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Summary This short review article summarizes what
is known clinically and biochemically about the seven
human NADPH oxidases. Emphasis is put on the
connection between mutations in the catalytic and
regulatory subunits of Nox2, the phagocyte defense
enzyme, with syndromes like chronic granulomatous
disease, as well as a number of chronic inflamma-
tory diseases. These arise paradoxically from a lack
of reactive oxygen species production needed as sec-
ond messengers for immune regulation. Both Nox2
and the six other human NADPH oxidases display sig-
naling functions in addition to the functions of these
enzymes in specialized biochemical reactions, for in-
stance, synthesis of the hormone thyroxine. NADPH
oxidases are also needed by Saccharomyces cerevisiae
cells for the regulation of the actin cytoskeleton in
times of stress or developmental changes, such as
pseudohyphae formation. The article shows that in
certain cancer cells Nox4 is also involved in the re-
structuring of the actin cytoskeleton, which is required
for cell mobility and therefore for metastasis.
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Rolle der NADPH-Oxidasen eukaryotischer
Zellen in der Immunabwehr und
Signaltransduktion

Ubersicht

Zusammenfassung In diesem kurzen Ubersichtsbei-
trag fassen wir den klinischen und biochemischen
Wissensstand zu den sieben menschlichen NADPH-
Oxidasen zusammen. Ein Schwerpunkt liegt dabei
auf dem Zusammenhang zwischen Mutationen in
den katalytischen und regulatorischen Untereinhei-
ten von Nox2 — der NADPH-Oxidase der Phagozyten
mit Abwehrfunktion — und Syndromen wie der sep-
tischen Granulomatose, aber auch einer Reihe von
chronisch-entziindlichen Erkrankungen. Hervorgeru-
fen werden diese durch einen Mangel an reaktiven
Sauerstoffspezies, welche als Produkte der NADPH-
Oxidase-Reaktion fiir die Immunregulation notwen-
dig sind. Sowohl Nox2 als auch die anderen sechs
menschlichen NADPH-Oxidasen haben neben ihren
Funktionen in spezialisierten biochemischen Reaktio-
nen (Beispiel: Thyroxinsynthese) auch eine Funktion
in der Signaltransduktion. In der Hefe Saccharomyces
cerevisiae wird die NADPH-Oxidase Ynol als Signal-
geber fiir die Restrukturierung des Aktinzytoskeletts
gebraucht, z.B. unter Stress oder bei der Bildung von
Pseudohyphen. In bestimmten Tumorzellen ist die
NADPH-Oxidase Nox4 ebenfalls an der Restrukturie-
rung des Aktinzytoskeletts beteiligt — eine Vorausset-
zung fiir die Zellmobilitdt und damit auch fiir die
Metastasierung dieser Tumoren.
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Schliisselworter Septische Granulomatose - Saccha-
romyces cerevisiae - Aktinzytoskelett - Nox-Enzyme -
Reaktive Sauerstoffspezies

Introduction

This review paper presents: (i) an overview of the
present state of knowledge of the human NADPH ox-
idases and their clinical relevance; (ii) the authors’
own published analysis of the properties and biolog-
ical significance of the only NADPH oxidase of Sac-
charomyces cerevisiae, Ynol; and (iii) the function of
both Ynol and Nox4 in the regulation of the actin cy-
toskeleton, which may be important for the mobility
of cancer cells, as studied in a neuroblastoma cell line.

The production of superoxide and a host of radi-
cal and non-radical molecular species derived thereof,
collectively called reactive oxygen species (ROS) and
through reaction with nitric oxide (NO), reactive ni-
trogen species (RNS), serves two functions: defense
against invading organisms as part of the innate im-
mune system and signaling. There is accumulating ev-
idence for an involvement in an increasing number of
biologically important signal transduction processes.
NADPH oxidases are not the only intracellular sources
of ROS. Normal cellular metabolism produces hydro-
gen peroxide (H,O,) (examples: peroxisomal oxidases
that convert O, to H>O;; the cytochrome P450 system
[1]; xanthine oxidase reaction and certain stressful or
pathological conditions produce superoxide, and in-
directly H,O. [examples: aged mitochondria through
“leakage” of single electrons in complexes I and III
[2]; production of methemoglobin in certain mutant
hemoglobins like HbS [3]]. Additionally, deleterious
ROS are also produced by biogenic and non-biogenic
environmental attacks from outside [for instance as
a secondary consequence of ionizing radiation, IR],
leading to oxidative stress).

One of the most prominent authors in the field
of oxidative stress [4, 5] discriminates between ox-
idative eustress (broadly equivalent to ROS signaling)
and oxidative distress, which is broadly equivalent to
a much larger level of ROS, ultimately leading in many
cases to a series of events that can culminate in cell
death. It may be considered self-explanatory that sig-
naling (nearly exclusively through hydrogen peroxide)
requires much lower levels of ROS and only a tran-
sient elevation in a highly localized fashion in the cell,
while high local concentrations can be reached in cer-
tain cellar compartments in antimicrobial defense. In
both cases, degradation of ROS is of utmost impor-
tance after the job is done, otherwise the persistence
of ROS would lead to chronic inflammatory diseases.
Examples of these are discussed below. The first and
best known example of ROS signaling is regulation of
the activity of protein phosphotyrosine phosphatases
(PTPs) [6] in the course of growth factor stimulation of
cultured human cells [7]. Activation of target proteins
by phosphorylation is increased when the counteract-

ing protein phosphatase PTP is reversibly inhibited
by the formation of sulfenic acid in critical cysteine
groups.

The larger gene and protein family discussed here
comprises not only Nox enzymes but also ferric reduc-
tases, which play an important role in the mechanism
and regulation of iron uptake into cells. The whole su-
perfamily is therefore called IMR (integral membrane
reductase) protein superfamily. The previously held
opinion that only multicellular eukaryotic species ex-
press Nox enzymes has been disproved by our analysis
of the S. cerevisiae Nox enzme, Ynol [8], and by the re-
cent finding and functional analysis of bacterial Nox
enzymes [9].

The most important authoritative and comprehen-
sive review article dealing with the human NADPH
oxidases (Nox enzymes, for short), was published
10 years ago [10]. The most important conclusions
of these authors, together with the relevant literature
that has appeared in the meantime, are summarized
below in the first part of this article.

Structure and reaction scheme of NADPH oxidases
(Nox enzymes)

All known Nox enzymes are transmembrane pro-
teins which, in a vectorial way, catalyze the one-
electron reduction of dioxygen (O,) to produce super-
oxide (Oy7), an anion radical (see Fig. 1). The one-
electron transmembrane reduction reaction is ac-
complished by four different sequential redox-active
co-factors: NADPH, FADH, and two non-identical
b-type cytochromes. Fig. 2 shows the binding con-
sensus sequences for these co-factors. As a negative
charge is created on the outside of the membrane, this
must be compensated by a proton that is transported
through the membrane. No high-resolution three-
dimensional structure of a whole-length Nox enzyme
is known, mainly due to the reluctance of membrane
proteins to yield crystals suitable for X-ray diffraction.
However, in 2017 the dehydrogenase domain and the
transmembrane domain of the cyanobacterial Nox5
ortholog were resolved to 2.2 and 2.05A, respectively
[11]. The hypothetical structure shown in Fig. 2 is
in excellent agreement with the combined structures

NADPH + 20, < NADP* + 20,"+ H*

Fig. 1 Reaction equation of NADPH oxidases. The reaction
takes place in a vectorial manner. On the cytoplasmic side,
NADPH and O2 enter the reaction and electron pairs are
first transferred from NADPH to FADH. In the membrane,
single electrons are transferred to the first and then to the
second b-type cytochrome, and on the opposite side of
the membrane, single electrons are transferred to the O»
molecule, producing two molecules of superoxide in the lumen
of the endoplasmic reticulum (ER). Further metabolic reactions
are not completely known, leading to the probable signaling
substance, hydrogen peroxide. This could be through the
NADPH oxidase itself (as shown for human Nox4) or through
a tightly coupled superoxide dismutase enzyme
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Fig. 2 General scheme of NADPH oxidases in membranes.
This structural model is based on bioinformatics, cell frac-
tionation, and biochemical data concerning the human Nox
enzymes (NOX1, 2, 3, and 4), but is also correct for other Nox
enzymes. Nox enzymes typically comprise around 500 amino
acids and are exclusively located in lipid bilayer membranes,
like the plasma membrane or the endoplasmic reticulum
membrane. Large dots are highly conserved amino acids.
The reaction center transferring a single electron to oxygen is
the upper b-type heme in this scheme. The enzyme consists
of six transmembrane helices. The two b-type hemes are
coordinated with histidine residues between helices Ill and V.
The enzyme contains binding sequences for NADPH as well
as for flavin adenine dinucleotide (FAD) in its cytoplasmic tail.
(Modified from [10])

of the two domains. This structure can beautifully
explain the vectorial transfer of single electrons to
form the superoxide radical anion. Additionally, the
now available crystallographic structure confirms pre-
vious biochemical experiments in vivo and in vitro,
including in vitro mutagenesis studies. Bioinformatic
analysis identifies transmembrane helices, binding
histidines for the two cytochromes b, consensus bind-
ing sequences for the co-factors NADPH and FADH
and show which parts of the enzyme are located in
the inside (cytoplasm in the case of Nox2) and on the
outside of the membrane (extracellular space) (Figs. 2
and 3).

