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Abstract
Reactive oxygen species generated by NADPH oxidase 5 (Nox5) have been implicated in
physiological and pathophysiological signaling pathways, including cancer development and
progression. However, because immunological tools are lacking, knowledge of the role of Nox5 in
tumor biology has been limited; the expression of Nox5 protein across tumors and normal tissues
is essentially unknown. Here, we report the characterization and use of a mouse monoclonal
antibody against a recombinant Nox5 protein (600–746) for expression profiling of Nox5 in
human tumors by tissue microarray analysis. Using our novel antibody, we also report the
detection of endogenous Nox5 protein in human UACC-257 melanoma cells.
Immunofluorescence, confocal microscopy, and immunohistochemical techniques were employed
to demonstrate Nox5 localization throughout UACC-257 cells, with perinuclear enhancement.
Tissue microarray analysis revealed, for the first time, substantial Nox5 overexpression in several
human cancers including those of prostate, breast, colon, lung, brain, and ovary as well as in
malignant melanoma and non-Hodgkin lymphoma; expression in most non-malignant tissues was
negative to weak. This validated mouse monoclonal antibody will promote further exploration of
the functional significance of Nox5 in human pathophysiology, including tumor cell growth and
proliferation.
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Introduction
Compelling experimental evidence indicates that reactive oxygen species (ROS) function as
intracellular second messengers activating opposing signaling cascades that can either be
tumorigenic or lead to pathological tissue damage [1–10]. In a variety of rapidly growing
human tumors high levels of ROS, particularly superoxide and hydrogen peroxide (H2O2)
have been detected; in the appropriate context either or both may be essential for the
initiation and the maintenance phases of tumor development [11–21]. One of the major
sources of ROS is the NADPH oxidase (Nox) family of enzymes that is comprised of seven
members, Nox 1–5 and dual oxidase (Duox) 1 and −2 that show distinct tissue distribution
and mechanism of activation [22–41]. When human tumors have been compared to adjacent
normal tissues, and in certain cultured cancer cell lines, increased mRNA expression of
Nox1, 2, 4, and 5 or their regulatory components has been detected [2, 24, 42]. Of the Nox
homologues, most studies have been carried out with Nox1 and Nox4 enzymes, the isoforms
that, to date, have been most frequently implicated in cancer and pathologic inflammatory
states [43–59].

Unlike Nox1, Nox2, and Nox4, the lack of Nox5 in the genome of rodents has contributed to
a paucity of in vivo studies concerning the possible involvement of Nox5 in the development
and progression of cancer. The function of Nox5 has, thus, largely been investigated in cell
culture, and only to a limited degree in tissues [60, 61]. In human tumors, Nox5 expression
has been demonstrated in hairy cell leukemia (mature B cells) but not in the normal
circulating B-cell compartment [62]. Elevated Nox5 levels have also been found in some
breast tumors relative to the adjacent non-tumor tissue as well as in several breast cancer cell
lines [24]. In prostate cancer cell lines, regulation of growth and apoptosis by Nox5 has been
reported [63, 64]. A role for Nox5 in cancer has been characterized best in Barrett's
esophageal adenocarcinoma, where Nox5 is overexpresssed, and its expression has been
found to be regulated by acid; in this context, enhanced Nox5-related ROS production could
contribute to the role of chronic gastroesophageal reflux in the development of esophageal
cancer [65, 66]. Additionally, Nox5 has also been implicated in the proliferation of
endothelial cells and angiogenesis, and in PDGF-induced proliferation of vascular smooth
muscle cells, processes that may enhance malignant progression [67–69].

Although there is a growing base of information regarding Nox5 regulation, signaling, and
various biological functions, the role of Nox5-generated ROS in tumor biology is still
largely unexplored. One of the factors limiting the progress of researchers in the Nox field is
the lack of reliable antibodies. Since the first report of the cloning of Nox5 in 2001 and the
subsequent generation of rabbit polyclonal antisera to Nox5 in 2003 [33, 35, 63], additional
polyclonal antibodies for Nox5 detection have been reported [30, 70–76]. However, the
absence of a reliable and well-characterized monoclonal antibody to Nox5 has impeded
progress in this field. As reviewed by Bedard et al., studies on the expression of Nox5 in
cancer cells are limited, and those across tumor tissues almost unknown [61]. Additionally,
studies that report Nox5 expression in tumor tissues, namely for prostate adenocarcinoma
and Barrett esophagus with dysplasia, were performed using real time RT-PCR.

To address the need for reliable immunological tools for Nox5 detection, we report here the
characterization and use of the first mouse monoclonal antibody raised against a truncated
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recombinant protein (residues 600–746) of Nox5. To obtain additional insights into the use
of this antibody, we profiled Nox5 expression in human cancer using human tumor tissue
microarrays. Screening of human tissue microarrays with this Nox5-specific antibody
revealed substantial overexpression of Nox5 in a several human cancers, and to some extent,
in cancers associated with inflammatory responses.

