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Erratu m m 

Figuree 2B on page 84 of this thesis was printed incorrectly. 
Thee corrected figure should look as follows: 

B B 
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Figuree 2: LINE- 1 fragment inserted in intron 5 of CYBB of patient HA. A. Detailed view of the 
sequence,, the first and last 10 nucleotides being wild-type intron sequence. Underlined nucleotides, 
targett duplication sites; framed sequence, sequence inverted with respect to the LI consensus sequence; 
nucleotidess underlaid in black, branch site; nucleotides printed in boldface italic, 3' splice site; 
nucleotidess printed bold, underlined, 5' splice sites. Lower case letters indicate nucleotides divergent 
fromm the consensus sequence of active LI elements4. B. Schematic diagram of A. , intron 5 of 
CYBB;; -^, target duplication sites; g |g , sequence inverted with respect to the L1 consensus sequence; 
§ g |,, LI sequence; [£j, poly-A tail; 1, branch site; 2, 3' splice site; 3, 5' splice sites. 
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Outlinee of thesis 

Outlin ee of this thesis 

Thiss thesis is focused on NADPH oxidases, and in particular on the analysis of the 
geness encoding the structural components of these enzymes. Chapter  1 gives an 
introductoryy overview of our knowledge concerning the prototype of this family, the 
gp91phox-basedd NADPH oxidase of phagocytes. During the work on this thesis several 
other,, non-phagocytic NADPH-oxidase homologs were described, and part of my 
researchh efforts shifted to these new homologs. Chapter  2 introduces these new 
oxidases,, with a focus on the cardio-vascular system. 
Chapterr  3 demonstrates some of the conclusions that can be drawn from selected 
mutationss about the structure and/or function of the NADPH oxidase. One of the four 
describedd mutations is assumed to abrogate FAD binding, while the other three 
mutationss interfere with the translocation of the cytosolic oxidase components p47phox 

andP67ph0X. . 
AA different kind of information obtained by mutation analysis is described in 
chapterss 4 and 5. Both chapters describe insertions of LINE-1 (LI ) retrotransposon 
sequencess into CYBB, the gene of gp91pho\ and the two chapters allow for different 
insightss into how (and when) these mobile elements can rearrange genetic sequences. 
Thee LI insertion described in chapter  4 was found in an intron of CYBB and results 
inn several different splice variants of the gene. A unique feature of the LI insertion 
decribedd in chapter  5 led to the isolation and characterization of the original active 
retrotransposonn and permitted for the first time to narrow down very precisely the 
ontogeneticc timepoint of retrotransposition. 
Chapterr  6 demonstrates a cardiomyocyte-specific expression of gp91phox (homolog?) 
inn humans and its upregulation during cardiac ischemia/reperfusion. Here, possibly, 
futuree mutation analysis may result in information concerning the role of the oxidase 
inn cardiac-muscle tissue. 
Chapterr  7 describes the changing role of gene analysis in general, with the phagocyte 
NADPHH oxidase as an illustrating example, and tries to outline its future potential. 
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Introductionn I 

Chapterr  1 

Introductio nn I 

Neutrophils,, NADPH oxidase and chronic 
granulomatouss disease 

Adaptedd from: The molecular basis of chronic granulomatous 
disease e 
Springerr Semin Immunopathol. 1998; 19:417-34 
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Introductionn I 

Neutrophils,, NADPH oxidase and chronic 
granulomatouss disease 
Christoff  Meischl and Dirk Roos 
Sanquinn Research at CLB, and Landsteiner Laboratory, Academic Medical Center, University of 
Amsterdam,, Amsterdam, The Netherlands 

Neutrophill  functions 

Neutrophils,, the most prominent type of polymorphonuclear leukocytes, are central 
effectorr cells in humoral and innnate immunity. These cells play a major role in the 
phagocytosiss and killing of bacteria, fungi and yeasts. 
Thee largest pool of neutrophils is present in the bone marrow, where they progress in 
aboutt two weeks from resident progenitor cells through several intermediate forms to 
thee fully matured neutrophil. Two days after the apparent completion of their 
maturationn these cells are released into the blood to replenish the circulating pool of 
neutrophils,, which constitutes about 2% of the total neutrophil mass. During 
infections,, the release of neutrophils is accelerated (up to 10 per day in adults 
insteadd of the regular 101' per day) and also includes the more immature band forms. 
Neutrophilss remain in the circulation for only 6-10 h, half of them marginalized in 
postcapillaryy venules, and then enter the tissues, where they remain active for 2-6 
days.. Littl e is known about the usual site of neutrophil apoptosis and subsequent 
removall  by tissue macrophages. 
Transmigrationn of neutrophils through the vascular wall and into the adjacent tissues 
takess place in the postcapillary venules of the systemic circulation and the capillaries 
off  the pulmonary circulation1. This process can be schematically viewed as a three-
stepp chain of events. Stimulated by chemoattractant signals emanating from sites of 
inflammation,, the circulating neutrophils transiently interact with molecules exposed 
byy the endothelial layer of the vessel wall, resulting in a rolling-and-release 
tumbleweed-likee motion2. Rolling of the neutrophils is a prerequisite for subsequent 
tightt interactions with the endothelium and is mediated by selectins, proteins 
expressedd as isotypes on both neutrophils and endothelial cells that interact with 
specificc carbohydrate moieties on glycoproteins of the opposite cell type. 
p22 integrins are the neutrophilic adhesion molecules primarily responsible for the 
followingg phase of neutrophil adhesion to the endothelium. After neutrophil activation 
byy chemoattractants or selectin-ligand binding, these f&2 integrins change 
conformationn and then tightly bind to their ligands, ICAM-1 and -2 on the endothelial 
cells.. Neutrophil adhesion induces intracellular signaling events in endothelial cells 
thatt facilitate the last step of transmigration of neutrophils between two or three 
adjacentt endothelial cells into the tissues. Subsequent migration in the tissues to the 
sitee of infection is induced by the cell's recognition of a gradient of chemoattractants 
originatingg at the site of infection. This directed migration is called chemotaxis. 
Oncee there, neutrophils fulfil l their role as effector cells mainly by internalizing 
(phagocytosing)) pathogens and exposing them to two destructive principles: reactive 
oxygenn species (ROS) generated by the NADPH oxidase (see below) and hydrolytic 
granulee proteins. 
Neutrophilss contain at least two different types of granule characterized mainly by 
theirr distinct microbicidal protein contents. While the azurophil granules contain 
elastase,, myeloperoxidase, different cathepsins and defensins as well as proteinase 3 
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andd bactericidal permeability-increasing protein (BPI), the so-called specific granules 
aree recognizable by the content of collagenase, histaminase, lactoferrin and vitamin 
Bi2-bindingg protein. These distinct protein contents are the result of differential 
proteinn synthesis during neutrophil maturation. Granule proteins packed into granules 
duringg the early stages of neutrophil maturation give rise to azurophilic granules, 
whilee later stages are characterized by generation of specific granules. The contents of 
thee specific granules are used for partial degradation of tissue constituents during the 
processs of chemotaxis, whereas the contents of the azurophil granules are used for 
antimicrobiall  action against phagocytized microorganisms. 
Givenn their potential for destruction, it is not surprising that neutrophils and the 
organismm as a whole have developed tight control and safety mechanisms to 
minimalizee the risk of neutrophil-inflicted damage to the organism. Examples for 
thesee control and safety mechanisms are the the tight regulation of the activation of 
thee NADPH oxidase (see below) and the high concentrations of proteinase inhibitors 
inn plasma and tissue fluids. However, the protection thus obtained is not absolute, and 
well-knownn examples of disease states accompanied by tissue damage due to 
neutrophil-derivedd products include gout, rheumatoid arthritis, autoimmune vasculitis 
andd some forms of glomerulonephritis. 
Thatt these detrimental aspects of neutrophil function are a price that has to be paid is 
madee clear by the different syndromes of compromised neutrophil function in which 
thee patients are threatened by frequent and often life-threatening bacterial and fungal 
infections.. These pathologies include different forms of neutropenia, leukocyte 
adhesionn deficiency (LAD), characterized by greatly impaired neutrophil adhesion 
andd chemotaxis due to defects in the P2 integrins, and chronic granulomatous disease 
(CGD). . 

Chronicc granulomatous disease 

CGDD is a rare inherited immunodeficiency syndrome, caused by the inability of the 
patients'' phagocytic leukocytes (neutrophils, eosinophils, monocytes and 
macrophages)) to produce (sufficient) superoxide3. Superoxide and other highly 
reactivee oxygen species derived from superoxide (such as hydrogen peroxide, 
hypochlorouss acid and others) not only attack the ingested microorganisms directly, 
butt they also optimize the intraphagosomal milieu for the cationic microbicidal 
peptidess and proteins as well as the proteinases there present. 
Thee enzyme responsible for the generation of those oxygen metabolites is the 
phagocyte-specificc NADPH oxidase4; defects of this multi-component enzyme lead 
clinicallyy to the severe immunodeficiency syndrome of CGD. 

Clinicall  presentation 

CGDD is a rare disease, with an estimated incidence of 1 : 250,000, all ethnic groups 
beingg equally affected. While the most common form of the syndrome is X-linked, 
differentt modes of autosomal inheritance are also possible. The overwhelming 
majorityy of patients with X-linked disease is, obviously, male; in the autosomal forms 
noo sex preference is discernible. 
Ass an inherited and severe immune defect, CGD presents itself early in life in the 
formm of acute or chronic infections, two-thirds of the patients showing the first 
symptomss already in their first year of life5. Nevertheless, one of the surprising 
featuress of the disease is its highly variable severity; thus, in some patients the 

16 6 



Introductionn I 

diagnosiss is established only in their adult years. As a general rule, the organs that 
representt the individual's border against the outside world, or the lymph stations 
downstreamm of those organs, are most frequently affected: lungs, skin and 
gastrointestinall  tract. From here hematogenous spread to almost any other organ or 
organn system may take place, as demonstrated by studies in over 500 patients. 
Thee isolated pathogens are usually catalase-positive and/or relatively resistant to the 
other,, non-oxidative killing mechanisms of the phagocytes. Catalase degrades 
hydrogenn peroxide, which is also produced in small amounts by the microbes 
themselves,, and thus deprives the phagocytes of the possibility to use this microbe-
generatedd oxygen metabolite for killing. The microorganisms most frequently found 
inn the above-mentioned studies are Staphylococcus aureus, various Aspergillus 
species,, enteric gram-negative bacteria (including Serratia marcescens and various 
SalmonellaSalmonella species) and Burkholderia cepacia. When analyzing the culture and/or 
serologicc results, it should be kept in mind that pathogens that are harmless to a 
normall  host may well be responsible for infections in a CGD patient. 
Frequentlyy encountered infections are (in descending order of frequency) pneumonia, 
cutaneouss abscesses and suppurative lymphadenitis, hepatic and perihepatic abscesses 
andd osteomyelitis. 
Whilee the above affections normally represent acute disease states, CGD - as the 
namee implies - is typically characterized by a chronic struggle of the immune system 
withh the pathogens. 
Thee granulomas, which can be found in a large variety of organs and to which CGD 
owess its name, thus are the result of chronic inflammatory cell reactions, involving 
mainlyy lymphocytes and histiocytes. These characteristic granulomas, while not 
pathognomic,, should at least make CGD part of the differential diagnosis6. Clinically, 
thee granulomas can become symptomatic by pain or signs of obstruction of the 
gastrointestinall  or urinary tract7. 
Otherr manifestations of chronic inflammation are the inflammatory bowel disease of 
CGD,, which closely resembles Crohn's disease8, an eczematoid dermatitis and, very 
rarely,, discoid or, even more rarely, systemic lupus erythematosus. 
CGDD children are often underweight and of short stature. Especially the X-linked 
patientss tend to grow beneath the 5th percentile, which may be partially corrected in 
adolescence,, when some catch-up growth can occur. 
Thee end of the first decade of life represents anyhow a milestone, since thereafter the 
infectionss are often less severe and occur less frequently, and the anemia typically 
foundd in those patients tends to resolve spontaneously. 
Ass a rule, carriers of CGD are symptom-free. The proverbial exception to this rule are 
thee carriers of X-linked CGD, which may present with a few syndrome-related 
conditions9110. . 
Finally,, extremely lyonized carriers of X-CGD can have a - usually mildly - increased 
riskk of infection11. This is, however, exceptionally rare, since as littl e as ten percent, 
orr sometimes even less, of the phagocytes expressing a normally functional NADPH 
oxidasee are sufficient to keep those individuals asymptomatic. 

Molecularr  basis of the disease 

Thee NADPH oxidase is a multi-component enzyme with a redox center that transfers 
electronss from cytoplasmic NADPH onto extracellular (or intraphagosomal) 
molecularr oxygen, thereby generating superoxide (Figure 1): 
NADPHH + 202 -» NADP+ + 202  + H+ 
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Figuree 1: Schematic illustratio n of the electron transfer  mechanism of the NADPH oxidase (see 
text).. After assembly of the NADPH oxidase complex, NADPH from the cytosol can bind to the 
enzymee and donate its electrons. These electrons are then transmitted via FAD and heme groups to 
molecularr oxygen on the basal side of the plasma membrane, thus generating superoxide in either the 
phagosomee or in the extracellular environment. 

