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The NADPH oxidase (Nox) family of enzymes generates reactive
oxygen species (ROS). At low ROS concentration, intracellular
signaling is initiated, whereas at high ROS concentration, oxidative
stress is induced. The extensive studies over the years have shed
light on the mediating roles of the Nox enzymes in a variety of
normal physiological processes ranging from bactericidal activity to
remodeling of the extracellular matrix. Consequently, imbalance of
Nox activities could be the potential cause of acute or chronic
diseases. With regard to functional relationships between Nox
isoforms and pathogenesis, it is of particular interest to study
whether they are involved in carcinogenesis, because overproduction
of ROS has long been implicated as a risk factor in cancer
development. We see one remarkable example of the causal
relationship between Nox1 and cancer in Ras oncogene-induced cell
transformation. Other studies also indicate that the Nox family of
genes appears to be required for survival and growth of a subset of
human cancer cells. Thus, the Nox family will be a focus of attention
in cancer biology and etiology over the next couple years. (Cancer
Sci 2009; 100: 1382–1388)

In general, ROS have been considered to be accidentally
generated by oxidative enzymes such as mitochondrial

respiratory chains and damage to cells by non-specifically
oxidizing DNA, proteins, and lipids. In contrast, phagocytic
Nox, whose catalytic subunit consists of a flavoprotein (gp91phox),
represents one specifically regulated ROS generation system and
its bactericidal activity plays a critical part in innate immunity.(1)

Studies over the last decade revealed the gene family of
gp91phox homologs – so-called Nox (Nox1–5 and Duox1 and
2)(1) – that produce ROS in various cells in response to stimuli
including growth factors, cytokines, and calcium. Nox-produced
superoxide is rapidly converted to hydrogen peroxide, which
potentially regulates the target molecules through reversible or
irreversible oxidation of redox-sensitive cysteine residues,
depending on the heavy metal catalysts. This allows us to
assume that Nox-generated ROS, at least in part, behave as
second messenger-like molecules at low concentrations and
elicit cellular signals as well as biochemical reactions. Aberrant
levels of Nox-derived ROS, whether excess or less, can perturb
the balance of cellular homeostasis, ultimately resulting in
pathological states. In fact, dysregulation of Nox-dependent
ROS generation is potentially associated with chronic diseases
including atherosclerosis, hypertension, inflammation, cancer,
and others.(2) With regard to the relationships between ROS and
carcinogenesis, it is far from obvious what molecular mechanism
governs the action of Nox enzymes mediating the process of
cellular transformation. Accordingly, this review focuses on
some of the progresses made in studying the functional roles of
Nox-based oxidases in cancer development where overproduction
of intracellular ROS is thought to increase the risk of cancer.

More complete reviews about other aspects of Nox-related
diseases and Nox structure, function, and regulation are readily
available.(2–4)

Nox enzymes and their regulation

In terms of structural basis, the Nox enzymes are classified into
three distinct groups: Nox1–4, Nox5, and Duox. Nox1–4
contain the well-conserved catalytic domain consisting of
NADPH and FAD-binding motifs in the cytoplasmic tail and the
heme moiety that transfers electrons from NADPH to molecular
oxygen in the extracellular or intraphagosome region(4) (Fig. 1).
In addition, these Nox proteins require membrane-associated
p22phox as their catalytic partners, whereas Nox5 and Duox do
not.(4) Superoxide generated by the Nox enzymes is rapidly
converted to H2O2, which in turn diffuses into the cytosol. Nox5
possesses a calmodulin-like domain with a high affinity for
calcium in addition to the basic structure of the first group of
Nox isozymes.(5) Duox, referred to as ‘dual oxidases’, have a
domain structure similar to that of Nox5, but possess an

