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Abstract: Recent studies suggest that of the molecules postulated to function as inhibitors of the
NADPH oxidase family of enzymes iodonium analogs known to broadly interfere with flavin
dehydrogenase function demonstrate mechanistic validity as NADPH oxidase poisons. In recent
work, we have produced a series of novel iodonium compounds as putative inhibitors of these
oxidases. To evaluate the potential utility of two novel molecules with favorable chemical properties,
NSC 740104 and NSC 751140, we compared effects of these compounds to the two standard inhibitors
of this class, diphenyleneiodonium and di-2-thienyliodonium, with respect to antiproliferative, cell
cycle, and gene expression effects in human colon cancer cells that require the function of NADPH
oxidase 1. Both new agents blocked NADPH oxidase-related reactive oxygen production, inhibited
tumor cell proliferation, produced a G1/S block in cell cycle progression, and inhibited NADPH
oxidase 1 expression at the mRNA and protein levels at low nM concentrations in a fashion similar to
or better than the parent molecules. These studies suggest that NSC 740104 and NSC 751140 should
be developed further as mechanistic tools to better understand the role of NADPH oxidase inhibition
as an approach to the development of novel therapeutic agents for colon cancer.
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1. Introduction
The seven members of the NADPH oxidase (NOX) family, NOX1-5 and dual oxidases
(DUOX) 1 and 2, are essential transmembrane enzymes that are widely expressed across
normal and malignant tissues [1]. By generating either O2 •− (NOX1, 2, 3, and 5) or H2 O2
(NOX4 and DUOX1 and 2), these proteins play a critical role in the maintenance of host defense, the initiation of an inflammatory response, cytokine signaling, angiogenesis, vascular
tone, and cellular proliferation [2–6]. There is accumulating evidence that pre-malignant
conditions (including inflammatory bowel disease and pancreatitis) [7,8] that occur as a
consequence of chronic, unrestrained inflammation may, at least in part, be mediated by
NOX family oxidase-dependent production of reactive oxygen species (ROS) [9].
Among normal human tissues, NOX1 is most abundantly expressed by epithelial
cells found in both the small and large intestine [10]. Generation of superoxide by NOX1
requires the presence of two regulatory subunits, NOXO1 (NOX organizer 1) and NOXA1
(NOX activator 1) that are homologs of p47phox and p67phox , respectively; these proteins
are critical for the activation of the NOX1 catalytic subunit and assembly with p22phox to
promote transmembrane electron flow. Using our recently developed specific NOX1 mouse
monoclonal antibody that recognizes the C-terminal region of the NOX1 protein, we confirmed that approximately one-third of human colon cancers and one-half of pre-malignant
colonic adenomas express NOX1 protein at a high level; in both conditions, NOX1 expression is significantly greater than that observed in the normal colon [11]. Not only is NOX1
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frequently overexpressed in human colon cancers, but recent studies have demonstrated
that an inflammatory milieu, characterized by the presence of pro-inflammatory cytokines
in the colorectal cancer microenvironment [12], may play an important role in the progression of these malignancies. Thus, it is highly relevant that we have recently demonstrated
NOX1 expression in human colon cancer cells to be dramatically up-regulated by a variety
of the same pro-inflammatory molecules present in the colon cancer matrix [13].
To evaluate the relevance of NOX1 expression for the growth of colonic cancers, we
examined the effect of stable genetic knockdown of NOX1 expression on human colon
cancer cells both in vitro and in vivo [4]. In these experiments, we found that HT-29 cells
in which NOX1 expression was inhibited by shRNA demonstrated a profound decrease
in ROS production as well as a significant decrease in proliferation both when cultured
in vitro and when propagated as xenografts carried by athymic mice. NOX1 inhibition
was accompanied by a block in cell cycle progression at the G1/S interface, diminished
