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Chapterr 9 
REGULATIONN OF THE OXIDASE SYSTEM IN 

HUMANN ENDOTHELIAL CELLS. 
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Expressionn and localization of NOX2 and NOX4 in primary 

humann endothelial cells 

J.D.. van Buul, M. Fernandez-Borja, E.C. Anthony and P.L. Hordijk 

Sanquinn Research at CLB and Landsteiner Laboratory, Academic Medical Center, University of Amsterdam, 

Amsterdam,, The Netherlands. 

Abstract t 

Reactivee oxygen species (ROS) control the integrity of the vascular endothelium. 

Ourr lab has recently shown that transduction of human umbilical vein endothelial cells 

(HUVEC)) with an active variant of the small GTPase Rac promotes the production of 

ROS,, ROS-dependent activation of p38 MAP kinase and loss of VE-cadherin-mediated 

cell-celll adhesion 

Wee show that HUVEC express mRNAs for NOX2 as well as NOX4, but not for 

NOX11 or NOX3. Interestingly, NOX4 mRNA was expressed at approximately 100-fold 

higherr levels compared to NOX2 mRNA. NOX4-GFP largely localized to an 

intracellularr compartment that co-stained with a marker for the endoplasmic reticulum, 

andd its distribution did not overlap with lysosomes, Weibel-Palade bodies or 

mitochondria.. The NOX2-regulatory proteins p47ph0* and p67ph03C associated with the 

actinn cytoskeleton and were found in cell protrusions and membrane ruffles, co-

localizingg with Racl. This translocation to the cell periphery was promoted by TNF-a. 

Finally,, scavenging of ROS was found to impair TNF-a-induced cytoskeletal 

rearrangementss and the formation of a confluent endothelial monolayer. 

Together,, these data prove the differential mRNA expression of NOX family 

memberss in human endothelium and indicate that these NOX proteins and their 

regulatorss may be involved in the control of endothelial cell spreading, motility and cell-

celll adhesion. 

Introduction n 

Reactivee oxygen species (ROS) are well known for their role in killing engulfed 

pathogenss by phagocytic leukocytes. ROS are generated in the cells through the NADPH-

oxidasee system, which is a complex of multiple membrane-associated and cytosolic 
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componentss (37). This multi-molecular complex uses electrons, derived from intracellular 

NADPH,, to generate superoxide anions, which subsequently dismutate to H2O2 (5). 

However,, next to their role as "pathogen-killer", it has been shown that low levels of 

ROSS function as second messengers and are involved in intracellular signalling in a variety of 

celll  types. Irani and colleagues showed previously that ROS were required for Ras-mediated 

cell-growthh in fibroblasts (18). Since then, numerous reports have been published on the 

signallingg capacities of low levels of ROS (for review: 6, 8, 23), particularly in the vascular 

endothelium.. At sites of inflammation and infection, the local environment is enriched with 

cytokines,, such as tumor-necrosis-factor (TNF)-a, interleukin (IL)- l and interferon (INF)-y. 

Thesee cytokines induce a dose- and time-dependent increase in ROS in endothelium (23). 

Alsoo shear stress as well as vasoactive peptides such as bradykinin induce production of ROS 

inn endothelial cells (16, 40). 

Thee generation of ROS requires the activation of the small GTPase Rac. Studies with 

Rac2-deficientt cells have shown clearly that the NADPH-oxidase system in neutrophils 

mainlyy depends on Rac2 (12, 15). However, in other cell-types such as endothelium and 

monocytes,, it has recently been shown that the NADPH-oxidase complex favours Racl over 

Rac22 for the generation of ROS, albeit that the amounts of ROS generated in endothelial cells 

aree almost 100-fold lower than in neutrophils (29,41). 

Recentt literature indicates that the NADPH-oxidase system, as it is present in 

neutrophils,, is also expressed in endothelial cells (13, 21). We recently reported that 

transductionn of an active form of Racl (RacV12) into endothelial cells induces ROS 

productionn and ROS-mediated loss of endothelial cell-cell adhesion (35). Moreover, 

endotheliall  cell migration also appeared to be dependent on ROS (35). However, the 

mechanismm and signalling pathways that drive Rac-dependent ROS production in endothelial 

cellss are currently unclear. 

Inn the present study, we analysed the expression of the leukocyte NADPH-oxidase 

componentss gp91phox (phagocytic oxidase), also called NOX2 (NADPH-oxidase2), p67phox, 

p47pboxx and p22phox in endothelial cells. We found, using real time-PCR, relatively high 

expressionn of NOX4 mRNA, a NOX2-homologue, in endothelial cells. By using micro-

injectionn of a NOX4-GFP fusion construct into endothelial cells, we detected NOX4-GFP at 

thee endoplasmatic reticulum. Moreover, GFP-fusion proteins of p47phox and p67phox also 

localizee to the endoplasmatic reticulum and translocate to the tips of TNF-a-induced 

membranee ruffles, together with the small GTPase Racl. These findings are compatible with 
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expressionn of multiple oxidase-generating enzymes in endothelial cells that may play a role in 

endotheliall  cell-cell adhesion and motility. 