Thee weakly microbicidal superoxide is then - spontaneously or enzymatically -
convertedd into hydrogen peroxide and other, more potent metabolites. 
Thee electron transfer itself is a multistep process, during which the electrons are 
transportedd sequentially along several moieties of the oxidase: 
NADPHH -> FAD -> 2 Heme -> 202 

Althoughh FAD and the two heme groups are part of the redox center of the enzyme, 
cytochromee bS5S, NADPH cannot bind to it unless the complete enzyme has been 
assembledd during activation, and only then electron transfer can actually take place. 
Cytochromee bSss, a flavo-hemeprotein, is composed of two of the enzyme's subunits, 
gp91phoxx and p22phox, in a 1 : 1 stoichiometry12"15. Incorporated in the membranes of 
specificc granules and secretory vesicles in resting cells, cytochrome bss8 becomes 
expressedd on the membrane of the phagolysosome and on the cell surface when the 
granules/vesicless fuse with those larger membrane systems during cell activation 
(Figuree 2). The stimulus for this activation is the binding of opsonized 
microorganismss or high concentrations of chemoattractants to phagocyte surface 
receptors. . 
Ass part of this activation, the enzyme's three cytosolic components, p47phox, p67phox 

andd p40phox, as well as a low-molecular weight GTP-binding protein, translocate to the 
cytochromee bSS8 in the membrane to form there the complete and active form of the 
NADPHH oxidase (Figure 2). 
AA defect in any one of the four components gp91phox, p22phox, p47phox or p67phox 

abolishess (or reduces) the activity of the oxidase and leads thus to CGD. Defects in 
thee enzyme components p40phox, Racl or RaplA are not known. Recently, a human 
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Figuree 2:Activation of the NADPH oxidase. Assembly of the activated enzyme and phagosome 
formationn are concomitant processes. Translocation of cytosolic proteins is initiated by serine 
phosphorylationn in p47phox and contraled by small GTP-binding proteins (Racl, Rac2, RaplA). This 
translocationn leads to a conformational change in gp91phox that permits NADPH binding, thus 
activatingg the NADPH oxidase enzyme. 

immunodeficiencyy syndrome with impaired neutrophil chemotaxis, polarization, 
azurophilicc granule secretion and superoxide production has been shown to be caused 
byy a dominantly negative mutation in RAC2 I6- I 8 8 

gp91gp91phoxphox The CYBB gene, which codes for gp91phox, is located on the X-chromosome 
(Xp21.1),, has a length of 30 kb and comprises 13 exons1921. The translation product, 
aa protein of 570 amino acids, needs for its further maturation and stabilization the 
presencee of p22phox - in such a way, that abolished expression of one protein 
automaticallyy leads to simultaneous absence of the other . Posttranslational 
modificationss are the glycosylation of three of its five potential N-linked 
glycosylationn sites23. The N-terminal half of the mature protein contains six 
hydrophobic,, probably membrane-spanning domains, while the hydrophilic C-
terminall  part is thought to represent the cytosolic side of the protein. The hydrophobic 
partt contains the heme moieties and is probably also involved in the interaction with 
p22phox.. For the C-terminal part a three-dimensional model has been deduced from 
sequencee homology with the ferridoxin NADP+ reductase flavoenzyme family . 
Putatively,, therefore, this part of the protein contains one binding site for NADPH and 
thee FAD-binding site. In the inactive state of the enzyme, the NADPH-binding site is 
probablyy covered by a loop of 20 amino acids . 

p22p22phoxphox p22phox is encoded by the , 
andd spans 8.5 kb and six exons26' 

;enee CYBA, which is located on chromosome 16q24 
1111'.'. The resulting protein of 195 amino acids has one 
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proline-richh region involved in interaction with SH3 (src homology region 3) 
domains. . 

PP4747pkoxpkox NCF1, the gene on chromosome 7ql 1.23 coding for p47phox, has a length of 15 
kb,, encompassing 11 exons28. Its product, a protein of 390 amino acids, contains nine 
serinee phosphorylation sites, two SH3 domains, one PX (Phox homology) domain 
involvedd in targeting subcellular membranes by binding to phosphoinositides29 3I, and 
onee proline-rich region. 

p67p67phoxphox NCF2 on chromosome lq25 codes for p67phox, is 40 kb long and comprises 16 
exonss . p67p ox itself, with its 526 amino acids possesses a (higher affinity) binding-
sitee for NADPH33, four tetratricopeptide repeat (TPR) motifs involved in protein-
proteinn and protein-lipid interactions34, two SH3 domains and one proline-rich region. 

p40p40PhoxPhox V e r y l i t t l e ig k n o wn y et a b o ut p4()Phoxj a p r o t e in o f 339 a m i no a c i ds I t s g e n e> 

NCF4,NCF4, spans 18 kb and 10 exons and is located on chromosome 22ql3.135. The 
proteinn contains one SH336 and one PX30:31; 37 domain. 

Activationn of the enzyme 

Respondingg to as yet only partially unravelled upstream events that transmit the 
signalss originating from the cell surface receptors, the activation of the NADPH 
oxidasee itself seems to be initiated by a change in the phosphorylation of p47phox38. 
Thee different protein kinases implicated in this process apparently phosphorylate 
differentt groups of serines39, with each different state of phosphorylation 
correspondingg to a different three-dimensional conformation of the protein. This 
processs disrupts the cytosolic complex of p47phox/p67pho7p40phox in the resting cell, 
exposingg until then inaccessible SH3 and proline-rich domains401 4\ as well as PX 
domains.. This change results in translocation of these three proteins to the membrane, 
wheree they associate with cytochrome b558 (Figure 2). The interactions of the 
cytosolicc components amongst each other and with the cytochrome are mediated by 
SH33 domains binding specifically to certain proline-rich regions41-46, while the 
interactionss of the cytosolic oxidase components with the membrane are PX-domain 
mediated30;3,:47. . 
Inn the membrane-associated complex, p47phox appears to stabilize the interaction of 
p67phoxx with the cytochrome481 . P67phox with its high-affinity binding site for 
NADPH,, on the other hand, could bind to gp91phox, which contains a lower affinity 
NADPH-bindingg site, to form the catalytically efficient binding site of the active 
enzyme33.. The loop of twenty amino acids that covers the NADPH-binding site in 
gp91phoxx in the resting state, is thought to move away, as a result of either the complex 
formationn or of an independent control mechanism. NADPH then binds to the 
completelyy assembled oxidase, electron transfer will start and superoxide generation 
startss (Figure 1). 
Bothh the assembly of the enzyme and the electron flow itself are subject to regulating 
andd modifying influences of three low-molecular weight GTP-binding proteins, Racl, 
Rac22 and RaplA  ; . Functioning as molecular switches in signalling cascades, with 
ann inactive GDP-bound and an active GTP-bound state, they themselves are again 
underr the control of GDP-dissociation inhibitor (GDI) and GTPase-activator (GAP) 
proteins50;; 52. Racl (expressed predominantly in macrophages) and Rac2 (expressed 
predominantlyy in neutrophils) interact with two of the TPR domains of p67phox53. 
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Uponn activation of Rac, a conserved carboxyl-terminal 15-carbon farnesyl group 
becomess exposed54 that mediates association of the cytosolic complex with the 
membranee and thus with the cytochrome5 . In the activated oxidase complex Rac 
participatess in and modulates the electron transfer steps from NADPH to FAD, heme 
andd onto molecular oxygen56. GTPase-activating proteins, finally, seem to play a role 
inn the deactivation process of the NADPH oxidase57. 
Feww data are yet available about the role of Rap la in the activation of the 
oxidase.Raplaa associates with the NADPH oxidase in a phosphorylation-dependent 
manner5811 , and clearly is involved in the regulation process, as activated or dominant 
inhibitoryy mutants decrease or inhibit the respiratory burst, and overexpression of the 
wild-typee GTP-binding protein enhances 02" production6016I. Rap la itself is activated 
afterr stimulation of neutrophils with a variety of stimuli, including fMet-Leu-Phe 
(fMLP),, platelet-activating factor (PAF), granulocyte-macrophage colony-stimulating 
factorr (GM-CSF), and IgG-coated particles, involving both phospholipase C-
dependentt and -independent pathways62. Furthermore, Rapla seems to activate 
proteinn kinase C and may, therefore, also have a more indirect role in oxidase 
regulation63. . 
Althoughh it is becoming increasingly clear that interactions with other proteins64"67 -
possiblyy in the form of a macromolecular complex - and with the cytoskeleton68"7' 
mustt play an important role in the regulation and the localization of the oxidase 
activity,, almost nothing is known yet about this cell-biological background of 
NADPH-oxidasee regulation. 
Thee impressive complexity of the activation of the enzyme and its intricate control 
mechanismss point to the importance of a tightly controled, place- and time-restricted 
releasee of free oxygen radicals, since an uncontroled release of these products would 
havee devastating effects for the affected individual. This complexity, on the other 
hand,, is the explanation for the fact that defects in different genes can lead to the same 
cellularr dysfunction and disease. 

Molecularr  defects 

DefectsDefects in gp91phox Defects in gp91phox comprise about two-thirds of the CGD cases, 
andd are as such the most frequent cause of CGD. All possible types of mutation, 
exceptt gene conversions, have been found in CYBB, with single nucleotide 
substitutionss accounting for 65 % of the defects, and deletions and insertions for the 
remainingg 35 %72. 
Veryy large deletions, extending over other coding genes localized on the X-
chromosome,, can result in various clinical entities, such as Duchenne muscular 
dystrophy,, retinitis pigmentosa or McLeod's syndrome, being associated with CGD. 
Inn a multicenter review of the mutations found in 261 X-linked CGD kindreds, 65 % 
off  these mutations were found to be family-specific, with the other 35 % being 
clusteredd around a few hotspots, mainly around CpG sequences . 
Thee large majority of X-linked mutations in CGD leads to a complete lack of 
gp91phox,, due to instability of the mRNA or of the translated protein. These are called 
X91°° variants, to differentiate them from the (few) cases with reduced or normal 
proteinn expression, called X91" and X91+, respectively. In the cases of X91", the 
reducedd protein expression is accompanied by a roughly proportional decrease in 
superoxidee production, whereas the X91+-variants express normal amounts of a non-
functionall  protein. 
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Whilee being clinically indistinguishable from the X9Invariants, the cases of X91+-
CGDD are of great interest for understanding of the working mechanism of the oxidase, 
becausee they allow analysis of how different defects block various steps of the 
activationn process or in the electron transport. The fifteen X91+-mutations known so 
farr (74 and E. van Koppen; personal communication) have contributed in this way to 
ourr knowledge of gp91phox, by identifying regions important for the binding of one of 
thee heme groups, NADPH or the cytosolic oxidase components241 72; (see also 
chapterr 3). 
Fivee families, finally, have been found with single nucleotide substitutions in the 5' 
promoterr region of CYBB. These mutations are clustered in the region around bp -55 
region,, and each ablates a binding site recognized by the Ets family members PU.1 
andd Elf-176"79. Furthermore, mutation analysis on DNA of a CGD patient with 
gp91phoxx expression restricted to eosinophils78; 80 has led to the characterization of 
eosinophil-specificc regulation of gp91phox gene expression by transcription factors 
GATA-landGATA-281. . 
Fourr (rare) polymorphisms have been found in CYBB to date, further illustration of 
thee extreme sensitivity of this protein for mutations74. 
Recently,, a regularly updated database (X-CGDbase) has been established, which is 
freelyy available for anonymous file transfer protocol (ftp) at ftp.csb.ki.se and 
ftp.helsinki.fii  (in the directory pub/x-cgdbase). The WWW site is at 
http://www.helsinki.fi/science/signal/databases/x-cgdbase73. . 

DefectsDefects in p22phox About 5 % of the cases of CGD are caused by defects of p22phox. In 
thee thirty-four families with A22-CGD investigated so far, twenty-seven different 
mutationss were found in the sixty-eight alleles involved (82 and E. van Koppen; 
personall  communication). The only A22+-mutation known, a substitution of glutamic 
acidd for one of the prolines in its proline-rich region, apparently destroys the 
interactionn with the SH3 domain of p47phox, thereby interrupting the activation of the 

41;;  45; 46; 83 

enzymee . 
Inn CYBA eight polymorphisms are known82. 