Materials
Anti-β-actin antibody (#A3853) and Triton® X-100 (T8787) were purchased from Sigma-
Aldrich (St. Louis, MO); Anti-HA antibody (#11867423001) was purchased from Roche-
Applied Science (Indianapolis, IN); and Hsp90 (#4877), PTP1B (#5311), PARP (#9532),
and vimentin (#3390) antibodies were purchased from Cell Signaling (Danvers, MA).
Normal mouse IgG (#sc-2025) was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Qproteome® cell compartment kit (#37502) was purchased from Qiagen (Valencia,
CA). Alexa Fluor 488 goat-anti mouse IgG (#A11029), Stealth RNAi Negative Control
Duplexes (#12935-100), Stealth Select RNAi™ siRNA for Nox5 (#HSS128401,
HSS128402, HSS128403), Lipofectamine™ RNAiMAX (#13778-075) and Opti-MEM®

Reduced serum medium (#11058-021) were from Invitrogen (Carlsbad, CA). The human
primers for Nox1 (assay ID Hs00246589), Nox2 (assay ID Hs00166163), Nox4 (assay ID
Hs00276431), Nox5 (assay ID Hs00225846), Duox1 (assay ID Hs00213694), Duox2 (assay
ID Hs00204187_m1), human actin primer (assay ID Hs99999903_m1), and TaqMan
Universal PCR mix (#4304437) were purchased from Applied Biosystems (Foster City,
CA). Lab-Tek II 4-well glass chamber slides w/covers (#154917) were from Nalge Nunc
International (Naperville, IL). Paraformaldehyde 20% solution (#15713-S) was purchased
from Electron Microscopy Sciences, Inc., (Hatfield, PA). PI/RNase staining buffer
(#550825) was purchased from BD Pharmingen™ (San Diego, CA). Vectashield mounting
medium for fluorescence (#H-1000) was purchased from Vector Laboratories (Burlingame,
CA). Myc-DDK-tagged-Nox2 plasmid (#RC207544) and Myc-DDK-tagged-Nox4 plasmid
(#RC208007) were obtained from Origene (Rockville, MD). Nox5β (accession number
AF325189) subcloned into a modified pcDNA3.1 containing an N-terminal HA epitope was
a kind gift from Dr. David J. R. Fulton (Medical College of Georgia). A mouse monoclonal
Nox1 antibody (Nox1-Hyb-Clone-22) was raised against a truncated recombinant protein
representing the carboxyl-terminus 341 amino acids (224–564 amino acid sequence) of the
human Nox1 protein [77]. Anti-D tag antibody (#G191) purchased from Applied Biological
Materials Inc. (Richmond, BC, Canada) was used to detect DDK-tagged-Nox2/gp91-phox
protein; and Myc-tag antibody (#2276) used to detect Myc-tagged-Nox4 protein was
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Duox protein was detected
by immunoblot using a mouse monoclonal antibody S-40 that was raised against the human
Duox2 131–540 amino acid fragment [78].

Instrumentation
To validate the specificity of the generated mouse monoclonal antibody against Nox5,
several techniques were employed. Immunodetection by flow cytometry was measured on a
FACScalibur (Becton Dickinson Biosciences, San Jose, CA) cytometer, acquired using the
data file acquisition program CellQuest (Becton Dickinson Biosciences, San Jose, CA), and
analyzed using the FlowJo software. Confocal microscopy for immunodetection of Nox5
antibody staining was visualized using an Olympus FluoView™ 300 confocal microscope
scanning unit equipped with an argon-krypton laser at 488 nm mounted on an Olympus
reflected fluorescence microscope (Olympus, Nagano, Japan). All images were obtained
using the FluoView software (Olympus, Nagano, Japan). For immunofluorescence images,
the stained slides were digitally imaged at 20X and 40X using the Aperio ScanScope®. To
evaluate the expression of Nox5 across human tumor tissues, tissue microarray analysis was
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performed on a TARP Multi-tumor TMA, generation 3, (MTA-3). Steps employed are
detailed in the Protocol section below.

Protocol
Generation of mouse monoclonal Nox5 antibody

Immunization of mice and Nox5 monoclonal antibody production were carried out by
Creative Biolabs, Port Jefferson Station, NY, using the following procedure. A recombinant
protein containing a 147 amino acid immunogenic fragment corresponding to the 600–746
amino acid region of human Nox5 was expressed in Escherichia coli. The protein was
purified and used as the antigen to produce a monoclonal antibody (data not shown). Four
Balb/c mice were immunized with Nox5-Trx Protein. After five rounds of immunization
with the immunogen, the serum titer reached significance as tested by an ELISA with Nox5-
Trx and Nox5-GST. Subsequent to hybridoma fusion, the anti-sera were collected and
individual clones were picked. Initial ELISA screening of the clones with Nox5-Trx isolated
18 positive clones. These clones were rescreened a second time using Nox5-Trx and Trx-
tag, of which 8 positive clones were selected and evaluated further. Iso-typing of the 8
clones identified 7 of them as IgG clones. The specificity of these 8 clones for Nox5
detection was evaluated by Western analysis.

Sequencing of the variable region of the Nox5 antibody
Total RNA was extracted from the Nox5 hybridoma clone #14 using RNeasy Mini Kit
(#74104) from Qiagen (Valencia, CA) according to the manufacturer's protocol. RT-PCR
was performed using the Qiagen® OneStep RT-PCR kit (#210210) with primer sets specific
for amplifying the human heavy (VH) and light (VL) chains (data not shown). For each RNA
sample, 12 individual heavy chain and 11 light chain RT-PCR reactions were set up using
degenerate forward primers covering the leader sequences of the variable region and reverse
primers to the constant region of the heavy and light chains. No restriction sites were
engineered into the primers. The RT-PCR products obtained after the first-round of reaction
were further amplified by a second-round of PCR reaction using semi-nested primers
specific for the antibody variable region (data not shown). The amplified VH and VL
fragments were electrophoresed on 2% low-melting-point agarose gels and the bands around
400–500 base pair in size (expected for the variable region) were excised and cloned into the
pT7Blue plasmid vector. For both VH and VL, three independent clones were sequenced and
the DNA sequence and the corresponding amino acid sequence of the complementarity
determining regions (CDR) were analyzed.