Methods s 

Materials.Materials. Monoclonal antibodies (mAb) to P-catenin were obtained from 

Transductionn Laboratories (Becton Dickinson, Amsterdam, The Netherlands). Polyclonal Abs 

too p67phox and p47phox were purchased from Upstate Biotechnology (Lake Placid, NY, USA). 

Monoclonall  Ab to NOX2 (7D5) was a kind gift of Dr. Nakamura (Nagasaki University, 

Nagasaki,, Japan), mAb to p67phox was a kind gift of Dr. Quinn (Montana State University, 

Bozeman,, USA), mAb to p47phox was a kind gift of Dr. Heyworth (Scripps Research Institute, 

Laa Jolla, California, USA) and mAb to p22phox (449) was kindly provided by Dr. D. Roos 

(Sanquinn Research at CLB, Amsterdam, The Netherlands). mAb to VE-cadherin (7H1) was 

obtainedd from Pharmingen (Becton Dickinson, Amsterdam, The Netherlands). Texas-Red 

Phalloidin,, Alexa-488-labeled GocM-Ig, Alexa-568-labeled GccM-Ig, Alexa-568-labeled 

GotR-Igg secondary Abs and Mitotracker were purchased from Molecular Probes (Leiden, The 

Netherlands).. Ab to calreticulin was obtained from Affinit y Bioreagents (Golden, CO, USA). 

CD633 mAb was obtained from Sanquin (Amsterdam, The Netherlands). TNF-a, N-acetyl-

cysteinee (N-AC) and Tiron were purchased from Sigma-Aldrich (Chemical Co, St. Louis, 

MO,, USA). 

CellCell culture. Primary human umbilical vein endothelial cells (pHUVECs) were 

isolatedd from fresh umbilical veins as described previously (4) and used for passage 2-4. 

pHUVECs,, immortalized HUVEC and immortalized human microvascular endothelial cells 

(HMEC)) were cultured at 37°C at 5% C02 in FN-coated flasks in Ml99 medium (Gibco-

BRL;; Life Technologies) supplemented with L-glutamine (300 ug/ml, Gibco), 20% heat-

inactivatedd fetal-calf serum (FCS; Life Technologies, Paisley, Scotland, UK), 100 U/ml 

penicillinn and 100 ug/ml streptomycin. The cells were passaged by treatment with 

trypsin/EDTAA solution (Gibco). Jurkat, Ramos and the stroma cell line 88.7 were cultured at 

37°CC at 5% C 02 in IMDM medium (Gibco) supplemented with L-glutamine (300 ug/ml, 

Gibco),, 10% heat-inactivated FCS (Life Technologies), 100 U/ml penicillin and 100 ug/ml 

streptomycin.. Stroma cells were passaged by treatment with trypsin/EDTA solution (Gibco). 

Neutrophilss were isolated according to Roos and De Boer (28). 

Constructs.Constructs. The full-length cDNA encoding NOX4 was a kind gift of Dr. J.D. 

Lambethh (Emory University Medical School, Atlanta, GA, USA). The NOX4 cDNA was 
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subclonedd as a KpnI-Apal PCR-fragment into the pE-GFP NI-vector, resulting in a NOX4-

GFPP fusion product (Clontech, Palo Alto, CA, USA). The füll-length cDNA's encoding 

NOX2,, p67phox and p47phox were a kind gift of Dr. D. Roos (Sanquin Research at CLB, 

Amsterdam,, The Netherlands). The NOX2 cDNA was subcloned as a BamHI-Hindlll PCR-

fragmentfragment into the pE-GFP-C 1 vector (Clontech), resulting in a GFP-NOX2 fusion construct. 

Thee p67phox cDNA was subcloned into the pE-GFP CI-vector as described (32). The p47phox 

cDNAA was subcloned as an EcoRI-Apal PCR-fragment into the pE-GFP CI-vector 

(Clontech).. The constructs were microinjected into the nuclei of primary endothelial cells as 

describedd in the Method section microinjection. 