The human Nox enzymes

Based on sequence similarity and biochemical activ-
ity, seven genes in the human genome have been an-
notated as being NADPH oxidases [10]. Before a dis-
cussion of some salient features of these seven en-
zymes is presented, the reader’s attention should be

brought to the fact that research performed over the
last 10 years has increasingly shown that organ- and
cell-specific expression, as well as biochemical activ-
ity of these enzymes is not as highly specialized and
restricted to one function only as was previously be-
lieved. To give an example, it is now known that Nox2
is not only expressed in macrophages and neutrophils
as a defense enzyme, but also in other somatic tissues
like epithelial cells of the colon, where it likely fulfils
a signaling function. Fig. 4 shows an overview of the
predominant expression patterns, functions, chromo-
somal locations, and protein co-factors of the seven
enzymes.

Nox2

The first human Nox enzyme studied in detail was
Nox2 (formerly called gp91). Leukocytes from pa-
tients carrying the X-chromosomal recessive form of
chronic granulomatous disease (CGD) were found
to be defective in the production of superoxide and
clinically presented with severe granuloma and early
death due to multiple infections. Cloning of the
gp91 gene was one of the first examples of positional
cloning of a human gene by chromosome walking
[12, 13]. The other six human Nox genes and proteins
were identified later based on the emerging human
genome sequence, cDNA cloning, and the generation
of monoclonal antibodies. As in the case of Nox2, pa-
tient-derived cell cultures and the establishment of in
vitro systems for activity measurements were essen-
tial. These additional NADPH oxidases are described
below.

Research on human Nox2 started with clinical and
genetic data on patients suffering from CGD and
with biochemical measurements of the “respiratory
burst” observed in macrophages and neutrophils iso-
lated form these patients. In clarifying the role of
Nox2 in the antibacterial defense activity of the in-
nate immune defense, a collaboration within clinical
medicine, the development of activity assays by bio-
chemists, the discovery of the often short-lived ROS
using biophysics methods, the development of in vitro
systems derived from neutrophils and macrophages
of patients suffering from the different clinical forms
of CGD, and the genetic analysis of the families of
these patients was necessary for progress to be made
in this field. The history of this early exciting phase of
Nox research is extremely well described in a recent
review [14]. These investigations showed the role of
Nox2 in the innate immune defense in conjuction
with myeloperoxidase, NO synthase, and superox-
ide dismutase (SOD). The combined action of these
macrophage enzymes results in the formation of
highly aggressive small molecules. These include:
(i) H20,, (ii) through Fenton chemistry, OH radicals;
(iii) peroxynitrite, (iv) hypochloric acid, and (v) chlo-
ramines [15]. Further degradative enzymes activated
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Fig. 3 Bioinformatic structure predictions for the yeast
NADPH oxidase Yno1. The upper part of the figure, the sec-
ondary structure and the transmembrane helices (highlighted
in yellow). The luminal regions, which reside presumably in the
lumen of the endoplasmic reticulum, are highlighted in green.
The cytoplasmic regions are highlighted in blue. The four con-

Membrane

P47phox

p67phox Cytosol

Fig. 4 Thedisposition of Nox2 in its active state at the plasma
(phagosome) membrane. The intrinsic membrane protein,
p22, is associated with the catalytic subunit, gp91. The other
subunits are only transiently associated with gp91 during
the phase of the oxidative burst and are soluble cytoplasmic
proteins. (Modified from [13])

in the defense reaction are lysozyme and other en-
zymes capable of degrading bacterial cell walls.

The role of superoxide in cellular defense by
macrophages was discovered by Babior [16] based on
the discovery of superoxide as a biological molecule
[17] and SOD [18]. An important finding leading
to an understanding of the oxidative burst was the
fact that inhibition of the mitochondrial respiratory
chain with cyanide did not inhibit the respiratory
burst, showing that it is independent of the respira-
tory chain. On the other hand, inhibiting glycolysis,

served histidine residues responsible for coordinating the two
heme groups are marked with red letters. The NADPH binding
site is marked with yellow letters and the flavin adenine din-
ucleotide (FAD) binding site is highlighted with purple letters.
(Modified from [8])

and thereby also the formation of NADPH via the
pentose phosphate pathway (PPP), stopped it [19]. In
vitro experiments showed that the reaction (Fig. 1) is
specific for NADPH, excluding NADH as a substrate.
The defense reactions take place in phagosomes,
which are specialized endocytotic vesicles enclosing
particles (like bacteria) that are foreign to the cells
and, in the case of bacteria, are recognized via recep-
tors for bacterial-specific surface structures [20]. The
phagosomes, which may be much larger than ordi-
nary endosomes, subsequently fuse with lysosomes
and form the endo-lysosome. At this stage, the de-
fense reactions are triggered mostly by assembly of the
Nox2 holo-enzyme at the endolysosome membrane.
Components of signal transduction such as nuclear
factor (NF)-«B, protein kinase C, and mitogen-acti-
vated protein (MAP) kinases are involved in the acti-
vation reaction [10, 14]. The necessary components of
the holo-enzyme are shown in Fig. 4. The chemically
highly reactive small molecules mentioned above re-
main sequestered in this compartment (which is topo-
logically outside the cell), thereby protecting the rest
of the cell. Much less is known about the absolutely
necessary down-regulation of this process. The ROS
and RNS needs to be removed by the antioxidative ma-
chinery of the cell [21], the cellular debris needs to be
exocytosed, amino acids and other small biochemical
building blocks are recycled into cellular metabolism,
and last but not least, proteins of the invader (in the
form of their peptides) are exocytosed via the ma-
jor histocompatibility complex (MHC) and presented
to T-cells. The role in adaptive immunity is not dis-
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cussed here, as it lies outside the scope of the present
review. As part of the whole process, the macrophage
survives and is ready for a second round of activity
[22].

Activity of Nox2 in the phagosome is triggered
only after recruitment of a number of regulatory pro-
teins to the phagosome membrane core component
gp91 (a highly glycosylated protein), among them p22
(intrinsic membrane protein) and the cytoplasmic
regulatory subunits p47, p67, p40, and rac [10, 14].
A key step in this activation process is phosphoryla-
tion of PKC$ in its regulatory loop and, subsequently,
phosphorylation of the Nox2 regulatory subunit p47
at the C-terminal serine-rich autoinhibitory domain
[23]. Again, genetic and biochemical analysis of these
regulatory components was only possible through
a combination of several complementary techniques
of molecular biology, including clinical work with pa-
tients and patient cells. An array of milder forms of
CGD along with other chronic inflammatory diseases
caused by the loss of the regulatory subunits of Nox2
has been studied.

The main facts that were learned through the clin-
ical phenotypes of these patients are the following:

I. The innate defense system of Nox2 is necessary for
survival. The X-chromosomally inherited reces-
sive defect of gp91 (the catalytic subunit of Nox2)
leads to death in early childhood by recurrent and
severe infections, a condition known as chronic
granulomatous disease (CGD).

II. Defects in the regulatory subunits normally lead
to less severe phenotypes, depending on residual
enzyme activity, and patients survive for longer.
These clinical forms of CGD are inherited in an
autosomal recessive manner and have been found
in the genes coding for p22 (chr. 16), p40 (chr. 22),
p47 (chr. 7), p67 (chr. 1), and rac (three different
isoenzymes, not directly binding to Nox2) [14].

III. Membrane preparations and cytoplasmic frac-
tions from the patients could be reconstituted to
produce an in vitro cell-free system producing su-
peroxide. In these reconstituted systems, gp91 and
p22 are found to be localized in the membrane
fractions, while the other four subunits (p40, p47,
p67, and rac) are found in the cytoplasm. Anti-
bodies were generated against all subunits, the
proteins were characterized, and the genes cloned
by cDNA cloning. Specific clinical variants of CGD
were lacking the regulatory subunits.

IV. A defect of the innate immune system led to a de-
fect in the adaptive immunity, affecting for in-
stance long term B-cell memory, presumably due
to a defect in ROS production [24], pointing to
close interaction between innate and adaptive im-
munity. The role of Nox2 in adaptive immunity (B-
cell memory) is presently based only on a clinical
correlation found in CGD patients.