Cell culture and transfection
The human melanoma cell lines LOX-IMVI and UACC-257 were obtained from the
Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis of the
National Cancer Institute, Bethesda, MD and were cultured in RPMI-1640 medium
supplemented with 10% FBS. HEK-293 (#CRL-1573™), HT-29 (#HTB-38™), and BxPC-3
cells (#CRL-1687™) were obtained from ATCC (Manassas, VA) and cultured using ATCC
recommended medium supplemented with 10% FBS and maintained at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air. Transfection in cells was carried out using
Lipofectamine® 2000 (#11668019) from Invitrogen (Carlsbad, CA) according to the
manufacturer's protocol. To generate cells that stably overexpress Nox5, parental
UACC-257 cells were transfected with a pcDNA3-HA-Nox5β plasmid or empty vector
using Lipofectamine® 2000. Resistant clones were selected with 700 µg/ml G418, and then
single clones were selected and maintained under G418 selection. For gene silencing
experiments, log-phase UACC-257 cells were trypsinized and reverse transfected with 5 nM
of either control or two different Nox5 Stealth Select RNAi’s (#HSS 128401 and #HSS
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128402) using the Lipofectamine™ RNAiMAX transfection reagent from Invitrogen
(Carlsbad, CA). After 72 h of transfection, silencing efficiency was analyzed by measuring
the level of Nox5 at the RNA level by TaqMan real-time PCR and/or protein level by
immunoblotting. Stealth RNAi™ Negative Control Duplex was used as the negative control.

RNA Analysis: extraction, cDNA synthesis, and quantitative real time PCR assay
Total RNA was isolated from cells with the RNeasy Mini Kit (#74104) from Qiagen
(Valencia, CA), according to the manufacturer's protocol. RNA was treated with a DNase kit
(#79254) according to the manufacturer's specifications (Qiagen, Valencia, CA) so that all
remaining DNA could be removed. RNA concentrations and purity were measured on the
Nanodrop ND-1000 apparatus (Nanodrop Technologies, Wilmington, DE). Two µg of total
RNA was used for cDNA synthesis using SuperScript II reverse transcriptase (#18080-044)
and random primers (# 48190-011) from Invitrogen (Carlsbad, CA) in a 20 µl reaction
system. The cycling conditions were as follows: 25 °C for 5 min, 42 °C for 50 min, 75 °C
for 5 min. After reaction, the RT-PCR products were diluted with diethyl pyrocarbonate/
H2O to 100 µl for the real time PCR. Real time RT-PCR was performed on 384-well plates
in a 20-µl reaction system containing 2 µl of diluted cDNA, 1 µl of appropriate primer, 7 µl
of H2O, and 10 µl of TaqMan 2X gene expression master mix reagent (#4304437, Applied
Biosystems, Foster City, CA). The PCR was carried out using the default cycling conditions,
and fluorescence was detected with the ABI 7900HT sequence detection system (Applied
Biosystems, Foster City, CA). Triplicate determinations were performed for each sample
that was used for the real time PCR; the mean value was calculated, and the data in the final
figures represents three independent experiments. Relative gene expression was calculated
as the ratio of Nox5 gene expression to the internal reference gene (β-actin) multiplied by
106 based on the Ct values.

Preparation of subcellular fractions and whole cell lysate
Subcellular fractions of parental UACC-257 and Nox5 overexpressing UACC257 Clone 2
cells were prepared using the Qproteome cell compartment kit (#37502) from Qiagen
(Valencia, CA). Briefly, 1.5 × 106 cells were transfected with either scrambled control
siRNA or Nox5-specific siRNA-primer 1. After 72 h in culture, the cells were washed with
ice-cold PBS buffer and then sequentially extracted using a combination of four extraction
buffers and separated into cytosolic, membrane, nuclear, and cytoskeletal fractions
according to the manufacturer's instructions. Immunoblotting with Hsp90, PTP1B, PARP,
and vimentin antibodies specific for cytosolic, membrane, nuclear, and cytoskeleton
proteins, respectively, verified the isolation of each fraction.

For whole cell lysate, cells were washed with ice-cold PBS, harvested and lysed with 1×
RIPA lysis buffer (#20–188, Millipore, Temecula, CA) with the addition of a phosphatase
inhibitor tablet (#04906845001, Roche Applied Science, Indianapolis, IN) and a protease
inhibitor tablet (#11836153001, Roche Applied Science, Indianapolis, IN). Samples were
sonicated 3 times for 5 s each (20 watts), and the lysates were cleared by centrifugation
(6,000 × g, 10 min). Protein concentration was estimated using the BCA protein assay kit
(#23227, Thermo Scientific, Rockford, IL), and bovine serum albumin (BSA) was used as
the standard.

Western analysis
The subcellular fractions and whole cell lysates were mixed with an equal volume of 2×
SDS protein gel loading buffer (#351-082–661, Quality Biological Inc, Gaithersburg, MD),
and fractions (20 µg) or lysates (40 µg) of each were loaded onto a 4–20% Tris glycine gel
(#EC6028, Invitrogen, Carlsbad, CA). For detection of Nox5 expression, the fractions and
lysates that were mixed with an equal volume of 2× SDS loading buffer were not heated
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prior to loading onto gels. Subsequent to gel separation, the proteins were
electrophoretically transferred onto nitrocellulose membranes using I Blot gel transfer stacks
(#IB 3010-01, Invitrogen, Carlsbad, CA). The membranes were blocked in 1× TBST buffer
with 5% nonfat milk for 1 h at room temperature followed by incubation with the primary
antibody overnight in TBST buffer. Membranes were washed three times in 1× TBST buffer
and incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room
temperature with shaking. The antigen-antibody complexes were visualized using the
SuperSignal West Pico Luminol/Enhancer Solution (#1856136, Thermo Scientific,
Rockford, IL).