Green-Fluorescent-ProteinGreen-Fluorescent-Protein (GFP)-Rac expressing endothelial cells. The full-length 

cDNAA encoding Racl was a kind gift of Dr. J.G. Collard (Netherlands Cancer Institute, 

Amsterdam,, The Netherlands). The Racl cDNA was subcloned as an Xho-SnaBI PCR-

fragmentt and swapped with the actin cDNA from the modified LZRS-GFP-actin-IRES-zeocin 

vectorr (39). The resulting construct, LZRS-GFP-Rac-IRES-zeocin, was transfected into 

amphotropicc Phoenix packaging cells (20) by means of the calcium-phosphate transfection 

systemm (Life Technologies) to produce retroviruses. HUVECs were transduced with virus-

containingg supernatant in the presence of 10 ug/ml DOTAP (Boehringer). After 6 hours, the 

supernatantt was replaced with fresh medium, and the cells were allowed to recover overnight. 

Thiss procedure was repeated twice on two consecutive days. Transduced cells were sorted for 

GFPP expression by FACStar (Becton Dickinson, Heidelberg, Germany). 

GenerationGeneration of cDNA. Total RNAs were extracted from confluent HUVEC using 

RNAzolee protocol (Campro Scientific, Veenendaal, The Netherlands) from which mRNA was 

isolatedd using Qiagen Isolation Kit (Qiagen, Valencia, CA, USA). The reverse transcriptase 

reactionn contained Reverse Transcriptase and buffer, RNAse inhibitor, Hexanucleotide mix 

andd DTT (all from Boehringer Mannheim, Germany) and dNTPs (MBI Fermentas, St.Leon-

Rot,, Germany) and approximately 2 \ig of mRNA. This mix was incubated at 42°C for 45 

minutess and then at 99°C for 3 minutes. 5% of this reaction was used for the nested PCR and 

quantativee PCR, as described in the sections below. 

NestedNested Polymerase Chain Reaction. Taq-polymerase, buffer and dNTPs (all from MBI 

Fermentas)) and primers for the appropriate NOX were combined. 20% of the resulting PCR 

productt was used in a nested PCR under the same conditions. Amplification of Abl was used 

too check the integrity of the cDNA used. 

Real-timeReal-time quantitative-Polymerase Chain Reaction. Syber-green Taq mix and Syber-

greenn (Eurogentec, Maastricht, The Netherlands) was combined with forward, reverse 
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primers,, cDNA and water. The following primers for real-time quantitative PCR were used: 

forwardd primer for NOX2: CTGGACAGGAATCTCACCTTTCAT, reverse primer for 

NOX2:: AATTTATCTACACGTTACCACACTTAG; forward primer for NOX4: 

GCCAACGAAGGGGTTAAACA,, reverse primer forNOX4: CGGGAACCAATATGTTCG 

TTCTTC.. The house-keeping gene Gus was used as a controll  to generate a standard curve and 

thee relative expression of NOX2 and N0X4 was calculated by means of this standard curve. 

Micro-injection.Micro-injection. Confluent monolayers of HUVEC were injected with cDNA of GFP-

NOX2,, NOX4-GFP, p67phox-GFP or p47phox-GFP (50-60 cells/ glass cover slip) by means of 

ann Eppendorf Microinjection Unit (Microinjector model 5242; Micromanipulator model 5170; 

C022 Controller model 3700, and Heat Controller model 3700) attached to a microscope 

(Axiovertt 135m; Zeiss, Inc., Thornwood, NY). After microinjection, the samples were 

processedd for confocal imaging microscopy as described in the next section. 

Immunocytochemistry.Immunocytochemistry. HUVEC were cultured on FN-coated glass cover slips and 

weree fixed and immunostained as described (17) with antibodies (5 u.g/ml) to the various 

proteinss as indicated. The antibodies were subsequently visualized with fluorescently labelled 

secondaryy anti-mouse IgG or anti-rabbit IgG antibodies (5 u.g/ml). F-actin was visualized by 

Texas-Redd Phalloidin (1 U/ml). In some experiments, the cells were pre-treated 30 minutes at 

37°CC with TNF-a (10 ng/ml), or overnight with N-Acetyl-Cysteine (N-AC; 5 mM) or Tiron (5 

mM),, as indicated. Images were recorded with a ZEISS LSM510 confocal microscope with 

appropriatee filter settings. Cross-talk between the green and red channel was avoided by use 

off  sequential scanning. 

WesternWestern blotting. Cells were grown to confluency on FN-coated 50-cm2 Petri dishes, 

washedd twice gently with ice-cold Ca2+ and Mg2+-containing PBS and lysed in boiled SDS-

samplee buffer containing 4% (w/v) 2-mercaptoethanol (Bio-Rad). The samples were analyzed 

byy SDS-polyacrylamide gel electrophoresis (PAGE). Proteins were transferred to 0.45-um 

nitro-cellulosee (Schleicher and Schnell Inc., NH, USA) and the blots were blocked with 

blockingg buffer (1% (w/v) low-fat milk in TBST) for 1 hour, subsequently incubated at room 

temperaturee with the appropriate Abs for 1 hr, followed by incubation with RaM-Ig-HRP for 

11 hr at room temperature. Between the various incubation steps, the blots were washed 3 

timess with TBST and finally developed with an enhanced chemi luminescence (ECL) 

detectionn system (Amersham). 

