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Abstract

Nox1 is an abundant source of reactive oxygen species (ROS) in colon epithelium recently shown 

to function in wound healing and epithelial homeostasis. We identified Peroxiredoxin 6 (Prdx6) as 

a novel binding partner of Nox activator 1 (Noxa1) in yeast two-hybrid screening experiments 

using the Noxa1 SH3 domain as bait. Prdx6 is a unique member of the Prdx antioxidant enzyme 

family exhibiting both glutathione peroxidase and phospholipase A2 activities. We confirmed this 

interaction in cells overexpressing both proteins, showing Prdx6 binds to and stabilizes wild type 
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Noxa1, but not the SH3 domain mutant form, Noxa1 W436R. We demonstrated in several cell 

models that Prdx6 knockdown suppresses Nox1 activity, whereas enhanced Prdx6 expression 

supports higher Nox1-derived superoxide production. Both peroxidase- and lipase-deficient 

mutant forms of Prdx6 (Prdx6 C47S and S32A, respectively) failed to bind to or stabilize Nox1 

components or support Nox1-mediated superoxide generation. Furthermore, the transition-state 

substrate analogue inhibitor of Prdx6 phospholipase A2 activity (MJ-33) was shown to suppress 

Nox1 activity, suggesting Nox1 activity is regulated by the phospholipase activity of Prdx6. 

Finally, wild type Prdx6, but not lipase or peroxidase mutant forms, supports Nox1-mediated cell 

migration in the HCT-116 colon epithelial cell model of wound closure. These findings highlight a 

novel pathway in which this antioxidant enzyme positively regulates an oxidant-generating system 

to support cell migration and wound healing.
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 Introduction

Reactive oxygen species (ROS) are now regarded as important signaling molecules in 

biological systems and have diverse roles in health and disease. Along with mitochondria, a 

family of NADPH oxidase (Nox) enzymes has been identified as a major source of ROS in 

many cell types. These enzymes are membrane-integrated protein complexes that utilize 

molecular oxygen and NADPH to deliberately produce superoxide or hydrogen peroxide 

(H2O2). The human Nox family is composed of Nox1, Nox2, Nox3, Nox4, Nox5, Duox1, 

and Duox2.

Nox1 is most abundant in colon epithelial cells [1] and participates in mucosal innate 

immune responses, cell migration, wound healing, and epithelial homeostasis [2] [3] [4] [5] 

[6] [7] [8]. Nox1 is structurally most closely related to the phagocytic prototype, Nox2 

(a.k.a., gp91phox). Similar to Nox2, superoxide generation by Nox1 requires the membrane 

subunit p22phox. Nox1 activation also depends on interactions with cytosolic regulatory 

cofactors, including Rac1[9] [10] [11], Nox organizer 1 (Noxo1), a p47phox adapter protein 

homolog, and Nox activator 1 (Noxa1), a p67phox activator protein homolog [12] [13]. The 

bis-SH3 domain of Noxo1 interacts with its C-terminal region containing its proline-rich 
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region (PRR); disruption of this interaction either by phosphorylation or arachidonate favors 

SH3 domain-mediated binding of Noxo1 to p22phox and promotes the PRR-mediated 

association with Noxa1 [9] [10] [14] [15] [16].

As inappropriate or excessive ROS production can damage surrounding tissues and promote 

inflammation, the activity of NADPH oxidases is subject to tight regulation. Nox2 remains 

dissociated and inactive in resting phagocytes until three major events occur during cell 

stimulation: 1) Rac activation through exchange of bound GDP for GTP, 2) phosphorylation 

of the cytosolic components, and 3) subsequent translocation of cytosolic components to the 

membrane, where they assemble with Nox2-p22phox heterodimers to form the active oxidase 

complex. The physiological agonists and molecular mechanisms that modulate activity of 

the Nox1 complex are not as well understood. Unlike Nox2, in some cells Noxo1 and Noxa1 

are membrane-associated and Nox1 constitutively produces substantial amounts of ROS 

even in the absence of cell stimulation [9] [10] [12] [13] [15] [16]. Phosphorylation-

dependent regulation of the Nox1 system has been described recently, through mechanisms 

that are distinct from those regulating Nox2 [17] [18] [19] [20] [21].

Previous studies found that peroxiredoxin (Prdx) 6 participates in activation of Nox2 in 

human neutrophils, alveolar macrophages, endothelial and other reconstituted cell 

models[22] [23] [24] [25]. Prdx 6 is a member of the ubiquitous antioxidant family of Prdxs 

with peroxidase activity that catalyzes removal of H2O2 and other hydroperoxides [26]. Prdx 

6 is a 1-Cys peroxidase that utilizes glutathione (GSH) or ascorbate to recycle the oxidized 

form, whereas the other Prdxs require thioredoxin as the physiological reductant [26]. Prdx6 

also differs from other mammalian Prdxs in its ability to reduce phospholipid 

hydroperoxides and in exhibiting phospholipase A2 (PLA2) activity [27]. An active site C47 

is necessary for peroxidase activity, whereas a catalytic triad of S32-H26-D140 is needed for 

binding of phospholipid and PLA2 activity [28]. One hallmark of oxidative stress is the 

peroxidation of unsaturated fatty acids in membrane phospholipids. Prdx6 can reduce 

phospholipid hydroperoxides such as phosphatidylcholine hydroperoxide with a relatively 

high rate constant similar to that of H2O2 reduction [29]. The Prdx6 PLA2 activity catalyzes 

hydrolysis of the acyl group at the sn-2 position of glycerophospholipids, with specific 

affinity for phosphatidylcholine, to produce free fatty acids and a lysophospholipid [29]. 

While it has been generally assumed that the peroxidase activity of Prdx6 represents the 

main mechanism for its antioxidant function through its ability to remove oxidizing 

hydroperoxides and to repair peroxidized membrane phospholipids, the antioxidant effect of 

Prdx6 in tert-butyl hydroperoxide-treated PMVECs is dependent on both its peroxidase 

activity and PLA2 activity[30]. Interestingly, the Nox2-supportive effect of Prdx 6 in whole 

cells appears to depend on its PLA2 activity, but not its peroxidase activity [23, 24].

Several non-phagocytic Nox enzymes have demonstrated roles in cell migration or wound 

healing processes in epithelial and vascular tissues cells [2] [6] [31] [32]. Duox1 appears to 

participate in healing of chemically injured airway epithelium in responses involving EGFR 

signaling [33]. Nox4 and Nox1 promote tumor and vascular cell migration[8, 34-38]. 

Recently, the Nox1 enzyme complex was shown to direct colon epithelial cell migration and 

wound healing through formyl-peptide receptor mediated pathways previously described in 

phagocytic cells [2] [5] [6].
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Here, we identify Prdx6 as a novel regulator of Nox1-based superoxide generation and cell 

migration, which appears to involve its PLA2 activity. Prdx6 deficiency results in 

destabilization of other Nox1-supportive cofactors, whereas Prx6 overexpression supports 

higher levels of oxidase activity. These results highlight a novel pathway in which Prdx6 

supports the oxidant-generating activity of Nox1 to promote cell migration. Based on these 

observations, we propose a model in which Prdx6 recruitment into the Nox1 complex adds 

another layer of post-translational control regulating the activity of this NADPH oxidase.

 Materials and Methods

 Materials

The following reagents were purchased as indicated: Diphenyleneiodonium chloride (DPI) 

and 1-hexadecyl-3-(trifluoroethyl)-sn-glycero-2-phosphomethanol lithium salt (MJ33) from 

Sigma-Aldrich (St Louis, MO, USA); recombinant human TNF-α from R&D Systems 

(R&D Systems, Minneapolis, MN); FuGENE6 from Roche (Roche, Indianapolis, IN, USA); 

Lipofectamine2000 from Invitrogen (Carlsbad, CA, USA). HA-Tag IP/Co-IP Kit and c-Myc 

Tag IP/Co-IP Kit were purchased from Pierce Biotech (Rockford, IL). The following 

antibodies were purchased as indicated: rabbit polyclonal anti-GAPDH Ab, rabbit 

polyclonal anti-myc from Sigma-Aldrich; mouse monoclonal anti-V5 Ab from Invitrogen; 

rabbit polyclonal anti-Nox1 Ab (NBP1-31546) from Novus Biologicals (Littleton, CO); 

rabbit polyclonal anti-Nox1 Ab-Agarose conjugate (sc-25545 AC), rabbit polyclonal anti-

p22phox Ab-agarose conjugate (sc-20781), rabbit polyclonal anti-Cbl, rabbit polyclonal anti-

Sos1, and rabbit polyclonal Prdx6 from Santa Cruz; Mouse monoclonal anti-HA Ab from 

Covance (Princeton, NJ, USA). Rabbit polyclonal Ab against Noxa1 (gift from Miklos 

Geiszt, Semmelweis University) and Mouse monoclonal Ab against p22phox (no. 449) were 

described previously [9]. pRS vector (#TR20003), GFP-specific shRNA vector (#TR30003), 

and four human Prx6-targeted pRS shRNA expression vectors (#TR310191) were obtained 

from OriGene (OriGene Technologies, Inc., Rockville, MD).