DefectsDefects in p47phox Mutations in NCF1 account for about 30 % of the cases of CGD. In 
strongg contrast with the variation in the mutations found in the other subtypes of 
CGD,, only a few different mutations have been reported in A47 CGD to date. In fifty-
twoo unrelated patients described, fourty-one were homozygotes and eight compound 
heterozygotess for a dinucleotide deletion in the first four nucleotides of exon 2 
(GTGTT —> GT) (82 and E. van Koppen; personal communication); overal, eleven 
differentt mutations have been found in this patient group. 
Thiss situation has long remained unexplained, but the finding that most wild-type 
alleless contain two pseudogenes, highly homologous but non-functional gene copies 
off  p47phox, in addition to NCF1 has led to the realization that recombination events 
betweenn NCF1 and a pseudogene cause the extremely high uniformity of mutations 
foundd in A47 CGD ****. 
Onee polymorphism in NCF1 has been described82 

DefectsDefects in p6T ox With around 5 % of the described cases, A67 CGD also represents a 
raree subtype of the disease. 
Inn the twenty-four A67 CGD patients characterized so far twenty-three different 
mutationn were found among the fourty-eight alleles (82 and E. van Koppen; personal 
communication).. While the level of mRNA is usually normal, no protein expression 
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hass been found in A67 CGD, with the exception of one A67+ patient, whose p67p ox 

proteinn is apparently non-functional due to the deletion of one amino acid. This 
deletionn causes a strongly diminished binding of Racl, and thereby a disturbance in 
NADPHH oxidase activation87. 
Inn NCF2 twelve polymorphisms have been described82. 

DefectsDefects in p4(fhox There are no known defects in this protein. 

LINE- 11 retrotransposons (and chronic granulomatous disease) 

LINE-11 (LI ) elements are DNA motifs capable of self-propagation and present in the 
humann genome in a very high copy number. 
Thee consensus sequence of a full-length LI element is 6 kb long and contains two 
openn reading frames (ORFs) surrounded and separated by non-coding sequences. The 
firstt of the LI ORFs codes for a 40-kDa RNA-binding protein, the second ORF for a 
proteinn of about 150 kDa with an NH2-terminal endonuclease domain, a central 
reversee transcriptase domain and a COOH-terminal zinc knuckle-like domain. The 
endonucleasee activity cleaves one strand of double-stranded DNA at the loose 
consensuss sequence AA | 'I'l'l'l -88. The LI consensus sequence is terminated by a 
poly(A)) tail. 
Thee vast majority of LI elements is framed directly by target-site duplications, i.e. 
perfect,, 7 to 20 bp long duplications of the site of insertion. 
Basedd on these features a model of target-primed reverse transcription has been 
proposed89.. This model suggests that after transcription of the LI message and 
translationn of the two encoded open reading frames, the LI RNA and proteins form a 
ribonucleoproteinribonucleoprotein complex (RNP). After translocation to the nucleus, the 
endonucleasee activity of the RNP introduces a nick into one strand of the genomic 
DNAA at a location randomly defined by possible consensus sites. The resulting 3'-OH 
groupp is then used as primer for reverse transcription of the LI-RNA template, which 
results,, after nicking of the second DNA strand and subsequent DNA repair, in a copy 
off  the original LI element integrated at a new location90191. 
LII  elements have been replicating and evolving in mammals for more than 100 
millionn years, and it is thought that they now account directly or indirectly for about 
one-thirdd of the human genome92. There are about half a million still recognizable 
remnantss of LI elements littered throughout the human genome, almost all of which 
aree 5' truncated, inverted or mutated to inactivity. Roughly 5000 elements are full 
length,, and probably only 60-100 of these are still capable of retrotransposition. 
Itt has become increasingly clear that these elements can alter the genome in many 
wayss beyond simple insertion of the element itself. It is now known that LINE-1 
elementss often take along 3' and sometimes 5' flanking sequences and that especially 
thee phenomenon of 3' transduction can result in shuffling exons from one genomic 
locationn to another93. Furthermore, LI-encoded proteins in rare instances 
retrotransposee non-Ll mRNAs, resulting in the generation of processed 
pseudogenes94.. Other LI-mediated mechanisms that can change the sequence and 
functionn of the genome are mispairing of homologous LINE-1 sequences and unequal 
crossing-over,, introduction of alternative transcription start sites into a number of Pol 
n-transcribedd genes95 and generation of large retrotransposition-associated genomic 
deletionss and inversions9619 . 
Inn humans, 14 recent LI insertions are known92, three of which have affected CYBB 
(988 and chapters 4 and 5). It is not yet clear whether CYBB represents a hotspot for LI 
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insertionall  activity or whether this seeming cluster of LI activity is the result of an 
ascertainmentt bias. 

Correlationss between genotype and phenotype 

Inn general, the X91° and X91+ subforms of CGD present with similar clinical severity. 
Itt might be expected, on the other hand, that the severity of the clinical symptoms in 
X91""  CGD correlates with the amount of residual superoxide production (3 - 30 %) 
foundd in these patients' phagocytes. This is, while often true, not a dependable rule". 
Probably,, variabilities in other host defense systems play an important role here, as 
bornee out by a study that examined the role of host defense molecule polymorphisms 
inn determining immune-mediated complications in CGD100. This study demonstrated, 
forr example, strong associations of myeloperoxidase and mannose binding lectin 
genotypess with gastrointestinal complications and autoimmune/rheumatologic 
disorders,, respectively100. Other such associations quite certainly exist and determine 
cumulativelyy the overal phenotype. 
Autosomall  CGD, as borne out by a few clinical studies, seems to follow in general a 
moree benign clinical coursel0,; . Given the observations that p47phox under certain in 
vitroo conditions seems not to be essential for oxidase activity103"105, it might be 
speculatedd that some residual H2O2 generation is also possible in the in vivo 
situation49. . 

Molecularr  diagnosis 

CGDD - once clinically suspected - can be diagnosed in the laboratorium by the 
phagocytes'' failure to produce reactive oxygen species. A number of methods are 
availablee for the assessment of superoxide production. The classical, and still widely 
usedd test for this purpose is the so-called NBT slide test, in which a yellow dye in 
solutionn (nitroblue tetrazolium) is reduced by superoxide to insoluble blue formazan. 
Thee fraction of stained and unstained cells and even the staining intensity in each cell 
aree then evaluated under a microscope106. 
Thee activity of the NADPH oxidase can furthermore be measured by oxygen 
consumptionn (oxygen electrode), superoxide generation (reduction of ferricytochrome 
c,, chemiluminescence) or hydrogen peroxide production (oxidation of homovanillic 
acidd or Amplex® Red reagent (10-acetyl-3,7-dihydroxyphenoxazine)). 
Today,, flow cytometry is frequently used to assess the neutrophils' NADPH oxidase 
activity107.. This method, which uses fluorescent dyes for the detection of hydrogen 
peroxide,, is sensitive, measures at the single cell level (and can thus distinguish active 
andd non-active cell fractions) and has the additional advantage that non-purified 
leukocytee suspensions can be used. 
Oncee the diagnosis of CGD is established, the missing subunit of the enzyme, and 
therebyy the subgroup of the disease, can be determined by immunoblot analysis of 
neutrophill  fractions. This simple-sounding principle is marred by the fact that the 
gp91phoxx and p22phox components of cytochrome b5ss need each other for stable 
expression,, so that the lack of one protein automatically leads to absence of the other. 
Inn that case, the family history and a carrier pattern in the mother's neutrophils (see 
below)) may indicate an X-linked type of disease. Still, since about one-third of the X-
linkedd defects are new mutations in the parental germ-line cells, X-linked CGD 
cannott be excluded in this way. 
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Iff  all four subunits of the NADPH oxidase are present on Western blot, an X+- or A+-
variant,, with a dysfunctional protein, is probable. In that situation, the cell-free assay, 
ann in vitro system that reconstitutes the NADPH oxidase from its individual 
components,, has to be employed, to localize the defective subunit in either the 
membranee (gp91ph0\ p22phox) or the cytoplasm (p47pho\ p67phox)108; 109. 
Thee causative mutation is then determined by sequencing of PCR-amplified cDNA or 
genomicc DNA. In case of genomic DNA, the primers are constructed in such a way as 
too include the promoter region and intronic sequences immediatedly adjacent to the 
exons.. This ensures detection of promoter or splice-site mutations. 
AA recently developed gene-scan method allows for determination of the ratio between 
wild-typee NCF1 copies and dinucleotide deletion-containing copies (pseudogenes and 
mutatedd genes)110. In most patients with A47 CGD this method will detect the 
causativee mutation (see above); in the remaining cases an attempt of sequencing PCR-
amplifiedd genomic DNA can be made'n. 

Carrierr  detection 

Carrierss of X-linked CGD have two subpopulations of neutrophils, one with the 
"healthy""  X-chromosome in an active form, and therefore rendering the cells capable 
off  expressing a functional NADPH oxidase, and another one with the mutated X-
chromosomee active and therefore incapable of inducing superoxide generation. The 
ratioo between these two populations is determined by the process of lyonization, the 
randomm inactivation of one of the two X-chromosomes in all female cells in an early 
phasee of development. 
Thee resultant mosaic pattern for superoxide production can best be analyzed by the 
NBTT slide test or by flow cytometry. Because extreme lyonization can result in 
seeminglyy unaffected carriers, carrier analysis is nowadays most often performed by 
sequencing.. RFLP may be employed in case large insertions or deletions are 
suspected. . 
Autosomall  carrier detection is best done by sequencing. However, for most cases of 
carrierr detection in A47 CGD the gene-scan method is preferable110. 

Prenatall  diagnosis 

Prenatall  diagnosis is best performed by sequencing of DNA from chorionic vill i 
obtainedd during the 10*  - 12th week of gestation. It should be performed with the 
family-specificc mutation known. In principle, all subtypes of CGD can be diagnosed 
prenatally111,, but often the combined heterozygous mutations of autosomal diseases 
renderr such a diagnosis more difficult. 
Afterr verification of the fetal origin of the cells and determination of the fetus' sex, the 
sequencingg is carried out on PCR-amplified fragments of the relevant genomic region. 
Thee results are compared to the simultaneously obtained sequences of the indicator 
patientt in the family, the pregnant woman and a healthy control112. 
Iff  the family-specific mutation is not known, allele-specific markers can be used, for 
whichh several have been described. If these markers are informative in the affected 
family,, they offer a more than 50 % reliable method for prenatal diagnosis. 
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Treatment t 

Thee prognosis of the syndrome originally called "fatal granulomatous disease of 
childhood""  in its first description in 19576; l13 has since dramatically improved, due, in 
part,, to the emergence of several specialized centers that have assembled large groups 
off  patients to improve the knowledge and treatment of this disease (e.g. the National 
Institutess of Health, Scripps Clinic/Stanford University, the Pediatric Clinics of the 
Universityy of Amsterdam and of the University of Zurich). 
Whilee one retrospective study in 1989 found a survival rate of 50 % at ten years of 
agee (with an improved prognosis thereafter)1l4, nowadays most patients survive well 
intoo their adulthood years, especially those with A47 CGD. 

Modernn treatment of CGD rests on five pillars: 
l)Preventionn of infections through immunization of the patients and avoidance of 

probablee sources of pathogens 
2)Prophylaxiss with trimethoprim-sulfamethoxazole or dicloxacillin 
3)Prophylacticc administration of recombinant human interferon gamma (rlFN-y) 
4)Mostt important: early and aggressive use of parenteral antibiotics 
5)Surgicall  drainage and/or resection of infectious foci 

CGDD patients should receive all routine immunizations (including the live-virus 
vaccines)) on schedule, as well as a yearly influenza vaccination. Any skin damage 
shouldd be promptly washed with soap and water and rinsed with antiseptic agents. 
Sincee perirectal abscesses represent a common and often stubborn problem in CGD, 
carefull  rectal hygiene and avoidance of constipation are recommended. The risk of 
pulmonaryy infections can be reduced by not smoking, not using bedside humidifiers 
andd avoiding possible sources of Aspergillus. Finally, attention should be paid to 
optimall  dental cleaning, including flossing and antibacterial mouthwashes. 
Prophylaxiss with trimethoprim-sulfamethoxazole can reduce the number of bacterial 
infectionss by more than half, as was borne out by three studies representing a total of 
955 patients1^114;'15. 
Inn 1991, a phase II I  multi-center, double-blind, randomized placebo-controled study, 
encompassingg 128 patients, demonstrated a 70 % reduced risk to develop a serious 
infectionn under prophylaxis with rlFN-y, as compared with placebo116. This benefit is 
maintainedd over longer periods of time, as has since been shown in two phase IV 
studies1175118. . 
Thiss improved host defense, which is found independently of the subtype of the 
disease,, is not parallelled by an improvement in superoxide production by purified 
neutrophilss or monocytes116'119. Apparently rlFN-y boosts other, oxygen-independent 
defensee mechanisms. 
Onee of the central guidelines in treating CGD is to initiate anti-infectious treatment 
promptlyy and to continue it until certain eradication of the pathogens. Late, in CGD, 
mayy be too late. Not every low-grade fever or minor infection needs maximal therapy, 
butt it should be observed closely, to react at the first signs of deterioration. 
Beforee initiating treatment, reasonable (and rapid) efforts should be made to localize 
thee infection and isolate the causative agent. However, since treatment in those 
situationss should begin without a delay, often it has to be an empirical one, to be 
modifiedd later if necessitated by the culture results. 
Locall  foci of infection, such as abscesses, empyemas, necrotic infected tissue and 
bonee infected by fungi, are often very resistant against antiinfectious therapy, 
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especiallyy in an immunecompromised host, and warrant surgical resection or 
drainage. . 
Althoughh the immunosuppressive corticosteroids should be avoided in CGD patients, 
theyy may sometimes be warranted by symptomatic granuloma formation or severe 
formss of CGD inflammatory bowel disease. Both complications respond well to these 
agentss (e.g. 0.5 - 1 mg of prednisone/kg/day)120; 121. After a few weeks treatment, the 
dosee of corticosteroids should be tapered to prevent a rapid relapse. 
CGD,, as a defect of the hematopoietic stem cells, is, in principle, amenable to bone 
marroww transplantation (BMT). However, BMT in CGD has been associated with 
unacceptablyy high rates of morbidity, mortality, and graft failure, except in very 
selectedd cases in which an HLA-identical donor is available122. In these later cases, 
however,, myeloablative conditioning followed by transplantation of unmodified 
hemopoieticc stem cells has resulted in a high rate of overall survival (23/27), with 
22/233 patients cured of CGD (median follow up 2 years). Survival was especially 
goodd in patients without infection at the moment of transplantation (18/18)123. 