The regulatory subunit of the Nox2 multisubunit com-
plex, p47 (discussed above), has also been recognized
as a general regulator of inflammatory diseases and
was named neutrophil cytoplasmic regulatory factor
(Ncfl) [25]. Surprisingly, the H,O, that is produced
(indirectly) by the Nox2 system of neutrophils is also
aregulator of chronic inflammation, and a lack of ROS
production by this system leads to autoimmune in-
flammatory diseases such as arthritis and a number
of additional chronic inflammatory diseases (inflam-
matory bowel syndrome, lupus erythematosus). Pa-
tients presenting with CGD frequently suffer from in-
flammatory bowel syndrome. The mechanistic link
between Nox2 and these unexpected associated dis-
eases has been studied in detail. No less than three
of the regulatory subunits of Nox2, as well as gp91
itself, have been found to be associated with differ-
ent well-known chronic inflammatory diseases: a de-
fect of gp91phox is associated with systemic lupus
erythematosus (SLE) in human patients and geneti-
cally modified mice [26]; p47 (Ncfl) is correlated with
chronic arthritis (reviewed in [25]); p67 (Ncf2) is cor-
related with SLE [27]; and p40 (NCF4) is correlated
with atopic dermatitis [28] and inflammatory bowel
disease [29]. Formal evidence of a direct causal rela-
tionship, however, is difficult to provide in these cases.
The conclusion from these surprising findings is that
Nox2 in human neutrophils and macrophages has two
relatively different functions: for a limited amount of
time in acute infections, the system produces the res-
piratory burst that is needed as an essential part of in-
nate immunity. But, at a much lower level of activity,
chronic production of ROS (presumably the relevant
molecular species is H»0.) is necessary as a signal to
regulate autoimmunity and inflammation, and a de-
fect in the system leads to a variety of well-known
autoimmune inflammatory diseases.

One of the questions that are still partly open is
the tight regulation in time and space of the respira-
tory burst, which seems to be necessary to avoid an
overwhelming amount of ROS triggered by infection.

In resting cells, which can express the Nox2 sub-
units (neutrophils, monocytes, macrophages), a dele-
terious activation of the respiratory burst is prevented
by the spatial separation of the membrane compo-
nents from the cytoplasmic regulatory components
[30]. The process of activation is triggered by the
binding of trigger substances to surface receptors of
the cells [31]; these can be formyl-methionyl-leucyl-
phenylalanine (fMLF), a peptide that is prokaryotic-
specific and indicates bacterial infection, or by the
binding of particles such as whole bacteria (see above,
[20]) or particles covered with immunoglobulin G
(IgG).

The pathways originating from this point are dif-
ferent in neutrophils and macrophages [32]. In both
cases, the dead material is further degraded in the
lysosome of the cell and eventually recycled in the
cellular metabolism; however, only macrophages can
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survive this process, while neutrophils die through
apoptosis or NETosis [33].

The process involving the oxidative burst is not only
restricted to the phagosome, it is also quickly down-
regulated if further stimulating signals (further infec-
tious agents) are no longer present. This is accom-
plished by two mechanisms: (i) the antioxidative ma-
chinery of the cell, including NADPH-dependent an-
tioxidative enzymes that are highly conserved in all
eukaryotes (discussed in detail in [21]) can remove the
excess ROS, and (ii) the rapid degradation of the Nox2
enzyme complex through endoplasmic reticulum as-
sociated degradation (ERAD) in a recently discovered
mechanism including the protein negative regulator
of ROS (NRROS) [34].

To summarize what has been said thus far, one can
state: (i) Nox2, the best known defense enzyme of the
Nox protein family, not only has a highly regulated role
as a massive producer of ROS, but it is also a signaling
module, as shown by the phenotype of CGD and other
chronic autoimmune diseases (discussed above); (ii)
the function of Nox2 in the innate immediate immune
response is closely interdependent with the adaptive
immune system; (iii) the Nox2 gp91 system is predom-
inantly expressed in phagocytic white blood cells like
macrophages and neutrophils, but has also been de-
tected in more recent times in other somatic cells to
a minor degree [14].

The other Nox and Duox enzymes of human cells

A brief overview of these six isoenzmes will be given.
They all have either signaling functions or redox func-
tions for specialized biochemical reactions. Table 1
shows an overview of these additional Nox enzymes.

Nox1: This NADPH oxidase isoform was the first
non-phagocytic isoform to be discovered displaying
58% amino acid sequence identity to the phagocyte

Table 1 Overview of the seven human NADPH oxidases

enzyme [35-37]. Activity depends on p22 and on the
p47 and p67 homologs, NOXO1 and NOXA1, respec-
tively [38, 39]. It is located on the X chromosome of
the human and mouse genome [40] and is preferen-
tially expressed in human colon epithelial cells [38].
Although a number of splice variants have been de-
scribed [41], they were not functionally analyzed.

The majority of papers on the physiological or
pathophysiological function of Noxl was published
in recent years. Oncogene-induced senescence (OIS)
in cells expressing Ha-ras**?? is caused by the activa-
tion of Nox1 [42]. Nox1 activation is accomplished by
phosphorylation at threonine 429 by protein kinase C
betal, facilitating association with the NoxAl regu-
latory subunit [43]. In the HepG2 tumor cell line,
Nox1 activity seems to be responsible for metabolic
restructuring (concerning for instance the Warburg
effect), and Nox1 is therefore considered to be pro-
tumorigenic [44]. Noxl1 is strongly expressed in colon
cells and seems to be required for wound healing
after inflammatory disease of the colon [45, 46]. Sur-
prisingly, the antioxidative enzyme peroxiredoxin 6
(Prdx6) is a required co-factor for Nox1 activity in
wound repair in an animal model of colitis [46].
Loss of Nox1 can cause inflammatory bowel disease
[47], as can certain defects in Nox2 expression (dis-
cussed above). Regulatory subunits of Noxl1 in colon
cells (NOXO1, NOXA1) have been identified and are
distinct from the regulatory subunits of Nox2 [39].
Through interaction with ADAM17, Noxl1 is reponsi-
ble for the growth and metastasis of certain forms of
colon cancer [48].

Nox1 and Nox4 are needed for the formation of the
extraembryonic endoderm [49].

Nox3: Nox3 was discovered together with two
other non-phagocytic Nox-encoding genes and pro-
teins (Nox4 and Nox5) [50]. The gene coding for
Nox3 is located on human chromosome 6. Both the

Expression high Expression low Biochemical function Regulatory factors Chromosomal localization
NOX1 Colon Extra-embryonic endo- Signaling (e.g. via Ha-ras) p22, NOXO1, NOXA1 Xg22.1
derm
NOX2 Phagocytes Colon neurons Defense; immune regulationin colon  p22, p47, p67, p40,rac ~ Xp21.1—p11.4
and other tissues
NOX3 Inner ear Embryonic kidney, sper- Synthesis of otolith, biochemical p22, NOXO1, NOXA1 6025.3
matogonial stem cells details unknown
NOX4 Kidney, blood Oligodendrocytes, PSC Cell division signaling, biochemical p22 11914.3
vessels maintenance details unknown; location: nucleus,
endoplasmic reticulum, mitochondria
NOX5 Lymphoid tissue, B and T cells Signaling, biochemical details un- Catt 15023
testis known
DUOX1 Thyroid apical Airway epithelial cells Peroxidase domain; function in DUOXA1, DUOXA2, Cat*  15¢21.1
plasma mem- thyroid not known
brane
DUOX2 Thyroid apical Salivary gland, airways, Synthesis of thyroxine, biochemical DUOXA1, DUOXA2, Ca**  15g21.1
plasma mem- prostate mechanism not known in detail; per-
brane oxidase domain, cell cycle regulation

For details of the incompletely known biochemical functions of the enzymes please see main text. The relevant references for the data given in the figure are to
be found in the paragraphs headed Nox1-DUOX2
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clinical and mouse reverse genetics data showed that
a major function of this gene lies in the vestibular
and cochlear part of the inner ear of mammals [51].
Genome wide association studies [52] confirm the
Nox3 encoding locus as a major genetic factor associ-
ated with hearing loss. A loss of function of this gene
leads to hearing loss and to a defect in balance. It is
highly probable that the biochemical function of the
superoxide produced is synthesis of the otolith. How-
ever, no detailed biochemical studies on this reaction
have been published. The expression pattern of Nox3,
both at the mRNA and protein level, is very specific.
Expression in the inner ear is at least 50-fold higher
than expression in other tissues (fetal organs like em-
bryonic kidney and spermatogonial stem cells) [50,
53]. It appears that the membrane-bound subunit,
p22, binds in vivo to Nox3 [54]. However, CGD pa-
tients that suffer from a defect of p22 do not present
with hearing or balance problems, an observation
which speaks against a necessary function of p22 for
Nox3 activation. On the other hand, the organizing
cytoplasmic subunit NOXO1 (homolog of p47) and
the activating cytoplasmic subunit, NOXA1 (homolog
of p67) both seem to be necessary for Nox3 function
[10, 55]. A deletion of NOXO1 in the mouse mimics
the phenotype of the Nox3 defect.