 Yeast two-hybrid expression and screenings

Yeast two-hybrid based screening for potential binding partners of the SH3 domain of 

Noxa1 involved use of the Matchmaker System 3 (Clonetech Laboratories, Mountain View, 

CA), which employs GAL4 DNA-binding domain and activation domain fusion proteins 

produced by pGBKT7 and pGADT7 vectors, respectively, to detect protein-protein 

interactions in the yeast host strain AH109 [39]. All protocols for screening a human kidney 

cDNA library constructed in pGADT7 were performed according to manufacturer's 

recommendations. The cDNA fragment encoding the SH3 domain (residues 403-476) of 

Noxa1 was amplified by PCR and adapted for ligation into BamHI and NcoI sites of 

pGBKT7, the ‘bait’ vector. Western blotting confirmed production of a 30kDa HA-tagged 

fusion protein. Negative control experiments confirmed the absence of auto-activation 

(transcriptional false positivity) by plating of pGBKT7-Noxa1SH3 on selective SD/-Ade,-

His,-Leu,-Trp medium. Verification of a positive interaction of the Noxa1 SH3 domain 

fusion protein with full-length Noxo1 (constructed in pGADT7) was confirmed by survival 

of AH109 on the same medium when co-transformed with both vectors.
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 Cell culture

All cell culture reagents were obtained from Invitrogen, unless indicated otherwise. Human 

HEK-293 cells (ATCC; American Type Culture Collection, Manassas, VA, USA) were 

maintained in Minimum Essential Medium (MEM)-α containing 10% heat-inactivated fetal 

bovine serum (FBS; HyClone/Thermo Scientific, Logan, UT) and antibiotics (100 units/ml 

penicillin and 100 μg/ml streptomycin) at 37°C in 5% CO2. Chinese hamster ovary (CHO-

K1) cells (ATCC) were maintained in Ham's F-12 medium containing 10% heat-inactivated 

FBS and antibiotics at 37°C in 5% CO2. HT-29 cells and HCT-116 cells (ATCC) were 

grown at 37°C in 5% CO2 in McCoy's 5A medium (modified) containing 10% heat-

inactivated FBS and antibiotics.

 Construction of plasmids

The cloning and construction of human Nox1, Noxa1, Noxo1-V5, and Myc-Noxa1 cDNA-

encoding plasmids were described previously [9] [19]. The sequence for human Prdx6 

(GenBank accession NM_004905.2) was amplified by PCR using fetal kidney first-strand 

cDNA (Stratagene) using primers targeted to the full-length coding sequence that were 

adapted with HindIII/XbaI sites for cloning into pcDNA3.1. N-terminal, HA epitope-tagged 

Prdx6 was amplified by PCR using primers adapted with HA-encoding sequence and the 

same restriction sites for cloning into pcDNA3.1. The Prx6 mutant S32A, C47S, D140A 

constructs, Nox1 mutant H303Q, and Noxa1 mutant W436R constructs were generated by 

PCR using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) 

according to the manufacturer's instructions. The sequences of all constructs were confirmed 

by DNA sequencing.

 Transient transfections

HEK-293 and CHO-K1 cells were grown for 24 h in 6-well or 12-well plates (BD 

Biosciences, San Jose, CA, USA) and allowed to reach to 60-70% confluence in 2 ml or 1 

ml of culture medium, respectively. Cells were transfected with pcDNA 3.1 plasmids 

encoding Nox1, Noxo1, Noxa1, and Prdx6 in the indicated combinations using the FuGene 

6 transfection reagent (Roche Applied Science) according to the manufacturer's instructions. 

Transfection mixtures were incubated at room temperature for 20-min in OptiMEM (Life 

Technologies) and then added drop-wise to cells in normal culture medium. In studies 

expressing mutant Prdx6 or Nox1 components, equal amounts of plasmid were used in place 

of wild type. HCT-116 cells were transfected with Lipofectamine2000 (Invitrogen) as above, 

according to manufacturers' protocols. Briefly, 2.0 × 105 cells were seeded in 6-well tissue 

culture plates, 24h before transfection. Transfection DNA mixtures included Nox1, Noxo1 

and Noxa1 and Prdx6 expressing plasmids (usually 2-2.4 ug total DNA), and in some 

control experiments Nox1 or Prdx6 plasmid was replaced by the same amount of GFP-

expressing plasmid. Transient cell transfection rates typically exceeded 60 % at 48 hours 

post-transfection, as judged by live cell GFP fluorescence.

 RNA interference-mediated silencing of Prdx6

HT-29 cells stably expressing human Prx6–targeted shRNAs (#TR310191), control GFP 

shRNA (#TR30003), and pRS-vector alone (#TR20003) were obtained by transfecting pRS-
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shRNA vectors from OrigGene (OriGene Technologies, Inc., Rockville, MD) using Fugene 

6, as above, followed by selection for antibiotic resistance. The following huPrdx6 sense 29-

mer shRNA sequence was targeted: (#TI340760) 5′-

GGATAGTGTGATGGTCCTTCCAACCATCC-3′. Following 48 hours transfection, diluted 

cells were grown in 10 cm plates in medium containing 3 μg ml−1 puromycin, and after 7–10 

days single colonies were isolated and cultured. Cell lines with suppressed Prdx6 expression 

were qualified by anti-Prdx6 immunoblotting. For transient knockdown of Prdx6 in 

HEK-293, cell transfections were performed as described above, using 0.1 μg of Nox1, 0.1 

μg of Noxa1, 0.1 μg of Noxo1, and 1.7 μg of pRS vector, GFP-specific shRNA vector, or 

human Prdx6-specific shRNA expression vector plasmid. Suppressed Prdx6 protein 

production was confirmed by immunoblotting, as described below.

 Measurement of ROS

Extracellular superoxide release was detected by chemiluminescence using the superoxide 

specific Diogenes reagent (National Diagnostics, Atlanta, GA) with cells suspended in 

Hanks balanced salt solution (HBSS) with calcium and magnesium in the presence or 

absence of PMA (1 uM), as described previously [9]. Briefly, transfected cells were cultured 

for 48 hours (for plasmid DNA transfections) or 72 hours (for shRNA plasmid 

transfections), and then harvested by trypsinization at 37°C. After washing twice in HBSS 

by centrifugation (300×g for 5 min), cells were resuspended in HBSS containing calcium 

and magnesium at the desired cell densities, 2.5-5 × 105 viable cells/100-200 μl assay 

reaction. Kinetic chemiluminescence measurements were performed in 96-well opaque 

white plates at 37°C in a Luminoskan™ luminometer (Thermo, Waltham, MA, USA) at 

30-60 second intervals over a time course of 20 minutes. Total integrated relative 

luminescence was calculated from all reactions preformed in triplicate assays. The observed 

Diogenes luminescence of all Nox1-expressing cell lines examined under these conditions 

was inhibited >96% by superoxide dismutase, was strictly dependent on co-expression of 

Noxo1 and Noxa1, and was linear with respect to cell number. In experiments examining 

inhibitory effects of MJ33 on Nox1-derived superoxide production, the inhibitor was 

dissolved initially in a dimethyl sulfoxide stock solution at 5 mM, which was then diluted 

directly into culture media of transfected cells to reach final inhibitory concentrations of 

10-50 uM. Cells were then harvested by trypsinization for superoxide production assays 

either 1 or 9 hours after MJ33 addition, at 48 hours post-transfection.

 Cell lysis, immunoprecipitation, and immunoblot analysis

Cell extracts were prepared in RIPA buffer (Boston Bioproducts, Worcester, MA, USA) 

supplemented with protease inhibitor cocktail (Sigma, St. Louis, MO, USA) by rocking for 

30 min at 4°C and cleared by centrifugation (16,000 g, 10 min, 4°C). Protein concentrations 

were determined by the BCA method (Pierce, Rockford, IL, USA). For immunoprecipitation 

studies, washed cells were lysed with cold 1% Nonidet P-40 buffer (Boston Bioproducts, 

Ashland, MA, USA) supplemented with protease inhibitor cocktail (Sigma) by rocking for 

15 min at 4°C. Cleared supernatants were incubated overnight (4°C) with the indicated 

antibodies to capture immune complexes. After three washes in lysis buffer, bound proteins 

were eluted in SDS-sample buffer (Invitrogen) and subjected to SDS-PAGE analysis. Cell 
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lysis, immunoprecipitations, and Western blotting analysis were performed as previously 

described [40].

