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Abstract

Reactive oxygen species (ROS) are produced in growth factor signaling pathways leading to cell 

proliferation, but the mechanisms leading to ROS generation and the targets of ROS signals are 

not well understood. Using a focused siRNA screen to identify redox-related proteins required for 

growth factor induced cell cycle entry, we show that two ROS generating proteins, the NADPH 

oxidases NOX4 and DUOX2, are required for platelet-derived growth factor (PDGF) induced 

retinoblastoma protein (Rb) phosphorylation in normal human fibroblasts. Unexpectedly, NOX4 

and DUOX2 knockdown did not inhibit the early signaling pathways leading to cyclin D1 

upregulation. However, hours after growth factor stimulation, NOX4 and DUOX2 knockdown 

reduced ERK1 phosphorylation and increased levels of the tumor suppressor protein p53 and a 

cell cycle inhibitor protein p21 (Waf1/Cip1) that is transcriptionally regulated by p53. Co-

knockdown of NOX4 or DUOX2 with either p53 or with p21 overcame the inhibition of Rb 

phosphorylation that occurred with NOX4 or DUOX2 knockdown alone. Our results argue that 

rather than primarily affecting growth factor receptor signaling, NOX4 and DUOX2 regulate cell 

cycle entry as part of a p53-dependent checkpoint for proliferation.
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Introduction

ROS are generated in response to growth factors in the signaling pathways that lead to cell 

proliferation (Bae et al 1997, Sundaresan et al 1995). Cancer cells produce elevated levels of 

ROS (Szatrowski and Nathan 1991, Trachootham et al 2009), and NADPH oxidases, 

proteins that are involved in growth factor induced ROS generation, have been found to be 

over-expressed in tumor cell lines (Laurent et al 2008, Yamaura et al 2009). While these and 

a number of other studies point towards an important role of ROS in cell proliferation, the 
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components and mechanisms of the redox-signaling pathways involved in growth factor-

induced ROS generation and the mechanisms by which growth-factor induced ROS 

generation affect cell cycle control are not well understood.

Current experimental evidence supports a model in which NADPH oxidases generate ROS 

in response to growth factors and the ROS in turn can affect signaling pathways through the 

reversible oxidation of susceptible amino acids that are critical for protein activity (typically 

low pKa, solvent-exposed cysteine residues) (Janssen-Heininger et al 2008, Lambeth 2004, 

Rhee et al 2000, Winterbourn 2008, Winterbourn and Hampton 2008). For example, the 

NADPH oxidase NOX1 has been implicated in ROS production in response to PDGF and 

EGF (Lassegue et al 2001, Park et al 2004) and NOX4 in ROS production in response to 

PDGF or TGF-β (Park et al 2005, Sturrock et al 2007). One of the main protein families that 

are regulated by growth factor induced ROS are the protein tyrosine phosphatases (PTPs). 

EGF stimulation of A431 cells and PDGF stimulation of Rat1 fibroblasts have been shown 

to lead to inhibition of PTPs and enhanced phosphorylation of the growth factor receptors 

(Lee et al 1998, Meng et al 2002). More recently, the NADPH oxidase NOX4 was shown to 

promote oxidation of PTP1B in response to insulin and EGF (Chen et al 2008, Mahadev et 

al 2004). Other signaling proteins such as transcription factors and protein kinases also have 

redox-sensitive cysteines and may be redox regulated within signaling pathways (reviewed 

in (Janssen-Heininger et al 2008, Rhee et al 2000)).

The production of ROS in early growth factor signaling pathways has led to the proposal 

that ROS regulate the G0 to G1 transition of the cell cycle by activating the signaling 

pathways that promote cyclin D expression (Burch and Heintz 2005, Burhans and Heintz 

2009). Increases in CyclinD levels promote the activation of CyclinD/CDK4/6 complexes 

that phosphorylate retinoblastoma (Rb) protein, a key step in the initiation of cell cycle entry 

(Yao et al 2008, Zarkowska and Mittnacht 1997). CyclinD1 expression and cell proliferation 

are increased by overexpression of NOX1 (Ranjan et al 2006) and, in response to TGF-Beta, 

Rb phosphorylation and proliferation are inhibited by NOX4 knockdown (Sturrock et al 

2007).

Here we show a different role for the NADPH oxidases NOX4 and DUOX2. Our data 

suggests that they primarily act by downregulating the p53-dependent signaling pathways 

that inhibit Rb phosphorylation. We identified NOX4 and DUOX2 in a focused siRNA 

screen in normal human fibroblasts aimed at identifying specific redox-associated proteins 

(primarily proteins involved in ROS generation and thiol or cysteine reduction) that affect 

PDGF-induced cell cycle entry. For the screen, we developed a high-throughput 

fluorescence microscopy assay to measure Rb-phosphorylation and DNA content at the 

single cell level directly from fluorescence microscopy images. Surprisingly, we did not 

observe an effect of NOX4 and DUOX2 knockdown on Akt or ERK phosphorylation 

minutes after growth factor stimuli or on CyclinD1 expression. However, NOX4 and 

DUOX2 siRNA knockdown caused a delayed reduction in ERK1 phosphorylation and an 

increase in p53 and p21 levels. These data support a model in which NOX4 and DUOX2 

activity are required to inactivate the p53-dependent checkpoint machinery.
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Materials and Methods

Sources of siRNA

Diced pools of siRNA were generated according to previously published methods (Liou et al 

2005, Myers et al 2003) using the PCR primers and methods in the Supplementary 

Information and Supplementary Table 1. NOX4 and DUOX2 siGENOME siRNA and 

siCONTROL NON-Targeting siRNA Pool #2 (D-001206-14-05) were purchased from 

Dharmacon (Lafayette, CO, USA).