Nox3 isoforms due to differential splicing have not
been studied in detail as yet. The activity of Nox3 in
the inner ear seems to be constitutive, but it is not un-
derstood why continuous activity in this organ is nec-
essary. An interesting new finding [56] is the activity
of Nox3, together with Nox5 in the precursor cells of
oligodendrocytes that form the myelin sheath of neu-
rons in the brain. This finding is based on a cell line,
MO3-13, which is similar to oligodendrocyte precur-
sor cells. In those cells, Nox3 and Nox5 activity seems
to be necessary for the differentiation of the precur-
sor cells. However, these interesting findings have not
been confirmed as yet by in vivo data.

Nox4 was discovered [57, 58] as an NADPH oxi-
dase highly expressed in kidney, but it is expressed at
a low level in a large variety of human tissues, includ-
ing cancers, cancer cell lines, and embryonic tissues.
It is encoded on human chromosome 11. Together
with Nox2, Nox4 activity is necessary for the mainte-
nance of stemness of induced pluripotent stem cells
[59]. An excellent review on this human Nox isoform
was published relatively recently [60]. The enzyme
is peculiar and differs from all other human Nox en-
zymes in several ways: (i) it is the only human Nox
enzyme that can produce H,O; relatively directly [61].
This activity can be prohibited by exchanging a sin-
gle histidine residue in the extracytoplasmic E-loop of
the Nox4 sequence [61]. The enzyme does not con-
tain a peroxidase domain. (ii) Its activity depends on
the membrane bound protein co-factor, p22, but not
at all on the soluble co-factors, p67, p47, NOXO1, or
NOXAL. (iii) However, unusual Nox activating factors
have been identified that interact with the Nox4 or

p22-Nox4 complex, like protein disulfide isomerase,
RNA polymerase delta interacting protein 2, and oth-
ers [62]. The enzyme is therefore constitutively active
and perhaps regulated primarily through its subcellu-
lar location. Indeed, careful localization studies have
been performed and the four different splice isoforms
mentioned below are localized in different compart-
ments of the cell. It may be too early to draw definite
conclusions, but the splice isoforms may be dominant
negative forms regulating Nox4 activity, and in one
case gene regulation via interaction with transcription
factors and chromatin modifying enzymes may be the
physiological purpose of Nox4D, which is localized in
the cell nucleus [63, 64] and certainly is an isoform
inactive as an NADPH oxidase. Localization of the
active form of Nox4 has been found in mitochondria
[65], but also in the ER [62, 66], in focal adhesions [67],
and the plasma membrane [61] depending on cell type
and physiological (stressful) situation. The Nox4 locus
is localized on chromosome 11q14.2-q21, the exonic
structure (25 exons) is dissimilar to that of Nox1, 2,
and 3, and the existence and significance of splice iso-
forms was studied [63, 68]. Nox4 expression seems to
play a major role in all phases of cancer development
(initiation, growth, epithelial to mesenchymal transi-
tion, cell migration, metastasis) [60, 69] and even in
oncogene-induced senescence triggered by the onco-
genic version of the Ha-ras proto-oncogene [70]. It is
therefore an important aim of cancer research to de-
velop specific inhibitors of Nox4, which has not been
achieved up to now, despite testing of a large number
of candidate compounds [60].

Nox4 is the closest human homolog of the only
NADPH oxidase of S. cerevisiae, Ynol, discussed in the
concluding part of this review.

Nox5 (discussed in detail in [71]) is the only hu-
man Nox isoform that is active independent of co-
factor proteins. It is also the only mammalian Nox iso-
form that is absent from a whole group of mammalian
species (rodents, tested in rats and mice). In humans,
the protein is encoded in chromosome 15, position
q23 [50, 72]. Six different and presumably active splice
isoforms have been detected, and an unusually high
number [10] of polymorphic alleles is found in the
human population, which are all above the 1% level
and are correlated with different ethnic groups. Some
of these alleles are non-functional, but they are never
found as homozygous loss of function forms, possibly
indicating that some Nox5 activity is necessary for life.
The protein is located in the plasma membrane and
contains 4 EF-hand sequences to bind 4 Ca** ions in
its N-terminal cytoplasmic tail. Calcium ion binding
as well as calmodulin binding to a C-terminal bind-
ing sequence together with serine/threonine-specific
phosphorylation on Thr*** and Ser**® through protein
kinase C is a necessary activation mechanism for this
enzyme [73, 74]. Interestingly, a similar C-terminal
calmodulin-binding domain in Nox4 was found to be
non-functional [73]. The function or expression pat-
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tern of Nox5, which has been studied most intensively,
is the activity of this enzyme during the course of
mammalian sperm maturation (excluding, of course,
rodents) with a peak in pachytene [72]. Although the
Nox5 mRNA shows a peak in pachytene that is no
longer present in later stages of sperm maturation,
the enzyme seems to be present in mature sperm and
necessary for capacitation [75, 76].

However, the enzyme is also highly expressed in the
germinal centers of lymph nodes and spleen, possibly
in maturing B and T cells [72, 74], but not in circulat-
ing mature B and T cells. It has been found in various
other fetal and adult tissues as well as in cancer cell
lines [74].

Duox1 and Duox2: These two Nox homologs of hu-
mans (and of mammals in general) are both located
predominantly in the apical plasma membrane of thy-
roid gland epithelial cells and share similar structural
properties; however, they are functionally diverse.
Both enzymes are N-glycosylated, stored in the ER,
and transported to their final location via the Golgi
apparatus with the help of two maturation factors,
DUOXA1 and DUOXA2 [77]. They bind Ca** ions in
their EF-hand domains, contain a seventh transmem-
brane helix connected to an extracellular N-terminal
peroxidase domain, and do not appear to require
cytoplasmic activating subunits. The requirement for
the membrane-bound p22 subunit is controversial in
the literature [10]. As a separate thyroid peroxidase
is needed for the synthesis of thyroxine by Duox2,
the functionality and requirement of the peroxidase
domain of DUOX2 is also somewhat controversial, as
judged from congenital forms of thyroid deficiency
[78, 79]. The two enzymes are encoded side by side
on human chromosome 15 and are divergently tran-
scribed from structurally different promoters. Duox2
is expressed in the thyroid cells’ apical membrane,
in salivary glands, in airway epithelia, and in the
prostate. Its physiological function clearly involves
thyroxine synthesis, although the mechanistic details
of the iodination reaction are unknown. A second
function of Duox2 has been found more recently in
a host defense reaction in airway epithelia and in
epithelia of the gastrointestinal tract [80] and, to-
gether with Nox4, in cell cycle regulation of dermal
fibroblasts through the p53 checkpoint system [81].

Duoxl is likewise expressed in the thyroid, airway
epithelia, and prostate. The function of Duox1 in the
thyroid gland is unknown. However, two very inter-
esting new findings point to a possible role of this
enzyme. A detailed study of the role of this enzyme
in signal transduction in relation to epidermal growth
factor receptor (EGFR) revealed that the target of ROS
signaling is not only the PTP (discussed above), but
also the non-receptor tyrosine kinase, src, and the
EGFR tyrosine kinase through sulfenylation of Cys™’
by H,O. [82]. Both DUOX1 and Nox2 were responsi-
ble for this process in airway epithelial cells. Another
highly interesting pathophysiological role for DUOX1

was revealed in the generation of ionizing radiation
(IR)-induced thyroid cell genomic instability and can-
cer induction [83]. Thyroid glands and thyroid cells
in vitro maintain a high DUOX1 activity for many
days after IR exposure controlled by interleukin(IL)-
13 and mitogen-activated protein kinase (MAPK) p38,
which leads to H,O, production causing DNA strand
breaks, chromosome translocation, and cancer devel-
opment. Of course, the connection of this interesting
phenomenon to the physiological role of DUOX1 in
the thyroid is unknown at present.