Animall  models 

Whilee there is no natural animal model known for CGD, recently two murine models 
havee been presented. The group of M. Dinauer succeeded in constructing a model for 
X-CGDD through gene targeting of murine embryonic stem cells124, and the groups of 
S.M.. Holland and A.W. Segal have created p47phox knock-out mice, using comparable 
techniques1251126. . 
Thosee models will allow to study possible clinical differences between the genetic 
subgroupss in detail127, as well as to test the efficacy and safety of new therapeutic 
techniques,, including gene therapy128"130. 

Genee therapy 

Treatmentt of CGD, for all the great progress it has seen since the first description of 
thee disease, remains to this day largely symptomatic. With the advent of the new 
geneticc technologies, however, a cure for (some) inherited diseases seems possible. 
Forr CGD, partial correction of the defect in vitro has been described, by treating CGD 
peripherall  blood progenitor cells, B lymphocytes, monocytes or genetically modified 
myeloidd cell lines with retroviral or adenoviral vectors that contain cDNA of one of 
thee four genes involved in the pathogenesis of CGD131"138. 
Genee therapy seeks to introduce a functional copy of the defective gene into the 
genomee of the affected cells. Since this method compensates for the causative 
mutation,, it would constitute, in principle, a real treatment of the cause, as opposed to 
aa mere amelioration of the symptoms. However, there are several fundamental 
obstacless to be overcome that, at least in theory, could arise when implementing gene 
therapy139.. First of all, for the treatment to have a lasting effect in the hematopoietic 
system,, the correcting gene would have to be introduced into the resting, self-
renewingg hematopoietic stem cells. Most recombinant retroviral and adeno-associated 
vectorss tested as genetic carrier systems for gene therapy in CGD so far need 
replicationn of the target genome, i.e. dividing cells for stable integration into the host 
genome131"138.. To address this problem attempts of gene transfer have been made with 
aa HIV-1-based vector with self-inactivating features containing the therapeutic 
gp9jphoxx gene

140 whi]e this system resulted in a satisfactory respiratory burst activity 
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inn a transduced cell line, its efficacy in stem cells remains to be proven. A second 
problemm with gene therapy in CGD is that the retransfused stem and progenitor cells 
thatt have been genetically corrected in vitro will always represent a minority 
populationn in the bone marrow that tends to be overgrown by the unmodified majority 
populationn of cells. In certain immunodefiencies, such as SCID, the correction of the 
geneticc defect represents a growth advantage for the transduced cells that therefore 
wil ll  slowly replace the unmodified cell populationI4I; 142. In CGD that is not the case. 
Completee eradication of the unmodified stem cell population by chemotherapy 
followedd by substitution with cells corrected for the defect in vitro is a possibility. 
However,, the possible risks of this procedure preclude its implementation in a not 
necessarilyy fatal disease such as CGD. A possible alternative in this regard is the 
cotransductionn of a multiple drug resistance gene together with the therapeutic 
gene11 5; 143. The drug resistance gene would confer a growth advantage to the 
transducedd cells when the retransfusion of the corrected cells is followed by a low-
dosee chemotherapy. This method, however, suffers from an additional problem also 
encounteredd in conventional gene therapy, namely inactivation of the integrated 
gene/viruss constructs by as yet poorly understood mechanisms. A possible solution 
mightt be the utilisation of non-viral gene-transfer systems; these novel strategies are, 
however,, only at their very beginning144. 
Non-virall  gene-transfer certainly also will circumvent the problem of immune 
responsess directed against vector-encoded viral proteins. What remains is the problem 
off  immune responses against the protein encoded by the therapeutic gene that, as in 
thee case of X° CGD, is unknown to the host organism. Exactly how serious a problem 
thiss is, is not yet known, but it is possible that at least some gene-therapy protocols 
wil ll  have to include the induction of tolerance in the host139. 
Onlyy one attempt of clinical gene therapy has been published so far, involving five 
patientss with the A47° subtype of CGD. Modifying the patients' CD34+ 

hematopoieticc progenitors, mobilized to the peripheral blood by G-CSF, maximal 
levelss of one corrected neutrophil in 1500 neutrophils analyzed were obtained after 
retransfusionn of the transduced cells. These levels then declined to below the detection 
limi tt during the following three to six months145. 
Thee optimism with regard to these trials is based on the observations that in some 
X91""  patients 3 - 5 % of oxidase activity can result in a mild clinical phenotype, and 
thatt in some extremely lyonized X-CGD carriers only 3 % of fully functioning 
neutrophilss are sufficient to confer substantial antiinfectious protection. A complete 
(1000 %) reconstitution of the oxidase activity seems, therefore, not necessary. 
Ass is evident, gene therapy is a therapeutical option full of promise that is only at its 
veryy beginning. There are still many unresolved problems that severely limit its 
applicability,, but CGD, as a very well characterized inherited affection of the 
hematopoieticc stem cells, is likely to be among the first syndromes to profit from the 
advancess to be made in the coming years. 

Summaryy and conclusions 

Chronicc Granulomatous Disease (CGD) is a rare inherited immunodeficiency 
syndrome,, caused by the phagocytes' inability to produce (sufficient) reactive oxygen 
metabolites.. This dysfunction is due to a defect in the NADPH oxidase, the enzyme 
responsiblee for the production of superoxide. It is composed of several subunits, two 
off  which, gp91phox and p22phox, form the membrane-bound cytochrome bsss, while its 
threee cytosolic components, p47phox, p67phox and p40phox, have to translocate to the 
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membranee upon activation. This is a tightly and intricately controled process, that 
involves,, among others, several low-molecular weight GTP-binding proteins. 
Gp91phoxx is encoded on the X-chromosome and p22phox, p47phox and p67phox on 
differentt autosomal chromosomes, and a defect in one of these components leads to 
CGD.. This explains the variable mode of inheritance seen in this syndrome. 
Clinicallyy CGD manifests itself typically already at a very young age with recurrent 
andd serious infections, most often caused by catalase-positive pathogens. 
Modernn treatment options, including prophylaxis with trimethoprim-sulfamethoxazole 
andd rlFN-v as well as early and aggressive anti-infectious therapy, have improved the 
prognosiss of this disease dramatically. 
CGD,, as a very well characterized inherited affection of the hematopoietic stem cells, 
iss predestined to be among the first diseases to profit from the advances in cutting-
edgee therapeutics, such as gene therapy. 
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ABSTRACT T 
Reactivee oxygen species play an important role in a variety of (patho)physiological 
vascularr processes. Recent publications have produced evidence of a role for putative 
non-phagocytee NADP oxidase(s) in the vascular production of reactive oxygen 
species.. In the present review, we discuss the detection of the different components of 
NADPP oxidase(s) in the vascular system, together with the putative role of reactive 
oxygenn species produced by vascular NADPH oxidase(s), in both in vitro and in vivo 
studies. . 
Thee NADPH oxidase of phagocytic leucocytes is the source of the reactive oxygen 
speciess (ROS) that these cells need to kill invading pathogens. In recent years, 
numerouss reports have produced evidence of a role for putative non-phagocyte 
NADPHH oxidase(s) in the vascular production of ROS, because several of the 
componentss of the phagocyte NADPH oxidase have been detected in vascular tissue 
off  several animal species, including humans. However, these studies suggest distinct 
differencess in amino acid sequence (and antibody reactivity) between the central 
subunitss of the phagocyte and non-phagocyte NADPH oxidase(s). ROS produced by 
thesee putative non-phagocyte NADPH oxidase(s) are involved in various 
(patho)physiologicall  responses of vascular cells, such as mitosis, apoptosis, migration, 
hypertrophyy and modification of the extracellular matrix. Accordingly, ROS have 
beenn implicated in several major intracellular signalling pathways leading to changes 
inn gene transcription and protein synthesis. Therefore, it is not surprising that ROS are 
thoughtt to play an important role in disease processes, such as atherosclerosis and 
tumourr progression, among others. In this review, we will discuss the evidence for a 
rolee of NADPH oxidase(s) in various (patho) physiological processes of the vascular 
system. . 

Thee NADPH oxidase of phagocytic leucocytes 
NADPHH oxidase has been studied extensively in phagocytes (neutrophilic and 
eosinophilicc granulocytes, monocytes and macrophages). Exposure of these cells to 
anyy of a large number of stimuli activates a respiratory burst, caused by an activation 
off  the plasma membrane bound NADPH oxidase. Upon activation, the NADPH 
oxidasee catalyses the one electron reduction of oxygen, using NADPH as the electron 
donor1:: NADPH + 202 -> NADP+ + 202" + H+ 

Thee superoxide anion radicals (O2) generated in this way play a prominent role in 
oxygenn dependent bacterial killing. O2" can be dismutated to hydrogen peroxide 

**  The first two authors contributed equally to the preparation of this paper. 
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Figuree 1: Composition of the NADPH oxidase in phagocytic cells. 

(H202),, either spontaneously or by the antioxidant enzyme superoxide dismutase, and 
H2O22 may subsequently be converted into a variety of active oxygen species, such as 
singlett oxygen and hydroxyl radicals2. The NADPH oxidase of phagocytes is 
composedd of at least five protein subunits. Gp91phox and p22phox are transmembrane 
proteinss that need each other to form a stable flavocytochrome bsss . Three other 
components,, p47phox, p67phox and p40phox, are localised in the cytosol4 of resting cells 
and,, upon stimulation of the cells by various agents, these components translocate to 
thee flavocytochrome to form the active enzymatic NADPH oxidase complex5 (Figure 
1).. In addition to these subunits, the regulatory low molecular weight GTPases, Racl 
(inn macrophages)6, Rac2 (in neutrophils)7 and RaplA8 participate in the assembly of 
thee active complex. 