Immunodetection by flow cytometry
Log phase UACC-257 cells that stably overexpress Nox5 (Clone 2) or the vector control
(Clone 1) were trypsinized, washed in cold PBS, pelleted and then resuspended in cold PBS/
FBS solution (PBS containing 5% fetal bovine serum and 1% sodium azide). Cells were
centrifuged for 5 min at 250 × g and then fixed with cold 2% (w/v) paraformaldehyde for 30
min on ice. Following centrifugation, the cells were permeabilized by resuspending the
pellet in room temperature Tween 20 solution (0.2% in PBS) for 15 min in a 37 °C water
bath. After centrifugation, cells (106) were either unlabeled and resuspended in PBS or
labeled with irrelevant mouse IgG antibody (5 µg) or Nox5 specific mouse monoclonal
antibody (5 µg) in human AB serum (heat-inactivated) for 30 min at 4 °C in the dark. The
labeled cells were then washed twice with Tween solution (0.2% in PBS) followed by
incubation with secondary Alexa Fluor 488 goat anti-mouse antibody [diluted 1:1000 in
human AB serum (heat-inactivated)] for 20 min on ice in the dark. Cells were then
centrifuged, washed twice with Tween solution (0.2% in PBS), and resuspended in PBS.
Fluorescence intensity of the cells was measured on a FACScalibur (Becton Dickinson
Biosciences, San Jose, CA) cytometer and acquired using the data file acquisition program
CellQuest (Becton Dickinson Biosciences, San Jose, CA) and analyzed using the FlowJo
software.

Immunodetection by confocal microscopy
5 × 103 UACC-257 cells or UACC-257-clone 2 cells that stably overexpress Nox5 were
transfected with either scrambled control siRNA or Nox5-specific siRNAs and seeded onto
chamber slides. 72 h after transfection, they were fixed with 4% (w/v) paraformaldehyde for
10 min at room temperature. After two washes with PBS, cells were permeabilized with
0.1% Triton X-100 (v/v) for 5 min at room temperature. Following two washes with PBS
containing 1% (w/v) BSA, the cells were blocked with PBS containing 8% (w/v) BSA for 1
h. After two further washes, the cells were incubated overnight at 4 °C with the mouse
monoclonal Nox5 antibody (1:1000 for Fig. 7A and 1:10,000 for Fig. 7B) diluted in 400 µl
of PBS containing 1% (w/v) BSA. For negative controls, cells were incubated with isotype-
matched mouse IgG. Following washes, a secondary Alexa Fluor 488 goat anti-mouse
antibody [1:1000 in PBS containing 1% (w/v) BSA] was added. After a 1 h-incubation, cells
were washed, and the cell nuclei were stained with propidium iodide (PI, 0.5 µg/ml).
Samples were then mounted in Vectashield solution, sealed, and stored at 4 °C in the dark.
Confocal microscopy was carried out using an Olympus FluoView™ 300 confocal
microscope scanning unit equipped with an argon-krypton laser at 488 nm mounted on an
Olympus reflected fluorescence microscope (Olympus, Nagano, Japan). All images were
obtained using the FluoView software (Olympus, Nagano, Japan).

Immunohistochemistry
Pellets of UACC-257 cells that stably overexpress HA-tagged Nox5 protein (Clone 2) or the
vector control (Clone 1), and the LOX-IMVI cells that express none/minimal Nox5 were
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fixed in 10% buffered neutral formalin and used as immunohistochemistry controls to
optimize conditions for Nox5 immunohistochemistry. Optimal conditions were at a Nox5
dilution of 1:1000 with heat-induced epitope retrieval in citrate buffer for 20 min; the
incubation time was 30 minutes for the primary antibody. We also used a biotinylated
secondary horse anti-mouse IgG (Vector Laboratories) and the Intense RD Detection kit
from Leica Biosystems. Slides were run on a Leica Bond Autostainer. Isotype control was
normal mouse IgG2a (BD Bioscience) at a comparable concentration.

Following immunostaining, slides were bleached with hydrogen peroxide/potassium
hydroxide for 60 min at 37 °C followed by a 20 second acetic acid rinse to eliminate
melanin pigment. After bleaching, slides were counter-stained with hematoxylin. Slides
were digitally imaged at 20X and 40X using the Aperio ScanScope®.

Normal Human Tissue
Unstained slides of formalin-fixed paraffin embedded normal human uterus were purchased
from Pantomics. Nox5 staining conditions and controls (mouse IgG2a) are similar to those
detailed above for immunohistochemistry except that bleaching was not done. Other normal
human tissues tested were colon, liver, spleen and testis.

Tissue microarray
Immunohistochemistry was performed on a TARP Multi-tumor TMA, generation 3,
(MTA-3). The TMA was deparaffinized in alcohol and rehydrated with graded alcohol. The
slide was subject to antigen retrieval with pH 9 antigen retrieval buffer (Dako) for 20 min in
a pressure cooker. The anti-Nox5 antibody was applied at a dilution of 1:2000 for 4 h at
room temperature, and the antigen-antibody reaction was detected with the Envision+
detection system (Dako), with DAB chromagen. The slide was counterstained with
hematoxylin, dehydrated and cover slipped. The assay was interpreted with a scoring system
of 0, 1, 2, and 3, for cytoplasmic staining corresponding to negative, weak, intermediate, and
strong staining.

Statistical analysis
Results are expressed as the mean ± S.D. from at least triplicate experiments. Statistical
differences between mean values of control and treated samples were assessed using
Student's t test; p < 0.05 was considered statistically significant. Significance levels were
designated as *, p < 0.05; **, p < 0.01 throughout.