 Cell migration assays

Quantifying cell migration and proliferation using image-based microscopy to measure 

changes in the gap morphology is a widely used cell assay for studying a variety of 

functional properties in normal or cancerous cells across scale from genomic to tissue level 

[41]. The transfected HCT-116 colon epithelial cells form monolayers with cell migration to 

close the silicone culture insert- (also referred to as stencil- or fence-) induced gap without 

piling up. However, the majority of the quantitative parameters to characterize the cell-free 

gap between cell margins such as average gap width, maximum gap width, area or margin 

smoothness are measured manually or semi-automatically, which limits their reproducibility 

and effectiveness for large scale high-throughput studies, especially when manual scratch 

wounds are used that can vary between experiments and labs. A key advantage of the 

proposed quantitative endpoint gap measurement used in this study to characterize cell 

migration is that it is fully automatic and non-invasive. Only the endpoint is measured so 

there is no live cell staining and time-lapse imaging, which could perturb cell behavior.

Six hours after co-transfection with Prdx6 and Nox(1, -a1, -o1) expression vectors, HCT-116 

cells were trypsinized and reseeded into triplicate silicone culture inserts (Ibidi LLC, 

Verona, Wisconsin, USA) mounted onto collagen1-coated 12-well culture plates, which 

create dual chambers separated by a 0.5 mm cell-free boundary. Briefly, 70μl of cells 

suspended in complete McCoy's 5A medium (1× 106 cells/ml) were applied to each 

chamber, allowed to adhere over 24 hours, and formed a nearly confluent monolayer. The 

silicone frames were then removed, thereby creating a reproducible gap between boundaries 

formed by cell monolayers within the two chambers. The cells were allowed to migrate into 

the gap areas for 20 hours, reaching a maximum endpoint of ~70% closure before being 

fixed with methanol and stained with Eosin Y and Azure B (Diff Stain Kit, IMEB Inc., San 

Marcos, CA, USA).

Cell migration data were collected and processed from three independent transfection 

experiments. Replicate transfections were performed for assays of superoxide production, 

cell proliferation, and Western blot analysis performed in parallel 48 hours post transfection. 

Consecutive visible light images of the fixed and stained migrating cells, using a Zeiss 

Axiovert10 microscope (10X objective lens) and Spot imaging software (Diagnostic 

Instruments, Sterling Heights, MI), were collected along the entire length of the gaps and 

then processed to determine migratory distances among various transfected cell groups.

 Gap Closure Index (GCI)

A three-step process was used to quantitatively estimate the amount of cell migration by 

measuring the change in the gap area (cell-free region) using the gap closure index (GCI). 

For the initialization step, the left and right gap boundaries were located on an image row-

by-row basis by maximizing the Line Gap Energy (LGE) using the following definition of 

gap energy EG:
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(1)

where the energies EI, EW, ES are related to the color intensity, width, and smoothness of the 

gap, respectively. The parameters α, β γ weight the three energies and influence the quality 

of the estimated left and right cell margins. For the experiments shown these parameters 

were experimentally chosen as follows: α = 0.75, β = 0.05, γ = 0.2. For each possible left/

right boundary pair candidate in an image row, the gap energy EG is computed, and the pair 

with the maximum energy is chosen as the most likely gap boundary for this row. The 

energy term EI compares the pixel intensities within and outside the candidate boundaries 

with the typical background color (gap color). This energy reaches its maximum when the 

pixel colors within the candidate boundaries are identical to the background color, and the 

pixel colors outside the candidate boundaries are dissimilar from the background color. The 

energy term EW represents the relative width of a candidate gap. It reaches its maximum for 

a gap that covers an entire row of a microscope image. The last energy term, Es, represents 

the smoothness of the gap. It reaches a maximum when the gap boundaries in one row are 

identical to the left/right boundaries in the neighboring rows. To speed up computation, the 

gap energy EG is maximized independently on a row-by-row basis.

In the second step, the convex gap margin boundaries produced by the LGE method are 

further smoothed and refined, tracing non-convex regions, using geodesic active contour 

evolution based on a level set formulation [42] [43]. The background masks obtained in the 

first step are eroded to provide an initial contour inside the gap area from which a level set is 

expanded by an adaptive force until stopped by the margins of the gap. The contours are 

represented implicitly by a level set function, which is evolved using a partial differential 

equation speed function. The edge stopping function is inversely proportional to edge 

strength to prevent active contours from crossing the leading edge. Migrating cell boundaries 

obtained from the geodesic active contour evolution are morphologically processed to 

produce a wound gap mask from which the CGI can be computed.

In the final step, we use the foreground image region estimated from the active contour 

process to compute the GCI at the end-point time T, using the following formula:

(2)

where GT is the gap size computed at the end-point time T, and G0 is the initial starting 

point gap size at T = 0. A GCI of 0, 0.5, or 1 indicates that the gap has not changed and is 

identical in area to the initial gap, has closed 50%, or has fully closed at time T, respectively. 

Automated image analysis for estimating the GCI is robust since neither cell tracking nor 

cell margin (tissue) tracking is necessary in the end point gap closure method; such tracking 

methods are computationally more complex with higher variance depending on the 

experimental and imaging conditions [44] [45] [46].
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 Results

 Prdx6 associates with the Noxa1 SH3 domain of Noxa1 and stabilizes Noxa1

Previous studies showed the Nox1-supportive organizer protein, Noxo1, exhibits an 

expression pattern similar to that of Nox1, whereas the Noxa1 activator protein is distinct in 

showing high expression in tissues other than colon[13] [15]. In efforts aimed at 

understanding regulation of Nox1 and related multi-component NADPH oxidases, we 

screened for other candidate regulators that bind to the SH3 domain of Noxa1. In yeast two-

hybrid expression experiments using the Noxa1 SH3 domain (codons 403-476) as “bait” in 

the pGBKT7 vector, we screened a library of ~500,000 human kidney cDNAs constructed in 

pGADT7, as described in the “Methods” section. Among several potential targets initially 

identified under low stringency screening through selection of co-transformants on SD/-

Leu/-Trp medium, we identified one pGADT7 clone encoding a partial sequence of Prdx6 

(codons 78-224) that enabled survival of yeast strain AH109 on SD/-Ade/-His/-Leu/-Trp 

plates when co-expressed with the Gal4 DNA binding protein fused with the SH3 domain of 

Noxa1 (Fig 1A). These co-transformants also tested positive for αgalactosidase activity, 

providing further evidence of an interaction supporting GAL4 transcriptional activation in 

yeast.

Binding of Prdx6 to the SH3 domain of Noxa1 suggests Prdx6 could associate with the 

assembled Nox1 complex in which Noxa1 serves as a critical activator. To explore this 

possibility, we developed several mammalian cell models to confirm the interaction of the 

full length Noxa1 and Prdx6 proteins. HEK-293 and CHO-KI cell lines exhibited Nox1 

oxidase activity through transient co-transfection of Nox1 components (Nox1, Noxa1, and 

Noxo1). HCT116 and HT-29 lines were chosen as human colon epithelial models; HT-29 

cells show endogenous Nox1 expression and superoxide release [3] [13] [47].

In initial experiments HEK-293 cells were co-transfected with Nox1, Noxa1, and Noxo1 

along with or without HA-tagged Prdx6. Cell lysates from these transfectants were 

immunoprecipitated to pull down endogenous p22phox immune complexes using an agarose-

conjugated p22phox antibody. Western blot results showed a strong association between 

p22phox complexes and HA-Prdx6, along with V5-Noxo1 and Myc-Noxa1 (Figure 1B) 

suggesting Prdx6 interacts with the Nox1 complex.

To examine further how Prdx6 associates with Noxa1, a series of transient transfections and 

immunoprecipitation experiments were performed with CHO-KI cells. In the first 

experiment, we introduced a mutation in Noxa1 at tryptophan-436 (W436R), which 

represents a highly conserved residue in the core, ligand-binding pocket of all SH3 domains 

that was shown to disrupt Noxa1 binding to the C-terminal, proline-rich region of Noxo1 

and inhibit translocation of Noxa1 to the membrane [9] [16]. CHO-K1 cells were co-

transfected with increasing amounts of HA-tagged Prdx6-encoding plasmid along with a 

fixed amount of either wild type (WT) Noxa1 plasmid or mutant W436R Noxa1 plasmid. 

Lysates from these transfected cells were harvested 48 hours later and analyzed by Western 

blotting. Transfection with increasing amounts of HA-Prdx6 plasmid along with wild type 

(WT) Noxa1 plasmid not only resulted in increased production of HA-Prdx6, but also led to 
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increased detectable amounts of Noxa1. This pattern of enhanced Noxa1 protein levels was 

not observed in cells transfected with mutant W436R Noxa1 (Fig. 1C).