Cell Culture

HS68 cells from the American Tissue Culture Collection (ATCC, Manassas, VA, USA) 

were cultured in 10%CO2 in Dulbucco’s modified eagle medium (DMEM) (Invitrogen, 

Carlsbad, CA, USA) with 10% FBS (ATCC or Invitrogen) plus penicillin-streptomycin-

glutamine (Invitrogen) between passage numbers 16 and 30.

Cell cycle entry assay

Co-star 96-well plates were coated with 0.1mg/ml poly-D-lysine (Sigma-Aldrich (USA)) for 

10 minutes washed with water and dried. HS68 cells were reverse transfected with 10-40nM 

siRNA (final concentration in 150μl) using Lipofectamine 2000 (Invitrogen) following the 

manufacturers protocol except 3000 cells were plated per well. For the co-knockdown 

experiments, we transfected 20nM of each siRNA for a total of 40nM siRNA. The cells 

were incubated with the transfection reagents overnight (12–16 hours) and were then 

washed five times with 0.1% Bovine Serum Albumin (BSA, Sigma-Aldrich (USA)) plus 

DMEM. Forty six to fifty hours after serum removal, the cells were stimulated with 10ng/ml 

PDGF-BB (PeproTech, Inc. (Rocky Hill, NJ, USA) for twenty seven hours and were then 

fixed in 4% paraformaldehyde and washed 5X with phosphate buffered saline (PBS). The 

cells were permeabilized in 0.2% Triton X for 15-30 minutes and blocked in 3% BSA for 

one to two hours. Cells were incubated in pSer807/pSer811 Rb antibody (#9308, Cell 

Signaling Technologies (CST) (Danvers, MA, USA)) 1:500 in 3%BSA overnight at 4°C, 

washed 5X in PBS, then incubated in Alexa 514 goat anti-rabbit IgG antibodies (A-31558, 

Invitrogen) 1:1000 in 3% BSA for two hours at room temperature. The plates were washed 

5X in PBS and then Hoechst 33342 (H3570, Invitrogen) was added to a final concentration 

of 0.1ng/ml. The plates were stored for a minimum of 12 hours at 4°C in Hoechst stain to 

ensure saturation of the Hoechst staining prior to imaging. The 96-well plates were imaged 

with an Image Xpress 5000A and analyzed using MATLAB for their DNA content and 

intensity of Rb staining (see Supplementary Information for details).

Nested PCR and quantitative RT-PCR

HS68 cells were plated, transfected, serum starved and PDGF stimulated (see figure legends 

for details) as described for the cell cycle entry assay except the cells were plated in a 12-

well dish so the volumes and cell numbers were scaled by a factor of 12. Total RNA was 

isolated from HS68 cells using an RNAeasy kit (Qiagen, Valencia, CA, USA) and was then 

reverse transcribed using Superscript III (Invitrogen) following the manufacturer’s protocol 

with random hexamer primers. For the nested PCR, one μl of cDNA per sample was used as 
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a template from a starting concentration of 26ng/μl total RNA. The nested PCR was carried 

out following the same protocol and using the same primers that were used to generate the 

diced siRNA library. For the quantitative RT-PCR, Taqman Gene Expression assays (NOX4 

(Hs00418356_m1), DUOX2 (Hs00204187_m1), GAPDH (Hs99999905_m1) and 

cyclophilin (Hs99999904_m1) from Applied Biosystems (Foster City, CA, USA) were used 

following the manufacturers protocol with fifty ng of total RNA as starting material per 

reaction for the synthetic siRNA pools or 100,000 cells for the single synthetic siRNA. For 

the synthetic siRNA pools, cDNA was prepared as described above and IQsupermix 

(BioRad, (Hercules, CA, USA) was substituted for the master mix and the reactions were 

run on a BioRad icycler. For the single synthetic siRNA reactions, the TaqMan Gene 

Expression Cells-to-CT kit was used (Applied Biosystems/Ambion, Austin, Texas, USA) 

and reactions were run on an Applied Biosystems 7500 real-time PCR instrument.

Western blots

HS68 cells were plated in a 12-well dish, transfected and serum starved as described above 

for quantitative RT-PCR. Approximately forty eight hours after serum removal, cells were 

stimulated with PDGF for various amounts of time (see figure legends). Cells were washed 

with cold PBS and lysed in SDS lysis buffer containing 130mM Tris pH 8.0, 20% Glycerol, 

4.6% sodium dodecyl sulfate, 2% dithiothreitol and .02% bromophenol blue with 

phosphatase inhibitor cocktail I and II (Sigma) and complete protease inhibitor (Roche). The 

lysates were boiled at 95°C for five minutes and collected by centrifugation. Gel 

electrophoresis and western blots were carried out following the Tris-Glycine or NuPAGE 

gel system protocols (Invitrogen).

