluorescence

Figure 16. Measurement of H>O> production with horseradish peroxidase and Amplex
Red reagent. HaCaT wild-type or CRISPR-modified DUOX1 knockout cells were
stimulated with 2 nM GSK 10167904 or 10 uM ATPyS or 1 uM thapsigargin for 30 min.
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Cumulative H2O. production after 30 min normalized to initial H.O> production.
Representative plot of 3 independent experiments shows mean + SD of triplicate. *
p<0.05, *** p <0.001 compared with corresponding controls, by 2-way ANOVA. The
figure is modified from Figure 2. of (91).

To visualize the presence or lack of DUOX1 function, we applied a previously described
technique (101) to set up a novel tyramide signal amplification-based assay. In the
presence of DUOX1-produced H203, horseradish peroxidase (HRP) is able to convert a
tyramide substrate into a highly reactive form that can covalently bind to tyrosine residues
on proteins in the immediate proximity of H>O, production. The biotinylated tyramide
reagent is visualized through incubation with fluorescently labeled streptavidin. Using
this technique, we can detect the DUOX1-dependent generation of H.O2 on a cultured

monolayer of keratinocytes (Figure 17.).
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Figure 17. Schematic representation of biotinyl tyramide assay. In the presence of
DUOX1-generated H.O>, HRP covalently attaches activated, biotinylated tyramide to
tyrosine side chains of cell surface proteins. The biotinylated tyramide reagent was

detected through incubation with fluorescently labeled streptavidin.

Biotinylated tyramide and HRP were added into the medium of thapsigargin-stimulated
or non-stimulated wild-type or DUOX1-deficient HaCaT cells. The fluorescent
streptavidin signal was detected by fluorescent microscope. At cell-cell borders of
thapsigargin-stimulated wild-type cells, intense tyramide labeling was observed. Despite

the treatment, no signal was detected in the absence of DUOX1 (Figure 18.).
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Figure 18. Biotinyl tyramide assay in HaCaT wild-type or CRISPR-modified Duox1
knockout cells. Cells were treated with 1 UM thapsigargin in the presence or absence of
horse radish peroxidase. The reaction solution also contained 27.5 uM biotinyl tyramide.
After treatment, biotinylated molecules were labeled with fluorescent streptavidin and
fixed. In addition, cell nuclei were stained with To-Pro-3. Scale bars: 10 um. The
experiment was repeated three times with similar results. The figure is modified from
Figure 1. of (91).

To summarize our results, we have established a DUOX1-deficient HaCaT cell line,

which can be used to test antibodies against DUOX1.
4.8 Antibody development against human DUOX1

At the same time the DUOX1 knockout HaCaT cell line was established, we started
developing antibodies against human DUOX1. We chose a 411-amino-acids-long
sequence of human DUOX1 to immunize New Zealand white rabbits. Thus, the antibody
produced recognizes endogenous DUOX1 in HaCaT wild-type cells (Figure 19. A) and
wild-type tissue lysate from mouse skin and bladder (Figure 19. B). The antibody was
expected to recognize both the human and mouse samples because two species show a
91% amino acid identity and 96% similarity in this region of DUOX1. As a control for
antibody specificity, DUOX1 KO HaCaT or Duoxl KO tissue was used. Antibody
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recognizes DUOX1 properly in Western blot, but unfortunately, neither in

immunohistochemistry nor immunocytochemistry.
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Figure 19. DUOX1 detection in Western blot with newly developed anti-DUOX1
antibody.

Western blot analysis of DUOX1 protein in HaCaT wild-type or CRISPR-modified
DUOX1 knockout cells (A) or tail skin and hind paw skin and bladder from wild-type and
Duox1 knockout mice. The Western blot was repeated three times with similar results.

4.9 Expression and activity of DUOX1 in mouse skin

After successfully developing an antibody, we returned to the original question and
started investigating the role of DUOX1 in mouse skin. First, we wanted to confirm the
presence of DUOX1 in the tissue. Therefore, we analyzed the expression of NADPH
oxidase isoforms and their regulators in the mouse skin by quantitative reverse
transcription PCR. Duox1 was the most abundantly expressed NADPH oxidase isoform
in the mouse tail and paw skin, and its maturation factor DuoxAl was also highly
expressed (Figure 20.).

A

=

1.5E-024 Tail skin 2.0E-02.