In a second experiment, HA-Prdx6 immunoprecipitation from 48-hour transfected culture 

lysates with agarose-conjugated anti-HA antibody was analyzed by western blotting with 

anti-Noxa1 antibody. WT Noxa1 was found associated with the Prdx6 complexes in amounts 

that correlated with increasing amounts of Prdx6 (Fig. 1, right). However, the W436R Noxa1 

mutant was not associated with the precipitated Prdx6 complexes. This result suggests Prdx6 

associates with and stabilizes Noxa1 and that the conserved tryptophan-436 within the core, 

binding surface of the Noxa1 SH3 domain is critical for its association with Prdx6.

Similar experiments were performed in HEK-293 cells. Cell lysates from transient (48 hour) 

co-transfections with increasing amounts of HA-tagged Prdx6 plasmid and fixed amounts of 

either Myc-tagged WT Noxa1 or W436R Noxa1 plasmids were prepared and analyzed. As 

shown in Fig. 1D, increased expression of HA-tagged Prdx6 led to increased detection of 

wild type (WT) Myc-tagged Noxa1, as in the case of CHO-K1 cells. In contrast, the SH3 

domain mutant protein, Noxa1 W436R, did not exhibit the same pattern as WT: Noxa1 

W436R protein levels were much lower than that of WT Noxa1 and did not support higher 

levels of Prdx6 co-expression.

To confirm that the SH3 domain of Noxa1 is critical for its association with Prdx6, Noxa1 

immunoprecipitation with agarose-conjugated Myc antibody was performed on cell lysates 

of HEK-293 cells transfected with WT or W436R Myc-Noxa1 along with or without HA-

Prdx6. HA-Prdx6 showed a strong association with WT Noxa1, whereas HA-Prdx6 was not 

associated with W436R Noxa1 precipitates (Fig. 1E). Taken together, the results of Fig. 1B-

E indicate that Prdx6 associates with WT Noxa1 through the SH3 domain of Noxa1 and has 

a strong stabilizing effect on Noxa1 protein levels in both cell models.

 Prdx6 augments superoxide generation by Nox1

The association of Prdx6 with the Nox1 complex suggests Prdx6 may have modulating 

effects on superoxide generation by Nox1. In previous work we showed that several cell 

models co-transfected with human Nox1, Noxo1, and Noxa1 constitutively produce 

extracellular superoxide, which is readily detected by SOD-sensitive Diogenes luminescence 

[9] [13]. HEK-293 cells with high levels of endogenous Prdx6 were transiently co-

transfected with a Prdx6-targeted shRNA (TI340760) along with Nox1, Noxo1, and Noxa1 

cDNAs. Endogenous Prdx6 protein levels were significantly reduced in these cells when 

compared with cells transfected with empty vector (pRS) or with GFP-targeted shRNA 

(GFP) (Fig. 2A). Transfection with the Prdx6-targeted shRNA (Prdx6) led to reduced 

superoxide generation when compared with the control transfectants. Similar results were 

observed in HT-29 cells. In this case, stable HT-29 clones generated by transfection of 

Prdx6-targeted shRNA showed much lower Prdx6 protein levels when compared with 

control pRS or GFP-targeted shRNA transfectants (Fig. 2B). The reduced-Prdx6 HT-29 

clones also produced significantly lower extracellular superoxide in comparison with the 

control cell lines. These data suggest that Prdx6 positively regulates Nox1 activity.
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The reciprocal approach of overexpressing Prdx6 in human Nox1-reconstituted CHO-K1 

cells provided further support for Prdx6 functioning as a Nox1-supportive cofactor. CHO-K1 

cells were transfected with fixed amounts of Nox1, Noxo1, and Noxa1 plasmid along with 

increasing amounts of HA-Prdx6, and extracellular superoxide generation was measured 48 

hrs later. Co-transfection with Prdx6 led to dose-dependent increases in the production of 

extracellular superoxide (Fig. 2C). Western blot analysis showed that these higher Prdx6 

levels led to enhanced detection of the soluble Nox1-supportive factors, Noxo1 and Noxa1. 

This suggests that Prdx6 has a positive effect on Nox1-based superoxide generation by 

influencing the stability of Noxo1 and Noxa1 proteins.

 Both PLA2 and peroxidase mutant forms of Prdx6 fail to support Nox1 activity

To investigate the basis of the apparent supportive effects of Prdx6 on the Nox1 system, we 

generated several Prdx6 mutants affecting its enzyme activities. Prdx6 is a bi-functional 

enzyme known to possess two distinct activities: acidic, calcium-independent phospholipase 

A2 activity and glutathione peroxidase activity. Serine-32 in the PLA2 active site was 

substituted with alanine in the S32A Prdx6 mutant, whereas the D140A mutant was also 

shown to exhibit impaired PLA2 activity without affecting phospholipid substrate binding 

[28]. To abolish the peroxidase activity of Prdx6, the active site cysteine-47 was mutated to 

serine. Co-transfection with the Prdx6 S32A mutant along with the Nox1, Noxo1, and 

Noxa1 led to much lower superoxide generation in CHO-K1 cells when compared with cells 

expressing WT Prdx6 (Fig. 3A). The D140A PLA2 mutant supported even lower Nox1 

activity in comparison with WT Prdx6. Co-transfection of the C47S peroxidase mutant also 

supported lower Nox1-derived superoxide generation than WT. Western blotting detected the 

S32A and C47S mutant proteins at levels greater than or equal to that of the WT, whereas 

the D140A protein appeared to be considerably less stable. All Prdx6 mutant proteins appear 

to support lower production of co-transfected Noxo1 and Noxa1 proteins. Figures 3B and C 

show that co-transfection with increasing amounts of S32A or C47S Prdx6 along with WT 

Prdx6 led to dose-dependent decreases in detectable Noxo1 and Noxa1 protein levels; this 

correlated with proportionately lower superoxide yields. To confirm these observations in a 

Nox1-expressing colon epithelial cell model, we transfected WT or mutant HA-Prdx6 along 

with Noxo1 and Noxa1 into HT-29 cells. Cells overexpressing WT Prdx6 showed enhanced 

superoxide release in response to PMA, whereas cells expressing the mutant forms produced 

less superoxide (Figure 3D). These results indicate that both the PLA2 and peroxidase 

activities of Prdx6 may be involved in supporting higher Nox1 activity and may contribute to 

Prdx6-based stabilization of Nox1 components. Furthermore, it appears that the mutant 

proteins can have suppressive effects in cells co-transfected with WT Prdx6.

 TNF-α regulates Prdx6 and Nox1 expression and the association of Prdx6 with the Nox1 
complex

TNF-αis known to induce both Nox1 and Noxo1 expression [48] [49]. We examined the 

association of Prdx6 and the Nox1 system in response to TNF-α treatment in HEK-293 cells 

that were co-transfected with Prdx6 along with Nox1, Noxo1, and Noxa1 for 40 hrs. After 

TNF-α treatment, cells were harvested at various times up to 9 hrs for extracellular 

superoxide measurements, and cell lysates were prepared for Western blot analysis and 

immunoprecipitation experiments. TNF-α treatment induced increased superoxide 
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generation in this Nox1-reconstituted model, which closely correlated with enhanced 

detection of Prdx6, Noxo1, and Noxa1 proteins observed within two phases (Fig. 4A and B). 

Around 3 hrs after TNF-α treatment, events related to new transcription and translation may 

support greater Noxo1, Noxa1, and Prdx6 protein stability or inhibit their degradation, since 

the expression vectors encoding these proteins are not directly responsive to TNF-α. To test 

whether Prdx6 is associated with the Nox1 enzyme complex after TNF-α treatment, Nox1 

was immunoprecipitated with agarose-conjugated Nox1 antibody and the associated Prdx6 

was probed with anti-HA antibody. TNF-α induced an association of Prdx6 with Noxo1 

detected after 5 hours treatment (Fig. 4C), while the association of Prdx6 in Nox1 

immunoprecipitates also was enhanced in parallel (Fig. 4D). Taken together, these data show 

that TNF-α stimulates higher Nox1 activity through an induction of the Nox1-supportive 

cytosolic components and Prdx6, while promoting the association of Prdx6 with the Nox1 

complex.