cell signaling along the MAPK pathway, and a significant increase in protein-tyrosine
phosphatase activity.
Based on these results, NOX1 appears to be an authentic molecular target that is a
suitable focus for the development of small molecule therapeutic agents to treat colon
cancer [14]. Thus, it is not surprising that substantial prior effort has been directed toward developing such agents [15]; unfortunately, it has recently been demonstrated that
essentially all of the molecules advanced to date as putative NOX inhibitors lack molecular
specificity for any NOX isoform [16]. In the latter effort, we found that only molecules
of the iodonium class could be demonstrated to specifically interfere with the enzymatic
production of ROS by NOX species. Unfortunately, the two ‘parent’ molecules of the
iodonium class, diphenyleneiodonium (DPI) and di-2-thienyliodonium (DTI), although
capable of authentic NOX inhibition, are also well known to interfere with the function of a
wide range of flavin dehydrogenases; these two compounds also suffer from poor solubility
and other suboptimal physical properties. For these reasons, we recently developed a series
of novel iodonium molecules that might have improved properties as NOX inhibitors [11].
In the experiments reported here, we have compared the properties of two novel iodonium
class molecules, NSC 740104 and NSC 751140, to the parental compounds, DPI and DTI,
to evaluate their potential utility as NOX1 inhibitors. We found that not only are these
novel compounds highly potent inhibitors of the function of NOX1, but they also inhibit
the expression of NOX1 mRNA and protein in human colon cancer cells and block human
growth hormone-induced phosphorylation of the c-Met oncoprotein and interleukin-4
mediated upregulation of NOX1 as well as Stat6 signaling.
2. Materials and Methods
2.1. Reagents and Drugs
All cell culture medium and reagents were from Grand Island Biological Co. (Grand
Island, NY, USA). DPI was purchased from Sigma-Aldrich (St. Louis, MO, USA), while
DTI was obtained from Color Your Enzyme (Bath, ON, Canada). Other DPI analogs used
in this work were synthesized by the Developmental Therapeutics Program, Division of
Cancer Treatment and Diagnosis of the National Cancer Institute (Bethesda, MD, USA)
as previously described [14]; the structures of these molecules are shown in Figure 1.
DPI and its analogs were dissolved before use in dimethyl sulfoxide. Unless otherwise
noted, all other chemicals were from Calbiochem (San Diego, CA, USA). Antibodies
against total and phosphorylated proteins were purchased from Cell Signaling Technologies
(Beverly, MA, USA); CS# 3129 for phosphorylated Met; CS# 3077 for total Met; CS# 56,554
for phosphorylated-Stat6; CS# 5397 for Stat6. Antibody against human β-actin (cat#
A3853) was from Sigma-Aldrich. HGF was from R & D Systems Cat# 294-HGN. Goat
anti-rabbit IgG-HRP (sc-2004), and goat anti-mouse IgG-HRP (sc-2005) were from Santa
Cruz Biotechnology (Dallas, TX, USA). Antibodies were used for Western analysis as
described previously [13]. The mouse anti-human monoclonal antibody against human
NADPH oxidase 1 (NOX1) was developed and characterized by our laboratory as recently
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from Sigma-Aldrich. HGF was from R & D Systems Cat# 294-HGN. Goat anti-rabbit IgGHRP (sc-2004), and goat anti-mouse IgG-HRP (sc-2005) were from Santa Cruz Biotechnol3 of 11
ogy (Dallas, TX, USA). Antibodies were used for Western analysis as described previously
[13]. The mouse anti-human monoclonal antibody against human NADPH oxidase 1
(NOX1) was developed and characterized by our laboratory as recently described [11].
For these experiments we employed precast gels from Invitrogen by Thermo Fisher Scidescribed [11]. For these experiments we employed precast gels from Invitrogen by Thermo
entific: Novex™ wedge well 4–20%
Tris-Glycine gels (1.0 mm × 10 and × 15 well), catalog
Fisher Scientific: Novex™ wedge well 4–20% Tris-Glycine gels (1.0 mm × 10 and × 15 well),
#XP04200BOX. We obtained nitrocellulose membranes from Invitrogen by Thermo Fisher:
#XP04200BOX.
We obtained
iBlotcatalog
2NC Regular
Stacks, catalog
#IB23001. nitrocellulose membranes from Invitrogen by Thermo