Discovery of the yeast NADPH oxidase, Yno1

During the authors’ studies of yeast aging and apop-
tosis, a puzzling phenomenon was discovered: the
well-known “oncogenic” point mutation, RAS2418, vall9
led not only to unregulated growth signaling, lack of
reserve cabohydrates, and a very short chronologi-
cal lifespan (i.e., a defect of stationary phase sur-
vival), but also to death through apoptosis concomi-
tant with a high level of superoxide production as
discovered by dihydro ethidium (DHE) and electron
paramagnetic resonance (EPR) spectroscopy monitor-
ing [84, 85]. This observation was in perfect agree-
ment with the discovery of oncogene-induced senes-
cence in human cells expressing the homologous hu-
man Ha-ras"*? oncogenic point mutation [86]. More
surprisingly, when the yeast cells expressing the dom-
inant oncogenic version of RAS2 were made rho-zero
and could no longer produce superoxide in the res-
piratory chain, the ROS signal observed in these cells
was unchanged and equally as high as in the respiring
rho-plus cells, while the control cells (RAS2 wild type)
showed no such signal (Fig. 5; [85]). Seeing this, the
authors decided to overexpress under galactose con-
trol all yeast genes that showed a marked sequence
similarity to the catalytic subunit of human Nox2 and
to monitor superoxide production during growth on
galactose. The result was that only one of the nine
open reading frames (ORFs) studied showed a strong
production of superoxide (monitored by DHE fluo-
rescence measurements and EPR spectroscopy). The
authors named this gene YNOI (for yeast NADPH oxi-
dase 1) and studied it in detail in vivo and in vitro [8].
The enzyme is located in the ER in growing and sta-
tionary yeast cells on glucose or on non-fermentable
carbon sources. Purified microsomes from these cells
and also purification of the enzyme and insertion into
liposomes enabled in vitro studies showing specificity
for NADPH with very little activity when NADH was
used as an electron donor. The sequence of YNOI
clearly showed that all known signature sequence el-
ements of Nox enzymes were present (Fig. 3) and that
a phylogenetic tree based on the neighbor joining
method (Fig. 6) identified YNO1I as member of a fungal
subfamily of IMR proteins that showed little relation-
ship with the previously known fungal Nox subfami-
lies, NoxA, B, and C (see legend to Fig. 6).
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Fig. 5 Electron spin resonance spectroscopy (ESR) spectra
of RAS29%18val19 yeast cells. The yeast “oncogenic” mutation
RAS29Y18, vall9 produces high levels of superoxide even in the
absence of the mitochondrial respiratory chain. Therefore, the
authors argued that a different source of superoxide must be
present and tested all yeast genes for NADPH oxidase activity
that show clear homology with the human NADPH oxidases.
The figure shows in vivo measurements of the superoxide
adducts of the spin trap DEPMPO by electron paramagnetic
resonance (EPR). a 5-Diethylphosphono-5-methyl-1-pyrroline
N-oxide (DEPMPQ) incubated with RAS2 wild-type cells;
no ESR signal is detectable. b DEPMPO incubated with
RAS2#a18,val19 cells; the EPR spectrum clearly shows the
presence of the DEPMPO superoxide adduct. ¢ DEPMPO
incubated with RAS22278va19 regpiratory deficient rho-zero
cells. One sees the same amount of DEPMPO superoxide
adduct as in b. (Modified from [84])
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Fig. 6 Phylogenetic relationships among the fungal members
of the integral membrane reductase (IMR) protein superfam-
ily. Only the gene names used in the sequence databases
are used in the figure. Explanations of the abbreviations
of the genus and species names are shown. The key re-
sult of this bioinformatic investigation is that the orthologs
of Yno1 form a well-defined protein subfamily in the fun-
gal kingdom, which is different from the previously known
NoxA, B, and C subfamilies. The abbreviated species names
in the cladogram are in alphabetical order: A. g. Ashbya
gossypii, A. c. Acremonium chrysogenum, A. f. Aspergillus
fumigatus, C. a. Candida albicans, C. g. Candida glabrata, D.
d. Dictyostelium discoideum, D. h. Debaryomyces hansenii, F.
o. Fusarium oxysporum, F. v. Fusarium verticillioides, G. z. Gib-
berella zeae, K. I. Kluyveromyces lactis, L. e. Lodderomyces
elongisporus, L. b. Laccaria bicolor, L. t. Lachancea thermotol-
erans, M. g. Magnaporthe grisea, M. o. Magnaporthe oryzae,
M. t. Myceliophthora ahliaele, N. c. Neurospora crassa, N.
h. Nectria haematococca, N. p. Neofusicoccum parvum,
P.a. Podospora ahliae, R. o. Rhizopus oryzae, S.c. Sac-
charomyces cervisiae, S. char. Stachybotrys chartarum, S.
k. Saccharomyces kudriavzevii, S. m. Sordaria macrospora,
S. s. Sporothrix schenckii, T.d. Torulaspora delbrueckii, T.
m. Togninia minima, T. t. Thielavia terrestris, V. d. Verticillium
ahlia, V.p. Vanderwaltozyma polyspora, Z. r. Zygosaccha-
romyces rouxii. (Modified from [86])
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All other previously known fungal Nox proteins
were found to be involved in multicelllular functions
such as: plant pathogenicity [87] and cell differen-
tiation like formation of the female sex organs and
ascospore germination [88]. However, S. cerevisiae
is a monocellular yeast and therefore the previously
held notion of “NADPH oxidase: an enzyme for mul-
ticellularity” [89] is incorrect.

The physiological function of YNOI was studied on
the one hand in situations where the yeast cells com-
mit suicide, a process that is under genetic control and
could even be advantageous for the yeast strain [90] or
in situations where a profound metabolic restructur-
ing is required, for instance during the diauxic shift
when glucose is near exhaustion and the cells need
to adapt to other respiratory carbon sources. Two
papers appeared subsequent to the identification of
YNOI as a Nox enzyme and shall be briefly summa-
rized here. Leadsham et al. [91] showed that Ynol
in wild type cells is rapidly degraded by ERAD, but in
respiratory-deficient cox4 deletion strains this degra-
dation is blocked, the cells express a high level of ROS
originating from Ynol and are killed by yeast apopto-
sis. Conversely, if also the RAS2 gene is deleted in ad-
dition, Ynol is degraded and the cells survive. These
complex and interesting findings, among other things,
shed light on the function of the yeast RAS2 gene.
Reddi et al. [92] showed that the yeast casein kinase
v orthologs, YCK1 and YCK2, are regulated by Ynol in
conjuction with Sod1 (the cytosplasmic Cu/Zn super-
oxide dismutase). Ynol is closely coordinated with
Sodl at the ER, where the yeast casein kinases are
also located. The efficient, local, and transitory pro-
duction of H>O, stabilizes Yckl and Yck2, preventing
their destruction through the C-terminal degron. This
mechanism leads to respiratory repression and aero-
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Fig. 8 Cell migration assay performed with SH-SY5Y cells.
a Cell migration assay using the SH-SY5Y neuroblastoma cell
line. SH-SY5Y cells either transfected with Nox4 or scram-
bled small iRNA (siRNA) were grown to 80% confluency in
a 24-well plate containing a hydrogel spot (time point 0h). Af-
ter removing the spot, the cells transfected with scrambled
siRNA but not the Nox4 siRNA started to migrate into the
cell free area (time point 24h). b The remaining free area
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Fig. 7 The role of the yeast Nox enzyme, Yno1, in actin cy-
toskeleton restructuring. F-Actin was visualized with Abp140-
GFP. Deletion of YNO1 caused hypersensitivity to latrunculin B
(inhibitor of F-actin cable elongation) at a concentration of
20uM, which does not inhibit F-actin cable elongation in the
WT. H20> reversed inhibition of actin cables by latrunculin B.
Thus, reactive oxygen species produced by Yno1p are re-
quired for F-actin regulation

bic glycolysis, similar to the mammalian Warburg ef-
fect.

On the other hand, a number of published and un-
published results gained in the authors’ laboratory in
close collaboration with the laboratory of Paul Cullen
(Buffalo, N.Y.) point to the connection between Ynol
activity and the restructuring of the yeast cell’s actin
cytoskeleton.