Expected Results
Monoclonal anti-Nox5 peptide production and detection of endogenous Nox5 in human
UACC-257 melanoma cells

The mouse monoclonal antibody was raised against a truncated recombinant protein
(residues 600–746) of the Nox5 protein (Fig. 1, highlighted in pink). After five rounds of
immunization in mice and two preliminary rounds of screening, clones that were positive for
Nox5 antibody production by ELISA (Supplementary Table 1) were further evaluated by
Western analysis. Five of eight clones were positive for Nox5 protein detection by Western
(Supplementary Fig. 1), of which clone #14 was used for this study subsequent to
purification on peptide-affinity columns. As shown in Fig. 2A, the human melanoma
UACC-257 cell line expresses reasonable levels of endogenous Nox5 mRNA levels as
detected by RT-PCR. Screening of the affinity purified Nox5 mouse monoclonal antibody
(1:1000 dilution in 2.5% milk-TBST) by Western blotting of UACC-257 cell lysates
demonstrated a reactive band with molecular weight of ~ 75 kDa (Fig. 2B). The displayed
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reactivity on immunoblots decreased in intensity when the UACC-257 cells were transiently
transfected with two different Nox5-specific siRNAs 1 and 2 (see Fig. 2B) in comparison to
those transfected with non-specific scrambled siRNA. The observed decrease in protein
expression (Fig. 2B) also corresponded to levels of Nox5 mRNA expression (Fig. 2A),
confirming the detected band as denatured Nox5 protein.

Specificity of the affinity-purified mouse monoclonal antibody for human Nox5 protein
To validate the specificity of the monoclonal antibody for Nox5, UACC-257 cells that stably
overexpress HA-tagged Nox5 protein or the vector control were generated. Of the several
G418 positive clones selected, two vector clones (1 and 2) and two Nox5 overexpressing
clones (1 and 2) were used for this study. The Nox5 overexpressing clones (1 and 2) express
~ 35–50 times more Nox5 mRNA than either the parental UACC-257 cells or the vector
transfected clones (Fig. 3A). As observed in Fig. 3B (top panel), the Nox5 monoclonal
antibody (1:10,000) detects an intense band corresponding to ~ 75 kDa in the Nox5
overexpressing clones. A similar sized band can be detected in the parental and vector
control cells upon longer exposure of the immunoblot (Fig 3B, Nox5 dark). Probing the
stripped blots with HA confirmed the detected band to be HA-tagged-Nox5 protein.
Additionally, stable, Nox5 overexpressing clone 2 cells were transiently knocked down for
Nox5 expression with two different Nox5-specific siRNAs, as confirmed by RT-PCR (Fig.
3D). The decrease of Nox5 transcription observed in Nox5-siRNA samples compared to the
untransfected and scrambled siRNA transfected controls also translated to a corresponding
decrease in the Nox5 protein expression (Fig. 3C, top panel). HA-tag staining of the stripped
blots confirmed the decrease in expression levels of Nox5 (Fig.3C, middle panel), validating
the specificity of the antibody for human Nox5.

To determine the cross-reactivity of our mouse monoclonal Nox5 antibody for other
homologues of the NADPH (Nox) family, Western analysis was carried out using samples
positive for Nox1 (HT-29 colon cancer cell line), Nox2 (HEK-293 transiently transfected
with DDK-tagged Nox2 plasmid), Nox4 (HEK293 cells transiently transfected with Myc-
tagged Nox4 plasmid), Nox5 (UACC-257 cells and HA-tagged Nox5 overexpressing cells),
and Duox (BxPC-3 pancreatic cells untreated or treated with 25 ng/ml IFN-γ for 24 h)
expression. A Nox3 positive sample was not tested because its expression is minimal in
human tumors. As observed in Fig. 4, the Nox5 mouse monoclonal antibody specifically
recognizes only the Nox5 protein.

Immunodetection of endogenous and recombinant Nox5 protein in membrane fractions of
UACC-257 cells

Parental UACC-257 cells and stable, Nox5-overexpressing clone 2 cells were transiently
transfected with either a scrambled siRNA or a Nox5-specific siRNA. The cell lysates were
separated into cytosolic, membrane, nuclear, and cytoskeletal fractions as described in the
Protocol section. As shown in Figs. 5A and B, Nox5 is primarily present in the membrane
fraction. The fractionation methodology was validated by confirming the presence of Hsp90
in the cytosol, PTP1B in the membrane fraction, poly(ADP-ribose) polymerase (PARP) in
the nucleus, and vimentin in the cytoskeletal fraction (Figs. 5A and B). Absence/decrease of
Nox5 expression in the presence of Nox5 siRNA (lane 6 of Figs. 5A and B) in both parental
UACC-257 cells and Nox5-overexpressing clone 2, confirms that Nox5 is predominately
present in the membrane fraction.

Monoclonal antibody recognizes the intracellular domain of Nox5
The binding of the monoclonal antibody to native antigen was further investigated by flow
cytometry on intact and permeabilized UACC-257-Nox5 overexpressing cells. Fig. 6 shows
that Tween-20 permeabilized Nox5-overexpressing cells demonstrate considerable antibody
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bound to Nox5 when compared to vector control cells. However, no such differential
expression of Nox5 was detected in vector control cells or in intact Nox5-overexpressing
cells. This data confirms that our Nox5 mouse monoclonal antibody recognizes an
intracellular epitope on Nox5 in support of its original design against the conserved carboxy-
terminal of Nox5 from amino acid sequence 600–746 (Fig. 1).