- Hindpaw skin
@ v e
o =
Ti"\ E{i %_u_
g8 ®  1.5B-024
=& LOE-02 £ v
= iz
£3 5 10E-024
= vV m wg
) @
¢ E 50B-03 £ g D%?
<2 O £ < 5.0E-034
. : +
L >
00E-0)l oS 0.0E-0 L oppy—t0® .,
~ = <t ~ o ~ o~ ~ = > ~ o ~ ™
R = 2 [S I ~ - 2 =2 P g 5 & = =
S % 2§ 5% % % S % 2 §F 53 % B
Q Q Q Q

o1



Figure 20. Quantitative PCR analysis of the expression of NADPH oxidase family
components in mouse skin. Dot plots represent mean + SEM from 3-4 independent
experiments. The figure is modified from Figure 1. of (91).

We wanted to confirm our RNA results at the protein level as well. In wild-type tail and
paw skin DUOX1 was successfully detected by Western blot. As control, DUOX1-

deficient animal samples were used (Figure 21.).
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Figure 21. Western blot analysis of DUOX1 protein expression in mouse skin.
Detection of DUOX1 with Western blot in tail skin and hind paw skin tissue from wild-
type and Duox1 knockout mice. The Western blot was repeated three times with similar

results. The figure is modified from Figure 1. of (91).

Having demonstrated the presence of DUOX1 in mouse skin, we wanted to investigate
its expression specifically in Kkeratinocytes. Thus, we prepared primary mouse
keratinocyte cell culture from the back skin of wild-type and Duox1 KO mice. Then we
successfully detected DUOX1 in keratinocytes by qPCR and Western blot (Figure 22.).
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Figure 22. Expression of Duox1 in primary mouse keratinocytes. (A) Quantitative PCR

analysis of the expression of Duox1 and Duox2 in primary mouse keratinocytes from
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wild-type and Duox1 knockout mice. Dot plot represents mean + SEM from 2 independent
experiments. (B) Western blot analysis of DUOX1 protein in primary mouse keratinocytes
from wild-type and Duox1 knockout mice. The Western blot was repeated three times with

similar results. The figure is modified from Figure 1. of (91).

Last but not least, we also wanted to investigate protein activity, therefore we applied
Amplex Red reagent to detect H>O. production by primary mouse keratinocytes. Wild-
type and Duox1 KO cells were stimulated with GSK 1016790, and thapsigargin. While
in the presence of DUOX1, there was a significant increase in H.O> production, in the
absence of the enzyme, the cells did not respond to the stimuli (Figure 23.).
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Figure 23. Measurement of Amplex Red fluorescence in wild-type and Duox1 knockout
primary mouse keratinocytes. Primary mouse back skin keratinocytes were stimulated
with 2 nM GSK 1016790A or 100 nM thapsigargin for 30 minutes. Cumulative H>O>
production after 30 min normalized to initial H2O. production. Representative plot of 3
independent experiments shows mean + SD of triplicate. *** p <0.001 compared with

corresponding controls by 2-way ANOVA. The figure is modified from Figure 2. of (91).
4.10 Histological analysis of DUOX1-deficient mouse skin

After showing that DUOX1 is the predominant NADPH oxidase in mouse skin, we aimed
to investigate the possible role of DUOXL in the physiological sensory functions of the
skin. We first analyzed histological sections of wild-type and Duox1 KO mice. We
wanted to determine if there is any observable change in the structure and differentiation
of the mouse skin in the absence of DUOX1. We wanted to start with this histological

analysis, as it has been previously described that the lack of DUOX1 in C.elegans leads
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to severe morphological disorders of the cuticle (73, 102). | will not go into further details
about the results because | was not involved in these experiments. To summarize, no
structural or ultrastructural differences were found in the skin of DUOX1-deficient mice
(92).