Fig. 1. Schematic structure of NADPH oxidase (Nox) 1. Nox1 possesses
an NH2-terminal portion consisting of six transmembrane α-helices with
conserved histidine residues in helices III and V that provide binding
sites for two hemes. The COOH-terminal region of the molecule, facing
the cytoplasm, contains the catalytic domain with the binding sites for
co-enzymes FAD and NADPH. Nox1 catalyzes the NADPH-dependent
reduction of oxygen to form superoxide, whereby the hemes transfer
an electron from these coenzymes to molecular oxygen. p22phox is
required as a catalytic partner for Nox1 and NOXO1 and NOXA1
function as critical regulators. Rac1 is involved in Nox1 activation
through interaction with NOXA1. Other Nox isoforms have conserved
transmembrane and catalytic domains similar to those of Nox1, while
displaying differences in terms of their NH2-terminal structure,
regulatory components, and p22phox dependency.
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additional extracellular peroxidase homology domain in the
amino terminus.(6,7)

Regulation of Nox2 involves the cytosolic subunits p47phox,
p67phox, and p40phox as well as the small GTPase Rac1 (for
macrophages) and Rac2 (for neutrophils).(4,8) Activation of
phagocytic cells by microorganisms or inflammatory stimuli
converts the Rac1 • GDP to Rac1 • GTP, which in turn induces
membrane translocation of the cytosolic components through
the interaction of Rac1 with p67phox, forming the functional
oxidase complexes. On the other hand, Nox1 is regulated by
NOXO1 (a homolog of p47phox), NOXA1 (a homolog of
p67phox), and Rac1 (Fig. 1).(9–11) The actions of these cytosolic
regulators are less clear in Nox3 regulation(11) and are not
involved in the activation of Nox4,(12) Nox5,(13) or Duox.(14)

Nox1 is abundantly expressed in colon tissues(15) and is
detected in intestinal cells stimulated by an inflammatory
mediator, interferone (IFN)γ,(16) and a TLR5 ligand, flagellin.(17)

Thus, Nox1 is postulated to play a role of mucosal host defense,
analogous to phagocytic Nox2. On the other hand, Nox1 appears
to be involved in mitogenic cell signaling by growth factors such
as platelet-derived growth factor (PDGF)(15) and EGF(18) in fibroblast
cells. Increased expression of Nox1 in human colon cancer cells(16)

and actively growing normal intestinal crypt cells(19) (M. Thanuja
and T. Kamata, unpublished observation, 2009) also implicates
Nox1 in cell growth control. The activity of Nox2, mainly
expressed in phagocytic cells, is of critical importance in innate
immunity such as microbicidal activity. Dysfunction of this
phagocytic oxidase system results in chronic granulomatous
disease, an immunodeficiency caused by an inability of phagocytes
to kill microorganisms.(20)

Nox3 is expressed abundantly in the inner ear(21) and plays an
indispensable role in morphogenesis of ocotonia that are
required for the perception of motion and gravity.(22) High levels
of Nox4 expression are found in distal tubules in the renal cortex.(23)

Nox4 participates in multiple signaling processes, including
insulin receptor-mediated glucose transport in adipocytes.(24)

Nox5 is expressed in human T and B lymphocytes of spleen and
lymph nodes,(5) but its biological role, to date, remains elusive.
Duox2 mediates both lactoperoxidase-dependent microbicidal
activity in the airway epithelium(25) and biosynthesis of thyroid
hormone, which is supported by the finding that mutations in
Duox2 lead to congenital hypothyroidism.(26) Although we have
barely scratched the surface of recently accumulated findings,
we are already beginning to see the diverse array of structures and
functions of the Nox isozymes. What role, if any, Nox oxidases
exert in carcinogenesis will be discussed in the sections that
follow.

Requirement of Nox1 for oncogenic Ras transformation

The Ras oncogene can transform various mammalian cells and
its activation mutation is associated with a variety of malignant
human cancers (approximately 30% of all human tumors). The
mammalian Ras protein family comprises three isoforms (H-Ras,
K-Ras, and N-Ras) that are able to recycle between an active
GTP-bound form and an inactive GDP-bound conformation.
Although protooncogenic Ras proteins tightly regulate normal
cell proliferation and differentiation through three major effector
pathways such as Raf, phosphatidylinositol 3-kinase, and RalGDS,
oncogenic Ras proteins perturb these effector pathways, resulting
in transformation phenotypes.(27) Emerging evidence suggests
that generation of ROS appears to be one alternative rate-
limiting factor for the full effect of Ras. Namely, constitutive
production of superoxide was induced upon Ras transformation
of NIH3T3 cells, and depletion of its dismutated metabolite
H2O2 suppressed the unchecked growth of Ras-transformed
cells.(28) Although the nature of the oxidase involved in this
process has remained unclear for some time, the discovery of