Fisher: iBlot 2NC Regular Stacks, catalog #IB23001.

Figure 1. Structures of the four iodonium analogs examined in our experiments.
Figure 1. Structures of the four iodonium analogs examined in our experiments.
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previously described [14]. For some studies, NOX1-related ROS production was also
Systems) as previously described [14]. For some studies, NOX1-related ROS production
was also measured using a luminol-based superoxide anion kit from Sigma-Aldrich exactly
as described in a recent publication [11].
2.5. Growth Inhibition Assay
Cells were cultured in 100-mm Petri dishes with an initial cell number such that 60–80%
confluence would be achieved after 48 h. These exponentially growing cells were exposed
to various concentrations of DPI, DTI, or DPI analogs for 48 h. The media was collected and
stored on ice; adherent cells were harvested with trypsin. The previously removed medium
was then used to neutralize the trypsin, and the cells were collected by centrifugation at
2000 rpm for 5 min. Trypan Blue (0.4%) staining was used to enumerate viable cells using a
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hemocytometer for the growth inhibition experiments with DPI and DTI. The effects of a
48-h exposure to the iodonium analogs NSC 740140 and NSC 740104 on the proliferation of
HT-29 cells were measured using an MTT cell growth assay as described [14].
2.6. Cell Cycle Analysis
Tumor cells were cultured in 60-mm Petri dishes and allowed to grow to 50–60%
confluence. The cells were then exposed to the molecule of interest for 24 h and 48 h and
compared to control samples not exposed to the investigational compounds. Following
exposure, the cells were harvested with trypsin and centrifuged at 2000 rpm. The harvested
cells were washed twice with 1x PBS and then resuspended and fixed in 70% ethanol/1x
PBS added in pulses while vortexing. Cell samples were stored at 4 ◦ C for a minimum of
6 h and a maximum of 2 months prior to analysis. When samples were to be analyzed, the
ethanol was removed by centrifugation, and the cell pellets were resuspended in 50 µL of
propidium iodide stain (10 mg/mL propidium iodide, 100 mg/mL RNAse in PBS). The
samples were incubated for 30 min at room temperature in the dark. Cell cycle distribution
was determined by analytical cytometry utilizing a FACS caliber flow cytometer (BD
Biosciences, San Jose, CA, USA). Data from experiments performed in triplicate were
analyzed with ModFit v3.0 software.
2.7. BrdU Incorporation
Cells were cultured in 60-mm Petri dishes and allowed to grow to 50–60% confluence.
The cells were then exposed to the molecule of interest for 24 h and compared to control
unexposed samples. Prior to harvesting with trypsin, the cells were incubated at 37 ◦ C with
20 µM BrdU (BrdU kit; Sparta Labs, Biocarta San Diego, CA, USA) for 1 h in the dark. The
cells were harvested, washed twice, and resuspended with 1x PBS. Cells were activated
with UVB light for 5 min and then fixed with 70% cold ethanol for 24 h prior to evaluation.
For analysis, the samples were first made permeable by washing in 0.5% Tween-20/PBS
solution, and subsequently washed with 1x PBS. The samples were then resuspended in
deionized water and fluorescence-activated cell sorting buffer (provided with the kit). To
each sample, anti-BrdU FITC and 7-amino-actinomycin D DNA staining reagent were
added followed by brief vortexing. The cells were incubated at room temperature for 1 h in
the dark; stained cells were subsequently analyzed using a FACS Calibur Flow Cytometer
(Becton Dickinson, San Jose, CA, USA) equipped with a 488-nm laser capable of detecting
both 7-AAD and FITC.
2.8. Western Analysis
Cells were cultured in 120-mm Petri dishes and allowed to grow to 60–80% confluence.
The cells were then washed twice with 1x PBS, and lysed for 10 min at 4 ◦ C in a buffer
containing 50 mM Tris-HCl (pH 7.4), 1% Nonident P-40, 2 mM EDTA, 2 mM, EGTA, 150 mM
NaCl, 100 mM NaF, 1 mM sodium vanadate, 0.5% sodium deoxycholic acid, and a Complete
Mini protease inhibitor cocktail tablet (Roche Diagnostics, Mannheim, Germany). The lysates
were cleared by centrifugation at 13,000 rpm for 30 min at 4 ◦ C. Total protein concentrations
were measured using bicinchoninic acid reagent (Pierce, Rockford, IL, USA) and prepared
with 0.5% beta-mercaptoethanol in SDS Protein Gel Solution (Pierce). For Western blotting,
protein samples were separated through precast SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes at 4 ◦ C overnight. Membranes were blocked with 5% nonfat,
dry, instant milk in TTBS (150 mM NaCl, 10 mM Tris, pH 7.8, 0.01% Tween-20) for 1 h and
incubated with the primary antibody for 2 h in TTBS. The membranes were then treated with
horseradish peroxidase-conjugated secondary antibody for 1 h in 5% milk and developed
using an ECL kit (Amersham Biosciences, Piscataway, NJ, USA).
2.9. Statistical Analyses
Data have been expressed as the mean ± standard deviation of 3 independent experiments. Statistical differences were assessed with Student’s t test; NS, not significant, p > 0.05.
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3. Results
3.1. Basal Expression of NOX1, NOXO1, and NOXA1
Because the goal of these studies was to examine the effects of a series of iodonium
analogs on NOX1, we evaluated the baseline expression of each component of the NOX1
complex in three different human colon cancer cell lines. As demonstrated in Table 1,
we found that the HT-29 cell line expressed all three NOX1 components, whereas both
KM-12 and SW620 cells lacked detectable amounts of two of the three subunits of the NOX1
complex, and thus would not be expected to generate NOX1-related ROS.
Table 1. Expression of the components of the NOX1 complex in human colon cancer cells.
NOX1 Component
1

NOX1
NOXO1
NOXA1

HT-29

SW620

KM-12

4800
3500
1000

<50
<50
1000

<150
<50
7000

mRNA expression of NOX1, NOXO1, and NOXA1 normalized to β-actin × 10−6 ; mean values for three
experiments that varied by <20%; please see [4,11,13] for detailed methods.

1

3.2. Effect of Iodonium Analogs on ROS Production by Human Colon Cancer Cells
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Using the redox-sensitive fluorescent probe H2 DCF-DA, we assayed the basal levels
of ROS produced by the colorectal carcinoma cell lines. In the presence of ROS, H2 DCF-DA
is cleaved, and the resultant molecules fluoresce upon laser activation. We found, as
expected, that the HT-29 cell line produced substantively more baseline DCF fluorescence
than either KM-12 or SW620 cells (Figure 2A), suggesting that NOX1-related ROS increase
the steady-state level of reactive oxygen formation in HT-29 cells beyond6 ofthat
11 expected
from other sources, including the mitochondrial electron transport chain.