4.11 ATP release from stimulated keratinocytes

Keratinocytes express many distinct sensory and neurotransmitter receptors and can also
be a source of cytokines, neurotrophic factors, neuropeptides, and neurotransmitters,
which may mediate their contribution to nociceptive transduction (80). Adenosine-5'-
triphosphate, one of the main extracellular signaling and neuromodulatory molecules,
may be released from keratinocytes through several mechanisms, including temperature
increase (80, 83, 103-105). Furthermore, isolated keratinocytes directly respond to
mechanical stimulation by increasing [Ca®']ic (106-108). We assumed that stimuli that
cause an increase in intracellular calcium concentrations would simultaneously activate
DUOX1 and stimulate the release of ATP. We also wanted to observe if DUOX1 activity
could modulate the secretion of mediators. We used a previously described, genetically
encoded, GPCR activation-based ATP sensor, GRABatp (77) to answer these questions.
This sensor construct is based on the insertion of a circularly permutated enhanced GFP
(cpEGFP) into the ATP-binding hP2Y: receptor. The binding of ATP by this fusion
construct specifically and sensitively enhances the fluorescence of cpEGFP. Wild-type or
DUOX1 deficient HaCaT cells were cocultured with GRABAate expressing HEK293A
cells and stimulated with 2.5 nM GSK 1016790A. We expected that if GSK 1016790A
evokes ATP release then it should specifically activate the GRABatp Sensors on the
membrane of the transfected HEK293A cells. Indeed, after GSK 1016790A stimulation,
we could repeatedly observe transient local oscillations followed by sustained high
signals of extracellular ATP in the GRABAatpr expressing HEK293A cells. However, no
obvious difference was detected between activation of sensor cells cocultured with wild-
type or DUOX1-deficient HaCaT cells (Figure 24.). To confirm that GSK compound only
affected keratinocytes and GRABAatp expressing HEK293A cells did not respond to the
stimulus, we also stimulated HEK cells in monoculture, however, no intensity change
was observed (Figure 25.). Thus, we can conclude that the TRPV4 agonist generates
intracellular calcium signal only in keratinocytes, leading to ATP release. We suggested
that DUOX1-produced H.O, might directly affect the GRABAatp sensor. However, this
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was also excluded when stimulating GRABate expressing cells with H.Oz, and no
intensity change was detected (Figure 25.).

Thermal pain sensitivity can also be modulated by TRPV3-activatied prostaglandin
release from keratinocytes (109). We compared the PGE2 -release of scrambled or
DUOX1-specific siRNA-treated HaCaT cells, but there was no difference that could
explain the enhanced thermal allodynic response previously displayed by the Duoxl
knockout mice (data not shown) (91).
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Figure 24. TRPV4 agonist, GSK 1016790A induced ATP secretion from wild-type and
DUOX1 knockout HaCaT cells. (A) Extracellular ATP-sensitive, fluorescent GRABatp
sensor expressing HEK293A cells were cocultured with WT or DUOX1 knockout HaCaT.
After a wash to remove any residual ATP in the media, the cells were treated with 2.5 nM
GSK 10167904 and then with 1 uM ATP, as a positive control. Gray lines represent the
normalized mean GRABAatp intensity of every cell over time. Blue line shows the overall
average of the normalized mean intensity of all the cells £ SEM (WT: n =38, KO: n =53
cells from 3 independent experiments). (B) The area under the curve (AUC) was
measured for each cell during the time of the GSK 1016790A stimulus, between 5-27 min
and was plotted per condition (mean = SEM, gray dots represent values of individual

cells). (C) Fluorescent images from different time points showing local oscillations
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(marked by asterisks) and sustained elevations of the GRABatp signal. Scale bars: 25 um
(92).
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Figure 25. Neither GSK 1016790A nor H20. evokes ATP secretion from GRABAatp
sensor expressing HEK293A cells. (A) After a wash to remove any residual ATP in the
media, the cells were treated either with 2.5 nM GSK 1016790A or 500 uM H>0O; and
then with 1 uM ATP, as a positive control. Gray lines represent the normalized mean
GRABAtp intensity of every cell over time. Blue line shows the overall average of the
normalized mean intensity of all the cells + SEM (GSK 1016790A: n = 149, H20,: n =
83 cells from 3 independent experiments). (B) The area under the curve (AUC) was
measured for each cell during the time of the GSK 1016790A and H.O; stimulus, between
5-27 min, and was plotted per condition (mean + SEM, gray dots represent values of
individual cells). (C) Fluorescent images from different time points. Scale bars: 25 um
(92).