the Nox family opened a new avenue for exploration of the
ROS-mediated mechanism underlying Ras transformation.
Mitsushita et al. found that transformation of NRK cells by K-
RasVal12 upregulated transcription of Nox1, and that EGF
stimulation of cells also induced Nox1 mRNA transcription,
suggesting that Nox1 expression is growth associated.(18) Because
a MEK inhibitor or its dominant negative mutant blocked
induction of Nox1 expression by K-RasVal12 or EGF, this indicates
that oncogenic Ras and EGF signals enhance the gene expression
of Nox1 through the Ras–Raf–MEK–ERK pathway (Fig. 2).

What is the functional consequence of Nox1 upregulation in
Ras-transformed cells? Remarkably, introduction of Nox1
siRNA into K-RasVal12-transformed NRK (K-Ras/NRK) cells
blocked their anchorage-independent growth and induced mor-
phological reversion.(18) Furthermore, implantation of K-Ras/
NRK cells carrying Nox1 siRNA into nude mice significantly
reduced the rate of tumor growth. These data strongly suggest
that an increase in Nox1-derived ROS is functionally required
for maintenance of phenotypes associated with Ras oncogene
transformation (Fig. 2). It should be noted that Nox1 per se does
not possess the transforming potential, because overexpression
of Nox1 alone did not transform NIH3T3 cells(1) (J. Mitsushita
and T. Kamata, unpublished data, 2004). With this hierarchy in
mind, the molecular mechanism underlying Nox1-mediated
Ras transformation will be described in more detail in subsequent
sections.

Transcriptional regulation of Nox1 by Ras oncogene

Besides the control of Nox1 activity by regulatory components,
the regulation of Nox1 gene expression is critical for its activity.
Nox1 has been known to be preferentially upregulated in colon
adenocarcinoma Caco-2 cells.(16,17) Importantly, the amount of
Ras • GTP was elevated in Caco-2 cells, and the increased
expression of Nox1 mRNA seemingly correlated with
accumulation of active Ras • GTP complexes.(29) Caco-2 cells do
not harbor oncogenic mutations in K-Ras.(30) However, Ras can
be activated by augmented upstream signaling events such as

Fig. 2. A model for NADPH oxidase (Nox) 1 function in Ras
transformation. Growth factor (GF) stimulation of its receptor tyrosine
kinase (TRK) induces Nox1 expression via the Ras–Raf–MEK–ERK–GATA-
6 pathway. Nox1, whose activity is regulated by Rac1, generates H2O2

as a signaling molecule in normal physiological processes. In contrast,
oncogenic Ras (RasV12) constitutively activates Nox1 expression and
increased reactive oxygen species generation perturbs cellular
activities including growth, morphology, and migration. MMP, matrix
metalloproteinase; VEGF, vascular endothelial growth factor.
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overexpression of EGF receptor and its homolog ErB2,
(31) which

are frequently detectable in colon tumors. Nox1 transcription in
Caco-2 cells was upregulated by ectopic expression of the
activated RasVal12 mutant and driven by a Ras–MEK–ERK
responsive element containing the two GATA site sequences
TTATCT (–161 to –136 bp and –125 to –100 bp).(29) In fact,
GATA-6 was identified to specifically bind to GATA elements in
the Nox1 promoter. The results are consistent with the previous
observation that Caco-2 cells express much higher levels of
GATA-6 mRNA than those of GATA-4 and GATA-5.(32) Of note,
GATA-6 was directly phosphorylated at serine residues by ERK
in response to Ras activation.(29) The site-directed mutation of
the consensus ERK phosphorylation site Ser-120 in the GATA-
6 activation domain abolished its transactivation activity and
suppressed proliferation of Caco-2 cells. Similar regulation by
ERK-dependent phosphorylation has been seen in other GATA
family members including GATA-4 (in cardiac myocytes(33)).
Together, these observations provide compelling evidence that
ERK connects the Ras signaling cascade to the GATA-6
transcription factor, and that the phosphorylation status and
hence the activity of GATA-6 is crucial in the transcriptional
activation of Nox1 (Fig. 2). Our recent results indicate that
phosphorylation of GATA-6 dramatically enhances its affinity
for regulatory domains of the Nox1 promoter (Y. Adachi and T.
Kamata, unpublished data, 2008). Presumably, phosphorylation
of GATA-6 induces conformational changes that favor DNA
binding. Brewer et al. also suggested the regulation of Nox1
transcription by a GATA-binding transcription factor.(34)