Western blots were blocked and stained following the Licor-western blot protocol (Li-COR 

Biosciences, Lincoln, Nebraska, USA). The primary antibodies and dilutions were: pT202/

pY204 ERK (#9106, CST) 1:2000, pT308 Akt (#9275, CST) 1:1000, total-ERK 

(#9102,CST) 1:500, total-Akt (#MAB2055, R&D systems (Minneapolis, MN, USA) 1:500, 

cyclin D1 antibody (#2926, CST) 1:1000 and GAPDH (ab8245, abcam, Cambridge, MA). 

All primary antibodies were diluted in Odyssey Blocking Buffer (Li-COR) and the 

incubation times were overnight at 4°C except GAPDH for which the incubation was one 

hour at room temperature. For blots co-stained with pERK/ERK or pAkt/AKT the blots 

were first incubated with the ERK and AKT phosphospecific antibodies and then the 

antibodies for total protein. Secondary antibodies were diluted 1:15,000 in Odyssey 

Blocking Buffer and 1% goat serum. The antibodies were Alexa Fluor 680 Goat anti-Rabbit 

IgG conjugated antibodies (A-21109) and IRDye 800 conjugated Anti-Mouse antibodies 

(610-132-121, Rockland Immunochemicals (Gilbertsville, PA, USA)).

The blots were scanned on a Li-COR infrared imager. Ratios of phosphorylated ERK and 

AKT to total ERK and AKT or total ERK and AKT to GAPDH were quantified in 

MATLAB using the methods described in the supplementary material.

Immunocytochemistry for p53 or p21

Cells were plated, transfected, PDGF stimulated, fixed after 18 hours of PDGF stimuli, 

blocked and permeabilized using the same methods described for the cell-cycle entry assay. 
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The cells were transfected with the DUOX2 or NOX4 Dharmacon synthetic siRNA 

sequences listed in Figure legend 3 or Supplementary Figure 7. NOX4-1 exhibited a 

different effect on p21 levels from the five other NOX4-targeting siRNA and was therefore 

omitted from subsequent analysis. Cells were stained overnight with pRb antibody or with 

p53 antibody (#9282, CST) 1:500 then stained with Alexa-514 conjugated rabbit secondary 

antibody as described above. The cells were then washed 5X with PBS and stained 

overnight with 1:1000 p21 (#6246, Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). 

They were then washed with 5X PBS, stained for two hours with 1:1000 Alexa-568 

conjugated mouse secondary antibody (Invitrogen) and washed again with PBS, Hoechst 

stained and imaged as described above.

Results

Optimization and validation of a cell cycle entry assay

We developed an assay to monitor cell cycle entry using phosphorylated Rb as a readout for 

cyclin/CDK activity and Hoechst stain as a nuclear marker to segment the image and 

measure DNA content (Figure 1a, Supplementary Information and Supplementary Figures 1 

and 2)). We chose HS68 normal human fibroblasts because they can be serum starved, are 

readily transfected with siRNA and are non-transformed (which avoids effects on redox-

signaling that might arise due to transformation). Phosphorylation of Rb on Ser807/811 can 

be detected in HS68 cells with phospho-specific antibodies prior to the initiation of DNA 

synthesis starting at approximately 8 hours after growth factor stimuli and reaching 

maximum levels at approximately 27 hours (Figure 1b–e). We developed an analysis 

method to estimate the percentage of cells in G0/G1, S and G2/M phases directly from 

images of Hoechst stained cells (Figure 1d, Supplementary Information). The Rb-antibody 

staining intensities were also analyzed on a well-to-well basis to determine a threshold level 

to consider the cells Rb-positive (red circles Figure 1c and 1e). We validated that several 

control siRNAs inhibited or promoted cell cycle entry as expected (Supplementary Figure 

2c).

Screening the diced siRNA library identifies NOX4 and DUOX2 as necessary for the PDGF 
proliferative response

To investigate the role of ROS related signaling components in PDGF induced proliferation, 

we generated diced siRNA pools for a targeted set of 96 genes implicated in ROS 

production, in the regulation of ROS production or in cysteine/thiol reduction (Table 1 and 

Supplementary Table 1). For the screen, we transfected duplicate samples of HS68 cells 

with each of the siRNAs and measured the effect of each of the knockdowns in the cell cycle 

entry assay (Figure 2a). All of the siRNA pools either inhibited PDGF-induced cell cycle 

entry or did not have a significant effect compared to cells transfected with negative control 

siRNAs or to cells that were not transfected (Figure 2a). The 10% of siRNAs most strongly 

suppressing cell cycle entry are listed in Figure 2b. Of the ROS generating enzymes 

included in the siRNA library, the NADPH oxidases NOX4 and DUOX2 had the most 

significant effect on PDGF-induced cell cycle entry (Figure 2a–c). These two proteins were 

selected for follow-up studies.
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Verification of the role of NOX4 and DUOX2 in the PDGF proliferative response