 Prdx6 PLA2 and peroxidase mutants support lower Nox1 activity in TNF-αinduced cells

To investigate the involvement of Prdx6 in TNF-α-induced superoxide generation by Nox1, 

HEK-293 cells were co-transfected with various constructs of Prdx6 along with Nox1, 

Noxo1 and Noxa1 (40 hours) and then stimulated with TNF-α for 6 hrs. Extracellular 

superoxide generation from cells treated for 6 hours was increased in cells co-transfected of 

WT Prdx6, but not in cells expressing the PLA2 mutant (S32A) or the peroxidase mutant 

(C47S) Prdx6 (Fig 5A). Analysis of proteins detected in cell lysates showed that WT Prdx6 

has a positive impact on TNF-α induction of transfected Noxo1 and Noxa1 proteins, 

whereas detectable levels of these factors were diminished with PLA2 or peroxidase Prdx6 

mutant transfections (Fig 5A). Thus, only WT Prdx6 influences TNF-α-dependent induction 

of the Nox1 system, even when produced by expression vectors that are not directly TNF-α 

responsive. When WT or S32A Prdx6 was immunoprecipitated from cell lysates prepared 

from TNF-α treated cells, the association of S32A Prdx6 with Noxo1 was found to be 

significantly reduced (Fig 5B). When HEK-293 cells were co-transfected with increasing 

amounts of Prdx6 along with Nox1, Noxo1, and Noxa1, WT Prdx6 supported increased 

production of Noxo1 protein in a dose-dependent manner, whereas transfection of PLA2 

mutant S32A did not enhance Noxo1 levels as observed with WT Prdx6 (Fig 5C). These 

data suggest that the TNF-α stimulated increase of superoxide generation occurs through 

interaction of WT Prdx6 with Nox1 components, leading to increased levels of Nox1 

components and Prdx6.

 Inhibition of Prdx6 PLA2 activity suppresses Nox1 activity

The above findings suggest the suppressive effects of Prdx6 mutagenesis on Nox1 

reconstitution could be attributed solely to structural changes induced by mutations that 

disrupt Prdx6 interactions with Nox1 components, rather than being a consequence of the 

loss of Prdx6 enzymatic activities. In order to independently assess possible involvement of 

Prdx6 PLA2 activity in Nox1 activation, we examined the effects of the competitive PLA2 

inhibitor, MJ33, which is relatively specific for Prdx6 that exhibits low toxicity on living 

cells [23] (and refs. therein). We explored a range of MJ33 treatment times and 

concentrations in three Nox1-reconstituted cell models (Figure 6), from 1 hour (HCT-116 

and HEK-293 cells; 10-50 uM MJ33) to 9 hours (CHO-K1 cells; 10-20 uM MJ33) prior to 
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cell harvesting for oxidase assays. The HCT-116 colon epithelial cell line transfected (48 

hours) with Nox1, Noxo1, Noxa1 and Prdx6 (WT or mutant forms) showed the highest 

levels of Nox1 activity when WT Prdx6 was expressed (Fig 6B), similar to that observed in 

the three other Nox1-transfected cell lines. Incubation of these cells with MJ33 (1 hr) caused 

a significant dose-dependent inhibition of PMA-stimulated Nox1-derived superoxide 

generation. Inhibition was greatest in WT Prdx6-expressing cells, approaching 70% 

inhibition of Nox1 activity at 50 uM MJ33, whereas the relative extent of Nox1 inhibition by 

MJ33 observed in cells expressing the phospholipase or peroxidase mutant forms of Prdx6 

was lower. These same trends were also observed in Nox1-reconstituted HEK-293 cells 

(data not shown), whereby WT Prdx6 expressing cells showed a higher relative dose-

dependent MJ33 inhibition profile of Nox1 activity when compared with mutant Prdx6-

expressing cells. In other experiments we investigated the effects of long-term (9-hr) MJ-33 

treatment on Nox1 activity in transfected CHO-K1 cells and observed up to 40% inhibition 

of constitutive Nox1-derived superoxide release by 20 uM MJ33 (Figure 6C). The 9-hour 

treatments had no significant effects on cell viability or the levels of Prdx6 or other Nox1-

supportive proteins detected by Western blotting. Taken together, these findings indicate that 

MJ33 inhibition of Nox1 activity most likely occurs through its inhibition of Prdx6 PLA2 

activity, as was concluded from similar experiments exploring Nox2 activation by Prdx6 in 

pulmonary vascular endothelial cells [23].

 Nox1-derived reactive oxygen species generation stabilizes the Nox1 system through 
Prdx6

It has been shown that PRDX6 gene expression is regulated by oxidative stress, suggesting 

that Nox1-derived ROS could enhance Prdx6 production [50]. Our results (Figs. 2, 3 and 4) 

indicate that Prdx6 can, in turn, support higher Nox1 activity, because the stability of the 

Nox1 system appears to depend on its association with active Prdx6. Thus, it is possible that 

Nox1-derived ROS generation regulates Prdx6, leading to stabilization of the Nox1 system 

in a positive feedback cycle. In order to explore effects of Nox1-derived ROS generation on 

its own stability, we engineered a defective mutant of Nox1 modeled after a Nox2 mutation 

detected in the X-linked form of chronic granulomatous disease, by the substitution of a 

putative heme-binding histidine-303 with tryptophan (H303Q)[51]. Transfection of various 

amounts of Nox1 H303Q demonstrated a superoxide-generating capacity that was less than 

10 % of the transfected WT Nox1 (Fig 7A). The levels of Myc-Noxa1 and HA-Prdx6 

detected by Western blotting of cells co-transfected with Nox1 H303Q were substantially 

reduced in comparison with cells expressing WT Nox1 (Fig 7B). When increasing amounts 

of this Nox1 mutant were co-transfected with the complete Nox1 system and HA-Prdx6, 

there were suppressive effects on extracellular superoxide generation by WT Nox1 (Fig 7C). 

Furthermore, the levels of Prdx6 and Noxo1 proteins were significantly reduced by co-

transfection of mutant Nox1 (Fig 7C). These results suggest this mutant has dominant-

negative effects on WT Nox1 and that Nox1-derived superoxide generation has a positive 

influence in stabilizing components of the Nox1 system as well as Prdx6.

 Prdx6 supports Nox1-dependent colon epithelial cell migration

Several reports indicate Nox1 supports migration of colon epithelial and vascular cells [2] 

[6] [31] [32]. Thus, we examined the effects of Prdx6 on Nox1-dependent migration in 
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HCT-116 colon epithelial cells. Unlike HT-29 cells, which produce some endogenous Nox1-

derived ROS, the transformed HCT-116 colon epithelial line exhibits a lower background of 

ROS generation. Also, HCT-116 cells have been used extensively in cell migration studies 

and are easily transfected, allowing efficient reconstitution of Nox1 activity in this model. 

Cells were transfected 6 hours and then reseeded into dual Ibidi chambers for 24 hours. 

Once they formed monolayers at a nearly confluent state, the frames were lifted to initiate 

cell migration into the denuded area between chambers. Transfection of HCT-116 cells with 

the complete Nox1 system (Nox1, Noxo1 and Noxa1) along with WT Prdx6 resulted in 

greatly enhanced migratory behavior, exhibiting ~70% closure of a 0.5 mm gap between cell 

boundaries within 20 hours (Fig 8B, C). In contrast, transfection of the Nox1 system in the 

absence of overexpressed WT Prdx6 significantly compromised cell migration (2 vs. 1). 

Nox1-reconstituted cells overexpressing PLA2 or peroxidase mutant forms of Prdx6 (S32A 

or C47S) exhibited even less migratory activity (3 or 4 vs. 2). Furthermore, transfected cells 

in which Nox1 was omitted or substituted with the defective Nox1 H303Q mutant also 

exhibited significantly reduced migratory behavior even in the presence of overexpressed 

WT Prdx6 (5 and 6). The reconstituted HCT-116 cells exhibited the same effects of 

overexpressed Prdx6 on Nox1 activity (Fig 8D) that was observed in the HT-29 and 

HEK-293 cell models (Figs 3 and 5): WT Prdx6 enhanced basal Nox1 activity, whereas 

PLA2 and peroxidase mutants failed to support higher Nox1 activity. Parallel experiments 

comparing total cell counts 48 hours post-transfection detected a slight increase in cell 

numbers the in cultures co-expressing WT Nox1 and Prdx6 (~15%) relative to the other 5 

transfections (data not shown), suggesting that enhanced Nox1 and Prdx6 activities 

primarily affects cell migration, not proliferation, in this model. Western blotting of 

transfected HCT-116 cells also confirmed some of the same effects seen in the other cell 

models, including detection of lower levels of WT Prdx6 and Noxo1 in the absence of WT 

Nox1 (Fig 8E). Taken together, these findings indicate that Prdx6 not only supports Nox1 

production of superoxide, but also contributes to Nox1-mediated cell migration of this colon 

epithelial cell model.