4.12 Expression of TRP receptors and redox-sensitive ion channels in dorsal root

ganglia and skin

After we did not detect a significant difference in the amount of mediators released from
the stimulated keratinocytes, we analyzed the expression of the TRP receptor family in

wild-type and Duoxl1 knockout skin. We wanted to test that the previously described
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behavioral phenotype changes were not due to a different TRP receptor expression
pattern. As shown in Figure 26. A, among others expression of Trpv3 and Trpv4 were
analyzed. These cation channels are activated by various distinct chemical and physical
stimuli including warm temperatures. Trpv3 is mainly expressed in the skin, and Trpv4 is
expressed in a wide range of tissues, such as primary sensory neurons and skin
keratinocytes (110, 111). Both channels are involved in thermosensory function (112).
We could not detect decisive differences between the wild-type and DUOX1-deficient
samples.

After examining the keratinocytes and finding no explanation for our question, we turned
our interest to DUOX1-produced H20-. It is known that H.O> can also act as a signaling
molecule (74, 113). Therefore, we browsed the literature to find a possible target for
DUOX1-produced H.O2. We hypothesized that the keratinocyte-derived H20. might also
act on the primary sensory neuron. Therefore, we first confirmed available, detailed
quantitative RNA- sequencing datasets of sensory ganglia (114). Only those ion channels
and regulators of ion channels (dipeptidyl peptidase-like proteins) were analyzed, which
have been previously described as redox-sensitive proteins. The expression pattern
showed no difference between wild-type and Duox1 knockout dorsal root ganglia (Figure
26. B). It is important to note that no Duoxl or its maturation factor, DuoxAl was
detectable in the DRG. We analyzed the expression of Trpal and Trpvl as well. The
TRPAL receptor has been described on keratinocytes, and dorsal root ganglia (115).
However, we could not detect it in the mouse skin (Figure 26. A), but it was present in
the DRG, where it showed no difference between the wild-type and Duox1 knockout
samples (Figure 26. B). Trpvl is expressed in DRG sensory neurons and is involved in
pain, thermoregulation, and pruritus (115). As shown in Figure 26. B we did not detect

any DUOX1-dependent changes in the expression of this gene either.
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Figure 26. Expression of TRP receptors, ion channels and Duoxl in tail skin and
dorsal root ganglion. (A) Quantitative PCR analysis of the expression of TRP channels

in mouse tail skin. Bars represent mean £ SEM from 2-4 independent experiments. (B)
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Quantitative PCR analysis of the expression of potassium channels, Duox1, DuoxAl, and
TRP channels in wild-type and Duox1 knockout mouse dorsal root ganglion. Bars

represent mean £ SEM from 2 independent experiments (91).

4.13 H»O>-mediated redox changes of TRPA1-dependent intracellular calcium
signal

After finding no difference in expression patterns, we started to investigate the redox
sensitivity of the proteins. We first expressed recombinant TRPAL channels in HEK293T
cells, loaded them with calcium-sensitive fluorescent dye Fura-2-AM, and followed their
intracellular calcium signals upon treatment with H.O, and a TRPA1 agonist, AITC.

Following the addition of 100 or 500 uM H20, the TRPAL-expressing HEK cells - in
contrast to the non-transfected cells - displayed an increase in intracellular calcium level
(Figure 27. A, C). Additionally, after a 10-min pretreatment with H2O>, the AITC-evoked
relative response was much smaller than in the non-pretreated cells (Figure 27. B, D).
Consequently, H20> significantly affects the response of cells to allyl isothiocyanate.
These results confirm the idea of keratinocyte-derived H»O, acting as a paracrine

mediator on TRPAL-expressing sensory nerve fibers.
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Figure 27. Ca?* measurements with Fura-2-AM in HEK293 cells expressing TRPAL.
TRPA1-dependent effect of H,02 on [Ca?*]ic. [Ca®*]ic responses evoked by 100 uM (A4)
or 500 uM (C) H202 in the presence of TRPAL. (B) Change in [Ca?']ic of TRPAL
transfected HEK cells in response to sequential applications of 100 uM (B) or 500 uM
(D) H202 and 10 uM AITC. Representative plot from at least 3 independent experiments
shows the mean + SD of triplicate. The figure is based on Figure S9. and Figure 8. of
(92).