Figure2.2.Inhibition
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Figure
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of at
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HT-29 cells. NSC740104 produced dramatic inhibition of DCF fluorescence at a concentration as low as 10 nM (Figure 2C); Figure 2C also reveals that ROS production by NOX1
in HT-29 cells is activated by phorbol myristate acetate, as previously described [11], and
that NOX1 inhibition by NSC740104 is also demonstrable using a chemiluminescent assay
for ROS. Figure 2D shows that pretreatment of HT-29 cells with a fourth iodonium analog,
NSC 751140, at a concentration of 500 nM, also dramatically decreased ROS formation.
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Using the fluorescent probe H2 DCF-DA, we also determined that DPI and DTI decreased ROS production in a reversible manner. In HT-29 cells, intracellular ROS levels were
markedly decreased in the presence of DPI and DTI after a 4 h treatment (Figure 2B). Inhibition of ROS production was reversible; native ROS levels were gradually regained following
removal of DPI or DTI (following the 4 h treatment), washing of the cells, and incubation
with fresh complete culture media for increments of between 6 and 24 h (Figure 2B). DPI or
DTI exposures, at 250 nM or 40 µM, respectively, produced negligible loss of cell viability,
as determined by Trypan Blue staining. As a positive control, ROS levels were shown to
increase with the addition of H2 O2 into cell media in a concentration-related fashion (data
not shown).
We also examined the effects of two novel iodonium analogs on ROS production by HT29 cells. NSC740104 produced dramatic inhibition of DCF fluorescence at a concentration
as low as 10 nM (Figure 2C); Figure 2C also reveals that ROS production by NOX1 in HT-29
cells is activated by phorbol myristate acetate, as previously described [11], and that NOX1
inhibition by NSC740104 is also demonstrable using a chemiluminescent assay for ROS.
Figure 2D shows that pretreatment of HT-29 cells with a fourth iodonium analog, NSC
751140, at a concentration of 500 nM, also dramatically decreased ROS formation.
3.3. Effect of Iodonium Analogs on Human Colon Cancer Cell Growth

Antioxidants 2021, 10, 1757

The effect of the small molecules DPI and DTI as single agents on the growth of the
colorectal carcinoma cell lines HT-29, KM-12, and SW-620 was assessed after 48 h of analog
exposure. Treatment of HT-29 cells resulted in IC50 (concentration which produces a 50%
reduction in cell growth) values of 10 nM for DPI and 3 µM for DTI. The IC50 values for
KM-12 cells were 40 nM for DPI and 6 µM for DTI, while the IC50 values for SW-620 cells
were 25 nM and 5 µM for DPI and DTI, respectively (Figure 3A,B). NSC 751140 and NSC
7 of 11
740104 also potently diminished HT-29 tumor cell growth at sub-micromolar concentrations
(Figure 3C).

Figure 3. Inhibition of tumor cell growth by iodonium analogs. The effect of DPI and DTI on the
Figure 3. Inhibition of tumor cell growth by iodonium analogs. The effect of DPI and DTI on the
proliferation of HT-29, KM-12, and SW620 colon cancer cells is shown in (A,B). Panel (C) demonstrates
proliferation of HT-29, KM-12, and SW620 colon cancer cells is shown in (A) and (B). Panel (C)
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3.4.Alterations
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cells. Concordant with our growth inhibition data, DPI and DTI exposure at the ≈IC50≈conconcentrations of 10 nM and 4 µM, respectively, resulted in a block at the G1/S cell
centrations of 10 nM and 4 µM, respectively, resulted in a block at the G1/S cell cycle incycle interface at the expense of the G2/M phase following a 24 h iodonium exposure
terface at the expense of the G2/M phase following a 24 h iodonium exposure (Figure
(Figure 4A,B). Cell cycle inhibition on a 24 h time course was also observed for the IC90
4A,B). Cell cycle inhibition on a 24 h time course was also observed for the IC90 concentrations of these compounds (60 nM and 10 µM for DPI and DTI, respectively). Parallel results were observed in a concentration-dependent manner for a 24 h exposure of HT-29
cells to the iodonium analogs NSC 751140 and NSC 740104 (Figure 4C).
To confirm the ability of DPI to inhibit S-phase progression, measurement of BrdU
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Figure 4. HT-29 G1/S cell cycle block produced by iodonium analogs. DPI and DTI inhibit cell
Figure 4. HT-29 G1/S cell cycle block produced by iodonium analogs. DPI and DTI inhibit cell cycle
cycle progression
S phase
at IC
their
IC ICand
IC90 concentrations
NSC 751140
751140 and
and NSC
NSC
50 and50
90 concentrations
(A) and(A,B).
(B). NSC
progression
into S into
phase
at their
740104 also produce a G1/S cell cycle block in HT-29 cells at nM concentrations (C). Measurement
of S-phase progression using BrdU incorporation confirms the decrease in S-phase cells produced
by DPI in HT-29 cells. The FL1 channel represents BrdU incorporation, and the FL3 channel used
7-amino-actinomycin D as a measure of DNA, both expressed in arbitrary units (D). *, p < 0.005.
Results are representative of three experiments.