Some evidence points to the fact that Ynol is an en-
zyme involved in regulation of the actin cytoskeleton
of yeast cells under conditions of stress where a re-
structuring of the actin cytoskeleton is necessary and
that the relevant product of Ynol is H,O,. The dele-
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in the open spots was quantified. This shows that mobility
of the neuroblastoma cells depends on Nox4 activtiy. ¢ Un-
der similar conditions, the actin cytoskeleton regulator neu-
ronal Wiskott-Aldrich syndrome protein (N-WASP) is down-
regulated as shown by Western blots normalized to the house-
keeping protein glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in the cancer cell line HepG2. C control (scrambled
siRNA), N4 Nox4 specific siRNA
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tion of Ynol is supersensitive to the drugs wiskostatin
and latrunculin B and a low non-toxic concentration
of H,0, added in the culture media can restore growth
under these conditions ([8]; Fig. 7). Latrunculin B
at a concentration inhibiting growth leads to a com-
plete loss of acin cables, while the F-actin dots in the
daughter cells are still visible. The addition of 0.4 mM
H,0; for only 10min reverses this phenotype (Fig. 7).
Restructuring of the actin cytoskeleton is a process
needed for endocytosis and for the formation of pseu-
dohyphae in strains derived from the 21278b strain
that is closer to the S. cerevisiae wild type than the
usual laboratory strains like BY4741. Deleting YNOI
in such a strain leads to a marked defect in invasive
growth and in pseudohyphae formation under special
starvation conditions, which is the most common way
of inducing pseudohyphae (unpublished results). The
unpublished results and phenotypes described above
are enhanced if the cells are made respiratory-defi-
cient in addition to the YNOI deletion, pointing to
the possibility that H,O, production from YNOI and
from the mitochondrial respiratory chain are syner-
gistic for the signal transduction and actin-regulatory
processes discovered.

The role of human Nox4 in cancer biology

Sequence comparisons of Ynol with all seven hu-
man Nox enzymes show that Nox4 displays by far the
largest similarity in sequence with Ynol [93]. In both
established tumor cell lines that the authors (HepG2
and SH-SY5Y), the enzyme, Nox4, was strongly ex-
pressed as compared with non-tumorous material
from the same organ, and located in the ER, like the
yeast enzyme. RNA interference (RNAi) experiments
showed that transcriptional down-regulation of Nox4
led to the weakening or disappearance of actin stress
fibers. This effect was again, like in the yeast cells,
reversible by adding a low non-toxic H,O: concentra-
tion. Scratch assays showed in the case of the SH-
SY5Y cells that inhibiting Nox4, which leads to a loss
of actin cytoskeleton restructuring, led to a loss of cell
mobility (Fig. 8). As it is well known that cell mobility
depends on the restructuring of the actin cytoskele-
ton and is essential for the process of metastasis, the
authors propose here, like other authors [94], to study
Nox4 as a drug target in cancer therapy. At present,
there are no known pharmacological inhibitors that
are specific for Nox4; however, such a substance
would be highly desirable for a new concept of tumor
therapy.

Conclusion

NADPH oxidases currently play a prominent role in
biological and medical science research. The present
article reviews recent progress in this field with an
emphasis on newly discovered facts about the phys-
iological function of the seven human NADPH oxi-

dases (Nox enzymes), in particular in signaling growth
and cell differentiation through the second messen-
ger, H,O,. A special role of the Nox system in regula-
tion of the actin cytoskeleton was discovered through
the work of the authors’ group and other groups. This
is not only in relation to fungal model systems, in par-
ticular the pseudohyphal growth of S. cerevisiae, but
also in relation to cell migration and possibly metas-
tasis of human cancer cells.

Acknowledgements We would like to thank the OeAD for the
project CZ 10/2014 to M.R.

Funding The work presented here was supported by the
grant P26713 of the Austrian Science Fund FWF to M.B.

Funding Open access funding provided by Paris Lodron Uni-
versity of Salzburg.

Conflict of interest M. Breitenbach, M. Rinnerthaler, M. We-
ber, H. Breitenbach-Koller, T. Karl, P. Cullen, S. Basu, D. Has-
kova. and J. Hasek declare that they have no competing inter-
ests.

Open Access This article is distributed under the terms of
the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the origi-
nal author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

1. Mishin V, Heck DE, Laskin DL, Laskin JD. Human re-
combinant cytochrome P450 enzymes display distinct
hydrogen peroxide generating activities during substrate
independent NADPH oxidase reactions.  Toxicol Sci.
2014;141(2):344-52.

2. Breitenbach M, Rinnerthaler M, Hartl J, Stincone A, Vow-
inckel J, Breitenbach-Koller H, et al. Mitochondria in
ageing: there is metabolism beyond the ROS. Fems Yeast
Res. 2014;14(1):198-212.

3. Laurentino MR. Methemoglobin measure in adult patients
with sickle-cell anemia: influence of hydroxyurea therapy.
JBrasPatol Med Lab. 2014;50(3):184-8.

4. Sies H. Hydrogen peroxide as a central redox signaling
molecule in physiological oxidative stress: oxidative eu-
stress. RedoxBiol. 2017;11:613-9.

5. Sies H, Berndt C, Jones DP. Oxidative stress.
Biochem. 2017;86:715-48.

6. Denu JM, Tanner KG. Specific and reversible inactivation
of protein tyrosine phosphatases by hydrogen peroxide:
Evidence for a sulfenic acid intermediate and implications
forredoxregulation. Biochemistry. 1998;37(16):5633-42.

7. Lee SR, Kwon KS, Kim SR, Rhee SG. Reversible inacti-
vation of protein-tyrosine phosphatase 1B in A431 cells
stimulated with epidermal growth factor. J Biol Chem.
1998;273(25):15366-72.

8. Rinnerthaler M, Buttner S, Laun P, Heeren G, Felder
TK, Klinger H, et al. Ynolp/Aiml4p, a NADPH-oxi-
daseortholog, controls extramitochondrial reactive oxygen
species generation, apoptosis, and actin cable formationin
yeast. ProcNatlAcad SciUSA.2012;109(22):8658-63.

9. Hajjar C, Cherrier MV, Mirandela GD, Petit-HartleinI, Stasia
MJ, Fontecilla-Camps JC, et al. The NOX family of proteins
isalsopresentinbacteria. MBio. 2017;8(6):e1487-17.

Annu Rev

296 The defense and signaling role of NADPH oxidases in eukaryotic cells

@ Springer


http://creativecommons.org/licenses/by/4.0/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bedard K, Krause KH. The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol
Rev. 2007;87(1):245-313.

Magnani E Nenci S, Millana Fananas E, Ceccon M, Romero
E, Fraaije MW, et al. Crystal structures and atomic
model of NADPH oxidase. Proc Natl Acad Sci U S A.
2017;114(26):6764-9.

Royer-Pokora B, Kunkel LM, Monaco AP, Goff SC, New-
burger PE, Baehner RL, et al. Cloning the gene for an
inherited human disorder—chronic granulomatous dis-
ease—on the basis of its chromosomal location. Nature.
1986;322(6074):32-8.

Dinauer MC, Orkin SH, Brown R, Jesaitis AJ, Parkos CA.
The glycoprotein encoded by the X-linked chronic granu-
lomatous disease locus is a component of the neutrophil
cytochromeb complex. Nature. 1987;327(6124):717-20.
Thomas DC. The phagocyte respiratory burst: histori-
cal perspectives and recent advances. Immunol Lett.
2017;192:88-96.

Hopkins RZ. Hydrogen peroxide in biology and medicine:
anoverview. React OxygSpecies. 2017;3(7):26-37.

Babior BM, Kipnes RS, Curnutte JT. Biological defense
mechanisms.  The production by leukocytes of su-
peroxide, a potential bactericidal agent. J Immunol.
2014;193(11):5359-62.

Gerschman R, Gilbert DL, Nye SW, Dwyer P, Fenn WO. Oxy-
gen poisoning and X-irradiation—a mechanism in com-
mon. Science. 1954;119(3097):623-6.

McCord JM, Fridovic I. Superoxide dismutase an enzymic
function for erythrocuprein (Hemocuprein). J Biol Chem.
1969;244(22):6049-55.

Sbarra AJ, Karnovsky ML. Biochemical basis of phago-
cytosis .1. Metabolic changes during the ingestion of
particles by polymorphonuclear leukocytes. J Biol Chem.
1959;234(6):1355-62.

Pluddemann A, Mukhopadhyay S, Gordon S. The interac-
tion of macrophagereceptorswith bacterialligands. Expert
RevMolMed. 2006;8(28):1-25.

Aung-Htut MT, Ayer A, Breitenbach M, Dawes IW. Oxidative
stressesand ageing. Subcell Biochem. 2012;57:13-54.

Xaus J, Comalada M, Valledor AE Cardo M, Herrero C, Soler
C, et al. Molecular mechanisms involved in macrophage
survival, proliferation, activation or apoptosis. Immunobi-
ology. 2001;204(5):543-50.

El-Benna J, Dang PMC, Gougerot-Pocidalo MA, Marie JC,
Braut-Boucher E p47phox, the phagocyte NADPH oxi-
dase/NOX2 organizer: structure, phosphorylation and
implicationindiseases. Exp Mol Med. 2009;41(4):217-25.
Cotugno N, Finocchi A, Cagigi A, Di Matteo G, Chiri-
aco M, Di Cesare S, et al. Defective B-cell proliferation
and maintenance of long-term memory in patients with
chronic granulomatous disease. ] Allergy Clin Immun.
2015;135(3):753-61.