4.14 Expression and H20> mediated redox changes of KCNQ4 potassium channel

Our next candidate for redox-sensitive ion channels was the voltage-gated M-type
potassium channel, K7.4 or KCNQ4. Gamper et al. showed in a detailed
electrophysiological study that the activity of this channel is enhanced by oxidative
modification. Prolonged maintenance of the open state results in hyperpolarization and a
decrease in the frequency of action potential firing (116). Using gPCR, we confirmed that
Kcng4, unlike Duoxl, is indeed present in the DRG and in negligible amounts in the skin
(Figure 28. A). In addition, Duox1 was not detected in either the spinal cord or the brain
(data not shown), suggesting that the enzyme is expressed only in keratinocytes and is not

present in the sensory neural pathway (Figure 28. B).
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Figure 28. Expression of Kcng4 and Duox1 in dorsal root ganglion, skin, and spinal
cord. (A) Quantitative PCR analysis of the Kcng4 and Duox1 in wild-type mouse dorsal
root ganglion, tail, and paw skin. (B) Expression of Duox1 in the spinal cord, tail, and
paw skin. Bars represent mean £ SEM from 3 independent experiments. The figure is
modified from Figure 9. of (91).

Next, we wanted to confirm the redox sensitivity of Kcng4. In this experiment,
biotinylated iodoacetamide was used to alkylate the cysteine thiol groups of the potassium
channel. If KCNQ4 bound BIAM, it could be detected by streptavidin-HRP on Western
blot. However, if the thiol reacted with H20z, it could no longer bind BIAM and no signal

was detected (Figure 29.).
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Figure 29. Schematic representation of detection of cysteine redox state in KCNQA4.
The thiol side chain in the cysteine of KCNQ4 can be alkylated using biotinylated
iodoacetamide (BIAM). Binding of the channel to BIAM can be detected on a Western
blot using streptavidin-HRP. However, if the thiol reacts with H.Og, it loses its ability to

bind BIAM and the biotin signal cannot be detected on a Western blot.

Therefore, we transfected HEK293 cells with FLAG-tagged, recombinant Kcng4 and
stimulated with increasing concentrations of H.O., followed by cell lysis in BIAM-

containing buffer. After that KCNQ4 was immunoprecipitated by monoclonal anti-FLAG
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antibody and we ran the immunoprecipitate on SDS polyacrylamide gel to test the amount
of biotin labeling with streptavidin-HRP. As it is shown in Figure 30. A, the higher
concentration of H.O> was used, the weaker the biotin signal is, because oxidized protein
can not bind BIAM and streptavidin-HRP. As a loading control we used antibody against
FLAG.

To confirm these results, and examine the reversibility of oxidation we also carried out a
reverse BIAM labeling. In this case, after the H.O> treatment, we first alkylated the non-
oxidized KCNQ4 with N-ethyl-maleimide, then we reduced all the reversibly oxidized
molecules with dithiothreitol, and finally, we labeled these reduced molecules with
BIAM, then proceeded as in the previous experiment. This way the biotin signal is
linearly proportional to the amount of oxidation. As a loading control we used antibody
against FLAG again (Figure 30. B).

These results demonstrated that Kcng4 is expressed in DRGs but not in keratinocytes and

is indeed a direct molecular target of H>O>-mediated redox changes.
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Figure 30. H.O> mediated redox changes of the voltage-gated potassium channel,
KCNQ4. (A) HEK293 cells expressing FLAG-tagged KCNQ4 were treated with H20O; (0,
20, 100, 500 pM) and lysed in the presence of BIAM. Following anti-FLAG
immunoprecipitation, BIAM signal was detected by streptavidin-HRP on western blot.
(B) After H20- treatment (0, 20, 100 uM), non-oxidized thiols were alkylated with N-
ethylmaleimide, then lysates were reduced with dithiothreitol and labeled with BIAM. We
continued with anti-FLAG immunoprecipitation and streptavidin-HRP detection. The
experiment was repeated five times with similar results. The figure is modified from
Figure 9. of (91).
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5. Discussion

Bae et al. were the first to report the production of H2O> induced by epidermal growth
factor in A431 cells (94). Subsequent studies have confirmed this finding (117, 118).
Paulsen et al. identified the phagocytic NADPH oxidase, NOX2, as the source of EGF-
evoked ROS generation in A431 cells (119). We also confirmed that epidermal growth
factor enhances H,O> production in A431 and HaCaT cells. However, we did not detect
the presence of NOX2 in any of the cell lines, nor the presence of additional subunits
required for phagocytic oxidase function. Based on our results, we have identified another
NADPH oxidase, DUOX1, as the long-sought source of EGF-induced H20. production
in epidermal cells. The presence of this enzyme in A431 and HaCaT was confirmed at
both RNA and protein levels. We showed that the activation of DUOX1 in these cells is
a consequence of EGF-induced elevation of intracellular calcium levels. We also
demostrated that knockdown or knockout of DUOX1 eliminates the EGF-induced ROS
production. Our experiments also showed that several reagents with varying mechanisms
of action can stimulate DUOX1-dependent H>O. production in a calcium-dependent
manner, indicating that calcium signals generated in keratinocytes ultimately lead to
increased H20: release.