MeasurementMeasurement of reactive oxygen species (ROS). To measure the generation of reactive 

oxygenn species (ROS) in endothelial cells, pHUVECs cultured on fibronectin-coated glass 
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coverr slips were loaded with dihydrorodamine-1,2,3 (DHR, 30 uM; Molecular Probes) for 30 

min,, washed and subsequently treated with at 37°C with TNF-a (10 ng/ml) or control Ab IgG, 

orr medium. Fluorescence of DHR was quantified by time-lapse confocal microscopy. 

Intensityy values are shown as the percentage increase relative to the basal DHR values at the 

startt of the experiment. 

Statistics.Statistics. Student's t-test for paired samples (two-tailed) was used for statistical 

analysis.. Student's t-test for independent samples was used when indicated. 

Results s 

Too analyse expression of NOX2-homologue mRNAs in primary human umbilical vein 

endotheliall  cells (pHUVEC), we first investigated the presence of the various NOX's in 

endotheliall  cells using nested PCR (Table 1). We also included leukemic and T-cell lines in 

thee analysis to serve as positive controls for each Nox variant. Primary human endothelial 

cellss were found to express NOX2 and NOX4 mRNA, but not NOX1 or NOX3 mRNA. 

NOX44 mRNA was also expressed in the erythroleukemic cell line K562 and in the T-

lymphocytee cell line Jurkat, but not in B-lymphocyte cell line Ramos. In contrast, NOX2 

mRNAA was expressed in Ramos but not in K562 and Jurkat. NOX3 mRNA was only found in 

Jurkatt T-cells and NOX1 mRNA was only detectable in Jurkat and Ramos lines. The 

expressionn of NOX2 in endothelium had been suggested previously, based on 

immunocytochemicall  data and Western blot analysis (21). Subsequently our positive results 

weree confirmed using real-time quantitative PCR using specific primers for NOX2 and 4. The 

resultss of the real-time quantitative PCR analysis are also shown in Table 1. The levels of 

NOX44 mRNA were found to be at least 100 times higher than those of NOX2 mRNA (Table 

1).. This might indicate that NOX4 is the most abundant member of this protein family in 

humann endothelium. 

NOX1 1 

NOX2 2 

NOX» » 

KOM M 

I H M M 

NOW! ! 

N O » » 

Primar y y 
HUVEC C 

m m 

* * 
. . 

Pfbmr y y 
HUVEC C 

33 33 

402 2 

xaa a 

m m 

. . 

. . 
+ + 

J u r k * * 

. . 

+ + 

Rimo s s 

. . 
--

Tablee 1. Expression of NOX mRNA "s in HUVEC. mRNA was isolated from primary HUVEC, K562, Jurkat cells 

orr Ramos cells and primers specific to NOX1, 2, 3 and 4 were used to investigate mRNA expression by nested 

PCRR as described in Methods. Samples that did not express the indicated mRNAs are indicated with -. Positive 
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sampless are indicated with +. Relative expression levels of NOX2 and NOX4 mRNA was measured by real-time 

quantitativee PCR and calculated as described in Methods. All experiments are performed independently and at 

leastt two times. 

Thee NOX2 protein is known to form a multi-molecular complex with a series of 

regulatoryy proteins, including p22phox, p47phox, p67phox and the small GTPase Rac in activated 

phagocytess (37). Western Blot analysis was used to confirm the expression of the phagocytic 

NADPH-oxidasee components NOX2 (gp91phox), p47phox and p22phox in human umbilical vein 

andd microvascular endothelial cells (Figure 1). Neutrophil lysates were used as a positive 

controll  and a stromal cell line served as a negative control. NOX2 is highly glycosylated in 

neutrophils,, and migrated as a smear rather than a distinct band, as was also shown by others 

(26,, 36). However, in endothelial cells, two distinct bands appeared, one at approximately 90 

kDD and one band at approximately 75 kD, possibly due to differential glycosylation. The 

detectionn by Western blot analysis of a doublet for NOX-2 in the endothelial cell lysates has 

alsoo been reported by others (21). p47phox is highly expressed in endothelial cells, suggestive 

forr a prominent role in endothelial ROS formation. The stromal cells expressed only p22p ox 

too a detectable level, but were devoid of the other components analysed, including NOX2 (3). 