To verify that the effects of the siRNA against NOX4 and DUOX2 were not sequence- or 

preparation-specific, we repeated the cell cycle entry assay using synthetic siRNA from 

Dharmacon (Figure 3a–c). For both DUOX2 and NOX4, at least three independent synthetic 

siRNAs consistently caused a significant reduction in Rb phosphorylation compared to the 

negative control (Figure 3b and c). Knockdown of NOX4 and DUOX2 with Dharmacon 

synthetic pools also inhibited Rb-phosphorylation in the cell cycle entry analyzed by 

western blot (Supplementary Figure 3a–b). We also confirmed that transfecting cells with 

NOX4 and DUOX2 synthetic siRNA reduces fluorescence of the ROS-sensitive dye, 5-

(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-

H2DCFDA), which is consistent with a role for these two proteins in producing ROS 

(Supplementary Figure 3c). It is interesting that this reduction in ROS signaling occurs 

already in the absence of growth factor stimulation.

To verify that NOX4 and DUOX2 are expressed in HS68 cells, we conducted RT-PCR 

(Figure 3d–e, Supplementary Figure 3d–f). The Ct values for DUOX2 determined by 

quantitative PCR were low (~ 35 for 50ng of starting total RNA). This could indicate that 

DUOX2 is a low abundance protein, that the synthesized protein is turned over slowly or 

that amplification by the Taqman primer set detects only a subset of the expressed splice 

variants. However, for both NOX4 and DUOX2, approximately a 70% knockdown was 

detected when we transfected siRNA pools against their respective transcripts (Figure 3e).

DUOX2 and NOX4 knockdown have a delayed effect on ERK1 phosphorylation

Our initial working hypothesis was that NOX4 and DUOX2 exert their effects on cell cycle 

entry via the production of ROS, and through inhibition of PTPs within minutes after the 

addition of growth factor stimuli. To test this hypothesis, we investigated the effects of 

NOX4 and DUOX2 knockdown on activation of the ERK and Akt signaling pathways 

which are rapidly activated in response to PDGF. After thirty minutes of PDGF stimulation, 

we were unable to observe a significant reduction in the ratio of pThr308 Akt to total Akt or 

the ratio of pThr202/pTyr204 ERK1/2 to total ERK in cells transfected with NOX4 or 

DUOX2 siRNA compared to those transfected with negative control siRNA (Figure 4a). 

These data suggest that NOX4 and DUOX2 knockdown do not inhibit the initial activation 

of the PDGF receptor kinase activity.

An alternative hypothesis is that NOX4 and DUOX2 do not significantly contribute to early 

growth factor receptor signaling but that they maintain long term ERK or Akt signaling or 

enhance a different proliferative signaling mechanism. Figure 4b shows some of the known 

alternative signaling events related to PDGF signaling and cell cycle entry. We tested for a 

delayed regulatory role of NOX4 and DUOX2 by measuring phosphorylation of ERK and 

Akt nine hours after PDGF stimulation. Akt Thr 308 phosphorylation was undetectable at 

this time point. However, nine hours after PDGF stimulation, NOX4 and DUOX2 

knockdown with the siRNA pools reduced both pThr202/pTyr204 ERK1 and total ERK1 

(Fig 4c–d, Supplementary Figure 4a, in comparison to GAPDH). The effect on the ERK1 

levels is relatively small for several of the siRNAs (Supplementary Figure 4a–c), suggesting 

that the primary effect of NOX4 and DUOX2 knockdown on ERK signaling is at the level 
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of ERK1 phosphorylation (Fig 4e–f). Since it has been shown that persistent ERK activation 

promotes the expression of cyclin D1 (Chambard et al 2007) and since an increase in cyclin 

D1 promotes Rb-phosphorylation and cell cycle entry, we tested for an effect of NOX4 and 

DUOX2 knockdown on PDGF triggered cyclin D1 expression. We did not find a significant 

effect of NOX4 or DUOX2 knockdown on cyclin D1 expression, indicating that these 

proteins regulate an alternative pathway to promote cell cycle entry (Figure 4g).

DUOX2 and NOX4 promote Rb phosphorylation through p21-p53 dependent pathways

We hypothesized that NOX4 and DUOX2 may promote cell cycle entry by downregulating 

the Cip/Kip (p21, p27 and p57) protein families that inhibit cyclin/cdk activity by binding to 

cyclin/cdk complexes (Figure 4b). Specifically, we focused on p21, since previous reports 

have shown that p53, a transcription factor that regulates the cyclin/cdk inhibitor p21, can be 

regulated by ROS (Hainaut and Mann 2001, Sun et al 2003, Velu et al 2007). We therefore 

decided to test if NOX4 and DUOX2 promote PDGF-induced Rb phosphorylation and cell 

cycle progression through regulation of p53 and/or p21.