Kwon et al. suggested that H.O> production by calcium-activated DUOX1 acts in a
positive feedback loop, which leads to augmented release of Ca?* from the ER and
subsequent influx of extracellular Ca?* in Jurkat cells (69). However, Donka et al. did not
detect such mechanism in urothelial cells (66), nor did we in A431 and HaCaT cells.

It was observed that EGF-induced H>O> might enhance tyrosine phosphorylation of
proteins through the inhibition of protein tyrosine phosphatases (98, 99). We also
investigated this potential role of DUOX1-produced H.O>. However, we did not observe
a significant change in the overall tyrosine phosphorylation pattern when DUOX1
expression was repressed. Therefore, our results suggest that protein tyrosine
phosphatases are not targets of DUOX1-generated H.0.. However, it is possible that our
experiments missed subtle changes in phosphorylation or phosphorylation changes of
specific targets. In order to analyze the possible relationship between DUOX1 and other
growth factor signaling pathways, we examined the effects of VEGF and IGF-1. Previous
studies suggest that HaCaT cells express receptors for both ligands (120, 121). Our

findings indicate that neither IGF-1 nor VEGF led to as significant an increase in
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intracellular calcium as EGF. Consequently, we could not detect significant H20»
production following IGF-1 or VEGF stimulation (data not shown). We conclude that the
co-presence of a specific growth factor-induced calcium signal and DUOX1 activity is
required to detect growth factor-induced H20. production. Our workgroup identified a
molecular target of EGF-induced DUOX1-dependent H.O> production and found
evidence that DUOX1-derived H2O> leads to an oxidative shift in the redox state of the
peroxiredoxin-thioredoxin system in HaCaT cells (74). Although our experiments
showed that H>O: is released into the extracellular space, it is possible that Aquaporin
facilitates the uptake of H20. into mammalian cells, resulting in downstream intracellular
signaling, as previously suggested by Miller et al. (122). In the cytosol, H>O, directly
reacts with Prx | and Prx I, leading to the oxidation of Trx during the regeneration of
peroxiredoxins. The protein interactions of Trx are influenced by its oxidative state,
which means that the indirect oxidation of Trx by DUOX1 may impact signaling
pathways regulated by thioredoxin-interacting proteins (123).

Furthermore, Sobotta et al. demonstrated that Prx Il operates as a redox relay with the
transcription factor STATS3, resulting in the formation of disulfide-linked STAT3
oligomers with decreased transcriptional activity (124). This suggests that peroxiredoxins
are more than just antioxidants and actively participate in signaling. It is plausible that
activation of DUOX1 represents a signaling step before the PRX 11-STAT3 interaction.
Although detailed information is available on the structure of DUOX1, there is still
relatively limited knowledge about the physiological functions and biochemical
mechanisms the enzyme is involved in (6, 29). DUOXL is a transmembrane NADPH
oxidase initially discovered with DUOX2 in the thyroid gland (24, 25). While the role of
DUOX2 in thyroid hormone biosynthesis is well-established, the absence of DUOX1
does not affect hormone synthesis of the thyroid gland in mice. Loss of function of
DUOX2 and its maturation factor DUOXA2 leads to congenital hypothyroidism. In
contrast, DUOX1-deficient mice do not develop hypothyroidism (4).

Subsequent studies showed that the expression of DUOX enzymes is not restricted to the
thyroid gland but they are also present in several epithelial cells (40, 44, 45, 54). The
precise function of the enzymes in various locations is still not fully comprehended, but
prior research has identified diverse potential roles. For instance, DUOX enzymes were

observed to play a part in respiratory epithelial cell wound healing, cellular responses to
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allergic and microbial triggers (50, 60, 125, 126), and host defense in Drosophila
melanogaster (127). Furthermore, DUOXL is highly expressed in the bladder epithelium,
where antimicrobial activity seems less plausible. Instead, it is suggested to play a role in
mechanotransduction. In primary keratinocytes, 1L-4/IL-13-induced DUOX1 enhanced
STATG6 phosphorylation via oxidative inactivation of PTP1B (38).