 Discussion

Prdx6 is unique among members of the Prdx antioxidant family because it exhibits both 

glutathione peroxidase and phospholipase A2 activities and has only one catalytic cysteine 

[27]. Our current studies show Prdx6 positively regulates Nox1-based superoxide generation 

in several cell models and that Prdx6 supports Nox1-dependent migration of the colon 

epithelial tumor line, HCT-116. Initially, we demonstrated that Prdx6 binds to Noxa1 in 

yeast two-hybrid screening experiments aimed at identifying novel Noxa1 SH3 domain-

binding partners. Then, we showed Prdx6 binds to full-length Noxa1 through its SH3 

domain and associates with the assembled Nox1 complex in several cell models. 

Experiments manipulating cellular Prdx6 levels confirmed a close association between 

Prdx6 and at least two other Nox1 components (Noxa1 and Noxo1) by showing that RNA 

interference-mediated suppression of Prdx6 production also reduced Noxa1 and Noxo1 

levels and diminished Nox1 activity. In addition, Prdx6 overexpression led to higher levels 

of these Nox1 components and higher superoxide generation. Furthermore, we showed that 

TNF-α induction stabilizes higher levels of Prdx6 along with Noxa1 and Noxo1, even when 
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expressed using vectors that are not specifically responsive to this cytokine. Beyond 

demonstrating the association and co-stabilization of other Nox1 components, we showed 

the Nox1-supportive effects of Prdx6 may involve both its glutathione peroxidase and PLA2 

activities, in that the mutated, catalytically inactive forms of Prdx6 fail to support higher 

Nox1 activity or Nox1-dependent cell migration when compared with WT Prdx6. These 

inactive mutants exhibited impaired binding and stabilization of other Nox1 components 

seen with WT Prdx6. However, further evidence supporting the involvement of Prdx6 PLA2 

activity in Nox1 activation was obtained by showing that the competitive phospholipase 

inhibitor, MJ33, suppressed WT Prdx6-dependent Nox1 activitys in PMA-stimulated and 

non-stimulated cell while not affecting detectable levels of Prdx6 or other Nox1-supportive 

components. These findings are outlined in the scheme shown in Figure 9, which speculates 

on how the activities and levels of Prdx6 and Nox1 components are closely linked.

Prdx6 regulation of NADPH oxidase activity was described earlier in the case of Nox2, the 

closest homologue of Nox1. Leavey, et al., first showed Prdx6 interacts with 67phox, the 

homologue of Noxa1, and supports amphiphile-dependent Nox2 activity in a cell-free 

reconstituted assay [25]. Later studies on Nox2 activation in whole cell and mouse model 

systems, however, revealed an important distinction from our Nox1 findings, in that the 

Nox2-supportive effects of Prdx6 are critically dependent on its phospholipase A2 activity, 

but are apparently independent of its peroxidase activity. The Fisher lab showed this PLA2 

activity is required for angiotensin II-mediated activation of Nox2 NADPH oxidase in 

mouse pulmonary microvascular endothelial cells (PMVEC), as well as in stimulated 

alveolar macrophages [23]. Transfection of Prx6 null mouse PMVEC with WT or C47S 

(peroxidase-mutant) Prdx6, but not with PLA2 active site mutants (S32A, H26A, and 

D140A), rescued angiotensin II-induced PLA2 activity and ROS generation. Similar results 

were obtained in Prdx6-deficient, differentiated PLB-985 myeloid cells, where reconstitution 

with the PLA2 activity of Prdx6 was necessary for maximal oxidase activity of Nox2 in 

response to the bacterial peptide formyl-methionylleucyl-phenylalanine (fMLF), but not 

PMA [24]. Other experiments showed acute lung injury caused by ischemia-reperfusion, 

LPS or hyperoxia exposure was prevented by blocking Nox2 activation by using the 

transition state analogue inhibitor of Prdx6 PLA2 activity (MJ33), which does not affect the 

antioxidant (peroxidase) function of Prdx6 [52] [53] [54]. Thus, despite the well-established 

role of Prdx6 in antioxidant defense, the paradox of how Prdx6 promotes oxidative stress in 

the context of acute lung injury was explained on the basis of its independent phospholipase 

function, which activates Nox2. Interesting, these studies saw no inhibitory effects of MJ33 

on Nox1 activation by angiotensin II in vascular smooth muscle cells [52], whereas we 

observed Nox1 inhibition by MJ33 in three models (both PMA-stimulated and unstimulated 

cells). The basis for the apparent differences between Prdx6 activation of the Nox2 and 

Nox1 systems, where our observations in several models showed that both PLA2- and 

peroxidase-defective mutants of Prdx6 failed to support Nox1 activity as well as WT Prdx6, 

may reflect intrinsic differences in host cell systems, differences of various agonist-specific 

signaling pathways, or compensation by other antioxidant pathways unique to each cell 

system.

Earlier studies showed Nox2 activation in phagocytes can depend on another phospholipase, 

p85 cPLA2, and that exogenous arachidonic acid restores Nox2 activity in PLB-985 cells 
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deficient in cPLA2 [55]. Other studies on cPLA2 knockout mice suggested this 

phospholipase had no role in Nox2 activation [56], consistent with the dependence of murine 

Nox2 on the phospholipase A2 activity of Prdx6. Arachidonate and other soluble 

amphiphiles activate cell-free reconstitution of Nox2 and may act in promoting assembly 

and activation of Nox2 in whole cells by inducing structural changes in p47phox and p67phox 

that enable their interaction with membrane oxidase components, p22phox and Nox2, 

respectively [57] [58]. Arachidonate or sodium dodecyl sulfate can also induce changes in 

Noxo1 that promote its interaction with p22phox [14] [16]. Therefore, future work should 

investigate whether Prdx6 PLA2-derived lipid metabolites (free fatty acids and 

lysophosphosphatidyl choline) mediate Nox1 or Nox2 activation.

Our demonstration of a direct association between the Noxa1 SH3 domain and Prdx6 

implies that the C-terminal SH3 domain of p67phox could bind to Prdx6 in a similar fashion. 

Earlier studies showed the C-terminal SH3 domains of p67phox and Noxa1 bind to p47phox 

and Noxo1, respectively, and are required for their recruitment to the membrane [9, 16, 59]; 

whether Prdx6 competes or cooperates with these interactions is currently unknown. It 

appears that Prdx6 also has stabilizing effects on the Nox2 complex: it increases the Vmax of 

the enzyme in in vitro assays and supports translocation and retention of p67phox and 

p47phox with Nox2 on the membrane of whole cells [22]. One recent study showed binding 

of p67phox to Prdx6 suppresses its PLA2 activity, suggesting this interaction could either 

inhibit oxidase activation until assembled with other components or mediate the termination 

of ROS production [60]. Future studies should explore how the formation of a ternary 

oxidase complex with Prdx6 affects the turnover of other Nox1 or Nox2 components and 

determine when these interactions occur in the sequence of oxidase assembly, activation or 

termination.

Few studies to date have described post-translation regulation of Nox enzyme activity 

through protein degradation-based mechanisms. Two reports linked diminished ubiquitin-

dependent degradation of Nox components (p22phox and Rac1) and elevated Nox-derived 

ROS production to the absence of tumor suppressors (VHL and HACE1, respectively) as a 

basis for tumorigenesis [61] [62]. Our observations indicate that ROS produced by Nox1 

may provide a positive feedback signal that stabilizes higher levels of Noxo1, Noxa1, and 

Prdx6 (Figure 7). We showed expression of the low-activity Nox1(H303Q) mutant results in 

lower levels of all three Nox1-supportive proteins, lower superoxide output, and diminished 

cell migration. The potential cellular targets of Nox1-derived oxidants that result in 

enhanced stabilization of Nox1 proteins and higher oxidative output are currently unknown 

and are under investigation. They may include components of the ubquitin-proteosome 

machinery, since critical enzymes in ubiquitin-dependent protein degradation pathways have 

cysteine at their active sites that can be oxidatively inactivated [63]. Alternatively, Prdx6 

itself may represent a key susceptible target of oxidation, as it associates with the source of 

ROS in this case, consistent with models of oxygen sensing functions of Prdx in other 

systems where they serve to relay intracellular redox signals [26]. Such a model is supported 

by our observations with the non-oxidizable (peroxidase deficient) mutant (Prdx6 C47S), 

which also fails to bind to and stabilize Nox1 components or support higher Nox1 activity. 

Interestingly, one study showed that hyperoxidation of Prdx6 at C47 greatly enhanced its 

PLA2 activity [64], which could explain how Nox1-derived ROS can affect higher oxidative 
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output in a positive feedback loop involving C47 oxidation effects on the PLA2 activity of 

Prdx6. Alternatively, it is known that oxidative stress induces Prdx6 expression via the Nrf2 

pathway because the Prdx6 promoter contains antioxidant response elements [50]. Thus, 

Nox1-derived ROS generation may induce higher Prdx6 expression through the Nrf2 

pathway, thereby providing another feed-forward mechanism for stabilization of Nox1 

components and higher oxidase function. Further studies are needed to confirm these 

mechanisms.