Unfortunately,, we were unable to confirm expression of p67phox protein, probably due to the 

factt that the available antibodies were not appropriate for blotting. Also detection of NOX4 

proteinn by Western blot failed, since appropriate blotting antibodies are not available at this 

time. . 

55 1 f i 
XX X CO QL 

N 0 X 2 * ^^  ft 

Figuree 1. Expression of the NADPH-oxidase complex in human endothelial cells. Cells were cultured as 

describedd in Methods and cell lysates were analyzed by Western blotting for expression of the indicated 

componentss of the NADPH-oxidase complex. Detection of NOX2 revealed two proteins with an apparent Mw 

aroundd 90 and 75 kD (arrowheads) in lysates of HUVEC, as well as of human microvascular endothelial cells 

(HMEC),, although the expression in HMEC was less than in HUVEC. The stromal cell line 88.7 (Stroma) did 

117 7 



Vann Buul et al. 

nott show any detectable expression of NOX2, whereas NOX2 in PMN cell-lysates appeared as a smear, due to 

thee high glycosylation of NOX2 in PMN. p47pho*  is expressed in HUVEC, HMEC and PMN but not in stroma 

(arrowhead).. P221*0*  is expressed in all four cell types (arrowhead). Experiments were performed at least three 

times. . 

Inn order to visualize the intracellular localization of the NOX2 and NOX4 proteins, we 

madee use of microinjection into pHUVEC of expression constructs encoding GFP-fused NOX 

proteins.. The GFP-NOX2 fusion protein showed a non-homogeneous intracellular 

distribution,, suggesting that the protein associated with intracellular membranes (Figure 2A-

a).. GFP-NOX2 did not show prominent association with the plasma membrane or with F-actin 

inn these experiments. The distribution of the GFP-NOX2 fusion protein was comparable to the 

stainingg obtained with a monoclonal antibody to NOX2 (Figure 2A-a,d). 

Thee NOX4-GFP fusion protein showed a comparable distribution as NOX2, localizing 

too intracellular membranes, in particular in the peri-nuclear region (Figure 2B-a,d,f,h). The 

usee of different markers indicated that NOX4-GFP does not co-localize with the actin 

cytoskeleton,, lysosomes or Weibel-Palade bodies. CD63 was used as a marker for the 

lysosomess and Weibel-Palade bodies (38). NOX4-GFP did not seem co-localize with the 

mitochondriall  marker mitotracker, although the staining was not optimal (Figure 2B-e,g). 

However,, NOX4-GFP did co-localize with an antibody to calreticulin, a marker for the 

endoplasmicc reticulum (Figure 2B-ij). Comparable to NOX4-GFP, the GFP-NOX4 fusion 

proteinn was expressed in a similar way following microinjection (data not shown). NOX2 was 

alsoo found at the ER, since NOX2 co-localized with anti-calreticulin, in the same way as 

NOX44 (data not shown). 

Too determine the intracellular distribution of NOX2-associating proteins p47phox, 

p67phoxx and Racl, we used both immunocytochemistry as well as microinjection of GFP-

fusionn constructs. Immunostaining of p47phox showed that the protein was localized on actin 

stresss fibers (Figure 3A-a). Moreover, p47phox also distributed in part to a peri-nuclear 

compartmentt (Figure 3A-d), similar to the NOX2 and NOX4 proteins. Expression of the 

p47phox-GFPP fusion protein revealed that p47phox localized peri-nuclearly and associated with 

actinn stress fibers (Figure 3A-c). In single, non-associated endothelial cells, p47p ox-GFP 

localizedd to the tips of membrane ruffles (Figure 3A-c). Detailed confocal microscopy 

analysiss revealed that p47phox co-localized at least in part to the ER (Figure 3A-e,f). 
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Figuree 2. Localization ofNOX2 and NOX4 in human endothelial cells. Endothelial cells were cultured on FN-

coatedd glass cover slips, fixed, permeabilized and stained as described in Methods. (A) NOX2 localization was 

studiedd by antibody staining as well as microinjection of a GFP-NOX2 fusion construct Confocal microscopy 

revealedd that GFP-NOX2 is distributed in a peri-nuclear region (a). The green nucleus is explained by the co-

injectionn of GFP-histone-2B in order to determine the micro-injected cells (a). F-actin is shown in image (b) and 

P-catenin,, as a marker for the cell border, in (c). Bar, 20 um. Antibody staining of NOX2 is shown in (d) and F-

actinn in (e). Bar, 50 um. (B) NOX4-GFP fusion proteins were expressed following microinjection revealing a 

peri-nuclearr distribution (a,d,f,h). F-actin is shown in (b) and VE-cadherin, as a marker for cell borders, is shown 

inn (c). CD63 is a marker for lysosomes and Weibel-Palade bodies in endothelial cells and is shown in image (e). 