To test this, we first conducted co-knockdown experiments to see if simultaneously 

transfecting p21 or p53 siRNA with NOX4 or DUOX2 siRNA would reduce PDGF induced 

Rb phosphorylation. We show that the effects of NOX4 or DUOX2 knockdown could be 

partially compensated for by p21 knockdown (Figure 5a and b). In the context of a p53 

knockdown, NOX4 and DUOX2 knockdown no longer had a strong effect on Rb-

phosphorylation levels, indicating that NOX4 and DUOX2 only affect Rb-phosphorylation 

when p53 is present (Figure 5a and c). Importantly, p21 and p53 siRNA could not 

compensate for the inhibition of PDGF induced Rb phosphorylation caused by cyclin D1 

knockdown, providing further support that NOX4 and DUOX2 exert their effects on PDGF 

signaling through mechanisms that are independent of the signaling pathways leading to 

cyclin D1 expression (Supplementary Figure 6a–b).

To demonstrate a more direct effect of DUOX2 and NOX4 knockdown on p53 or p21, we 

measured p53 and p21 immunofluorescence in the cell cycle entry assay in the presence of 

NOX4 or DUOX2 siRNA. We first validated with siRNA knockdown experiments that the 

p53 and p21 antibodies were effective (Supplementary Figure 5). All three DUOX2 

synthetic siRNA sequences that inhibit Rb phosphorylation (Figure 3b) increased both p53 

and p21 protein levels 18hours after PDGF stimulation (Figure 6a–b). The two NOX4 

synthetic siRNA sequences that most strongly inhibited Rb phosphorylation (Figure 3b) as 

well as two additional NOX4-targeting siRNA sequences also increase p53 and p21 protein 

levels (Figure 6a–b, Supplementary Figure 7).

Since p53 compensated for NOX4 and DUOX2 knockdown more strongly than p21, it 

suggested that more than one pathway downstream of p53 may affect Rb phosphorylation. 

In addition to regulating p21 transcription, p53 has also been proposed to transcriptionally 

regulate the dual specificity phosphatases (DSPs) MKP-1/DUSP1, PAC1/DUSP2 and 

DUSP5 (Li et al 2003, Liu et al 2008, Wu 2004). These three nuclear localized dual 

specificity phosphatases can all dephosphorylate ERK (reviewed in (Keyse 2008)). We 

therefore tested if siRNA targeting MKP-1/DUSP1, PAC1/DUSP2 or DUSP5 could also 

compensate for NOX4 or DUOX2 knockdown. Using dicer generated siRNA, MKP-1/
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DUSP1, PAC1/DUSP2 and DUSP5 knockdown all partially compensated for NOX4 and 

DUOX2 knockdown (Figure 6c–d). These results are consistent with the hypothesis that 

NOX4 and DUOX2 target the MAPK pathway via the dual-specificity phosphatases and that 

inhibition of DUSP transcription may be an additional mechanism by which p53 knockdown 

compensates for NOX4 and DUOX2 knockdown.

Discussion

We used a targeted siRNA screen for redox related proteins and identified DUOX2 and 

NOX4 as regulators of PDGF induced cell cycle entry. Markedly, rather than acting on the 

early receptor signaling phosphorylation events that happen within minutes after growth 

factor stimulation (Bae et al 2000, Meng et al 2002, Park et al 2004) and lead to cyclin D 

expression (Ranjan et al 2006), we found a key role of NOX4 and DUOX2 in PDGF 

signaling after cyclin D1 accumulation through the down-regulation of p53 and p21 protein 

levels. The involvement of p53 and p21 in NOX4 and DUOX2 signaling downstream of 

PDGF is also supported by our co-knockdown compensation experiments in which we 

combined siRNAs against NOX4 or DUOX2 with siRNAs against p53 or p21 and show that 

p53 or p21 siRNA were able to wholly or partially revert the suppression of proliferation by 

NOX4 and DUOX2 knockdown. Together these findings provide evidence that NOX4 and 

DUOX2 play a role in a p53-dependent checkpoint mechanism for cell cycle entry.

Regulation of cell cycle entry by NOX4 and DUOX2

Previous studies on the causes and consequences of ROS generation in PDGF signaling have 

primarily focused on the signaling pathways immediately downstream of growth factor 

receptor stimulation (5–60 minutes) (Bae et al 2000, Meng et al 2002, Park et al 2004). Our 

study points towards a different role for NOX4 and DUOX2 in regulating pathways that can 

influence longer term signaling events (Figure 7). NOX4 and DUOX2 knockdown did not 

affect early signaling events including activation of the AKT and ERK pathways and 

induction of cyclin D1 expression. However, NOX4 and DUOX2 knockdown did induce a 

delayed effect on ERK1 phosphorylation nine hours after PDGF receptor stimulation. While 

this observation suggests a role for NOX4 and DUOX2 in MAPK signaling, the lack of a 

significant effect on cyclin D expression points to alternative roles of this phosphorylation. 

For example, ERK activity is also important for cell cycle progression by regulating CDK2 

nuclear localization and by inhibiting the expression of anti-proliferative genes (reviewed in 

(Chambard et al 2007).