It has been suggested that GATA-6 is related to the cancer
phenotype because of its increased expression in growing pro-
genitor cells of intestinal crypts, whereas GATA-4 and GATA-5
might display tumor suppressor-like properties because of their
upregulation in terminally differentiated intestinal epithelium.(32)

Thus, it is tempting to speculate that GATA-6 promotes colorectal
cancer growth by mediating activated Ras-induced upregulation
of Nox1. Intriguingly, among genomic alterations including K-Ras
amplification, GATA-6 was found to be amplified in pancreato-
biliary cancer.(35) Knockdown of GATA-6 in pancreatic cancer
cell lines reduced anchorage-independent growth,(35) implicating
GATA-6 as a novel candidate for lineage-specific oncogene in pan-
creatobiliary cancer. Given that GATA-6 expression is not restricted
to the development process of pancreatic cells, GATA-6 might
well have an oncogenic role in other cell lineages, including
colon epithelium. Although Nox1 expression is also induced
by various kinds of physiological cues including IFNγ,(16) 25-
dihydroxy vitamin D3,(16) and TLR ligands,(17) it is not clear how
such molecules are related to Ras-mediated Nox1 upregulation.

Regulation of oncogenic Ras-induced cell morphological 
changes and cell adhesions by Nox1

Ras oncogene-transformed cells display morphological alterations,
impaired cell adhesions, and augmented cell invasion, as seen in
most malignant cancer cells. ROS are implicated in cell
migration and adhesion that reflect dynamic actin cytoskeletal
organization,(36) and Nox1 seems to provide a cellular source for
these oxygen radicals.(37) Strong support for this view comes
from the observation that the Rho activity in K-Ras/NRK cells
was suppressed via Rac1, a positive regulator of Nox1, but
restored upon abrogation of Nox1-generated ROS by Nox1
siRNA.(37) How does Nox1 transmit a negative controlling signal
to Rho? Using alkylation of redox-sensitive cysteine thiols,(38)

Shinohara et al. have shown that LMW-PTP is most likely an
immediate downstream target of Nox1 involved in this process.(37)

In general, H2O2 or ROS can modify the thiols of cysteine
residues with different oxidation states, ranging from the
disulfide and sulfenyl forms (milder oxidation) to the sulfonyl
acid form (much higher oxidation). Only a milder oxidation is

believed to exert a possible redox function. LMW-PTP possesses
redox-sensitive adjacent cysteines (Cys-12 and Cys-17) in its
catalytic pocket and it has been suggested that oxidation of Cys-
12 and Cys-17 by H2O2 forms an intramolecular disulfide bond,
causing inhibition of its activity.(39) Likewise, Nox1-generated
ROS oxidized LMW-PTP and impaired its activity, which
seemed to involve the formation of a S–S bridge between these
cysteine residues.(37) This led to an increase in tyrosine
phosphorylation of p190RhoGAP, a GTPase-activating protein
for Rho. p190RhoGAP is thought to be activated following
tyrosine phosphorylation by tyrosine kinases such as Src,(40)

resulting in inhibition of the Rho activity. Because LMW-PTP
deactivates p190RhoGAP by dephosphorylating its phosphotyro-
sine residues,(41) oxidative inactivation of LMW-PTP by Nox1
suppresses the Rho activity by maintaining p190RhoGAP in an
active state (Fig. 3).