Mitochondriaa are visualized by Mitotracker and are shown in image (g). Endoplasmatic Reticulum (ER), 

visualizedd by calreticulin, is shown in (i). Image (j) is a magnification of image (i) and shows co-localization in 

detail,, indicated by the arrowheads (j)- Bar, 20 um. 

Antibodyy staining for p67phox and microinjection of p67phox-GFP revealed that p67phox 

iss localized in a peri-nuclear region (Figure 3B-a,f,gj). Moreover, detailed confocal 

microscopyy analysis showed p67phox expression at the tips of membrane ruffles, where also F-

actinn is localized (Figure 3B-c,d,e,f,g,i). Also p67phox localized at least in part with the ER 

(Figuree 3B-k,l). The small GTPase Rac is also an important regulator of the NADPH-oxidase 
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complexx (1). Confocal microscopy imaging of living endothelial cells, cultured at low density, 

showedd that GFP-Racl localized to membrane ruffles, similar to p47phox and p67phox (Figure 

3B-m).. We were unable to show p22phox staining using confocal microscopy, since the 

availablee antibody was not appropriate for immunocytochemistry in endothelial cells. 

TNF-aTNF-a is an inflammatory cytokine, which is a potent activator of endothelial cells, 

resultingg in increased endothelial permeability, up-regulation of adhesion molecules, 

productionn of chemokines and induction of gene expression (9, 19). Therefore, TNF-a might 

playy an important role in early as well as later stages of transendothelial migration. Our lab 

hass recently shown that production of endothelial ROS is involved in transendothelial 

migrationn of leukocytes (33). 

Figuree 3. Localization ofp47ph°*  andp67ph°' in human endothelial cells. (A) Endothelial cells were cultured on 

FN-coatedd glass cover slips, fixed, permeabilized and stained as described in Methods. p47phox is detected in a 

peri-nuclearr region, on actin stress fibers and at the cell periphery, at the tips of membrane ruffles. Antibody 

stainingg of p47phox is shown in image (a), F-actin is indicated in (b) and image (c) shows a single endothelial cell 

thatt displayed extensive membrane ruffling and expresses p47phox-GFP at the tips (open arrow head). Moreover, 

p47ph0X-GFPP is also found peri-nuclear and at stress fibers (asterisk; c). Bar, 20 um. Antibody staining of p47phox 

iss shown in (d) and the endoplasmatic reticulum (ER), visualized by calreticulin, is shown in (e). Image (f) is a 

magnificationn of image (e) and shows co-localization in detail (open arrowhead). Bar, 20 um. (B) Analysis of 

p67phoxx immunostaining by a monoclonal antibody and microinjection of the p67pl">x-GFP fusion construct 

showedd peri-nuclear expression and expression at membrane ruffles. Antibody staining of p67phox is shown in (a) 

andd F-actin is represented in (b). Image in (c) represents p67phox antibody-staining and F-actin. Bar 50 um. 

Markedd area is enlarged in images (d-f). Image (d) shows p67phox staining at the tips of membrane ruffles (open 

arroww heads), F-actin in (e). Image (f) shows p67phox-GFP, localized to membrane ruffle (magnification of image 

(g);; open arrow head). Bar, 5 um. p67phox-GFP micro-injection is shown in (g), p-catenin in (h) and F-actin in (i). 
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Bar,, 10 um. Image (j) represents antibody staining of pó?"*0" and the endoplasmatic reticulum (ER), visualized 

byy calreticulin, is shown in (k). Image (I) is a magnification of image (k) and shows co-localization in detail 

(openn arrowhead). Bar, 20 um. Image (m) shows GFP-Rac localization at membrane ruffles (open arrowhead) in 

green.. Bar, 20 \an. 

Wee tested whether TNF-a induced ROS production in endothelial cells and found that 

300 minutes of TNF-a treatment significantly increased ROS production (Figure 4A). 

Moreover,, F-actin staining showed that TNF-a induced stress fibers, which is in agreement 

withh its effects on endothelial cell morphology and endothelial monolayer permeability (25) 

(Figuree 4B-a,b). Importantly, scavenging ROS with N-acetyl-cysteine prevented TNF-

a-inducedd actin rearrangements, indicating that ROS are required for this effect (Figure 4B-

c).. We then tested whether TNF-a would affect the localization of p47phox by immunostaining. 