Since the effect of NOX4 and DUOX2 knockdown on MAPK signaling does not explain 

how these proteins affect cell cycle entry, we investigated whether NOX4 or DUOX2 might 

target inhibitors of cyclin/cdk complexes. Surprisingly, we show that co-knockdown of 

NOX4 or DUOX2 together with p21, a cyclin/cdk complex inhibitor, or p53, which 

regulates p21 transcription, compensated for NOX4 or DUOX2 knockdown. The 

compensating effect of p53 was more consistent and significant than that of p21, suggesting 

that p53 affects Rb phosphorylation through more than one pathway. This also suggested 

that p53 is an important target for NOX4 and DUOX2. This was further supported by our 

finding that NOX4 or DUOX2 knockdown increased levels of both p53 and p21. 
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Furthermore, knockdown of three dual specificity phosphatases that are transcriptionally 

regulated by p53 also partially compensated for NOX4 or DUOX2 knockdown. This was of 

particular interest since it could account for how an effect of NOX4 or DUOX2 on p53 

signaling could be mediated by a delayed effect of NOX4 and DUOX2 knockdown on 

MAPK signaling via regulation of these phosphatases.

In addition to a regulation of the concentration of p53, it is also interesting to note that p53 

has redox sensitive cysteine residues in the DNA binding domain and oxidation of these 

residues have been shown to inhibit p53 DNA binding activity, providing a second likely 

mode of regulation (Hainaut and Mann 2001, Sun et al 2003, Velu et al 2007). Together, this 

provides support for a model of a signaling pathway that links ROS production by NOX4 

and DUOX2 to oxidation and inhibition of p53. Given the known complexity of p53 and 

p21 associated regulatory mechanisms, alternative or additional mechanisms cannot be 

completely excluded and it is for example conceivable that p53 may be targeted by the 

NADPH oxidases through ROS independent mechanisms. Further clarification of the 

detailed regulatory mechanisms of this NOX4 and DUOX2 pathway is an avenue for future 

studies that could be important for understanding the redox regulation of p53.

Our evidence that NOX4 acts through a p53 dependent pathway could reconcile several 

disparate previously proposed NOX4 functions. In addition to the role in PDGF signaling 

that we have demonstrated, NOX4 has been linked to endothelial cell proliferation (Petry et 

al 2006), TGF-Beta induced cell proliferation (Sturrock et al 2006, Sturrock et al 2007), and 

TGF-beta induced differentiation (Cucoranu et al 2005). TGF-beta activates the SMAD 

family of transcription factors. In vascular smooth muscle cells, NOX4 was shown to 

maintain the differentiated phenotype of cells by promoting SMAD phosphorylation and 

smooth muscle actin expression. Recently, several papers have revealed that p53 is an 

essential partner of SMADs in regulating the transcription of target genes (Wilkinson et al 

2005, Wilkinson et al 2008). While further investigation is required, our data demonstrating 

that p53 is a target of NOX4 could explain how NOX4 is involved in both TGF-beta and 

PDGF signaling pathways.

NOX4 and DUOX2 as part of a p53-dependent NADPH sensing checkpoint

Our data raise the question of what function NOX4 and DUOX2 may have in regulating 

p53-p21 dependent signaling pathways. In addition to the effect of NOX4 and DUOX2 on 

PDGF induced cell cycle entry, we also observed that NOX4 and DUOX2 knockdown can 

affect basal ROS levels, suggesting that these proteins have a function that is at least 

partially independent of the PDGF receptor (Supplementary Figure 3c). This led us to 

consider the interesting hypothesis that NOX4 and DUOX2 may be acting in basal and 

stimulated cells as sensors for their two substrates, NADPH and oxygen. Both NADPH and 

oxygen are necessary for cell proliferation. Signaling from NOX4 and DUOX2 to p53 could 

then provide a mechanism for cells to sense if sufficient levels oxygen and NADPH are 

present to complete the cell division cycle. NADPH oxidases have previously been 

suggested to act as sensors for oxygen (reviewed in (Ward 2008). NADPH, which is utilized 

in proliferation in the synthesis of cholesterol, fatty acids and deoxyribonucleic acids could 

also affect the activity of the NADPH oxidases. P53 is a target for other enzymes that sense 
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precursors necessary for cell proliferation. Low glucose levels and depletion of 

ribonucleotides can both lead to p53 activation (Jones et al 2005, Linke et al 1996). Based 

on our new data, we propose that NOX4 and DUOX2 may also act through p53 and function 

as joint sensors for oxygen and NADPH. This control mechanism could ensure that 

proliferation persists only when sufficient NADPH and oxygen are present.

In conclusion, we have demonstrated that knockdown of NOX4 and DUOX2 in human 

normal fibroblasts results in an inability to enter the cell cycle. Co-knockdown of these 

proteins with p53 restores normal cell cycle entry and knockdown of either of these two 

proteins alone leads to an increase in p53 and p21 levels. We propose that NADPH levels 

may be a limiting factor that is sensed in cells by the NADPH oxidases. Proper activation of 

NADPH production could then be sensed by p53, providing an additional checkpoint that is 

necessary for the initiation of cell cycle entry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of cell cycle entry assay
a) Schematic of the cell cycle entry assay. b) Images of Hoechst stained cells that are serum 

starved (top) and PDGF stimulated (bottom). The lower right hand corner of the image of 

cells that have been stimulated by PDGF shows a zoomed region of the image with the mask 

that was used to calculate the Hoechst stain intensities. c) Images of Rb staining for the same 

cells shown in Figure 1b. The lower right hand corner of the image of cells that have been 

stimulated by PDGF shows a zoomed region with the mask that was determined form the 

Hoechst stain and was used to calculate the Rb staining intensities. Cells labeled with a red 

dot have an Rb staining intensity above the intensity limit that was set using the kmeans 

algorithm (see Supplementary Information) to consider cells as Rb positive. d) Histograms 

of the DNA content determined from the images shown in b). e) Scatter plots of the mean 

intensity of the phosphorylated Rb stain versus DNA content. Cells that fall above the Rb 

limit determined in the analysis by a kmeans algorithm are shown in red.