To confirm the ability of DPI to inhibit S-phase progression, measurement of BrdU
incorporation was performed. Figure 4D demonstrates an inverse correlation between
increasing DPI concentration (IC50 and IC90 ) and resulting decrements in S-phase incorporation for 24 h iodonium analog treatments.
3.5. Effects of Iodonium Analogs on NOX1 Expression, c-MET Phosphorylation, and IL-4-Related
NOX1 Expression
In a previous study, we found that exposure of LS174T human colon cancer cells to DPI
(250 nM) or DTI (10 µM) for 24 h produced a significant (>80%) inhibition of NOX1 mRNA
expression without altering the expression levels of the antioxidant enzymes catalase or
glutathione peroxidase [17]. To expand these findings, we evaluated the effect of iodonium
analogs on NOX1 mRNA and protein expression in HT-29 cells. We found that DPI and
NSC 740104 treatment both led to a concentration-dependent reduction in NOX1 mRNA
levels without producing a concomitant decrease in cell viability (Figure 5A,B). Next, we
evaluated the effect of NSC 751140 on NOX1 mRNA expression after a 6 h exposure; in
the absence of altered cell killing, this iodonium analog also decreased NOX1 mRNA
levels at low nM concentrations (Figure 5C). Using our newly described NOX1 monoclonal
antibody, we confirmed that DPI, NSC 740104, and NSC 751140 treatment of HT-29 cells
all decreased NOX1 expression at the protein level, even at early time points following
iodonium exposure (Figure 5D).
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Figure 5. NOX1 expression and c-Met phosphorylation are decreased by io-donium analogs.
Concentration-dependent inhibition of NOX1 mRNA ex-pression in HT-29 cells is shown for a
24 h exposure to DPI (A), a 24 h exposure to NSC 740104 (B), and a 6 h treatment with NSC 751140
(C). Decreased NOX1 expression at the protein level is demonstrated following treatment of HT-29
cells with DPI (250 nM), NSC 751140 (250 nM), or NSC 740104 (250 nM) for the time periods shown
(D). Treatment of HT-29 cells with 250 nm DPI, 104 or 140 for 24 h blocked HGF-induced c-Met phosphorylation; HGF treatment was for 24 h, concurrent with iodonium analog exposure (E). Exposure
of HT-29 cells to DPI, 104, or 140 (250 nM) for 24 h and to IL-4 (40 ng/mL) beginning 30 min after
the iodonium analogs for a total of ~24 h decreased IL-4-mediated enhance-ment of NOX1 protein
expression (F). These data are representative of three experiments.