In summary, we have detected multiple effects of Prdx6 on the Nox1-based NADPH oxidase 

in several cell models (Fig. 9): WT but not mutant forms (S32A, C47S) of Prdx6 bind to and 

co-stabilize higher levels of the Nox1-supportive components (Noxa1 and Noxo1), leading 

to higher Nox1 oxidase activity even in the absence of cell stimulation. Other evidence 

based on experiments using the PLA2 inhibitor MJ-33 suggests direct involvement of the 

PLA2 activity of Prdx6 in Nox1 activity independent of any alterations in the levels of 

Nox1-supportive components. The latter effects of Prdx6 PLA2 activity may involve 

generation of lipid products (lysophosphatidyl choline or free fatty acids) that promote 

optimum oxidase component interactions or activation, as suggested with the Nox2 enzyme 

[23] [24].

In conclusion, our identification of a functional interaction of Prdx6 with Nox1 provides 

further insight on post-translation regulation of this oxidase that may be relevant to proposed 

physiological and pathological roles of Nox1 in vascular, epithelial, and tumor tissues. 

Several reports described involvement of Nox1 in cell proliferation, migration, and wound 

healing [2] [3] [5] [6] [38], one involving arachidonate metabolism [8], although Prdx6 was 

not implicated in these studies. Interestingly, other reports suggest the iPLA2 and peroxidase 

activities of Prdx6 promote tumor growth and metastasis, although involvement of Nox1 was 

not explored in these studies [65] [66] [67]. It will be critical in future work to determine 

whether these processes relate to the functional partnership of Nox1 with Prdx6, which may 

suggest novel approaches for therapeutic intervention.
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Highlights

□ Peroxiredoxin6 (Prdx6) binds to the SH3 domain of Nox activator 1.

□ Prdx6 assembles with the NADPH oxidase 1 (Nox1) complex.

□ Prdx6 expression enhances Nox1-derived superoxide production.

□ The Nox1-supportive effects of Prdx6 involve its phospholipase A2 activity.

□ Wild-type Prdx6 supports Nox1-mediated migration of colon epithelial cells.
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Figure 1. 
Prdx6 associates with the SH3 domain of Noxa1 and stabilizes its expression. (A). 

Interaction of the Noxa1 C-terminal SH3 domain (res. 403-476 constructed in pGBKT7) 

with Prdx6 was detected by yeast two-hybrid screening of a human kidney cDNA library 

(expressed in pGADT7). Co-transfectants exhibited Gal4-based transcriptional activation, 

enabling survival on His-/Leu-/Ade-deficient selective medium. (B). Full-length Prdx6 

associates with the Nox1 NADPH oxidase complex. Nox1, Noxo1, and Noxa1 encoding 

plasmids (0.2 ug each) were co-transfected with or without HA-Prdx6 (0.6 ug) in HEK-293 
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cells. Cleared cell lysates were incubated with anti-p22phox antibody to precipitate Nox1 

complexes and associated HA-Prdx6, detected by Western blotting with anti-HA antibody. 

(C). Overexpressed Prdx6 enhances production of WT Noxa1 but not the SH3 domain 

mutant form of Noxa1 (W436R). CHO-K1 cells were co-transfected with Noxa1 plasmid 

(0.3 ug) and different amounts of Prdx6 plasmid (0, 0.3, 0.6, 0.9 ug) for 48 hours. 

Production of HA-Prdx6 and Noxa1 was analyzed in cell lysates by Western blotting with 

anti-HA or anti-Noxa1 antibody (left). Prdx6 associates with WT Noxa1 but not Noxa1 

W436R. The cleared transfected (48hr) CHO-K1 cell lysates were harvested and incubated 

with anti-HA antibody to precipitate Prdx6 and associated Noxa1 (right). (D). 

Overexpression of HA-Prdx6 enhances detection of Noxa1 but not Noxa1 W436R in 

HEK-293 cells. Nox1, Noxo1, and Noxa1 (0.05 ug each) were co-transfected with HA-

Prdx6 (0, 0.05, 0.1, or 0.4 ug) and the cells were processed as described in C. (E). Prdx6 

associates with WT Noxa1 but not with Noxa1 W436R in HEK-293 cells. Noxa1 (0.1 ug) 

was co-transfected with or without Prdx6 (0.8 ug) in HEK-293 cells. Products of HA-Prdx6 

and Myc-Noxa1 were analyzed in cell lysates harvested 48 hours later by Western blotting 

(left). Cleared lysates were also incubated with anti-Myc antibody to pull down Noxa1 and 

bound HA-Prdx6 detected by Western blotting (right).
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Figure 2. 
Prdx6 supports Nox1 NADPH oxidase activity. (A). Transient knockdown of Prdx6 

suppresses superoxide generation by Nox1 reconstituted in HEK-293 cells. Cells were co-

transfected with empty vector (pRS), shRNA-GFP (GFP), or shRNA-Prdx6 (Prdx) plasmid 

(0.6 ug), along with Nox1, Noxo1, and Noxa1 plasmids (0.1 ug each). After 76 hours, cells 

were harvested for Western blotting (left) and extracellular superoxide generation (right). 

Unpaired t-test p value of Prdx6 vs. pRS = 0.0002. P value of Prdx6 vs. GFP = 0.0031. Error 

bars reflect mean ± S.D (n=3). (B). Stable shRNA-mediated knockdown of Prdx6 suppresses 
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superoxide generation by HT-29 colon epithelial cells. HT-29 cells were transfected with 

vector (pRS), GFP-shRNA (GFP), or Prdx6-shRNA (Prdx6) plasmids. Left panels: Western 

blot analysis of expressed proteins in two representative clones of each transfectant. Right: 

extracellular superoxide generation from trypsinized cells. Unpaired t-test p value of Prdx6 

vs. pRS = 0.0245. P value of Prdx6 vs. GFP = 0.002. Error bars reflect mean ± S.D (n=4). 

(C) Overexpressed Prdx6 enhances production of transfected Nox1 components, Noxo1 and 

Noxa1, and extracellular superoxide generation in a dose-dependent manner. CHO-K1 cells 

were cotransfected (48 hrs) with various amounts of Prdx6 plasmid (0, 2, 1.5, 1 ug) along 

with 0.05 ug each of Nox1, Noxo1, and Noxa1 plasmids and assayed for extracellular 

superoxide generation (right). Left panel, cell lysates were prepared and analyzed by 

Western blot analysis.
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Figure 3. 
Phospholipase A2 and peroxidase mutants of Prdx6 support lower Nox1-derived superoxide 

generation. (A). CHO-K1 cells were co-transfected with WT, S32A (PLA2 mutant), D140A 

(PLA2 mutant), or C47S (peroxidase mutant) Prdx6 (1.5 ug), along with Nox1, Noxo1, and 

Noxa1 plasmids (0.05 ug each). After 48 hours, whole cell extracellular superoxide 

generation was measured. Cell lysates were prepared and levels of Noxo1, Noxa1, and 

Prdx6 were analyzed by Western blot analysis (lower panels). (B). Nox1-supportive effects 

of WT Prdx6 are suppressed by peroxidase mutant, C47S. Cells were co-transfected with 
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increasing amounts of C47S (inactive peroxidase) Prdx6 plasmid (0, 0.5, 1.5 ug), along with 

the same amounts of Nox1, Noxo1, Noxa1 (0.05 ug each) and WT Prdx6 (1 ug) plasmids. 