Non-phagocyte,, vascular  NADPH oxidase(s) 
NADPHH oxidase components have also been detected in non-phagocytic cells. 
However,, the catalytic subunit of the non-phagocyte NADPH oxidase(s) appears to be 
geneticallyy and structurally distinct from its phagocyte counterpart gp91phox. This has 
beenn demonstrated-for example, in patients with the X linked form of the 
immunodeficiencyy syndrome chronic granulomatous disease (CGD) , which is 
characterisedd by the lack of or strongly reduced NADPH oxidase activity in 
phagocytess caused by an absent or defective gp91phox protein10' " . However, 
fibroblastss of such patients contain a spectroscopically normal cytochrome bsss 
contentt compared with control fibroblasts and show a comparable O2 production . 
Inn recent years, the expression of components of the NADPH oxidase in the vascular 
systemm has been studied by various methods (Tables 1 and 2). 
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DETECTIO NN OF P22rMO *  IN BLOOD VESSELS 
Endotheliall  cells 
Animal l 
p22phoxx mRNA and protein have been detected in rat non-atherosclerotic coronary 
microvascularr endothelial cells with the reverse transcriptase polymerase chain 
reactionn (RT-PCR)12; 13, cDNA sequence analysis12, Northern blotting12 and Western 
blott analysis12113, 
Inn these cells, p22p ox was also detected with confocal immunofluorescence 
microscopyy in perinuclear regions, in the vicinity of the endoplasmic reticulum (ER) 
andd towards the cell membrane12. Non-atherosclerotic porcine pulmonary artery 
endotheliall  cells have been shown to express p22phox by immunohistochemistry and 
RT-PCR14. . 
Human n 
Inn humans, p22p ox expression has been demonstrated in atherosclerotic coronary 
arteryy endothelial cells by means of immunohistochemistry and Western blotting . 
p22pfioxx expression was also detected by Northern blotting16, RT-PCR16"18, cDNA 
libraryy screening17 and Western blotting in the membrane fraction of the 
endothelium1711 L in humans. The same cells have also has been reported to express 
membranee associated flavocytochrome bsss1*. In contrast, heme spectroscopy failed to 
detectt the flavocytochrome bsss in these cells16. 
Vascularr  smooth muscle cells (VSMCs) 
Animal l 
p22phoxx expression has been demonstrated in non-atherosclerotic rat thoracic aorta 
VSMCss by RT-PCR19, Northern blot analysis19"21 and sequencing of p22phox cDNA19. 
Furthermore,, p22phox expression was suggested by downregulation after transfection 
withh antisense p22phox oligonucleotides in human umbilical vein endothelial cells 
(HUVECs)) 20. In addition, a cDNA for flavocytochrome b558 (composed of p22phox 

andd gp91phox) has been isolated from rat VSMCs; this molecule shows a substantial 
resemblancee to both the mouse and the human amino acid sequence and nucleotide 
sequence,, respectively19. In contrast, in another study, the presence of p22phox could 

Tablee 1: 

Subunit t 

p22phox x 

gp91p h ra a 

p47phOT T 

p^pi™ ™ 

Celll  type 

NADPHH subunits detected by various molecular  biological techniques in 
animal l 

Celll  type 

ec c 
vsmc c 

fb b 
ec c 

vsmc c 
fb b 
ec c 
vsmc c 
fb b 
ec c 
vsmc c 
fb b 

experiments s 
Westernn Northern 
blottingg blotting 
r++ r + 

rr + 

rr + 

cc + 

bb + 

rbb + 

RT--
PCR R 

r,pp + 
rr + 
r --
r,, rb + 
r,pp + 

rbb + 

ICH H 

r,pp + 
rr + 

r ,pp + 

r,, rb + 
p,pbb + 

r,, rb + 
pp + 

r,, rb + 

DNA A 
sequencing g 
rr + 
rr + 

rr + 

Anti--
sense e 

rr + 

Refs s 

12-14 4 
15-18 8 
18 8 
18,19 9 
12-14 4 
12 2 
20 0 
18,19 9 
14,21 1 

18,19 9 
14 4 

18,19,22 2 

:: ec, endothelial cell; fb, fibroblast; vsmc, vascular smooth muscle cell. Animal 
species:: b, bovine; c,, calf; m, mouse; p, porcine 
ICH,, immunohistochemistry; RT-PCR, reverse e 

;; r, rat; rb, rabbit; +, 
transcript] ] 

present;; -,, absent 
onn polymerase chain reaction. 
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nott be demonstrated in the non-atherosclerotic rat thoracic aortic medial layer by 
immunohistochemicall  staining, which exclusively showed adventitial expression of 
p22phox22_ _ 

Human n 
Inn humans, p22phox expression has been detected in atherosclerotic coronary artery 
VSMCss by means of immunohistochemistry, Western blot analysis1 and RT-PCR, 
andd with Northern blotting in non-atherosclerotic aortic smooth muscle cells 
(SMCs)23.. In addition, the expression of p22phox was suggested from antisense p22phox 

transfectionn experiments in VSMCs23 and in mesenteric artery SMCs20. Western blot 
analysiss pointed to the expression of p22phox at the plasma membrane of non-
atheroscleroticc aortic SMCs' . 
Adventitia ll  fibroblasts 
Animal l 
Adventitiall  localisation of fibroblastic p22phox expression seems to predominate, as 
demonstratedd by immunohistochemical staining in non-atherosclerotic rat thoracic 
aortaa adventitial fibroblasts22 and rabbit aorta adventitial fibroblasts24. 
Human n 
Immunohistochemicall  staining and Western blotting also showed primarily adventitial 
expressionn of p22phox in human coronary artery fibroblasts, which increased in 
atheroscleroticc coronary artery lesions, although at the same time extending 
throughoutt the entire vessel wall15*  . 

DETECTIO NN OF GP91PHOX IN BLOOD VESSELS 
Endotheliall  cells 
Animal l 
RT-PCRR and Western blot analysis have demonstrated the expression of gp91phox in 
ratt non-atherosclerotic coronary microvascular endothelial cells13. Another study 
reportedd the expression of gp91phox in non-atherosclerotic rat coronary endothelial 
cellss by RT-PCR and consecutive cDNA sequence analysis, but failed to do so by 

Tablee 2: NADPH subunits detected by various techniques in human experiments 
Subunitt Cell Western Northern RT~ ICH DNA Spectra Anti- Refs 

typee blotting blotting PCR sequencing -scopy sense 
p22pho:ii huvec + + + + 23-25 

23 3 
caecc + + 26 
vsmcc + + + + + 16,26,27 
fbb + + 23,28 

gp91phoxx huvec + + 23-25 
23 3 

vsmcc - - 24 
fb b 

p47phoxx huvec + + + 23,25 
vsmcc + + 29 
fb b 

p67ph011 huvec + + + 23,25 
vsmcc - - 29 
fb b 

Celll  type: ca ec, coronary artery endothelial cell; fb, fibroblast; huvec, human umbilical 
veinn endothelial cell; vsmc, vascular smooth muscle cell. 
ICH,, immunohistochemistry; RT-PCR, reverse transcription polymerase chain reaction 
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Northernn blot analysis'2. Interestingly, using confocal immunofluorescence 
microscopyy the same study demonstrated gp91phox expression extending from 
perinuclearr areas and in the vicinity of the ER towards the cell membrane12. In non-
atheroscleroticc porcine pulmonary artery endothelial cells gp91phox expression was 
detectedd by immunohistochemistry and RT-PCR14. 
Human n 
RT-PCR16^188 and Western blotting18 have demonstrated gp91phox mRNA and protein 
expressionn in HUVEC lines1618. In contrast, the gp91phox component of the 
flavocytochromeflavocytochrome bsss could not be demonstrated by heme spectroscopy in HUVECs16. 
Vascularr smooth muscle cells 
Animal l 
Westernn blot analysis indicated gp91phox expression in non-atherosclerotic calf 
pulmonaryy artery VSMCs26. 
Human n 
Görlachh et al were unable to detect gp91phox mRNA or protein expression by means of 
RT-PCRR or Western blotting in human non-atherosclerotic aortic SMCs17. 
Adventitia ll  fibroblasts: animal 
Adventitiall  fibroblasts in the non-atherosclerotic rat thoracic aorta22 and rabbit aorta24 

weree shown to express gp91phox as detected by immunohistochemical staining. 

DETECTIO NN OF P47PHOX IN BLOOD VESSELS 
Endotheliall  cells 
Animal l 
Immunohistochemistry14;; 27 and Western blotting27 have demonstrated p47phox 

expressionn in non-atherosclerotic porcine pulmonary artery endothelial cells14 and 
bovinee pulmonary artery endothelial cells27. 
Human n 
Inn HUVECs, p47phox mRNA expression was demonstrated by means of RT-PCR,6; '8 

andd Western blotting18, and p47phox was localised in the cytosol of these cells by 
meanss of immunohistochemistry16. 
Vascularr  smooth muscle cells: human 
RT-PCRR and Western blotting demonstrated p47phox mRNA and protein expression in 
non-atheroscleroticc human aortic SMCs28. 
Adventitia ll  fibroblasts: animal 
Immunohistochemicall  staining showed p47phox expression in non-atherosclerotic 
aorticc adventitial fibroblasts of rats22 and rabbits24. 

DETECTIO NN OF P67PHOX IN BLOOD VESSELS 
Endotheliall  cells 
Animal l 
Porcinee non-atherosclerotic pulmonary artery endothelial cells were shown by 
immunohistochemistryy to express p67phox14. 
Human n 
Immunohistochemistry16,, RT-PCR16; 18 and Western blotting18 have demonstrated 
p67phoxx mRNA and protein expression in HUVECs,6; '8. 
Vascularr  smooth muscle cells: human 
Neitherr RT-PCR nor Western blot analysis could detect p67phox protein expression in 
non-atheroscleroticc human aortic smooth muscle cells28. 
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Adventitiall  fibroblasts: Animal 
p67phoxx expression was detected by RT-PCR29, Northern blot analysis29 and 
immunohistochemicall  staining in non-atherosclerotic rat22' 24 and rabbit aortic 
adventitiall  fibroblasts29. 
Inn summary, most, but not all of the phagocyte NADPH oxidase components have 
beenn found in the various cell types composing the atherosclerotic and non-
atheroscleroticc vasculature. However, when interpreting these sometimes conflicting 
reports,, the lack of appropriate negative controls-material from patients with CGD or 
relevantt knockout mice-has to be noted in most of these studies. Particularly for the 
centrall  subunit of the NADPH oxidase, gp91phox, the possibility of crossreactivity of 
oligonucleotidess or antibodies with one or more of the gp91phox homologues (see 
below)) has to be taken into account. So far, to our knowledge, no extraphagocyte 
deficienciess of NADPH oxidase components in patients with CGD have been 
described17. . 

G P 9 1PHOXX  HOMOLOGUES 
Overr the past two years several novel gp91phox homologues have been described, 
whichh will be briefly mentioned in the following section, with the nomenclature 
recentlyy accepted by the HUGO Human Gene Nomenclature Committee 
(http://www.gene.ucl.ac.uk/nomenclature/).. The names in parentheses indicate various 
namess used in the original descriptions. 
Nox22 (gp91phox) 
Thee prototype (and for a long time the only) member of the new family of NADPH 
oxidases,, gp91phox, is a 91 kDa glycosylated protein with six hydrophobic, probably 
membranee spanning, segments in its N-terminal half. Four histidine residues in this 
transmembranee cluster have been shown to participate in the ligation of two hemes. 
Thee cytosolic C-terminal half of the protein contains FAD and NADPH binding sites 
homologouss to those found in some other flavoproteins; it also encompasses as yet 
poorlyy defined regions of interaction with the cytosolic oxidase components p47phox 

andp67phox3. . 
Al ll  the gp91phox homologues described so far have conserved the overall structure of 
sixx transmembrane segments with heme coordinating histidines, followed by a 
cytosolicc part that contains highly conserved binding sites for FAD and NADPH. 
Althoughh the homologues share other regions of high homology, nothing can yet be 
saidd about possible interactions with the other subunits of the phagocytic NADPH 
oxidase. . 
Noxll  (Mox-1, NOH-1) 
Mox-11 mRNA is expressed in colon, prostate, uterus and vascular smooth muscle 
cells,, but was not found in peripheral blood leucocytes °. Interestingly, and in contrast 
too neutrophils, ROS produced by mox-1 seem to be generated intracellularly. 
Furthermore,, overexpression of mox-1 resulted in increased cell growth, suggesting a 
possiblee role for mox-1 in growth regulation . 
Nox33 (gp91-3) 
Too date, nothing is known about this homologue except for a seemingly exclusive 
expressionn in fetal kidney tissue (and the HepG2 cell line), as determined by RT-
PCR31. . 
Nox44 (renox, Kox-1) 
Anotherr gp91phox homologue, Nox4, has been detected by in situ RNA hybridisation 
andd by immunohistochemistry in the renal cortex, predominantly in proximal 
convolutedd tubule epithelial cells, which is also the putative site of erythropoietin 
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productionn . In addition, human embryonic kidney 293 cells appear to express Nox4 
mRNAA and protein as detected by RT-PCR and Western blot analysis33. Based on the 
expressionn pattern it has been suggested that renox participates in the oxygen sensing 
mechanismm that regulates the production of erythropoietin. Transfection of renox 
cDNAA into NIH 3T3 fibroblasts resulted in enhanced superoxide production 
comparedd with control fibroblasts. However, in contrast to the results seen with mox-
1,, these modified fibroblasts displayed substantially diminished cell growth32; 33. 
Nox5 5 
Recently,, the sequence of this homologue, reportedly expressed in renal epithelial 
cells,, was deposited in GenBank (AK026011 and AF317889). . 
Duoxll  and Duox2 (ThOXl and ThOX2/pl38Tox) 
Discoveredd by low stringency screening of thyroid cell cDNA libraries with a 
gp91phoxx probe, ThOXl and ThOX2 represent a separate subgroup in the family of 
gp91phoxx homologues34. Also called Duoxl and Duox2 (for dual oxidases 1 and 2), 
theyy are characterised by an N-terminal extension that contains a peroxidase 
homologyy domain, a conserved calcium binding motif and an additional 
transmembranee segment. Expressed specifically in the thyroid gland, at the apical 
membranee of thyrocytes, the two oxidases are thought to be involved in the 
biosynthesiss of thyroid hormone34. 
Inn summary, the discovery of the above described non-phagocyte gp91phox 

homologuess represents the first confirmation of earlier research in different tissues 
thatt had postulated a role for such homologues in a variety of signalling pathways. 
Futuree developments, which may include the description of additional, tissue specific 
oxidases,, will need to elucidate the regulation and the role of these enzymes that are 
thoughtt to be central to a new, redox dependent signalling mechanism. 