Thesee experiments showed that in confluent monolayers, TNF-a does not induce a prominent 

changee in the intracellular distribution of p47phox (Figure 4B-d,e,f). However, TNF-a 

treatmentt of cells that were pre-treated with ROS scavengers resulted in an, as yet 

unexplained,, increase of p47phox staining in the nucleus (Figure 4B-f). Surprisingly, we found 

thatt TNF-a treatment of p47phox-GFP expressing endothelial cells that were cultured at low 

densityy induced formation of membrane ruffles to which p47-GFP was recruited (Figure 4C, 

alsoo available as Quick Time movie: Figure4C p47GFP). These findings indicate that short-

termm TNF-a treatment induces membrane ruffles in single cell-cultures and that these 

membranee ruffles contain the oxidase components Racl, p47phox and p67pho\ 

Thee presence of Racl, p47phOT and p67phox at the cell periphery of non-confluent, 

stimulatedd cells suggests that these proteins might be involved in cell spreading and migration 

orr in the formation of endothelial cell-cell contact, or in both. Indeed, we have previously 

shownn that scavenging ROS blocks endothelial cell migration in a Transwell assay (35). To 

analysee this further, suspended endothelial cells were incubated with ROS scavengers and 

formationn of cell-cell junctions was analysed by confocal microscopy. The results showed that 

thee formation of a proper monolayer is dependent on endothelial ROS, since treatment of the 

cellss with the ROS scavengers N-acetyl-cysteine or tiron (not shown) resulted in an impaired 

formationn of endothelial cell-cell junctions, as concluded from the presence of multiple 

intercellularr gaps (Figure 4D). These findings indicate that endothelial ROS are involved in 

thee formation of the endothelial monolayer and suggest that ROS are important determinants 

off  endothelial integrity. 
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Figuree 4. TNF-a-stimulation induces stress fibers and ROS production in human endothelium. (A) Endothelial 

cellss (HUVEC) were cultured on FN-coated glass cover slips, grown to confluency, pre-incubated with DHR as 

indicatedd in Methods, then treated for 30 minutes with TNF-a (10 ng/ml) or medium and DHR intensity was 

measuredd by confocal microscopy. Control bar represents basal levels of ROS in resting endothelial cells. TNF-

a-treatmentt increased ROS production significantly with 30%. This experiment was repeated three times in 

duplicate.. *p<0.05. (B) Endothelial cells (HUVEC) were cultured on FN-coated glass coverslips, pre-treated 

overnightt with 5 mM N-AC and subsequently stimulated for 30 minutes with TNF-a or not (control), fixed, 

permeabilizedd and stained. F-actin staining showed a massive increase in stress fiber formation, which was 

blockedd by ROS scavenging. F-actin is represented in (a,b,c) and (d,e,f) shows p47phox staining. Bar 20 um. This 

experimentt was performed twice in duplicate. (C) Image (a) is a still image of a p47phox-GFP expressing 

endotheliall  cell at time-point 0. Image (b) (after 27 minutes, indicated in upper-left corner) and image (c) (after 

488 minutes) are still images taken from a 60-minute recording of TNF-a treated p47phox-GFP-transduced 

endotheliall  cells, available as a quick-time movie: Figure 4C p47GFP, and show induction of membrane ruffles 

(openn arrowhead). Bar, 20 um. (D) Endothelial cells were treated with medium (control) or 5 mM N-AC, as 

indicatedd in Methods, in suspension and subsequently plated on FN-coated glass coverslips. After 2 hours, the 

cellss were processed for confocal microscopy analysis and VE-cadherin is shown in (a,c), F-actin is shown in red 

(b,d).. Scavenging ROS resulted in an impaired monolayer, illustrated by the asterisks. Bar, 100 um. 

Discussion n 

Thee role for ROS in the control of endothelial cell function is well established. 

Endotheliall  ROS are produced upon stimulation by various agonists, including cytokines, 

fluidd shear stress, ischemia-reperfusion and leukocyte adhesion (16, 23, 40). ROS-mediated 

signallingg is known in endothelial cells to mediate both short-term (e.g. p38 MAP kinase 

activation)) as well as long-term effects (induction of gene expression) (6). Moreover, we have 
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recentlyy shown that endothelial ROS negatively control endothelial cell-cell adhesion, directly 

implicatingg ROS in endothelial integrity (33, 34, 35). 

Thee sources of ROS in endothelial cells are not well defined. We have shown that 

productionn of endothelial ROS depends on the action of the small GTPase Rac, suggesting 

thatt the ROS are produced by a member of the family of NOX2-related proteins (35). Our 

real-timee PCR analysis has shown that primary human endothelial cells express a limited 

amountt of NOX2 mRNA (i.e. gp91phox) and relatively high levels of NOX4 mRNA, albeit that 

thee levels of ROS, produced in endothelial cells, remains 40-200 times less compared to those 

producedd in neutrophils. These data may also explain why CGD patients that carry mutations 

inn their NOX2 gene do not have vascular defects, as the role for NOX2 in the vasculature 

appearss very limited. Our findings are in agreement with earlier reports on the expression of 

thee NOX2-homologue NOX4 mRNA in vascular cells in human atherosclerosis and restenosis 

(30,31). . 