Disassembly of actin stress fibers is triggered by downregulation
of Rho, which plays an essential regulatory role in the formation
of stress fibers and focal contacts.(42) When the Nox1 activity
was inhibited by Nox1 siRNA, stress fiber formation mediated
by the ROCK–LIM kinase pathway(43) was reactivated, suggesting
that Nox1 mediates disruption of actin stress fibers through
inactivation of Rho.

As such, Nox1 participates in the control of cell adhesion to
the extracellular matrix.(37) Although vinculin, a marker for
formation of focal adhesions, accumulated in NRK cells, no
vinculin accumulation was detected in K-Ras/NRK cells. In
contrast, silencing of Nox1 expression induced focal adhesions
similar to those seen in NRK cells, implying that Nox1 inhibits
the formation of focal adhesions by decreasing the Rho activity
in K-Ras/NRK cells. The dominant negative LMW-PTP (CS)
mutant blocked Nox1 siRNA-induced restoration of stress fibers
and focal adhesions, which ensures involvement of the Nox1–
LMW-PTP axis in these biological events.(37) Interestingly, Rho
inhibition by LMW-PTP is also detected upon ligation of
integrin to fibronectin, which involves activation of p190RhoGAP
and possibly a Nox enzyme.(44)

Fig. 3. A model for NADPH oxidase (Nox) 1-mediated suppression of
actin stress fiber formation and cell adhesion. Nox1-generated reactive
oxygen species inactivate low molecular weight tyrosine phosphatase
(LMW-PTP) by oxidizing cysteine thiols, resulting in accumulation of
active p190RhoGAP possibly tyrosine-phosphorylated by Src family
proteins. This causes downregulation of Rho activity and thereby
depresses ROCK–LIMK–coffilin signaling, leading to disruption of actin
stress fiber and focal adhesion formation.
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Role of Nox1 in oncogenic Ras-induced tumor 
angiogenesis

Angiogenesis, which is characterized by sprouting endothelial
cells from preexisting capillaries, is involved in many physiological
processes including wound healing, inflammation, and tumor
formation.(45) It is well documented that production of VEGF, one
of the most potent angiogenesis stimulators, is elevated in tumor
cells expressing activated Ras.(46) This appears to be mediated
by several transcription factors, including HIF-1α(47) and Sp1,(48)

through the classic Ras–Raf–MEK–ERK pathway. A link between
VEGF and Nox1 was initially suggested by the observation that
Nox1 was capable of inducing VEGF production in prostate
cancer cells,(49) but the detailed mechanism was not described.
Komatsu et al. went on further by demonstrating that Nox1
exerted a critical mediating role for Ras-induced upregulation of
VEGF and tumor angiogenesis.(50) Ablation of Nox1 by Nox1
siRNA decreased the tyrosine-phosphorylated active ERK and
subsequently inhibited both ERK-dependent phosphorylation
of Sp1 and Sp1 binding to the VEGF promoter, leading to
transcriptional downregulation of VEGF.(50) Surprisingly, the
best-known VEGF-regulating transcription factor, HIF-1α, was
not affected by Nox1 redox signaling. In xenograft tumor models,
tumors derived from K-Ras/NRK cells carrying Nox1 siRNA
exhibited markedly decreased neovascularization, whereas those
derived from K-Ras/NRK cells displayed progressive vascularity.(50)

Based on these observations, Nox1 was proposed to mediate
oncogenic Ras-induced upregulation of VEGF and angiogenesis
by activating Sp1 through Ras–ERK-dependent phosphorylation.
The activated Ras-induced Nox1 possibly sustains the activated
state of ERK by positive feedback regulation. In this setting, one
attractive speculation is that Nox1-derived H2O2 deactivates
mitogen activated protein kinase (MAPK) phosphatases(51) through
oxidation of redox-sensitive cysteines and thereby maintains the
oncogenic Ras–MEK-induced activation of ERK.