ROLESS OF ROS PRODUCED BY VASCULAR NADPH OXIDASE(S) 
Thee search outlined above for NADPH oxidase components in vascular tissues and 
forr gp91phox homologues has been stimulated by the realisation that ROS are involved 
inn several important processes of vascular functioning. Atherosclerosis, in particular, 
seemss to be at the crossroads of a variety of ROS mediated pathophysiological 
signallingg routes, such as SMC proliferation, the induction of early growth response 
genee transcription, the induction of adhesion molecule expression and the consecutive 
activationn of inflammatory response mechanisms. Although much of the evidence 
presentedd so far has been circumstantial, the discovery of key players, such as the 
novell  gp91phox homologues, should accelerate the elucidation of these essential 
signallingg networks. In the following section we will present an overview of the 
currentt knowledge concerning the role of NADPH oxidase generated ROS in the 
(patho)physiologyy of the vasculature. Several components of the NADPH oxidase(s) 
appearr to be associated with important determinants of vascular disease progression, 
suchh as mechanical stress, inflammatory mediators, hypertension, adhesion molecules 
andd thrombosis. The involvement of these components in vascular disease, as studied 
inn animal and human in vitro and in vivo experiments, will be reviewed separately. 
Vascularr  NADPH oxidase produced ROS: animal in vitr o studies 
Phorbol-12-myristate-13-acetate(PMA) ) 
PMA,, which is known to activate the NADPH oxidase in phagocytes35, and NADPH 
administrationn resulted in increased ROS production in intact rat aortic segments, 
whereass only NADPH administration was able to enhance ROS production in 
mechanicallyy denuded rat aortic endothelium17. In porcine pulmonary artery 
endotheliall  cells, lucigenin chemiluminescence demonstrated increased ROS 
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productionn upon PMA treatment, which was inhibited by the non-specific NADPH 
oxidasee inhibitor diphenylene iodonium (DPI)14. In accordance with this observation, 
chemiluminescencee showed that aortic endothelial segments of gp91phox deficient 
micee exhibited an attenuated PMA induced NADPH dependent ROS production, 
whereass wild-type mice showed normal PMA induced increases in superoxide 
generation17. . 
Inn contrast, porcine coronary SMCs were shown to be inert to PMA stimulation, 
becausee superoxide values remained indifferent, in agreement with the lack of 
NADPHH oxidase components in VSMCs17. 
Mechanicall  stress 
Floww adapted and shear stress exposed bovine pulmonary artery endothelial cells 
exhibitedd an increased ROS production compared with continuously perfused cells. 
Thiss increase was inhibited by DPI, indicating that an NADPH oxidase may be 
activatedd by the shear stress . 
Inflammator yy mediators 
Cytokiness have been shown to upregulate ROS production in vascular tissue. In 
particular,, tumour necrosis factor ( (TNF-() has been suggested to stimulate NADPH 
oxidasee dependent superoxide production, because p22phox becomes unregulated upon 
TNF-(( administration in cultured rat hypertensive aortic VSMCs3 . Interestingly, 
transfectionn with antisense p22phox nucleotides in rat aorta VSMCs abolished TNF-( 
inducedd superoxide production, implicating a p22phox based non-phagocyte NADPH 
oxidasee as the source of ROS formation37. Lipopolysaccharide (LPS) stimulates ROS 
productionn in rat aortic rings38. This production could be inhibited by the non-specific 
NADPHH oxidase inhibitor DPI38. Furthermore, LPS induced an increase in the 
expressionn of p67phox and of an approximately 75 kDa protein in rat aortic rings, as 
detectedd by Western blotting with antibodies directed against the human p67phox and 
gp91phoxx proteins, respectively. In contrast, Northern blotting showed increased 
p22phoxx mRNA upon LPS administration38. 
Angiotensinn II 
Angiotensinn II (Ang II) plays an important role in the development of hypertension. It 
hass been shown that upon Ang II administration superoxide values rise in rat aortic 
SMCs39;; 40 and throughout the rabbit aortic vascular wall (especially in endothelium 
andd adventitia)41, and that this rise of superoxide values can be inhibited by DPI. It 
hass been suggested that adventitial superoxide can inactivate endothelium derived 
nitricc oxide, which enables the adventitia to play a role in the regulation of smooth 
musclee tone and in hypertension241 25; 42. Results of several groups indicate that this 
Angg II induced superoxide production is mediated by an NADPH oxidase ' , among 
otherr mechanisms by upregulation of the mRNA expression of the NADPH oxidase 
componentt p67phox28. In addition, transfection with antisense p22phox nucleotides in rat 
aorticc SMCs inhibited Ang II induced superoxide generation2 . 
Ischaemia a 
Ischaemiaa of bovine pulmonary artery endothelial cells led to the generation of ROS 
andd NF-?B and AP-1 induced DNA synthesis, as detected by means of electrophoretic 
mobilityy shift assays. Both effects were inhibited by the addition of DPI36. 
Inn summary, most of the studies mentioned above have used pharmacological 
inhibitorss of ROS production to show NAPDH oxidase involvement. However, these 
compoundss are not specific for NADPH oxidases44, so definitive proof of NADPH 
oxidasee mediated ROS production is still lacking. Nonetheless, transfection studies 
withh antisense oligonucleotides specific for p22phox have shown a reduced superoxide 
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production,, implicating p22phox and, by extrapolation, an NADPH oxidase in ROS 
mediatedd processes in the vasculature '. 
Vascularr  NADPH oxidase produced ROS in human in vitr o studies 
PMA A 
Apocynin,, DPI and other non-specific inhibitors attenuated ROS production in 
HUVECC cultures pretreated with PMA44. 
Mechanicall  stress 
Shortt term stretch increased superoxide generation in a DPI inhibitable manner in 
humann aortic endothelial cells45 and in human coronary artery SMCs46. 
Inflammator yy mediators 
Inn HUVECs, TNF-( stimulated ROS production47, and DPI was shown to inhibit this 
reaction48.. The pro-atherosclerotic agent endothelin 1 upregulated gp91phox mRNA 
expressionn and superoxide production in HUVECs . 
Platelett derived growth factor50 increased ROS production and, consecutively, 
upregulatedd various intracellular second messengers471 48 and intercellular adhesion 
molecules,, such as vascular cell adhesion molecule 1, in human endothelial cells47; 4 . 
Thiss upregulation was inhibited by DPI and apocynin47; 48; 50. In HUVECs, LPS and 
PMAA induced E-selectin mRNA expression, as estimated by Northern blot analysis, 
wass inhibited by apocynin treatment, again suggesting a role of an NADPH oxidase in 
thiss process51. 
Bradykininn was shown to induce the generation of ROS, phosphorylation of cytosolic 
mitogenn activated protein kinases p42/p44 and c-fos mRNA expression in aortic 
VSMCss in a DPI and N-acetylcysteine inhibitable manner52. 
Angiotensinn II 
Administeringg Ang II to human vascular endothelial cells resulted in a rise in 
superoxidee concentration as detected by lucigenin enhanced chemiluminescence . 
Coagulationn factors 
Thee administration of thrombin, which is known to induce VSMC proliferation and is 
thereforee probably involved in atherogenesis, to human aortic SMCs resulted in 
p47phoxx mRNA and protein upregulation and increased DPI inhibitable ROS 
production28.. In HUVECs, thrombin induced apocynin inhibitable ROS production54. 
Exposuree of aortic SMCs and mesenteric SMCs to products released from activated 
humann platelets resulted in enhanced p22phox expression and intracellular ROS 
production,, in addition to upregulation of tissue factor mRNA expression in a DPI 
inhibitablee manner20. Tissue factor is a major activator of the coagulation cascade 
leadingg to the generation of thrombin. 
Inn summary, there is an increasing amount of evidence, circumstantial at the moment, 
forr an important role of NADPH oxidase(s) in the human vasculature. 
Vascularr  NADPH oxidase produced ROS: animal in vivo studies 
Althoughh in vivo experiments have been performed on a very limited scale so far, this 
experimentall  approach is of vital importance in investigating the influence of NADPH 
oxidasee dependent ROS production on vascular disease. RT-PCR indicated increased 
p22ph0**  mRNA expression in aortic medial VSMCs55, in addition to adventitial 
smoothh muscle tissue56 of hypertensive rats. In wild-type and gp91phox knockout mice, 
noo differences in plasma lipid values and atherosclerotic lesion size were found after a 
highh fat diet of 20 weeks. The authors concluded that the phagocyte NADPH oxidase 
doess not contribute greatly to the aetiology of atherosclerosis . 
Immunohistochemistryy in male Sprague Dawley rats demonstrated increased p47p ox 

expressionn throughout the rat aortic vascular wall following catheter induced injury, 
whereass uninjured arteries showed only adventitial and low level medial VSMC 
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p47Phoxx e Xpr e s si o n
28 However, in p47phox knockout mice, no differences were found 

inn atherosclerotic lesion size and basal blood pressure compared with a p47phox 

positivee control group, although vascular superoxide generation was decreased by 
50%% in aortic rings from the knockout mice58. 
Clearly,, this experimental approach is just beginning to unravel the functional 
contributionn of gp91phox and its homologues to vascular pathophysiology. 
Vascularr  NADPH oxidase produced ROS: human in vivo studies 
Studiess on the role of ROS produced by the vascular NADPH oxidase(s) in humans 
aree restricted to mutational analysis or polymorphism studies; that is, the analysis of 
thee effects of mutations or polymorphisms in one of the oxidase components on the 
phenotypee of the affected individuals. So far, only patients with CGD (individuals 
withh defects in one of the phagocyte NADPH oxidase components) have been the 
subjectt of mutational analysis. No vascular deficiencies have been described in these 
patients. . 
Inn recent years, several studies have investigated the possible effects of 
polymorphismss of p22phox on the vasculature. Four different polymorphisms have so 
farr been reported59, and two of these, C242T and A640G, have been analysed as to 
theirr role in atherogenesis. 
Thee C242T polymorphism results in a His72 -» Tyr substitution in the p22phox 

protein.. Cahilly et al found that the homozygous T genotype and the TC genotype of 
thee C242T polymorphism of p22phox are associated with a greater loss in mean 
minimumm lumen diameter, increased progression of coronary artery disease (CAD) 
andd less regression of the disease under treatment as assessed by coronary 
angiographyy than the homozygous C genotype60. Cai et al showed in a white 
Australiann population that the TC and TT genotypes of the C242T polymorphism 
weree more abundant in young male patients with CAD (( 45 years old), whereas an 
associationn of the C242T polymorphism with CAD could not be established in the 
totall  patient population61. In contrast to these results, Inoue et al showed that in a 
Japanesee population, the TC + TT genotypes of the C242T polymorphism were found 
significantlyy more frequent in control subjects than in patients with CAD62, and a 
studyy of an American population of 252 patients undergoing angiography for the 
diagnosiss of CAD found no significant difference in the prevalence of the C242T 
allelee between controls and patients with CAD63. A combined biracial study of Asian 
Indianss and Chinese from Singapore did not reveal an increased allelic prevalence in 
eitherr the control group or the patients with CAD64. However, a study of 2205 male 
whitee Europeans, although not detecting an association of the C242T polymorphism 
withh CAD, found a clear association of the A640G polymorphism with CAD, the AA 
genotypee being found preferentially in patients with CAD65. This is again in contrast 
too the findings of Inoue et al m a Japanese population, which showed an equal allele 
distributionn of the A640G polymorphism among controls and patients with CAD62. In 
anotherr study, patients with cerebrovascular disease were shown to express the TC 
andd TT genotypes of the C242T polymorphism more frequently than controls, 
suggestingg that p22phox polymorphism possibly constitutes a risk factor for 
cerebrovascularr disease66. 