Salmeen et al. Page 13

Oncogene. Author manuscript; available in PMC 2011 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. siRNA screening results
a) Results from the siRNA screen comparing the duplicate measurements (one on each axis) 

for each gene and for the controls (GL-3 diced siRNA as the negative control and 

untransfected cells for comparison). b) List of the genes for which the corresponding siRNA 

resulted in the lowest Rb staining intensity (the list was arbitrarily cut off to include 

approximately the lowest 10%). c) Comparison of the fraction of Rb positive cells for six 

members of the NADPH oxidase family. Due to a separate listing for a NOX4 variant in an 

earlier version of the NCBI RefSeq database (subsequently removed), we generated two 

diced siRNA pools for different regions of NOX4 and found that NOX4-1 siRNA. The 

NOX4-1 diced siRNA pool also caused a more significant reduction in NOX4 mRNA levels 

when measured by quantitative RT-PCR (Supplementary Figure 3d). The NADPH oxidase 

NOX3 was excluded because the siRNA preparation was unsuccessful.
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Figure 3. Verification that NOX4 and DUOX2 affect Rb phosphorylation in HS68 cells
a) Images of cells transfected with negative control siRNA (10nM), NOX4 Dharmacon 

synthetic siRNA pool (10nM) and DUOX2 Dharmacon synthetic siRNA pool (10nM) 

stained with pSer807/pSer811 Rb antibodies (top) and stained with Hoechst stain (bottom). 

b) Combined results from three independent experiments (n=17 for each NOX4 and 

DUOX2 and n=13 for negative control) showing the effect of three individual siRNA for 

NOX4 (NOX4-1: CAGGAGGGCUGCUGAAGUA, NOX4-2: 

GGGCUAGGAUUGUGUCUAA, NOX4-3: GAUCACAGCCUCUACAUAU) and DUOX2 

(DUOX2-1: GGAAUGGCCUCCCAGAUUU, DUOX2-2: 

GGAGUGAUCUCAACCCUAA and DUOX2-3: GAGGAUAAGUCCCGUCUAA) on the 
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fraction of Rb positive cells. The final concentration of siRNA used was 10 or 20nM. The 

negative control was Dharmacon siGenome Non-Targeting pool number 2. c) Same as b) 

except figure shows quantification of fraction of cells in S-phase determined from 

measurements of the Hoechst stain intensity. d) Nested PCR from cDNA libraries generated 

from HS68 cells that were serum starved 48 hours (top) or serum starved for 48 hours then 

stimulated with PDGF for 27 hours (bottom). e) Quantitative RT-PCR from cDNA libraries 

generated from cells transfected with 20nM Dharmacon synthetic pools of NOX4 or 

DUOX2 siRNA or Dharmacaon negative control siRNA and serum starved 48 hours. Error 

bars represent the low and high fold change based on the standard deviation of the ΔΔCt 

values for three PCR reactions from the same cDNA library with the exception of detection 

of the DUOX2 transcript with DUOX2 siRNA which was only detectable in two of three 

PCR reactions.
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Figure 4. NOX4 and DUOX2 knockdown suppresses long term ERK1 phosphorylation but not 
short term ERK1 phosphorylation, Akt phosphorylation or Cyclin D1 expression
a) Western blot showing ERK and Akt phosphorylation in response to PDGF after 

30minutes for cells transfected with synthetic pools of NOX4, DUOX2 or non-targeting 

siRNA from Dharmacon. The complete western blot with molecular weight markers is 

shown in the supplementary information. b) Diagram of PDGF signaling pathways that were 

investigated to study the role of NOX4 and DUOX2 in proliferation. c) Western blot 

showing ERK phosphorylation in lysates from cells transfected with Dharmacon 

siGENOME synthetic pools of NOX4, DUOX2 or non-targeting siRNA after 9 hours of 

PDGF stimulation. The complete western blot with molecular weight markers is shown in 

the supplementary information. The bands were labeled as ERK1 and ERK2 based on their 

respective molecular weights, the identity of the two bands was also confirmed by 

transfecting cells with ERK1 and ERK2 specific siRNA. d) Quantification of ERK1 and 

ERK2 phosphorylation levels expressed as a ratio to levels of GAPDH from cell lysates 

transfected with synthetic pools of NOX4, DUOX2 or non-targeting siRNA (all Dharmacon 

siGENOME siRNA) after nine hours of PDGF stimuli. Error bars represent standard error of 

the mean, n=6. e) Quantification of ERK1 and ERK2 phosphorylation expressed as a ratio to 

GAPDH levels from cell lysates transfected with single synthetic siRNA targeting DUOX2 

or non-targeting siRNA (all Dharmacon siGENOME siRNA) after nine hours of PDGF 

stimuli. Error bars represent standard error of the mean, n=6. f) Quantification of ERK1 and 