HolmdahlR, Sareila O, Olsson LM, Backdahl L, Wing K. Ncf1
polymorphismreveals oxidative regulation of autoimmune
chronicinflammation. Immunol Rev. 2016;269(1):228-47.
Campbell AM, Kashgarian M, Shlomchik MJ. NADPH Ox-
idase inhibits the pathogenesis of systemic lupus erythe-
matosus. Sci TranslMed. 2012;4(157):157r-al41.
Alarcon-Riquelme ME, Ziegler JT, Molineros J, Howard TD,
Moreno-Estrada A, Sanchez-Rodriguez E, et al. Genome-
wide association study in an Amerindian ancestry popula-
tion reveals novel systemic lupus erythematosus risk loci
and the role of European admixture. Arthritis Rheumatol.
2016;68(4):932-43.

Paternoster L, Standl M, Chen CM, Ramasamy A, Bon-
nelykke K, Duijts L, et al. Meta-analysis of genome-wide

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

association studies identifies three new risk loci for atopic
dermatitis. Nat Genet. 2011;44(2):187-92.

de Lange KM, Moutsianas L, Lee JC, Lamb CA, Luo Y,
Kennedy NA, et al. Genome-wide association study impli-
cates immune activation of multiple integrin genes in in-
flammatorybowel disease. Nat Genet. 2017;49(2):256-61.
Cheng N, He R, Tian J, Dinauer MC, Ye RD. A critical role
of protein kinase C delta activation loop phosphorylation
in formyl-methionyl-leucyl-phenylalanine-induced phos-
phorylation of p47(phox) and rapid activation of nicoti-
namide adenine dinucleotide phosphate oxidase. J Im-
munol. 2007;179(11):7720-8.

Futosi K, Fodor S, Mocsai A. Neutrophil cell surface recep-
tors and their intracellular signal transduction pathways.
IntImmunopharmacol. 2013;17(3):638-50.

Silva MT, Correia-Neves M. Neutrophils and macrophages:
the main partners of phagocyte cell systems. Front Im-
munol. 2012;3:174.

McCracken JM, Allen LA. Regulation of human neutrophil
apoptosis and lifespan in health and disease. J Cell Death.
2014;7:15-23.

Noubade R, Wong K, Ota N, Rutz S, Eidenschenk C, Valdez
PA, et al. NRROS negatively regulates reactive oxygen
species during host defence and autoimmunity. Nature.
2014;509(7499):235-9.

BanfiB,MaturanaA, JaconiS, Arnaudeau S, Laforge T, Sinha
B, et al. A mammalian H+ channel generated through
alternative splicing of the NADPH oxidase homolog NOH-
1. Science. 2000;287(5450):138-42.

Suh YA, Arnold RS, Lassegue B, Shi ], Xu X, Sorescu D, et al.
Cell transformation by the superoxide-generating oxidase
Mox1. Nature. 1999;401(6748):79-82.

Kikuchi H, Hikage M, Miyashita H, Fukumoto M. NADPH
oxidase subunit, gp91(phox) homologue, preferentially
expressed in human colon epithelial cells. Gene.
2000;254(1-2):237-43.

Banfi B, Clark RA, Steger K, Krause KH. Two novel proteins
activate superoxide generation by the NADPH oxidase
NOX1.]JBiol Chem. 2003;278(6):3510-3.

Shrestha P, YunJH, Ko YJ, Kim M, Bae YS, Lee W. C-terminal
tail of NADPH oxidase organizer 1 (Noxo1l) mediates inter-
action with NADPH oxidase activator (Noxal) in the NOX1
complex. Biochem Bioph Res Co. 2017;490(3):594-600.
Harper RW, Xu CH, Soucek K, Setiadi H, Eiserich JP. A reap-
praisal of the genomic organization of human Nox1 and its
splicevariants. ArchBiochem Biophys. 2005;435(2):323-30.
Arakawa N, Katsuyama M, Matsuno K, Urao N, Tabuchi Y,
Okigaki M, et al. Novel transcripts of Nox1 are regulated
by alternative promoters and expressed under phenotypic
modulation of vascular smooth muscle cells. Biochem J.
2006;398:303-10.

Kodama R, Kato M, Furuta S, Ueno S, Zhang Y, Matsuno K,
et al. ROS-generating oxidases Nox1 and Nox4 contribute
to oncogenic Ras-induced premature senescence. Genes
Cells. 2013;18(1):32-41.

Streeter], SchicklingBM, JiangS, Stanic B, Thiel WH, Gakhar
L, etal. Phosphorylation of Nox1 regulates association with
NoxAl activationdomain. CircRes. 2014;115(11):911-8.
Bertram K, Valcu CM, Weitnauer M, Linne U, Gorlach A.
NOX1 supports the metabolic remodeling of hepG2 cells.
PLoSONE. 2015;10(3):e122002.

Kato M, Marumo M, Nakayama J, Matsumoto M, Yabe-
Nishimura C, Kamata T. The ROS-generating oxidase Nox1
is required for epithelial restitution following colitis. Exp
Anim. 2016;65(3):197-205.

Kwon J, Wang A, Burke DJ, Boudreau HE, Lekstrom KJ,
Korzeniowska A, et al. Peroxiredoxin 6 (Prdx6) supports

@ Springer

The defense and signaling role of NADPH oxidases in eukaryotic cells

297




47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

NADPH oxidasel (Nox1)-based superoxide generation and
cellmigration. Free Radic BiolMed. 2016;96:99-115.
Schwerd T, Bryant RV, Pandey S, Capitani M, Meran L, Cazier
JB, etal. NOX1 loss-of-function genetic variants in patients
with inflammatory bowel disease. Mucosal Immunol.
2017;11:562-74.

Wang HP, Wang X, Gong LE Chen WJ, Hao Z, Feng SW,
etal. Nox1 promotes colon cancer cell metastasis via acti-
vation of the ADAM17 pathway. Eur Rev Med Pharmacol.
2016;20(21):4474-81.

Dickson BJ, Gatie MI, Spice DM, Kelly GM. NOX1 and NOX4
arerequired for the differentiation of mouse F9 cellsinto ex-
traembryonicendoderm. PLoSONE.2017;12(2):e170812.
Cheng GJ, Cao ZH, Xu XX, Van Meir EG, Lambeth JD.
Homologs of gp91phox: cloning and tissue expression of
Nox3, Nox4, and Nox5. Gene. 2001;269(1-2):131-40.

Banfi B, Malgrange B, KniszJ, Steger K, Dubois-Dauphin M,
KrauseKH.NOX3, asuperoxide-generatingNADPH oxidase
oftheinnerear. ] Biol Chem. 2004;279(44):46065-72.
LavinskyJ, CrowAL, Pan C, WangJM, Aaron KA, Ho MK, etal.
Genome-wideassociation studyidentifies Nox3 as a critical
gene for susceptibility to noise-induced hearing loss. Plos
Genet. 2015;11(4):e1005094.

Morimoto H, Kanatsu-ShinoharaM, ShinoharaT.ROS-gen-
erating oxidase Nox3 regulates the self-renewal of mouse
spermatogonial stem cells. Biol Reprod. 2015;92(6):Article
147,1-10.

Ueno N, Takeya R, Miyano K, Kikuchi H, Sumimoto H.
The NADPH oxidase Nox3 constitutively produces su-
peroxide in a p22phox-dependent manner: its regula-
tion by oxidase organizers and activators. J Biol Chem.
2005;280(24):23328-39.

ChengG, Ritsick D, Lambeth]JD. Nox3 regulationbyNOXO1,
p47phox, and p67phox. J Biol Chem. 2004;279(33):34250-5.
Accetta R, Damiano S, Morano A, Mondola B, Paterno R,
Avvedimento EV, etal. Reactive oxygen speciesderived from
NOX3 and NOX5 drive differentiation of human oligoden-
drocytes. Front Cell Neurosci. 2016;10:146.

GeisztM, KoppJB, Varnai B, Leto TL. Identification of Renox,
an NAD(P)H oxidase in kidney. P Natl Acad Sci Usa.
2000;97(14):8010-4.

Shiose A, Kuroda], TsuruyaK, Hirai M, Hirakata H, Naito S,
et al. A novel superoxide-producing NAD(P)H oxidase in
kidney.JBiol Chem. 2001;276(2):1417-23.

Kang XL, Wei XX, Jiang L, Niu C, Zhang JY, Chen SE et al.
Nox2 and Nox4 regulate self-renewal of murine induced-
pluripotentstem cells. IUBMB Life. 2016;68(12):963-70.
Guo SH, Chen XP. The human Nox4: gene, structure, phys-
iological function and pathological significance. ] Drug
Target. 2015;23(10):888-96.