It has been previously demonstrated that c-Met, when activated by hepatocyte growth
factor (HGF) binding and tyrosine auto-phosphorylation, leads to cellular proliferation,
propagation, and scattering. Over-activation of c-Met is a known hallmark of oncogenesis.
To understand potential mechanisms by which iodonium analogs could exert their antineoplastic effects, and because studies have demonstrated an effect of ROS on HGF/c-Met
signaling and cellular migration [18,19], we assessed the expression and phosphorylation
state of c-Met following HGF exposure in the presence of DPI, 104, and 140 (Figure 5E).
Exposure to a 250 nM concentration of DPI or its analogs for 24 h resulted in substantive
loss of phosphorylation of c-Met concomitant with a decrease in NOX1 protein expression.
We also found that iodonium analog exposure also decreased the IL-4-mediated increase in
NOX1 expression that we had previously demonstrated [13] (Figure 5F).
4. Discussion
The goal of the experiments reported herein was to compare the effectiveness of
two novel iodonium analogs, NSC 751140 and NSC 740104 (Figure 1), to DPI and DTI as
inhibitors of NOX1. Our previous experiments suggested that NSC 751140 and NSC 740104
were as potent or more potent, respectively, than DPI as inhibitors of the ability of NOX1 to
generate O2 •− in a NOX1 overexpression model cell line system [11]. Because both of these
two investigational molecules are predicted based on their chemical structures to possess
enhanced physical properties compared to either DPI or DTI, we chose to directly evaluate
the effects of the new compounds on colon cancer cell growth, cell cycle progression,
and NOX1 expression versus established iodonium analogs known to specifically inhibit
NOX1 [16].
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We first evaluated the ability of three colon cancer cell lines to generate ROS based
on their expression of the components of the NOX1 complex (Table 1 and Figure 2). As
expected, HT-29 human colon cancer cells produce more ROS at baseline than either SW620
or KM-12 cells, since only this cell line possesses a full complement of the NOX1 subunits
that are required for oxidase activity (Table 1). We also found that following a 4 h treatment
both DPI and DTI inhibited intracellular ROS formation (Figure 2B). However, within
6–12 h of removing either iodonium analog, the inhibitory effects of the agents began to
reverse; ROS inhibition was eliminated within 24 h of removal of either compound. As
previously proposed [20], and as we previously demonstrated [11], iodonium analogs
form adducts with the FAD portion of NOXs, probably mediated by the generation of
phenyl radicals produced by electron transfer to the iodonium ring from the reduced NOXassociated flavin. Our findings suggest that the half-life of this adduct could be ≈ 6–12 h.
Of the two novel iodonium analogs examined, NSC 740104 appears to be the more potent
inhibitor of NOX1 in HT-29 cells, demonstrating low nM inhibitory activity (Figure 2C),
as was previously demonstrated for a model cell line genetically reconstituted to express
functional NOX1 [11].
Stable genetic inhibition of NOX1 with shRNA significantly diminishes the proliferation of HT-29 cells that possess functional NOX1, but not of the HCT116 human colon
cancer line that lacks an active NADPH oxidase [4]. Thus, it is not surprising that the IC500 s
for both DPI and DTI were substantively lower in NOX1-proficient HT-29 cells versus the
SW620 or KM-12 NOX1-deficient lines (Figure 3A,B). Furthermore, we found that iodonium
analogs produced a significant G1/S block in cell cycle progression at low nM concentrations, confirmed for DPI by concentration-dependent inhibition of BrdU incorporation
(Figure 4A–D). Thus, the antiproliferative effects we found for these compounds, which
occur over the same concentration range as that required to inhibit traverse into S phase,
may be due, at least in part, to the G1 block we observed. These results are consistent with
the G1 blockade, and concomitant loss of tumor cell proliferation, that we found previously
for HT-29 cells wherein NOX1 function was inhibited with shRNA.
We also examined whether iodonium analogs, in addition to producing FAD adducts
that interfere with electron transfer to oxygen across tumor cell membranes, might have
other direct effects on NOX1 expression. As shown in Figure 5, DPI, NSC 751140, and NSC
740104 all produce a concentration-dependent inhibition of NOX1 mRNA expression in HT29 cells. This occurs at the same low nM concentrations of these compounds observed for
growth inhibition and altered cell cycle progression. Inhibition of NOX1 protein expression
was also observed for DPI, NSC 740104, and NSC 751140 (Figure 5D). It is of interest
that decreases in NOX1 mRNA expression and NOX1 protein expression were found as
early as 4–8 h following iodonium exposure. While regulation of NOX1 expression by
its interactions with its cognate subunits NOXA1 and NOXO1, by transcription factors
and numerous cytokines, as well as by phosphorylation [21], and other post-translational
modifications (such as by Hsp90 and SUMO1) have been described [1,22,23], inhibition
of the process of NOX1 transcription itself by multiple iodonium analogs has not been
demonstrated previously. It could be hypothesized that the rapid time course of this effect
suggests a potential effect on NOX1 mRNA stability. Our laboratory has begun to examine
this effect, which could provide important insights into the mechanism of action of the
iodonium compounds on NOX species; preliminary evidence indicates that inhibition of
NOX1 mRNA expression by iodonium analogs can be prevented by pre-incubation of
HT-29 cells with actinomycin D, supporting a transcriptional event underlying this process
(data not shown).
In light of our previous demonstration of the effects of NOX1 knockdown on MAPK
signaling [4] that is due, in part, to enhanced activity of protein tyrosine phosphatases
occurring secondary to decreased levels of intracellular ROS, we evaluated other ROSdependent signaling pathways that play a critical role in tumor cell proliferation. As shown
in Figure 5E, exposure to iodonium analogs markedly decreases c-Met phosphorylation
initiated by HGF. Altered c-Met signaling by iodonium analogs in colon cancer cells has not