The immunoreactivity of the mouse monoclonal antibody on an intracellular epitope of
Nox5 can also be visualized by confocal microscopy (Figs. 7A and B). Permeabilized
UACC-257 cells when stained with the mouse Nox5 monoclonal antibody (1:1000 dilution)
demonstrate green fluorescent labeling for Nox5 localized throughout UACC-257 cells, with
perinuclear enhancement suggestive of the endoplasmic reticulum. Control cultures treated
identically except for the addition of primary antibodies or isotype specific (mouse IgG)
control antibody showed no green fluorescence. Specificity for Nox5 was evident as Nox5
staining intensity was significantly decreased (>60%) in parental UACC-257 cells that were
transiently transfected with two different Nox5-specific siRNAs as compared to those
transfected with the scrambled siRNA (Fig. 7A). Likewise, as observed in Fig. 7B,
UACC-257 cells that stably overexpress Nox5 (Clones 1 and 2) demonstrate cytoplasmic
Nox5 staining with perinuclear enhancement with the mouse Nox5 monoclonal antibody
(1:10,000 dilution) when compared to the parental UACC-257 and vector control (Clone 1
and 2) cells. The Nox5 staining observed in the Nox5 overexpressing cells was significantly
decreased (>65%) upon transient knockdown of Nox5 expression (Fig. 7B). The
intracellular staining pattern of Nox5 using our mouse monoclonal antibody was reflective
of the expression levels of Nox5 within the cells. This, coupled with the fact that no
significant Nox5 staining was observed in intact cells (data not shown), confirms the
specificity of the antibody to an intracellular domain of Nox5.

Immunohistochemical validation of Nox5 mAb
Immunohistochemical reactivity of Nox5 monoclonal antibody on UACC-257-derived cell
pellets was cytoplasmic with darker staining toward the cell membrane. Reactivity was
strong and diffuse in the Nox5 over-expressers, weaker and patchier in the vector control
UACC-257 pellets, while absent/weak in the Nox5 negative LOX-IMVI melanoma cell line
(Fig. 8A). There was no immunoreactivity with the isotype control.

Additionally, to evaluate expression of Nox5 in normal human tissue, formalin-fixed
paraffin embedded normal human uterus, colon, liver, spleen and testis were stained with the
Nox5 monoclonal antibody. As shown in Fig. 8B, the human uterine smooth muscle had
diffusely positive cytoplasmic staining with Nox5 while there was no reactivity with the
mouse isotype control. Staining for Nox5 in normal human tumors was weak in colon, liver,
testis and spleen (data not shown).

Tissue microarray
Expression of Nox5 in tumor tissues was evaluated by immunohistochemical staining of a
TARP MTA-3 multitumor TMA (Fig. 9). The assay was interpreted with a scoring system
of 0, 1, 2, and 3, for cytoplasmic staining of Nox5 corresponding to negative, weak,
intermediate, and strong staining, respectively. The graphical distribution of each tumor
scored by the intensity of Nox5 staining and tumor type is represented in Fig. 9B and the
percentage distribution of positive staining (2 and 3) by tumor type for the multi-tumor
TMA is shown in Table 1. Of the 382 evaluable tumor samples, 143 (38%) were negative
(0) or weak (1) for Nox5 expression, while 239 (63%) were intermediate or strong (2 or 3)
for Nox5. Expression within the normal tissues on the TMA revealed intermediate
expression (2) limited to bone marrow, liver, pancreas and endometrium, with negative or
weak expression (0–1) in the other tissues screened. Lymphomas had the lowest percentage
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of Nox5 positive tumors (44%), while prostate cancer demonstrated the highest frequency of
positive expression (81%). The remainder of tumors screened (brain tumors, melanoma,
breast, colon, ovarian and lung cancer) had frequencies of intermediate or strong expression
between 56–70%.

Caveats
Since the first report of the discovery of Nox5 in 2001, the expression of Nox5 has been
documented at the mRNA level in a number of cancers or cancer cell lines including
prostate, pancreatic, breast, melanoma, and esophageal cancer, as well as hairy cell leukemia
[65, 66]. Although implicated in several malignancies, the role of Nox5 in tumor cell
biology is still unclear. This is due, in part, to a lack of reliable immunological probes for
Nox5 detection as well as the absence/limited studies of Nox5 in human tumor tissues. A
lack of specificity and characterization of detection tools is a major caveat not limited to
Nox5, but to the entire ROS-Nox field [4, 79]. In particular, concerns about the specificity
(or lack thereof) of currently available commercial antibodies against Nox homologs have
made interpretation of studies that solely rely on these antibodies difficult [4, 79]. To
address this need, here we report the characterization and qualification of the first mouse
monoclonal antibody against Nox5.

Our monoclonal antibody against Nox5 was raised in mice against a truncated recombinant
protein (residues 600–746) of Nox5. As observed in Fig. 1 (highlighted in pink), the
antibody is directed to an intracellular domain of Nox5, which is conserved across all of the
known Nox5 variants. Subsequent to screening by ELISA and Western blotting
(Supplementary Table 1 and Supplementary Fig. 1), the serum of immunized mice (clone
#14) was used as a source for antibody purification on peptide-affinity columns. Sequencing
of the purified antibody (as detailed in the Protocol section) confirmed the antibody from
hybridoma clone #14 to contain one mouse heavy chain and one mouse light chain
(Supplementary Fig. 2). The specificity of the purified antibody for Nox5 was determined by
its reactivity under 3 different experimental conditions: 1) endogenous Nox5 expression in
the UACC-257 melanoma cell line, 2) overexpressed HA-tagged Nox5, and 3) transient
silencing of endogenous Nox5 and stably overexpressed Nox5. The purified antibody
displayed reactivity to an ~ 75 kDa band on immunoblots (Figs. 2B, 3B and C), which was
confirmed as denatured Nox5 protein by expression patterns that corresponded to transient
Nox5 knockdown experiments (Figs. 2B, 3C) as well the HA-tag (Figs. 3 B and C).
Additionally, the absence of cross-reactivity to other homologs of the NADPH oxidase
family (see Fig. 4) confirmed the mouse monoclonal antibody to be Nox5-specific.