Nox1 activity was also required for VEGF production in cells
derived from human colorectal adenocarcinoma, assuming a
mediating role of Nox1 in angiogenic processes associated with
some types of human tumors.(51)

Nox1 and human cancer

Nox1 expression in colon cancer has been detected to reach a
maximum level in well-differentiated adenocarcinoma and to
decrease in poorly differentiated adenocarcinoma, implying
that Nox1 expression does not correlate with the extent of
malignancy(16,17) (Y. Zhang and T. Kamata, unpublished data, 2007).
By the same token, a recent study on patient samples concluded
that Nox1 expression is not statistically higher in colon cancer
than in normal colon tissues,(52) arguing that Nox1 contributes to
colon epithelial differentiation rather than tumorigenesis. By re-
evaluating the statistical analysis, Laurent et al.,(53) however,
obtained the contrasting results that increased Nox1 mRNA
expression correlated with activating mutations in Gly-12 and
Gly-13 of K-Ras, and that the colon tumor phenotype was
closely related to overexpression of Nox1. Transgenic mice
expressing K-Ras Gly12Val in the intestinal epithelium also
elevated Nox1 expression in the intestine,(53) which fits in very
well with oncogenic Ras-induced upregulation of Nox1 trans-
cription through an ERK–GATA-6 cascade in CaCO-2 cells.(29)

Because the number of patient samples surveyed was relatively
small, more clinical and experimental data would be needed to
make any definitive conclusion. Nevertheless, the study has
significant implications in understanding a causal relationship
between K-Ras activation and Nox1 expression in colorectal
cancer with a high frequency (~45%) of K-Ras activation
mutation. If Nox1 exerts cancer-promoting effects, it is most
likely at an early stage, as Nox1 expression is diminished at a

more advanced tumor stage.(16) Another point is that while
Nox1 expression predominates, persistent activation of NF-κB
also occurs in well-differentiated adenocarcinoma.(54) This
supports the scenario where the enhanced production of
Nox1-derived ROS activates NF-κB signaling, which in turn
contributes to tumor promotion by inducing inflammatory
cytokines or providing potent anti-apoptotic survival signals to
the enterocytes.(55)

Additionally, Nox1 may be associated with gastric cancer.
Earlier studies indicated that lipopolysaccharide from Helico-
bacter pylori induced Nox1-derived ROS through TLR4 in
guinea pig gastric pit cells, suggesting that activation of Nox1 is
one of the initial innate immune responses against H. pylori.(56)

Given that infection with H. pylori is associated with develop-
ment of gastric adenocarcinoma,(57) one might expect activation
of Nox1 to promote gastric carcinogenesis by enhancing inflam-
mation or oxygen radical activity. However, it remains to be
determined whether Nox1 is engaged in the pathology of
H. pylori in human stomach, as Nox1 and NOXO1 were absent
in normal or chronic atrophic gastritis cells.(58) In contrast, sig-
nificant levels of Nox1 and NOXO1 were detectable in gastric
cancer cells (intestinal, diffuse, or signet-ring cell type) but not
normal gastric cells, whereas NOXA1 was constitutively expressed
in both normal and tumor tissues.(59) This points to an intriguing
possibility that gastric cancer undergoes aberrant control of
Nox1 and NOXO1 expression. In addition to gastrointestinal
neoplasms, some correlation between ERK activation and
increased Nox1 expression was seen in papiloma virus E6/E7-
transformed human keratinocytes.(60)

Other Nox enzymes and cancer

ROS production is increased in pancreatic cancer cells(61) and
melanoma cells(62) and overexpression of superoxide dismutase
attenuates their growth.(63) Yet little is known about the genesis
of ROS in these cells. Depletion of Nox4 by Nox4 siRNA results
in apoptosis,(64,65) possibly through AKT–ASK1 cell survival
signaling.(65) Nox4-generated ROS therefore support resistance
to the programmed cell death of pancreatic cancer cells, which
contrasts with the long-believed proapoptotic activity of ROS as
in the case of oxidative stress.(65) Inhibition of Nox4 also suppresses
growth of melanoma cells,(66,67) but this growth suppression is a
consequence of G2–M cell cycle arrest, which is accompanied
by tyrosine phosphorylation of cdk1 (a hallmark of the G2–M check
point) and sequestration of the cell division controlling (cdc)25c
phosphatase (a negative regulator of cdk1) to the cytoplasm via
complex formation with 14-3-3 proteins.(67) The finding is significant
because it reveals an alternative deregulation of melanoma cell
growth that is dependent on aberrant control of the G2–M check
point rather than evasion of the G1–S check directed by cyclin D
and CDK4.(68) In another aspect, Nox4-generated ROS appear to
induce the expression of HIF-2α in renal cell carcinoma where
the von Hippel–Lindou tumor suppressor (an E3 ubiquitin ligase
of HIF-2α) is lost,(69) implicating Nox4 as a positive regulator of
HIF-2α independent of von Hippel–Lindou.