Takac I, Schroder K, Zhang LL, Lardy B, Anilkumar N,
Lambeth JD, et al. The E-loop is involved in hydrogen
peroxide formation by the NADPH oxidase nox4. ] Biol
Chem. 2011;286(15):13304-13.

Laurindo FR, Araujo TL, Abrahao TB. Nox NADPH oxidases
and the endoplasmic reticulum. Antioxid Redox Signal.
2014;20(17):2755-75.

AnilkumarN, Jose GS, Sawyer I, Santos CXC, Sand C, Brewer
AC, etal. A28-kDasplice variant of NADPH oxidase-4 isnu-
clear-localized and involved in redox signaling in vascular
cells. Arterioscler Thromb VascBiol. 2013;33(4):e104-e12.
KurodaJ, Nakagawa K, Yamasaki T, Nakamura K, Takeya R,
Kuribayashi E et al. The superoxide-producing NAD(P)H
oxidase Nox4 in the nucleus of human vascular endothelial
cells. Genes Cells. 2005;10(12):1139-51.

65.

66.

67.

68.

69.

70.

71.

72

73.

74.

75.

76

77.

78.

79.

80.

81.

82.

83.

84.

Block K, Gorin Y, Abboud HE. Subcellular localization of
Nox4 and regulation in diabetes. P Natl Acad Sci Usa.
2009;106(34):14385-90.

Van Buul JD, Fernandez-Borja M, Anthony EC, Hordijk
PL. Expression and localization of NOX2 and NOX4 in
primary human endothelial cells. Antioxid Redox Signal.
2005;7(3-4):308-17.

Hilenski LL, Clempus RE, Quinn MT, Lambeth JD,
Griendling KK. Distinct subcellular localizations of Nox1
and Nox4 in vascular smooth muscle cells. Arterioscler
Thromb VascBiol. 2004;24(4):677-83.

Goyal P Weissmann N, Rose F Grimminger E Schafers HJ,
Seeger W, et al. Identification of novel Nox4 splice variants
with impact on ROS levels in A549 cells. Biochem Biophys
Res Commun. 2005;329(1):32-9.

Graham KA, Kulawiec M, Owens KM, Li XR, Desouki MM,
ChandraD, etal. NADPH oxidase 4 is an oncoprotein local-
ized to mitochondria. CancerBiol Ther. 2010;10(3):223-31.
Weyemi U, Lagente-Chevallier O, Boufragech M, PrenoisE
Courtin E Caillou B, et al. ROS-generating NADPH oxidase
NOX4 is a critical mediator in oncogenic H-Ras-induced
DNA damage and subsequent senescence. Oncogene.
2012;31(9):1117-29.

BedardK,JaquetV,KrauseKHNOX. frombasicbiologytosig-
nalinganddisease. Free Radic Biol Med. 2012;52(4):725-34.

.Banfi B, Molnar G, Maturana A, Steger K, Hegedus B,

A Ca2+-activated NADPH oxi-
J Biol Chem.

Demaurex N, et al.
dase in testis, spleen, and lymph nodes.
2001;276(40):37594-601.

TironeE CoxJA.NADPH oxidase5 (NOX5) interactswithand
isregulated by calmodulin. Febs Lett. 2007;581(6):1202-8.
Fulton DJR. Nox5 and the regulation of cellular function.
Antioxid Redox Signal. 2009;11(10):2443-52.

AitkenR]J, CurryBJ.Redoxregulation of human spermfunc-
tion: from the physiological control of sperm capacitation
to the etiology of infertility and DNA damage in the germ
line. Antioxid Redox Signal. 2011;14(3):367-81.

.Musset B, Clark RA, DeCoursey TE, Petheo GL, Geiszt

M, Chen Y, et al
expression, function, and regulation.
2012;287(12):9376-88.

Grasberger H, Refetoff S. Identification of the maturation
factor for dual oxidase—Evolution of an eukaryotic operon
equivalent. ] Biol Chem. 2006;281(27):18269-72.

Park SM, Chatterjee VK. Genetics of congenital hypothy-
roidism. JMed Genet. 2005;42(5):379-89.

Vigone MC, Fugazzola L, Zamproni I, Passoni A, Di Candia
S, Chiumello G, et al. Persistent mild hypothyroidism
associated with novel sequencevariants ofthe DUOX2 gene
in two siblings. Hum Mutat. 2005;26(4):395. https://doi.
0rg/10.1002/humu9372.

Hill T, Xu CH, Harper RW. IFN gamma mediates DUOX2
expression via a STAT-independent signaling pathway.
Biochem Biophys Res Commun. 2010;395(2):270—4.
Salmeen A, Park BO, Meyer T. The NADPH oxidases NOX4
and DUOX2 regulate cell cycle entry via a p53-dependent
pathway. Oncogene. 2010;29(31):4473-84.

HeppnerDE, HristovaM, Dustin CM, Danyal K, HabibovicA,
vander VlietA. The NADPH oxidases DUOX1 and NOX2 play
distinctrolesinredoxregulation of epidermal growth factor
receptorsignaling. ] Biol Chem. 2016;291(44):23282-93.
Ameziane-El-HassaniR, TalbotM, Dos SMCD, AlGhuzlanA,
Hartl D, BidartJM, et al. NADPH oxidase DUOX1 promotes
long-term persistence of oxidative stress after an exposure
toirradiation. P NatlAcad SciUsa. 2015;112(16):5051-6.
Tatchell K, Robinson LC, Breitenbach M. Ras2 of saccha-
romyces-cerevisiae is required for gluconeogenic growth

NOX5 in human spermatozoa:
J Biol Chem.

298

The defense and signaling role of NADPH oxidases in eukaryotic cells

@ Springer


https://doi.org/10.1002/humu9372
https://doi.org/10.1002/humu9372

85.

86.

87.

88.

89.

and proper response to nutrient limitation. P Natl Acad Sci
USA.1985;82(11):3785-9.

Heeren G, Jarolim S, Laun P, Rinnerthaler M, Stolze K,
Perrone GG, et al. The role of respiration, reactive oxygen
speciesand oxidativestressin mother cell-specificageing of
yeast strains defective in the RAS signalling pathway. Fems
YeastRes. 2004;5(2):157-67.

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW.
Oncogenic ras provokes premature cell senescence asso-
ciated with accumulation of p53 and p16(INK4a). Cell.
1997;88(5):593-602.

Breitenbach M, Weber M, Rinnerthaler M, Karl T, Breiten-
bach-Koller L. Oxidative stressin fungi: its functioninsignal
transduction, interaction with plant hosts, and lignocellu-
losedegradation. Biomolecules. 2015;5(2):318-42.
Takemoto D, Tanaka A, Scott B. NADPH oxidases in fungi:
Diverse roles of reactive oxygen species in fungal cellular
differentiation. Fungal GenetBiol. 2007;44(11):1065-76.
Lalucque H, Silar P NADPH oxidase: an enzyme for multi-
cellularity? Trends Microbiol. 2003;11(1):9-12.

90.

91.

92.

93.

94.

MadeoE FrohlichE, LigrM, GreyM, Sigrist SJ, WolfDH, etal.
Oxygen stress: aregulator of apoptosis in yeast. J Cell Biol.
1999;145(4):757-67.

Leadsham JE, Sanders G, Giannaki S, Bastow EL, Hut-
ton R, Naeimi WR, et al. Loss of cytochrome c oxidase
promotes RAS-dependent ROS production from the ER
resident NADPH oxidase, Ynolp, in yeast. Cell Metab.
2013;18(2):279-86.

Reddi AR, Culotta VC. SOD1 integrates signals from
oxygen and glucose to repress respiration. Cell.
2013;152(1-2):224-35.

Auer S, Rinnerthaler M, Bischof], Streubel MK, Breitenbach-
Koller H, Geisberger R, et al. The human NADPH Oxidase,
Nox4, regulates cytoskeletal organization in two cancer cell
lines, hepG2 and SH-SY5Y. Front Oncol. 2017; https://doi.
org/10.3389/fonc.2017.00111.

Zhang B, Liu Z, Hu X. Inhibiting cancer metastasis
via targeting NAPDH oxidase 4. Biochem Pharmacol.
2013;86(2):253-66.

@ Springer

The defense and signaling role of NADPH oxidases in eukaryotic cells

299



https://doi.org/10.3389/fonc.2017.00111
https://doi.org/10.3389/fonc.2017.00111

	The defense and signaling role of NADPH oxidases in eukaryotic cells
	Summary
	Zusammenfassung
	Introduction
	Structure and reaction scheme of NADPH oxidases (Nox enzymes)
	The human Nox enzymes
	Nox2
	The other Nox and Duox enzymes of human cells
	Discovery of the yeast NADPH oxidase, Yno1
	The role of human Nox4 in cancer biology

	Conclusion
	References