In conformity with the design of the antibody against the conserved carboxy-terminal of
Nox5 (Fig. 1), a significant right shift in fluorescence intensity was observed by flow
cytometry in permeabilized cells that overexpress Nox5 compared to a control vector; no
shift in fluorescence was observed between vector control and Nox5 overexpressers in intact
cells (Fig. 6), confirming antibody reactivity toward an intracellular epitope of Nox5.
Subcellular fractionation of both UACC-257 melanoma cells and a Nox5-overexpressing
UACC-257 clone demonstrate that Nox5 appears to be predominantly localized in the
membrane fraction (Fig. 5). Confocal microscopy of labeled cells revealed green fluorescent
labeling for Nox5 localized throughout UACC-257 cells, with perinuclear enhancement
(Fig. 7).

A major concern in understanding the role of Nox5 in tumor biology is the lack of current
studies on human tumor tissues. To evaluate the clinical significance of Nox5 in human
cancer, we determined the expression of Nox5 protein in a representative set of human
tumors, including those of brain, ovary, breast, colon, lung, and prostate, as well as in
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malignant melanoma, and a panel of non-Hodgkin Lymphomas by tissue microarray
analysis. Expression of Nox5 was detected in 63% of tumors evaluated, most frequently in
prostate cancer (81%), but between 56–70% in 7 additional tumor types. The only tumor
type evaluated in which Nox5 expression was less than 50% was lymphoma. Although the
majority of tumor types screened are carcinomas, with a predominance of adenocarcinomas,
the rates of expression in the brain tumor samples (glioblastoma multiforme) and melanoma
do not suggest Nox5 expression is restricted to cancers of only certain tissue origins. Low
expression of Nox5 in normal tissues, including the tissue of origin for many of the cancers
screened, supports the hypothesis that Nox5 expression is upregulated in many human
cancers (Fig. 9).

In summary, progress in the study of Nox proteins has been impeded by the paucity of well-
validated immunological probes. Herein, we report the characterization and use of a mouse
monoclonal antibody against Nox5 that can be employed for Western analysis,
immunofluorescence, flow cytometry, and immunohistochemistry on fixed tissues. Using
this antibody, we clarified the cellular location of Nox5 expression in a human melanoma
cell line (membrane predominant) and examined Nox5 expression in human tumor
microarrays. We found substantial overexpression of Nox5 in a variety of epithelial
malignancies compared to normal tissues of the same organ. The elevated expression of
Nox5 in tumor specimens provides impetus for further exploration of the functional
significance of Nox5 in the context of tumor development and maintenance. By making this
antibody widely available to the research community, we hope to increase understanding of
the pathways that regulate Nox5 in cancer, leading to greater knowledge of the role of Nox-
dependent ROS production and signal transduction in the progression of human
malignancies. Ultimately, we hope that this reagent will assist in providing focus for the
further development of Nox5 as a target of therapeutic significance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Characterization of the first mouse monoclonal Nox5 antibody.

• Detection of endogenous Nox5 protein in human UACC-257 melanoma cells.

• Substantial Nox5 overexpression in several human cancer tissues.