We examined the expression and activity of NADPH oxidases in mouse skin and primary
keratinocytes and confirmed that DUOX1 is the most abundant isoform in these samples.
We generated a specific polyclonal antibody against DUOX1 and demonstrated its
expression at the protein level. By devising a new fluorescent microscope-based
technique, we were able to visualize enzymatic H>O production in cell culture. To further
investigate the role of DUOXL1 in the skin, we studied DUOX1-deficient mice.
Interestingly, Choe et al. observed that the amount of various differentiation markers such
as loricrin and keratin-10 is reduced at RNA level upon knockdown of DUOX1 by RNA
interference in primary keratinocytes (71). However, we could not confirm this at the
protein level when we examined the skin of DUOXZ1-deficient mice using fluorescent
immunostaining. It has also been shown that DUOX (Ce-DUOX1) plays an essential role
in stabilizing the cuticular extracellular matrix of C. elegans by catalyzing the cross-
linking of tyrosine residues (73). Nevertheless, we have not discovered any differences
in the structure or ultrastructure of skin in DUOX1-deficient animals.

The epidermis, the outermost layer of the skin, comprises a stratified squamous
epithelium of mainly keratinocytes. It has been conventionally believed that keratinocytes
are exclusively responsible for the physical and chemical barrier. In contrast, sensory
neurons serve as the only detectors and transducers of noxious thermal, mechanical, or
chemical stimuli through their end branches that pass between keratinocytes - the
intraepidermal free nerve endings (FNES). In the last two decades, however, the sensory
role of keratinocytes has been discovered, for example, in inflammatory pain or
innocuous and noxious touch (77, 105, 128). Furthermore, it has been described that
epidermal keratinocytes interact with sensory neurons through en passant synaptic-like
connections (79). Based on the literature data, several sensory tests were performed in
Duox1 knockout animals. DUOX1-deficient mice were significantly sensitized to thermal
stimuli compared to wild-type animals after allyl isothiocyanate pretreatment.

Additionally, Duox1 knockout mice displayed enhanced nocifensive responses following
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intraplantar formalin injection. Conversely, there was no variation in mechanonociceptive
thresholds. These findings suggest an altered sensitivity of peripheral nerve endings in
the skin, as indicated by the selective difference in nocifensive behavior towards thermal
stimuli. These results are aligned with the observation that mechanical and thermal
hyperalgesia are controlled differently in the central nervous system (129).

We showed that Duox1 is present only in the keratinocyte and not in the sensory nerve
endings. We examined receptors involved in thermal nociception expressed on
keratinocytes and found no significant differences at the RNA level. To investigate
further, we looked into mediators released from keratinocytes and hypothesized that
DUOX1-produced H>02 might influence the release of signaling molecules from
keratinocytes in an autocrine fashion. Various mediators, such as ATP, prostaglandins,
leukotrienes, TNF-a, interleukins, and endogenous opioids have been reported to be
released from keratinocytes (130-133). We specifically studied the release of PGE2 and
ATP, which are known to induce nociceptive responses, but found no difference between
wild-type and DUOX1-deficient keratinocytes. However, we cannot rule out that the
activity of DUOX1 affects the secretion of other mediators.

We assumed that DUOX1-produced H>O, might be a paracrine mediator of nociceptive
signaling. Therefore, we browsed the literature for redox-sensitive cell surface proteins
expressed on sensory nerve fibers. TRPA1 and KCNQ4 were selected for further analysis.
Consistent with previous studies, H>O; could induce calcium signals in cells expressing
TRPAL1 (134). Interestingly, pretreatment of TRPAZL1-expressing cells with H20:
decreased their sensitivity to TRPAL agonists. This finding suggests that H.O>
desensitizes sensory nerves, attenuating their responsiveness to nociceptive stimuli. A
different perspective on the impact of H20z is that it reduces the contrast between the
non-stimulated and AITC-stimulated conditions, ultimately resulting in a decreased S/SO
ratio in the Weber-Fechner equation. As a result, the just noticeable difference, or the
smallest detectable change in stimuli, is increased.