A potential role for Nox5 in Barrett’s esophageal adenocarci-
noma has been suggested. Acid treatment of Barrett’s esophageal
cells activates expression of Nox5-S (an EF-hand motif-lacking
isoform of Nox5) through an increase in intracellular Ca2+ and
cAMP-responsive element-binding protein,(70) leading to increased
cell survival. This may explain why acid reflux accelerates
progression from metaplasia to adenocarcinoma in Barrett’s
esophageal patients. Thus, as illustrated with Nox4 and Nox5,
one function of Nox may be to confer anti-apoptotic activity to
tumor cells.

Although numerous studies depict upregulation of Nox enzymes
in cancer cells, one unexpected discovery was that the expres-
sion of Duox1 and Duox2 was remarkably silenced through
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hypermethylation of CpG-rich regions of their promoters in
lung cancer cells.(71) Duox may be involved in tissue repair, and
silencing of Duox could promote lung carcinogenesis by accu-
mulating tissue injury caused by proinflammatory responses.(71)

Table 1 summarizes cancers involving the Nox enzymes described
in this review.

Concluding remarks

The available data suggest the potential role of Nox family-
generated superoxide and derived oxidants in carcinogenesis.
An important new concept to emerge from these studies is that
the effect of Nox family-derived ROS depends on their signaling
inputs rather than their sporadic, genotoxic stresses, which were
traditionally believed to be a cause of cancer. However, many
issues remain unanswered. Although the referred studies describe
that suppression of Nox activity inhibits the transformation
phenotype of in vitro cultured cells, direct in vivo evidence is
lacking. This concern is raised especially when we consider the
complex in vivo processes of tumor progression that involve not
only oncogenes and tumor suppressors but also stromal cells
constituting tumor microenvironments. To further establish the
involvement of Nox in initiation and promotion of tumors,
animal model experiments such as knockout and knockin mice,
where the expression and activity of Nox isoforms are genetically
altered, are critical. Given the close association of cancer
progression with chronic inflammation in the epithelium, which
is often accompanied by overproduction of ROS, exploration of
the underlying mechanism for Nox enzyme-dependent
inflammation is also an area of future focus. Almost all cancers
described here are associated with overproduction of ROS due
to transcriptional activation of Nox genes. It is also possible that
ROS generation is augmented by gain-of-function mutation in
Nox genes. However, no mutations of this type have been

reported thus far, whereas loss-of-function mutations in Nox
genes were found to be responsible for some inherited diseases
(e.g. chronic granulomatous disease,(20) defective gravity sensing,(22)

and hypothyroidism(26)). It would be of particular interest to
explore the possibility of activation mutations in Nox enzymes
in certain types of cancers. Further characterization of the
biological function of the Nox family of proteins with a focus on
the above issues will lead to a better understanding of how these
oxidase genes contribute to carcinogenesis.
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Abbreviations

cdk cyclin dependent kinase
Duox dual oxidase
EGF epidermal growth factor
ERK extracellular-regulated kinase
HIF hypoxia-inducible factor
IFN interferone
LMW-PTP low molecular weight tyrosine phosphatase
MEK mitogen activated kinase/ERK kinase
NF-κB nuclear factor kappa immunoglobulin enhancer-binding protein
Nox NADPH oxidase
NRK normal rat kidney
Rac ras-related C3 botulinum toxin substrate
ROS reactive oxygen species
TLR toll-like receptor
VEGF vascular endothelial growth factor
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