• Expression of Nox5 in non-malignant tissues is weak.
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Fig. 1. Schematic view of the conserved structural features of the Nox5 protein
Each Nox5 isoform contains six putative trans-membrane (TM) domains (white cylindrical
loops), with four N-terminal calcium binding sites (orange), and C-terminal FAD (green)
and NADPH binding domains. The NADPH binding domain structural model was created
by the SWISS-MODEL program server with hNox2 (PDB: 3A1F) as the template,
visualized by Pymol software; the hNox2 and hNox5 NADPH binding domains share 36%
amino acid sequence identity. The pink highlighted segment represents the antigen
expressed for Nox5 antibody development (C-terminal 147 AA). Amino acids displayed as
sticks represent the predicted NADPH binding site residues.
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Fig. 2. Detection of Nox5 in UACC-257 human melanoma cells
Control scrambled siRNA and Nox5 specific siRNAs targeting different domains of human
Nox5 were transiently transfected into the parental UACC-257 cells. Samples were
processed 72 h after transfection to detect either Nox5 mRNA (A) by quantitative real time-
PCR or Nox5 protein (B) by Western analysis. Nox5 mRNA levels are expressed relative to
β-Actin. **, p < 0.01. Western analysis using the mouse monoclonal Nox5 antibody detects
an ~ 75 kDa band corresponding to Nox5 protein.
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Fig. 3. Validation of the specificity of the Nox5 monoclonal antibody
UACC-257 cells were stably transfected with either the vector pcDNA 3.1 or pcDNA3-HA-
Nox5β plasmid and selected with G418. Several clones were isolated, of which two vector
clones (1 and 2) and two Nox5-overexpressing clones (1 and 2) were used for this study.
Nox5 overexpression was confirmed both at the mRNA (A) and protein (B) levels. The HA
tag expression confirmed the specificity of the Nox5 mouse monoclonal antibody for Nox5
overexpression. C and D, Transient knockdown of Nox5 expression in the stably Nox5
overexpressing clone 2 with either scrambled control or two different Nox5-specific
siRNAs. The decrease in Nox5 expression was confirmed at the protein (C) and mRNA (D)
levels. **, p < 0.01
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Fig. 4. Evaluation of cross-reactivity of the mouse monoclonal antibody to NADPH homologues
of Nox5
RNA (A) and Western blot (B) analysis was carried out using samples positive for Nox1
(HT-29 colon cancer cell line), Nox2 (HEK-293 cells transiently transfected with DDK-
tagged Nox2 plasmid), Nox4 (HEK-293 cells transiently transfected with Myc-tagged Nox4
plasmid), Nox5 (UACC-257 parental cells and Nox5 overexpressing cells), and Duox
(BxPC-3 pancreatic cells treated with 25 ng/ml IFN-γ for 24 h) expression. Antibodies used
to detect the various NADPH homologues are detailed in the Protocol section.
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Fig. 5. Membrane localization of Nox5 protein in UACC-257 cells
Parental UACC-257 cells (A) or stably Nox5 overexpressing UACC-257 clone 2 (B)
transiently transfected with either control scrambled or Nox5-specific siRNA were
fractionated using the Qproteome cell compartment kit. Protein from fractions 1–4 (20 µg)
was separated by SDS-PAGE. After Western blotting, proteins specific to each fraction were
detected using Hsp90, PTP1B, PARP, and vimentin antibodies. Protein detection of Nox5
by the mouse monoclonal antibody was performed at 1:1000 and 1:10,000 dilutions for
UACC-257 parental and Nox5 overexpressing cells, respectively. Nox5 was detected
primarily in the membrane fraction of both parental and Nox5 over-expressing UACC-257
cells. F1: cytosolic proteins; F2: membrane proteins; F3: nuclear proteins; and F4:
cytoskeletal proteins.
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Fig. 6. Flow cytometric detection of Nox5 in UACC-257-Nox5 overexpressing cells
Log-phase UACC-257 cells that stably express Nox5 (Clone 2) or the vector control (Clone
1) were fixed, permeabilized, and labeled with 5 µg of purified Nox5 mouse monoclonal
antibody as described in the Protocol section. Cells labeled with the antibody were staine d
with Alexa Fluor 488 goat anti-mouse antibody (1:1000), and the fluorescence was detected
by flow cytometry. Unstained cells and cells labeled with irrelevant mouse monoclonal IgG
antibody (5 µg) represent background staining controls. Images are representative of at least
3 experiments.
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Fig. 7. Subcellular localization of Nox5 in UACC-257 cells by confocal microscopy
A, UACC-257 cells transfected with either scrambled control siRNA or Nox5-specific
siRNAs 1 and 2 were plated on 4-well chamber slides. 72 h after transfection, the cells were
fixed, permeabilized, and subjected to immunostaining as described in the Protocol section.
Immunostaining was carried out with Nox5 mouse monoclonal antibody (1:1000) and Alexa
Fluor 488 goat anti-mouse secondary antibody (left panel; green). Nuclear staining was
observed with PI (right panel; red). For a negative control, cells were incubated with
isotype-matched mouse IgG. Lower panel provides the quantitation of green fluorescent
intensities/field for three separate experiments. **, p < 0.01 B, UACC-Nox5-overexpressing
Clone 2 was transiently transfected with either scrambled control siRNA or Nox5-specific
siRNA and processed as above along with the parental UACC-257, the vector clones (1 and
2) and the Nox5-overexpresser clone 1, with the exception that the mouse monoclonal
antibody was used at a 1:10,000 dilution. Representative confocal images of Nox5 mAb
binding as detected by FITC fluorescence (green) and the corresponding nuclear fields (red)
are shown. Right panel provides the quantitation of green fluorescent intensities/field for
three separate experiments. **,p < 0.01
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Fig. 8. Immunohistochemical localization of Nox5
A) Immunohistochemical staining profile with Isotype control (IgG) on the left and Nox5
mouse monoclonal antibody on the right. LOX-IMVI melanoma cell line is negative for
Nox5 staining. UACC-257 vector control cells have patchy reactivity of moderate intensity
(20X) for Nox5. Insert - cytoplasmic staining concentrated toward the membrane (40X).
Nox5 over-expresser (Clone 2) has diffuse and strong immunoreactivity for Nox5
expression (20X). Insert -cytoplasmic staining concentrated toward the membrane (40X). B)
Immunohistochemistry performed on normal human uterus demonstrated diffusely positive
staining for Nox5 in uterine smooth muscle (bottom panel); staining with the isotype control
was negative (top panel).

Antony et al. Page 24

Free Radic Biol Med. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9. Immunohistochemistry for Nox5 performed on a multi-tumor tissue microarray
A) Immunohistochemistry for Nox5, demonstrating expression in a) ovarian papillary serous
adenocarcinoma, b) adenocarcinoma of the prostate, c) adenocarcinoma of the lung
carcinoma and, d) lack of expression in lymphoma. All images are 250X magnification. B)
Graphical representation of the distribution of the 382 evaluable tumor samples for
cytoplasmic staining of Nox5 into 0, 1, 2, and 3, corresponding to negative, weak,
intermediate, and strong staining respectively. GBM, Glioblastoma Multiforme
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Table 1

Distribution of expression levels of Nox5 in human malignancies.

Tumor Type (MTA–3) Negative (0–1) Positive (2–3)

Glioblastoma Multiforme (GBM) 9 (39%) 14 (61%)

Melanoma 8 (36%) 14 (64%)

Lymphoma 24 (56%) 19 (44%)

Ovarian Cancer 13 (30%) 31 (70%)

Breast Cancer 25 (39%) 39 (61%)

Colon Cancer 25 (40%) 37 (60%)

Lung Cancer 27 (44%) 35 (56%)

Prostate Cancer 12 (19%) 50 (81%)

Tumors that were negative (0) or weak (1) for Nox5 staining were considered Negative and those that stained intermediate 2) to strong (3) as
Positive. Represented within brackets are the relative percentages of tumors,
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