Upper panel: after 48 hours, extracellular superoxide generation was measured. Lower 

Panel: cell lysates were prepared and levels of Noxo1, Noxa1, and Prdx6 were analyzed by 

Western blot analysis. (C). The Nox1-supportive effects of WT Prdx6 are suppressed by 

PLA2 mutant, Prdx6 S32A. Cells were co-transfected with increasing amounts of Prdx6 

S32A plasmid, along with Nox1, Noxo1, Noxa1, and WT Prdx6 plasmids as in B. Upper 

panel: after 48 hours, extracellular superoxide generation was measured. Lower panels: cell 

lysates were prepared and levels of Noxo1, Noxa1, and Prdx6 were analyzed by Western 

blot analysis. (D). Endogenous Nox1 activity in HT-29 cells is supported by WT Prdx6 but 

not by Prdx6 PLA2 or peroxidase mutants. Cells were transfected 48 hours with 2 ug of 

Prdx6 plasmids along with Noxo1 and Noxa1 (0.5 ug each). Left: extracellular superoxide 

generation in the absence or presence of PMA (1 uM) stimulation. Right: corresponding 

Western blotting of cell lysates. Error bars reflect mean ± S.D.; data show representative 

triplicate assays from one of two independent experiments.
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Figure 4. 
TNFα induces transfected Prdx6, Noxo1, and Noxa1 levels and recruitment of Prdx6 into 

the Nox1 complex. (A). A stable Prdx6 knockdown clone of HEK-293 cells was co-

transfected with Nox1, Noxa1, Noxo1 (0.1 ug each), and Prdx6 (0.3 ug) plasmids (48 hours) 

and then treated with TNFα (50 ng/ml). Cell lysates at each time point were prepared and 

analyzed by Western blotting. (B). Extracellular superoxide generation from trypsinized 

cells collected at each time point. (C). TNFα treatment induced Noxo1 recruitment into 

immunoprecipitated Prdx6 complexes. Lysates prepared as in A were incubated with 

agarose-conjugated anti-HA antibody. Co-immunoprecipitated V5-Noxo1 and HA-Prdx6 in 

each precipitated complex were detected with anti-V5 and anti-HA antibodies, respectively. 

(D) TNFα induces Prdx6 recruitment to the Nox1 immune complex at later phases. 

HEK-293 cells were transfected and treated with TNFα, as in B, and then cell lysates were 

prepared for precipitation with agarose-conjugated anti-Nox1 antibody. Prdx6 in immune 

complexes was detected by anti-HA Western blotting. Data show a representative blot of 2 

independent experiments.
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Figure 5. 
PLA2 and peroxidase mutants of Prdx6 fail to support stabilization of Nox1 components and 

superoxide generation in TNFα-treated HEK-293 cells. (A). Overexpressed WT Prdx6 

enhanced extracellular superoxide generation in TNFα-treated HEK-293 cells, whereas 

PLA2 mutant (S32A) and peroxidase mutant (C47S) forms did not. A stable Prdx6-

knockdown clone of HEK-293 cells was co-transfected with or without various forms of 

Prdx6 (0.2 ug), along with Nox1, Noxo1, and Noxa1 (0.1 ug each). At 48 hours post-

transfection, cells were treated with TNFα for 6 hours and extracellular superoxide 

generation from trypsinized cells was measured by the Diogenes superoxide assay. Unpaired 

t-test p value of WT Prdx6 vs. none (No) = 0.001. P value of WT Prdx6 vs. S32A = 0.0042. 

P value of WT Prdx6 vs. C47S = 0.0037. Error bars reflect mean ± S.D (n=3). Right: 

corresponding Western blot analysis of expressed proteins. (B). Prdx6 S32A showed a 

markedly reduced association with the Nox1 system in TNFα-treated HEK-293 cells. A 

stable Prdx6 knockdown clone of HEK-293 cells was co-transfected with Nox1, Noxa1, 

Noxo1, and Prdx6 plasmids WT or S32A as in A (48 hours); cells were then treated with 

TNFα (50 ng/ml) for 9 hours. Cell lysates were incubated with anti-HA antibody and 

associated Noxo1 and Noxa1 were detected with anti-V5 or anti-Myc antibody, respectively. 

Data show a representative blot of three independent experiments. (C). WT Prdx6 dose-

dependently enhanced Noxo1 protein production, whereas Prdx6 S32A did not. HEK-293 

cells were co-transfected with Nox1, Noxa1, and Noxo1 (0.1 ug each), along with increasing 
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amounts of Prdx6 plasmids. Cell lysates were analyzed by Western blotting with anti-V5, 

anti-HA, and Sos1 antibody. Data show representative blots from one of two independent 

experiments.
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Figure 6. 
Inhibition of Prdx6 phospholipase A2 activity suppresses Nox1 activity. (A) Structure of 

MJ33, a transition-state substrate analogue inhibitor of Prdx6 phospholipase A2 activity. (B) 

MJ33 inhibits Nox1 activity reconstituted in HCT-116 cells. Cells were transfected 48 hrs 

with Nox1, Noxa1, Noxo1 (0.5 ug each) and WT or mutant Prdx6 (2 ug) and were then 

treated for 1 hr with MJ33 before harvesting for PMA-stimulated (1 uM) superoxide release 

assays. (C) MJ33 inhibits Nox1 reconstituted in CHO-K1 cells. Cells were transfected with 

Nox1, Noxo1, Noxa1 (0.05 ug) and WT Prdx6 (1 ug) for 40 hrs and then treated for 9 hrs 

with MJ33 before harvesting for superoxide production assays. Western blotting (lower 

panels) of cell lysates shows detection of Prdx6 or other Nox components was not affected 

by these treatments. Error bars reflect mean ± S.D (n=3). Data shown are from one of three 

independent experiments that gave similar results.
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Figure 7. 
Stability of the Nox1-supportive components is reduced by expression of a low activity 

mutant of Nox1. (A). Nox1 H303Q exhibits low superoxide generation in comparison with 

WT Nox1. Increasing amounts of WT or H303Q Nox1 plasmids were transfected into 

HEK-293 cells along with fixed amounts of Noxo1 (0.2 ug), Noxa1 (0.2 ug), and Prdx6 (0.4 

ug). Trypsinized cells were assayed for extracellular superoxide generation 48 hours later. 

(B). Transfection of low activity Nox1 mutant (H303Q) (0.2 ug) along with Noxa1 (0.2 ug), 

Noxo1 (0.2 ug), and Prdx6 (0.4 ug) plasmids results in lower production of Noxa1, Noxo1, 

and Prdx6 in comparison with WT Nox1. (C). Co-expression of H303Q Nox1 with WT 

Nox1 dose-dependently suppresses detection of extracellular superoxide and Noxo1 and 

Prdx6 proteins. Increasing amounts of H303Q Nox1 plasmid were transfected into HEK-293 
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cells along with fixed amounts of Nox1 (0.2 ug), Noxo1 (0.2 ug), Noxa1 (0.2 ug), and Prdx6 

(0.4 ug). Error bars reflect mean ± S.D (n=3). Right panel: corresponding Western blot 

analysis of proteins detected 48 hours post-transfection. Data show a representative of two 

independent experiments.
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Figure 8. 
Prdx6 modulates Nox1-dependent superoxide generation and migration of HCT-116 colon 

epithelial cells. (A). Representative fixed and stained initial (T=0, left) and endpoint (T=20 

hours, right) cell migration images of HCT-116 cells transfected with Nox1, Noxo1, Noxa1, 

and WT Prdx6, as described in Methods. (B). Representative images after 20 hours of 

migration, highlighting (in red) gap areas calculated between cell boundaries, as described in 

Materials and Methods. All cultures (1-6) were transfected with plasmids encoding Noxo1 

and Noxa1, along with various forms of Nox1, HA-Prdx6, or GFP in controls, in the absence 

of transfected Nox1 or Prdx6 ((−) Nox1 and (−) Prdx6, respectively). Overexpressed WT 

Prdx6 supports maximum Nox1-dependent colon epithelial cell migration (upper right). (C) 

Kwon et al. Page 35

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mean gap closure index between migrating cell boundaries calculated at 20-hr endpoints 

from 3 pooled independent transfection experiments. In each experiment, 3-4 replicate Ibidi 

dual chambers were seeded with cells from the same series of six transfections presented in 

B and the endpoint gap closure index was calculated from multiple images (n= 41-54 total). 

Significance levels for comparisons of migration of transfection #2 (WT Nox1 and Prdx6) 

versus any other transfection, calculated by Welch's t-test: p < 10−4. (D) WT Prdx6 supports 

enhanced PMA-stimulated Nox1-derived superoxide generation by HCT-116 cells. Shown 

are results of assays (48 hours post-transfection) of the same transfection series defined in C 

from one of three representative experiments, performed in triplicate. (E) Western blotting of 

HA-Prdx6 and Nox1 components from replicate transfected HCT-116 cell cultures analyzed 

in D. Blotting of two other transfection experiments produced similar results.
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Figure 9. 
Schematic summary of the Nox1-supportive effects of Prdx6. Prdx6 binds to Noxa1, 

assembles with the Nox1 oxidase complex, and promotes higher superoxide generation. 

Lower oxidase activity (left) is observed following Prdx6 silencing or expression of 

phospholipase or peroxidase mutant Prdx6 or mutant Nox1. The Prdx6 phospholipase A2 

inhibitor, MJ33, also suppresses Nox1 activity. TNF-α treatment or WT Prdx6 

overexpression promotes higher Nox1 component production and oxidase activity (right). 

Nox1-derived H2O2 may exert positive feedback effects on oxidase activity through at least 

two mechanisms: inhibition of the protein degradation machinery or direct hyperoxidation of 

Prdx6, which may enhance its phospholipase A2 activity [64].
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