ERK2 phosphorylation expressed as a ratio to GAPDH levels from cell lysates transfected 
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with single synthetic siRNA targeting NOX4 or non-targeting siRNA (all Dharmacon 

siGENOME siRNA) after nine hours of PDGF stimuli. Error bars represent standard error of 

the mean, n=6. g) Western blot showing CyclinD1 expression levels in response to PDGF 

with NOX4 and DUOX2 siRNA.
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Figure 5. Co-knockdown of NOX4 or DUOX2 with p53 or p21 restores cell cycle entry
a) DNA content scatter plots in which the color of the points represents the density of the 

points in a given region. The density is calculated by the reciprocal of the area of the 

voronoi region surrounding the centroid of a point. The two siRNA that were transfected are 

listed at the top of each plot. For all of the co-knockdown experiments the total siRNA 

concentration was kept constant by adding negative control siRNA to ensure that any effects 

we observed were not due to concentration differences. b) Results of the cell cycle entry 

assay for co-knockdown of synthetic pools of NOX4, DUOX2 or non-targeting siRNA (all 

Dharmacon siGENOME siRNA) with p21 or non-targeting negative control siRNA. The 

light grey bars were normalized to the fraction of Rb-positive cells in samples transfected 

with (−)CTRL/(−)CTRL siRNA. The dark grey bars were normalized to the fraction of Rb-

positive cells for cells transfected with (−)CTRL/p21 siRNA. P-values were calculated using 

a t-test assuming a normal distribution. c) Results of the cell cycle entry assay for co-

knockdown of synthetic pools of NOX4, DUOX2 or non-targeting siRNA (all Dharmacon 

siGENOME siRNA) with p53 or non-targeting negative control siRNA. The light grey bars 

were normalized to the fraction of Rb-positive cells in samples transfected with (−)CTRL/

(−)CTRL siRNA. The dark grey bars were normalized to the fraction of Rb-positive cells for 

cells transfected with (−)CTRL/p53 siRNA.
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Figure 6. NOX4 and DUOX2 are required to suppress p53-dependent signaling pathways
a) DUOX2 knockdown increases p21 and p53 levels. Intensity distributions of single cell 

immunofluorescence measurements of cells stimulated with PDGF for 18 hours and stained 

with p21 antibodies (top) or p53 antibodies (bottom). Cells were transfected with DUOX2-1, 

DUOX2-2 DUOX2-3 or negative control synthetic siRNA (N=12, for p21, p< .001 for all 

three DUOX2 siRNAs and, for p53, p<.05 for DUOX2-1 and DUOX2-2, see supplementary 

material). b) NOX4 knockdown increases p21 and p53 levels. Panels same as a) except that 

cells were transfected with NOX4-2, NOX4-3 or negative control siRNAs ( N=18, for p21, 

p<.001 for NOX4-2 and NOX4-3 siRNAs and, for p53, p<.05 for the same siRNAs). c) 

Compensation by dual specificity phosphatases. DUSP1, DUSP2 and DUSP5 phosphases 

were knocked down together with NOX4, showing partial compensation of Rb 

phosphorylation ( Dharmacon siGENOME siRNAs for NOX4 and dicer generated pools 

targeting the DUSPs). d) Same as c) except that DUOX2 was targeted instead of NOX4.
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Figure 7. 
Proposed model for the role of NOX4 and DUOX2 in promoting cell cycle entry.
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Table 1

Composition of the siRNA library.

Category Gene Names

NADPH OXIDASES NOX1, CYBB (NOX2), NOX3, NOX4, NOX5, DUOX1, DUOX2, SYTL1

NADPH OXIDASE Regulatory Subunits and Related 
Proteins

CYBA (p22 phox), NCF1 (p47phox), NOXO1, NOXA1, RUFY1

Protein Kinase C Isoforms PRKC1, PRKCQ, PRKD3, PRKCH, PRKCD, PKCB1, PRKCD, PRKCB1, 
PRKCABP, PRKCE PRKCA, PRKCDBP, PRKCG, PRKCZ

Small GTPases, GEFs, GAPs, GDIs HRAS, KRAS, RAC2, CDC42, RACGAP1, ARHGEF7, ARHGAP30, 
RAP1GDS, ARHGDIA, ARHGDIB

Lipoxygenases LOXHD1, ALOX5AP, ALOXE3, ALOX15B, ALOX5, ALOX12B, ALOX12

Cycloxygenases PTGS1 (Cox1), PTGS2 (Cox2)

Peroxiredoxins PRDX1, PRDX2, PRDX3, PRDX4, PRDX5, PRDX6

Glutaredoxins GLRX, GLRX2

Glutathione Peroxidase GPX1, GPX2, GPX3, GPX4, GPX5, , GPX6, GPX7, LOC389839

Thioredoxins/Thioredoxin Reductases TXN, TXN2, TXNRD1, TXNRD2, TXNRD3

Thioredoxin like TXNL1, TXNL2, TXNL4

Thioredoxin Domain Containing Proteins TXNDC, TXNDC2, TXNDC3, TXNDC9

Catalase CAT
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