DISCUSSION N 
Althoughh there can be no doubt about the important contribution of ROS to a variety 
off  (patho)physiological vascular processes such as atherosclerosis, the source, 
regulationn and precise functional relevance of vascular ROS production still remain to 
bee clearly defined. Many findings point in the direction of one or more NADPH 
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oxidase(s)) central to ROS producing system(s), but despite the recent emergence of 
non-phagocyticc gp91phox homologues definitive proof of this assumption is still 
lacking.. In vitro inhibition studies of ROS production have established the role of 
ROSS in the upregulation of adhesion molecules, 67; 68 activation of transcription 
factors69;; 70, hypertrophy401 7I, cell proliferation21, migration1 and, ultimately, 
atherosclerosis22 42. However, the reliance of these experiments on pharmacological 
non-specificc inhibitors and scavengers, such as DPI and N-acetylcysteine, has limited 
thee conclusions to be drawn from this research. 
AA very suggestive, yet circumstantial, piece of evidence implicating an NADPH 
oxidasee system comparable to that found in phagocytes in the generation of ROS in 
thee vasculature is the demonstration of almost all phagocyte NADPH oxidase 
componentss throughout all layers of the vascular wall. It will be very interesting to 
learnn which gp91p homologues serve as catalytic centres in these systems and the 
exactt functional relevance of the presence or absence of the other oxidase subunits in 
thee different vascular tissues. Indeed, in phagocytic cells the cytosolic components 
functionn in the regulation of a very intense, burst-like generation of ROS 
correspondingg to the need for killing pathogens. In contrast, in non-phagocytic cells, 
ROSS have a role in a variety of essential intracellular and, possibly, intercellular 
signall  transduction pathways, such as cell differentiation and proliferation, apoptosis 
andd oxygen sensing, and are therefore active at much lower physiological 
concentrations.. The amounts of superoxide produced by the Noxl based oxidase 
system,, for instance, are much lower than those produced by phagocytic oxidase . 
Howw then, is the regulatory machinery of the oxidase(s) adapted to this difference in 
functionn and, probably, subcellular localisation? Which are the target molecules 
modifiedd by the generated ROS and what are the consequences of the dysregulation of 
thesee systems under pathological conditions? The elucidation of these and other 
questionss will benefit enormously from the rapidly progressing characterisation at the 
molecularr level of the enzyme systems involved. 
Thiss characterisation will also permit the establishment of mouse models for the 
furtherr elucidation of the role ROS based signalling plays in vascular health and 
diseasee and the genotypic and phenotypic characterisation of affected human 
individuals,, thereby opening new diagnostic and, possibly, therapeutic options for 
suchh vascular disease states as hypertension and atherosclerosis. 
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ABSTRACT T 
Thee superoxide-forming nicotinamide adenine dinucleotide phosphate reduced 
(NADPH)) oxidase of human phagocytes comprises membrane-bound and cytosolic 
proteins,, which, upon cell activation, assemble on the plasma membrane to form the 
activee enzyme. Patients with chronic granulomatous disease (CGD) are defective in 
onee of the phagocyte oxidase (phox) components, p47phox or p67phox, which reside in 
thee cytosol of resting phagocytes, or gp91phox or p22phox, which constitute the 
membrane-boundd cytochrome bssg. In four X-linked CGD patients we have identified 
novell  missense mutations in CYBB, the gene encoding gp91ph0\ These mutations 
weree associated with normal amounts of nonfunctional cytochrome bsss in the 
patients'' neutrophils. In phorbol-myristate-stimulated neutrophils and in a cell-free 
translocationn assay with neutrophil membranes and cytosol, the association of p47phox 

andd p67phox with the membrane fraction of the cells with Cys369->Arg, Gly408-»Glu, 
andd Glu568-»Lys substitutions was strongly disturbed. Only a Thr341^Lys 
substitution,, residing in a region of gp91phox involved in flavin adenine dinucleotide 
(FAD)) binding, supported a normal translocation. Thus, the introduction or reversal of 
chargee at residues 369, 408, and 568 in gp91phox destroys the correct binding of 
p47pp ox and p67phox to cytochrome bsss. Based on mutagenesis studies of structurally 
relatedd flavin-dependent oxidoreductases, we propose that the Thr341-»Lys 
substitutionn results in impaired hydride transfer from NADPH to FAD. Because we 
foundd no electron transfer in solubilized neutrophil plasma membranes from any of 
thee four patients, we conclude that all four amino acid replacements are critical for 
electronn transfer. Apparently, an intimate relation exists between domains of gp91phox 

involvedd in electron transfer and in p47/p67phox binding. 

INTRODUCTIO N N 
Phagocyticc leukocytes use reactive oxygen metabolites to kil l ingested 
microorganisms.. The first step in the production of these compounds is the generation 
off  superoxide by the nicotinamide adenine dinucleotide phosphate reduced (NADPH) 
oxidasee enzyme in these cells. For an active NADPH oxidase, at least 5 different 
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proteinss are required: the membrane-bound cytochrome bsss (a flavocytochrome 
consistingg of the subunits gp91phox and p22phox)1; 2, and 3 cytosolic proteins, p47phox3, 
p67pp ox , and a low-molecular-weight guanosine 5'-triphosphate-binding (GTP-
binding)) protein rac5:6. A fourth cytosolic oxidase component, namely, p40phox7; 8, has 
beenn described. However, this latter protein is not essential for oxidase activity 
becausee complete reconstitution of oxidase activity in a cell-free assay is achieved by 
purifiedd cytochrome bsss with recombinant p47ph0\ p67phox, and rac protein9. 
Inn resting neutrophils, most of the cytochrome bsss resides in the membrane of 
specificc granules or secretory vesicles1 ' n. Upon cell activation, these organelles fuse 
withh the plasma membrane, which results in expression of cytochrome bsss in the 
plasmaa membrane. At the same time, a complex of cytosolic phox proteins translocates 
too the plasma membrane and forms an enzymatically active complex with cytochrome 
b5S8b5S8 '

Patientss suffering from chronic granulomatous disease (CGD) typically lack p47phox, 
p67phox,, p22pho\ or gp91phox (reviewed elsewhere,5; ,6). X-linked CGD patients bear 
mutationss in CYBB, the gene encoding gp91phox. In some of these patients, normal 
amountss of nonfunctional gp91phox are found; such patients are designated X 91+ 
CGDD patients. 
Thuss far, 6 X91+ CGD patients have been described (reviewed elsewhere17). Two of 
thesee patients have mutations leading to substitutions in the N-terminal part of 
gp91pp ox (R54S and A57E), which affect heme binding and/or stable interaction with 
p22phoxl8;; 19. The remaining 4 X91+ patients bear mutations in the cytosolic C-terminal 
partt of gp91phox. This region of gp91phox is important for FAD and NADPH binding 
andd is also involved in recruitment of cytosolic phox proteins. From sequence 
comparisonn between the C-terminal half of gp91phox and the ferredoxin-NADP+ 
reductasee flavoenzyme family, the putative location of these FAD-binding and 
NADPH-bindingg domains within gp91phox have been deduced2022. In 2 X91+ patients, 
theree are substitutions in regions of gp91phox predicted to be involved in NADPH 
binding:: P415H and a replacement of residues 507-509 by HisIleTrpAla23; 24. 
Thee last 2 X91+ patients thus far described carry mutations in the cytosolic part of 
gp91phoxx outside the putative binding regions for FAD or NADPH: a deletion of 
aminoo acids 488-497 and a D500G substitution25' 26. These mutations reside in a 
surfacee loop exposed to the cytosol as predicted by a structural model of gp91phox27. 
Thiss suggests a role for this region of gp91phox in the recruitment of cytosolic phox 

proteins.. Indeed, the translocation of p47p ox and p67phox to the plasma membranes of 
thee neutrophils of the patient with the D500G substitution was abrogated in intact 
neutrophilss as well as in the cell-free system26. The other patient has not been studied 
inn this respect. Residue 500 of gp91phox is the only residue to date that has been 
provenn to be critical for interaction with the cytosolic oxidase components. 
Inn the present report, we characterize an additional 4 X91+ CGD patients. One of 
thesee patients has a substitution (T341K) in an FAD-binding region, the other patients 
havee substitutions C369R, G408E, and E568K, which are predicted to be involved in 
NADPHH binding or interaction with the cytosolic proteins p47phox and p67phox. We 
havee studied the translocation of cytosolic proteins in these 4 patients. Indeed, the 3 
latterr patients have a strongly disturbed translocation of cytosolic phox proteins to the 
plasmaa membrane. Only the membranes harboring the T341K substitution supported a 
normall  translocation, which indicates another cause of the oxidase defect in this 
patient,, probably decreased FAD binding. With the help of these unique CGD patients 
wee can verify predictions for the different binding regions derived from the structural 
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modell  of gp91p ox and gain more insight into the complex interactions within the 
NADPHH oxidase. 

PATIENT SS AND METHOD S 
Clinicall  history 
Alll  4 patients suffer from the classical form of CGD, with frequent bacterialand 
fungall  infections of the airways, skin, and lymph nodes. Two patients (MK, DG) 
presentedd with clinical manifestations at 8 months of life, the other 2 (JW, CE) at 3 
yearss of age. All patients have been hospitalized at least 3 times. Surgical drainage of 
lymphh nodes was performed in 2 patients (JW, MK). Microorganisms cultured were 
Salmonellaa from blood (DG), Staphylococcus aureus from blood (DG), Aspergillus 
fumigatuss from the lungs (CE), and Mycobacterium bovis from liquor (MK). 
Granulomatouss lesions were found in the colon (CE) and in the cerebrum (MK). 
Treatmentt consisted of intravenous antibiotics during infectious episodes and 
prophylacticc treatment with intracellular antibiotics (and itraconazole in MK and DG). 
Patientt MK received granulocyte transfusions and interferon-gamma treatment during 
acutee M bovis infection in the brain. In the family of JW, 2 maternal cousins with 
CGDD have died. DG's mother has signs of lupus erythematosus. 
Experimentall  procedures 
Material s s 
Wee used the following materials: guanosine 5'-3-0-(thio)triphosphate (GTP-y-S) and 
NADPHH (Boehringer Mannheim, Mannheim, Germany); reagents and molecular-
weightt markers for sodium dodecylsulfate (SDS) polyacrylamide gel electrophoresis 
(SDS-PAGE)) (BioRad Laboratories, Richmond, CA); and nitrocellulose sheets BA84 
forr Western blotting (Schleicher & Schuil, Dassel, Germany). Antibodies used in this 
studyy were mAb 449 and 48, directed against p22phox and gp91pho\ respectively20. 
Rabbitt antisera specific for either p47phox or p67pho*  were raised against synthetic 
peptidess identical to the last 12 residues of the C-termini. Goat antibody against rabbit 
immunoglobulinn (Ig), conjugated to horseradish peroxidase, was produced within our 
institutee (CLB, Amsterdam, The Netherlands). We also used a chemiluminescence kit 
withh luminol (ECL; Amersham International, Uppsala, Sweden); diagnostic films (X-
Omatt AR; Kodak, Rochester, NY); and the following lipids (Sigma; product numbers 
appearr in brackets): L-oc-phosphatidylcholine type 2-S from soybean, 14% (P5638), 
andd L-a-phosphatidic acid, sodium salt, from egg yolk lecithin, 98% (P9511). 
Classificationn of CGD patients 
Nitrobluee tetrazolium (NBT) slide tests with PMA were performed on the neutrophils 
off  the 4 patients28, and respiratory burst activity after stimulation with opsonized yeast 
particless or PMA was determined by the rate of oxygen consumption29 and 
chemiluminescencee with lucigenin30. Cytochrome bS58 contents were determined by 
absorptionn spectroscopy31 and immunodetection on Western blot32. For 
immunodetection,, 2 ug of protein from a neutrophil membrane fraction were 
dissolvedd in SDS sample buffer (125 mmol/L Tris, pH 6.8; 20% (w/v) SDS and 10% 
(v/v)) (P-mercaptoethanol), loaded on a 10% polyacrylamide gel according to 
Laemmli33,, and then loaded in a gel apparatus (Mini-Protean II, BioRad). Western 
blottingg was performed (Mini Trans-Blot cell, BioRad) according to the 
manufacturer'ss recommendations. The nitrocellulose was stained for gp91phox and 
p22phoxx with mAbs 48 and 449 and subsequently with goat-antimouse-Ig conjugated 
too horseradish peroxidase. Detection was performed by a chemiluminescence kit 
(ECL,, Amersham International). 
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Preparationn of RNA and DNA 
Totall  RNA was purified from mononuclear leukocytes as described34, and cDNA was 
synthesizedd with reverse transcriptase. The cDNA of the coding region of gp91phox 