Antioxidants 2021, 10, 1757

10 of 11

been demonstrated previously. Inhibition of c-Met phosphorylation occurs concomitant
with decreased NOX1 expression. c-Met dephosphorylation following iodonium exposure,
as is the case for dephosphorylation of components of the MAPK cascade, could be due
to the enhanced protein tyrosine phosphatase activity observed in HT-29 cells following
NOX1 knockdown as described above. Furthermore, substantive effects of ROS on c-Met
transactivation, signaling, and cell motility have been described previously [18,19]. In any
case, c-Met dephosphorylation produced by iodonium analogs could provide an additional
mechanism underlying the antiproliferative action produced by this class of compounds.
Finally, we demonstrated in Figure 5F that the Stat6-dependent increase in NOX1
expression that we have previously reported following IL-4 exposure in HT-29 cells [13]
is partially blocked by iodonium analogs. Since NOX1 upregulation by IL-4 produces a
proangiogenic milieu for HT-29 cells, this previously undescribed effect of the iodonium
analogs could also be involved in their antiproliferative effects in vivo [17].
5. Conclusions
In conclusion, these experiments have demonstrated that several iodonium class
molecules can inhibit NOX1 activity and expression in human colon cancer cell lines. Loss
of NOX1-dependent ROS production is associated with diminished tumor cell proliferative
capacity [24,25] that may be due, in part, to a block at the G1/S cell cycle interface. In
addition, iodonium analogs have been shown for the first time in HT-29 cells to diminish
NOX1 mRNA and protein levels, to decrease HGF-mediated c-Met phosphorylation, and
to inhibit IL-4-related enhancement of NOX1 expression partially. These studies expand
the mechanistic range of the inhibitory effects on NOX1 produced by iodonium analogs.
Author Contributions: Conceptualization, K.K.R. and J.H.D.; methodology, K.K.R. and J.L.; formal
analysis, K.K.R. and J.H.D.; investigation, J.L.; resources, J.H.D.; writing—original draft preparation,
J.H.D. and K.K.R. All authors have read and agreed to the published version of the manuscript.
Funding: This research was supported by funds from the National Cancer Institute, NIH, Bethesda,
MD; NIH ZIA BC010677-08; NADPH Oxidase 1: A Novel Target for Colon Cancer Therapy.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.
2.
3.
4.

5.

6.
7.

8.
9.

Lambeth, J.D. NOX enzymes and the biology of reactive oxygen. Nat. Rev. Immunol. 2004, 4, 181–189. [CrossRef]
Leto, T.L.; Geiszt, M. Role of Nox family NADPH oxidases in host defense. Antioxid. Redox Signal. 2006, 8, 1549–1561. [CrossRef] [PubMed]
Roy, K.; Wu, Y.; Meitzler, J.L.; Juhasz, A.; Liu, H.; Jiang, G.; Lu, J.; Antony, S.; Doroshow, J.H. NADPH oxidases and cancer. Clin.
Sci. Lond. 2015, 128, 863–875. [CrossRef] [PubMed]
Juhasz, A.; Markel, S.; Gaur, S.; Liu, H.; Lu, J.; Jiang, G.; Wu, X.; Antony, S.; Wu, Y.; Melillo, G.; et al. NADPH Oxidase 1 supports
proliferation of colon cancer cells by modulating reactive oxygen species-dependent signal transduction. J. Biol. Chem. 2017, 292,
7866–7887. [CrossRef]
Garrido-Urbani, S.; Jemelin, S.; Deffert, C.; Carnesecchi, S.; Basset, O.; Szyndralewiez, C.; Heitz, F.; Page, P.; Montet, X.; Michalik,
L.; et al. Targeting vascular NADPH oxidase 1 blocks tumor angiogenesis through a PPARalpha mediated mechanism. PLoS ONE
2011, 6, e14665. [CrossRef]
Kim, Y.M.; Kim, S.J.; Tatsunami, R.; Yamamura, H.; Fukai, T.; Ushio-Fukai, M. ROS-induced ROS release orchestrated by Nox4,
Nox2, and mitochondria in VEGF signaling and angiogenesis. Am. J. Physiol. Cell Physiol. 2017, 312, C749–C764. [CrossRef]
Szanto, I.; Rubbia-Brandt, L.; Kiss, P.; Steger, K.; Banfi, B.; Kovari, E.; Herrmann, F.; Hadengue, A.; Krause, K.H. Expression of
NOX1, a superoxide-generating NADPH oxidase, in colon cancer and inflammatory bowel disease. J. Pathol. 2005, 207, 164–176.
[CrossRef] [PubMed]
Cao, W.L.; Xiang, X.H.; Chen, K.; Xu, W.; Xia, S.H. Potential role of NADPH oxidase in pathogenesis of pancreatitis. World J.
Gastrointest. Pathophysiol. 2014, 5, 169–177. [CrossRef]
Wu, Y.; Antony, S.; Meitzler, J.L.; Doroshow, J.H. Molecular mechanisms underlying chronic inflammation-associated cancers.
Cancer Lett. 2014, 345, 164–173. [CrossRef] [PubMed]

Antioxidants 2021, 10, 1757

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.
21.
22.
23.

24.
25.