Thee regulatory components that are involved in control of the NOX2 protein in 

phagocytess all appear to be expressed in endothelial cells as well, in line with data from other 

laboratoriess (21, 13). The p47p ox protein is apparently expressed at high levels compared to 

itss expression in phagocytes, which may indicate that it has a role in the control of NOX4 

activation.. However, although p47phox and possibly p67phox are highly expressed in endothelial 

cells,, CGD patients that carry mutations in their p47phox or p67phox gene do not show any 

vascularr defects either. Recently, two new p47- and p67-homologues have been identified, 

termedd NOXOl and NOXA1 that control the activity of NOX1 (2, 10). Although the 

expressionn of these proteins appears to be restricted to colon epithelium, their expression at 

loww levels in endothelial cells cannot be excluded. In addition, these proteins might replace 

thee mutated p47p ox or p67phox proteins, as described for CGD patients, in endothelial cells. 

However,, even if these proteins are expressed in endothelial cells, their possible preference 

forr activating one NOX protein over another remains to be established. 

Thee small GTPase Rac is important for ROS production in granulocytes as well as in 

otherr cell types (16, 37). The regulation of the NADPH-oxidase complex in neutrophils is 

mainlyy controlled by Rac2 (12), although Racl is also able to activate the NADPH-oxidase 

systemm (27). More recently, Zhao and colleagues showed that monocytes prefer Racl over 

Rac22 to generate ROS (41). Our lab has shown that transduction of active Racl into 

endotheliall  cells increased ROS production (35). Racl was now found in the tips of 

membranee ruffles, together with p47phox and p67phox. The assembly of these proteins in the tips 
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off  membrane ruffles suggests involvement in the restoration of cell-cell junctions, underlined 

byy the fact that scavenging of ROS results in impaired cell-cell contacts. 

Thee expression studies with the various GFP-fusion proteins showed that the NOX2 

andd NOX4 proteins in endothelial cells reside primarily in the ER. Also in neutrophils, the 

NOX22 protein complex is localized at intracellular vesicles and plasma membrane expression 

iss detectable after activation (7, 11). It is unknown whether the NOX proteins in HUVEC can 

localizee to the plasma membrane. However, this is not very likely since currently available 

dataa suggest that endothelial cells produce low levels of ROS that are primarily involved in 

intracellularr signalling and do not have a role outside the cell. Our current observations show 

thatt in low density cultures, in the absence of cell-cell contact, p47phox and p67phox are 

localizedd to the cellular periphery, which suggests that under certain conditions a ROS-

generatingg system may be present at or near the plasma membrane. Given our earlier data, that 

suggestss a role for endothelial ROS in Racl -mediated modulation of cell-cell adhesion, the 

localizationn of p47phox and p67phox proteins may well reflect a state of the cell in which ROS 

aree required for cellular spreading and control of cell-cell adhesion. This is supported by the 

observationn that TNF-a, which increases ROS production and endothelial permeability, also 

promotess localization of p47p 0X-GFP to membrane ruffles. Moreover, formation of a tight 

monolayerr was prevented in cells that were pre-treated with ROS scavengers, suggesting that 

ROSS are required for cell spreading and formation of cell-cell contact. A role for ROS in cell 

spreadingg may also explain the defect in cell motility in endothelial cells treated with N-acetyl 

cysteinee (35). 

Inn endothelial monolayers, Rac-mediated ROS production leads to the activation of 

p388 MAP kinase and loss of integrity through the inactivation of VE-cadherin-mediated cell-

celll  adhesion. This pathway is also activated upon leukocyte adhesion and is important for 

efficientt leukocyte transendothelial migration. Conversely, in isolated or freshly seeded 

endotheliall  cells, ROS are required for spreading and formation of cell-cell contact. This latter 

findingg may also relate to inefficient inactivation of Rho, for which ROS are also required, in 

thee N-acetyl-cysteine treated cells (24). The emerging picture is that ROS production is 

requiredd for the dynamics of endothelial cell-cell adhesion and that it is the state of cell-cell 

contactt that determines which effect the ROS will exert. 

Inn conclusion, the current study defines the proteins and their localization that are 

likelyy to be involved in the generation of ROS in endothelial cells. The likelyhood of NOX4 

beingg one of the major NOX2 homologues in endothelial cells will focus studies toward its 
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activation,, its regulation by associating proteins and its role in the control o f endothelial 

integrityy in health and disease. 
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