Furthermore, we provided biochemical evidence that KCNQ4 undergoes H202-mediated
oxidation at concentrations as low as 20 uM H2O.. Slower closure of KCNQ4 channels
following ROS exposure may also contribute to slower or reduced peripheral activation
of sensory nerve fibers. The co-expression of KCNQ4 and TRPA1 in DRG cell

65



populations is currently unknown. It is unclear whether these channels are present in the

same or separate populations (Figure 31.).
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Figure 31. Schematic diagram depicting the proposed mechanism of function of

DUOX1 in nociception.

Our findings suggest that ROS may have a subtle yet important regulatory function in
sensory processes. This is a departure from the conventional understanding of ROS as a
pain amplifying factor (135, 136). The key distinction in the interpretation of the role of
ROS likely stems from the source and control of ROS release. The substantial ROS
production by leukocytes that infiltrate tissues during injury or significant inflammation
differs greatly from the constant, low-level physiological ROS production by
keratinocytes in the undamaged epidermis.

Taken together, we have demonstrated the presence of DUOXL in keratinocytes, and our
results reveal a previously unrecognized physiological sensory function of DUOX1 in the
skin. We also confirmed that several stimuli enhanced the activity of the enzyme in a
calcium-dependent manner. This observation also raises the possibility that DUOXL1 is
involved in sensing various stimuli from the outside world, which trigger an increase in
intracellular calcium levels in keratinocytes. Furthermore, our findings on ROS released
from keratinocytes might provide a novel insight into the nociceptive and analgesic

signaling pathways in the skin.
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6. Conclusions

Based on our objectives and the results described above, the following conclusions can

be drawn:

1.

Dual Oxidase 1 is the source of the epidermal growth factor-induced H20:

production in squamous cells.

Other mediators (niacin, ATPyS, TRPV4-agonist) can also activate DUOXL.

DUOX1 is the most abundant NADPH oxidase in A431, HaCaT cells and mouse

keratinocytes.

The amount of PGE2 and ATP released from keratinocytes was found to be

similar in both wild-type and DUOX1-deficient keratinocytes.

We identified TRPAL1 and KCNQ4 as potential targets of DUOX1-produced
H202, which might explain the altered nociceptive behavior of DUOX1-deficient

mice.
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7. Summary

NADPH oxidases are major sources for regulated production of reactive oxygen species
in mammalian cells. Dual Oxidase 1 (DUOX1), a membrane protein that produces H20x,
is a member of this family and is highly expressed in epithelial cells, such as airways,
bladder, and skin. However, its physiological role is yet poorly understood. Therefore,
our work aimed to understand its function in squamous cells better.

As DUOX1-specific, reliable antibodies were not commercially available, we developed
a polyclonal antibody against human DUOX1 and generated a DUOX1 knockout HaCaT
cell line using CRISPR-Cas9 technique. As a result of our experiments, we showed that
among the seven isoforms, DUOX1 is the predominant NADPH oxidase in epidermoid
tumor cells, spontaneously immortalized human HaCaT keratinocytes and also in the
mouse skin. Furthermore, we demonstrated that epidermal growth factor stimulates H20-
production in keratinocytes exclusively through DUOX1 activation in a calcium-
dependent manner. We also described additional stimuli that activate ROS generation of
the enzyme. However, the production of H20. by DUOX1 does not impact the
intracellular calcium level.

To better understand the role of Dual Oxidase 1 in the skin, we also used DUOX1-
deficient mice. Our research aimed to investigate the reason behind the increased
sensitivity to thermal stimuli in Duoxl knockout mice following pretreatment with
TRPAL agonist allyl isothiocyanate. After examining the structure and differentiation of
the skin and finding no abnormalities that could explain the observed phenomenon, we
investigated keratinocyte receptors and released mediators in more detail. No significant
differences were found here, so we focused on possible molecular targets of DUOX1-
produced H20>. We identified two redox-sensitive proteins, TRPAL and KCNQ4, which
are expressed in the dorsal root ganglion and might play a role in the behavioral response
of DUOX1-deficient animals to thermal stimuli.

Our work showed distinct physiological stimuli that activate DUOX1 in squamous cells.
We further investigated and characterized the role of the enzyme in the skin and identified
molecular targets of H>O», leading to a more comprehensive understanding of Dual
Oxidase 1.
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