11 of 11

Laurent, E.; McCoy, J.W., III; Macina, R.A.; Liu, W.; Cheng, G.; Robine, S.; Papkoff, J.; Lambeth, J.D. Nox1 is over-expressed in
human colon cancers and correlates with activating mutations in K-Ras. Int. J. Cancer 2008, 123, 100–107. [CrossRef]
Lu, J.; Jiang, G.; Wu, Y.; Antony, S.; Meitzler, J.L.; Juhasz, A.; Liu, H.; Roy, K.; Makhlouf, H.; Chuaqui, R.; et al. NADPH oxidase 1
is highly expressed in human large and small bowel cancers. PLoS ONE 2020, 15, e0233208. [CrossRef]
Grivennikov, S.I. Inflammation and colorectal cancer: Colitis-associated neoplasia. Semin. Immunopathol. 2013, 35, 229–244.
[CrossRef] [PubMed]
Liu, H.; Antony, S.; Juhasz, A.; Wu, Y.; Lu, J.; Meitzler, J.L.; Jiang, G.; Polley, E.; Doroshow, J.H. Interleukin-4 and interleukin-13
increase NADPH oxidase 1-related proliferation of human colon cancer cells. Oncotarget 2017, 8, 38113. [CrossRef] [PubMed]
Lu, J.; Risbood, P.; Kane, C.T., Jr.; Hossain, M.T.; Anderson, L.; Monks, A.; Wu, Y.; Antony, S.; Juhasz, A.; Liu, H.; et al. Characterization
of potent and selective iodonium-class inhibitors of NADPH oxidases. Biochem. Pharmacol. 2017, 143, 25–38. [CrossRef]
Konaté, M.M.; Antony, S.; Doroshow, J.H. Inhibiting the Activity of NADPH Oxidase in Cancer. Antioxid. Redox. Signal. 2020, 33,
435–454. [CrossRef]
Augsburger, F.; Filippova, A.; Rasti, D.; Seredenina, T.; Lam, M.; Maghzal, G.; Mahiout, Z.; Jansen-Durr, P.; Knaus, U.G.; Doroshow,
J.; et al. Pharmacological characterization of the seven human NOX isoforms and their inhibitors. Redox Biol. 2019, 26, 101272. [CrossRef]
Doroshow, J.H.; Gaur, S.; Markel, S.; Lu, J.; van Balgooy, J.; Synold, T.W.; Xi, B.; Wu, X.; Juhasz, A. Effects of iodonium-class flavin
dehydrogenase inhibitors on growth, reactive oxygen production, cell cycle progression, NADPH oxidase 1 levels, and gene
expression in human colon cancer cells and xenografts. Free Rad. Biol. Med. 2013, 57, 162–175. [CrossRef] [PubMed]
Fischer, O.M.; Giordano, S.; Comoglio, P.M.; Ullrich, A. Reactive oxygen species mediate Met receptor transactivation by
G protein-coupled receptors and the epidermal growth factor receptor in human carcinoma cells. J. Biol. Chem. 2004, 279,
28970–28978. [CrossRef]
Usatyuk, P.V.; Fu, P.; Mohan, V.; Epshtein, Y.; Jacobson, J.R.; Gomez-Cambronero, J.; Wary, K.K.; Bindokas, V.; Dudek, S.M.;
Salgia, R.; et al. Role of c-Met/phosphatidylinositol 3-kinase (PI3k)/Akt signaling in hepatocyte growth factor (HGF)-mediated
lamellipodia formation, reactive oxygen species (ROS) generation, and motility of lung endothelial cells. J. Biol. Chem. 2014, 289,
13476–13491. [CrossRef]
O’Donnell, V.B.; Tew, D.G.; Jones, O.T.; England, P.J. Studies on the inhibitory mechanism of iodonium compounds with special
reference to neutrophil NADPH oxidase. Biochem. J. 1993, 290 Pt 1, 41–49. [CrossRef]
Streeter, J.; Schickling, B.M.; Jiang, S.; Stanic, B.; Thiel, W.H.; Gakhar, L.; Houtman, J.C.; Miller, F.J., Jr. Phosphorylation of Nox1
regulates association with NoxA1 activation domain. Circ. Res. 2014, 115, 911–918. [CrossRef] [PubMed]
Chen, F.; Pandey, D.; Chadli, A.; Catravas, J.D.; Chen, T.; Fulton, D.J. Hsp90 regulates NADPH oxidase activity and is necessary
for superoxide but not hydrogen peroxide production. Antioxid. Redox Signal. 2011, 14, 2107–2119. [CrossRef] [PubMed]
Pandey, D.; Patel, A.; Patel, V.; Chen, F.; Qian, J.; Wang, Y.; Barman, S.A.; Venema, R.C.; Stepp, D.W.; Rudic, R.D.; et al. Expression
and functional significance of NADPH oxidase 5 (Nox5) and its splice variants in human blood vessels. Am. J. Physiol. Heart Circ.
Physiol. 2012, 302, H1919–H1928. [CrossRef]
Sancho, P.; Fabregat, I. NADPH oxidase NOX1 controls autocrine growth of liver tumor cells through upregulation of the
epidermal growth factor receptor pathway. J. Biol. Chem. 2010, 285, 24815–24824. [CrossRef] [PubMed]
Komatsu, K.; Kato, M.; Nakayama, J.; Miyagawa, S.; Kamata, T. NADPH oxidase 1 plays a critical mediating role in oncogenic
Ras-induced vascular growth factor receptor expression. Oncogene 2008, 27, 4724–4732. [CrossRef] [PubMed]