wass amplified with PCR in 3 overlapping fragments as described3 ; 36, and it was 
subsequentlyy sequenced (Sequenase Version 2.0 kit; US Biochemical, Cleveland, 
OH)37.. Genomic DNA was isolated from circulating blood leukocytes37 of the 4 CGD 
patients. . 
Isolationn and fractionation of leukocytes 
Humann neutrophils were prepared on 4 different occasions from 20 to 50 mL of 
citratedd blood from the 4 CGD patients after obtaining informed consent. Neutrophils 
fromm a healthy donor were isolated in parallel on each occasion as previously 
described38.. Subsequently, sonicated neutrophils were fractionated over a sucrose 
gradientt as described26. 
Translocationn of cytosolic proteins in intact neutrophils 
Cellss (20 x 106) of a patient and a healthy donor were incubated with PMA (100 
ng/mL)) or without PMA for 10 minutes at 37°C. The cells were then resuspended and 
sonicatedd in 1 mL of ice-cold oxidase buffer containing: sodium chloride (NaCl, 75 
mmol/L);; 4-(2-Hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES, 10 mmol/L); 
sucrosee (170 mmol/L); magnesium dichloride (MgC12, 1 mmol/L); 
ethyleneglycoltetraaceticc acid (EGTA, 0.5 mmol/L); adenosine triphosphate (ATP, 10 
umol/L);; and azide (2 mmol/L, pH 7.0) with GTPyS (5 umol/L) and PMSF (100 
ug/mL).. After centrifugation (10 minutes, x800 g), the sonicate was layered on a 15% 
sucrosee gradient, as described previously26, with MgC12 (1 mmol/L); NaCl (40 
mmol/L);; EGTA, (0.5 mmol/L); and GTPyS (5 umol/L). After centrifugation (45 
minutes,, xlOO 000 g), 500 uL of plasma membranes were harvested. For 
immunodetection,, 25 uL of membrane fraction were dissolved in SDS sample buffer 
(1255 mmol/L Tris, pH 6.8; 20% (w/v) SDS and 10% (v/v) ((3-mercaptoethanol) and 
weree loaded on a 10% polyacrylamide gel, according to Laemmli33, in a gel apparatus 
(Mini-Proteann II , BioRad). Western blotting was performed (Mini Trans-Blot cell, 
BioRad)) according to the manufacturer's recommendations. Detection of proteins was 
performedd as described previously26. When the blot was stained for 2 sets of proteins, 
thee nitrocellulose was stripped, after the first staining, in 62.5 mmol/L Tris, pH 6.7; 
2%% SDS; and 100 mmol/L (fJ-mercaptoethanol. 
Superoxidee assay 
NADPHH oxidase activity with neutrophil membranes and cytosol was measured as the 
SOD-sensitivee reduction of cytochrome c in a spectrophotometer (Lambda 2, Perkin 
Elmer,, Norwalk, CT). The contents of 6 cuvettes measured in parallel were stirred 
continuouslyy and were thermostatted at 28°C. Plasma membranes (10 ug of protein) 
andd cytosol (200 ug of protein) were incubated in oxidase buffer (0.8 mL) and 
cytochromee c (60 umol/L). After 2 minutes of incubation, oxidase assembly was 
inducedd by addition of SDS (100 umol/L) and GTP-y-S (10 umol/L). After 5 minutes, 
NADPHH (250 jimol/L) was added, and the rate of cytochrome c reduction was 
measuredd at 550 nm. 
Translocationn of cytosolic proteins in the cell-free system 
Neutrophill  plasma membranes (20 ug protein) were mixed with neutrophil cytosol 
(4000 pg of protein) in oxidase buffer (1 mL). Subsequently, SDS (100 umol/L) and 
GTP-y-SS (10 umol/L) were added. After 10 minutes at room temperature, the mixture 
wass loaded on a discontinuous sucrose gradient as previously described ' ' 
NADPHH oxidase activity of one-fifth part of the reisolated membranes was measured 
withoutt cytosol, in the presence of SDS (100 umol/L) and GTP-y-S (10 umol/L). 
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Afterr 2 minutes, NADPH (250 pmoI/L) was added and the rate of cytochrome c 
reductionn was measured at 550 nm. In addition, the supernatant (50 uL) and the 
remainingg four fifths of the reisolated membranes were analyzed by immunoblot for 
thee presence of p47phox,, p67phox, and cytochrome bsss subunits. 
Oxygenn consumption in plasma membranes without cytosol according to 
Koshkinn and Pick41 

Membranee protein (6 ug in 30 uL) was solubilized with l-0-Octyl-(-D-
glucopyranosidee (80 mmol/L) and buffer A (10 uL), which comprised: sodium 
phosphatee (50 mmol/L, pH 7.4); EGTA (1 mmol/L); MgC12 (1 mmol/L); sodium 
azidee (NaN3, 2 mmol/L); dithiothreitol (1 mmol/L); and glycerol (20%). 
Subsequently,, the membranes were reconstituted with 4 ug each of L-oc-phosphatidyl-
cholinee and L-a-phosphatidic acid and diluted 8-fold in assay buffer: potassium (65 
mmol/L),, sodium phosphate buffer (pH 7.0), MgC12 (1 mmol/L), EGTA (1 mmol/L), 
NaN33 (2 mmol/L), FAD (1 umol/L), and SDS (30 umol/L). The solution was allowed 
too stand on ice for 30 minutes. Oxygen consumption was measured with an oxygen 
electrodee after the addition of NADPH (250 umol/L). 
Sequencee alignment 
AA multiple sequence alignment of the structurally known members of the ferredoxin-
NADP++ reductase (FNR) family was performed by superimposing the structures with 
thee program TOP42. The sequence incorporation of the cytosolic C-terminal half of 
gp91phoxx into the alignment profile of the FNR family was based on a previous 
sequencee alignment of gp91phox with FNR27. 

RESULTS S 
Diagnosiss of CGD patients 
Thee neutrophils of 4 patients (JW, CE, MK, and DG), stimulated with PMA or 
opsonizedd yeast particles, showed no respiratory burst as measured by oxygen 
consumptionn and chemiluminescence, which indicates a severe form of CGD. The 
cellss of the mothers and/or sisters of patient JW, MK, and DG showed a mosaic 
patternn in the NBT slide test. These findings are compatible with an X-linked defect in 
thesee families. The cells of the only female patient (CE) showed a very low fraction of 
positivee cells (4%) in the NBT slide test, which indicates an extreme lyonisation 
causingg the CGD phenotype. 
Becausee cytochrome bsss is typically absent in neutrophils of most patients with X-
linkedd CGD, we measured the cytochrome bsss content in the patients' neutrophils by 
spectrall  and Western blot analysis. Interestingly, the optical spectrum of the patients' 
neutrophilss showed an (almost) normal heme content (data not shown). On the 
immunoblott of the neutrophil membranes, both subunits of cytochrome bsss appeared 
too be present (see Figure 1). 
Superoxidee production in the cell-free assay 
Too localize the cellular defect in NADPH oxidase activity, membrane and cytosolic 
fractionss were prepared from the patients' neutrophils and studied in a cell-free 
oxidasee assay. As shown in Table 1, the membrane fraction of a control donor mixed 
withh cytosol of the patients showed a normal rate of cytochrome c reduction, whereas 
thee membrane fractions of the patients mixed with control cytosol showed almost no 
superoxidee production. Only the membranes of patient CE supported a low rate of 
superoxidee production, probably caused by the small amount of unaffected 
cytochromee bsss present in 4% of the neutrophils in this extremely lyonized patient. 
Thiss demonstrates that the defect in all patients is localized in a membrane-bound 
componentt of the NADPH oxidase, ie, in cytochrome bsss-
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Figuree 1: Western blot of neutrophil plasma membranes. Plasma membranes (2 ug) were run on a 
10%% polyacrylamide minigel and blotted onto nitrocellulose. The blot was stained for gp91phox and 
p22ph°""  with mAbs 48 and 449, respectively, as previously described. The patients are indicated above 
thee lanes. For each patient, material of a control donor was processed in parallel. 

Geneticc analysis of CGD patients 
Becausee the defect in these patients was located in the membranes and was X-linked, 
wee searched for mutations in gp91phox. For this purpose, we amplified the coding 
regionn of the gp91phox cDNA in 3 overlapping fragments and subsequently sequenced 
thesee fragments. We found 4 different point mutations in the 4 patients: JW 
(C1034A),, CE (T1117C), MK (G1235A), and DG (G1714A), predicting amino acid 
substitutionss T341K, C369R, G408E and E568K, respectively. These mutations were 
confirmedd in the patients' genomic DNA after PCR amplification and subsequent 
sequencingg (Figure 2). 
Translocationn of p47phox and p67phox in neutrophils of CGD patients 
Too investigate the functional effect of these substitutions in the cytoplasmic tail of 
gp91pho\\ we studied the association of the cytosolic proteins with the plasma 
membraness of PMA-activated neutrophils. For this purpose, neutrophils of the 
patientss and those of a healthy donor were incubated in parallel in the absence or 
presencee of PMA, and subcellular fractions were isolated. Figure 3 shows the Western 
blott of the supernatants and the plasma membranes of these neutrophils, stained for 
p47phoxx and p67phox. The figure clearly shows a strongly reduced translocation of both 
cytosolicc oxidase components to the neutrophil membranes of the patients CE, MK, 

Tablee 1. Superoxide production in the cell-free system 
Membraness From 
Patientt With Control 
Cytosol l 

Cytosoll  From Patient 
Withh Control 
Membranes s 

Membraness and 
Cytosoll  From Control 

JW(T341K) ) 
CEE (C369R) 
MKK (G408E) 
DGG (E568K) 

0.044 ) 
1.355 ) 
0.055 ) 
0.077 ) 

6.644 ) 
7.655 ) 
5.955 ) 
5.866 ) 

6.677 ) 
7.222 ) 
4.833 ) 
5.911 ) 

Valuess are given in umol O^min (mean  SD; n = 3). Neutrophil membranes (10 ug) and cytosol (200 
ug)) were incubated at 28°C in oxidase buffer, as previously described, in the presence of 60 pmol/L 
cytochromee c. After 2 minutes of incubation, SDS (100 pmol/L) and GTPyS (10 umol/L) were added. 
Afterr another 5 minutes,, NADPH (250 pmol/L) was added, and the rate of cytochrome c reduction was 
determinedd by the change in absorbance at 550 nm. 
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Figuree 2: Analysis of genomic DNA from both the patients and a healthy control. PCR products 
fromm each exon with intron boundaries and from the promoter region of CYBB were generated from 
genomicc DNA obtained from circulating leukocytes and were analyzed by dye primer cycle 
sequencing.. The figure shows the areas in which mutations were found in the patients. Patients are 
indicatedd by initials, nucleotide substitutions, and amino acid substitutions. Above each patient 
sequence,, the normal sequence from the control is shown. Arrows indicate mutant sequence. 

conn JW con CE co n MK con DG 
 i> ~~: + : +~  + +~~ ~~- + + PMA 

p47-pho x x 

p67-pho x x 

Figuree 3: Western blot analysis of plasma membranes of activated neutrophils. Cells (20 x 106) 
weree incubated with PMA (100 ng/ml) or without PMA for 10 minutes at 37°C. Fractionation of the 
cellss was performed as previously described. PAGE (10%) was performed for the plasma membranes 
withh comparable amounts of cytochrome bi5li. The blot was stained with rabbit antisera against p\lphm 

andd p67ph0\ The patients are indicated above the lanes. For each patient, material of a control donor 
wass processed in parallel. The treatment (-PMA or +PMA) is also indicated above the lanes. From 
patientt MK, we did not obtain enough neutrophils to investigate the unstimulated cells; therefore, only 
thee +PMA lane is shown. 
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andd DG upon stimulation with PMA. However, the neutrophils of patient JW showed 
aa normal translocation. 
Reprobingg of the blots with antibodies against p22phox and gp91phox showed 
comparablee amounts of these cytochrome b5S8 subunits between patients and controls 
(dataa not shown). 
Effectt  of point mutations on oxide assembly 
Wee also studied the neutrophil membranes of the 4 CGD patients for their ability to 
bindd p47p ox and p67phox in a cell-free translocation assay. The supernatant of the 
sucrosee gradient and the reisolated membranes were analyzed on an immunoblot to 
determinee the translocation of cytosolic oxidase components. Control membranes and 
thee membranes of patient JW showed a significant association with p47phox and 
p67pp ox (Figure 4). In contrast, the neutrophil membranes of patients MK and DG did 
nott contain appreciable amounts of cytosolic oxidase proteins. Only patient CE 
exhibitedd a very small amount of cytosolic proteins in the reisolated plasma 
membraness (6.5% of normal p67phox translocation and 7.7% of normal p47phox 

translocation,, as determined by densitometry). This can be explained by the 4% of 
unaffectedd neutrophils in this extremely lyonized patient. The oxidase activity 
measuredd in the reisolated membranes is shown in Table 2. Similar to the cell-free 
system,, only the membranes of patient CE generated a small amount of superoxide. 
Oxygenn consumption in neutrophil plasma membranes without cytosol 
Itt  has been described that relipidation of solubilized cytochrome bsss can elicit 
NADPH-dependentt superoxide (02-) production in the absence of cytosolic oxidase 
proteinss , which suggests that cytochrome b558 contains the complete electron-
transportingg apparatus of the NADPH oxidase and that the cytosolic components 
merelyy function as activators. Therefore, we tested the neutrophil membranes of the 
patientss for oxygen consumption in the absence of cytosol. For this purpose, 

\A7-phox \A7-phox 

p67-phox p67-phox 

Figuree 4: Western blot analysis of neutrophil membranes reisolated from the cell-free activation 
system.. The reisolated membranes were prepared as described in the legend of Table 2. Four fifths of 
thesee membrane samples were precipitated with 10% (w/v) trichloric acid and resuspended in sample 
bufferr as previously described. After 10% PAGE, the proteins were blotted and stained for p47phax and 
p67phox. . 
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Tablee 2. Superoxide production of reisolated membranes in the cell-free system 
Membraness From Patient Cytosol From Patient Membranes and Cytosol 

Withh Control Cytosol With Control Membranes From Control 
JW(T341K)) 0.06 ) 4.17 ) 4.11 ) 
CEE (C369R) 0.21 ) 3.13 ) 2.89 ) 
MK(G408E)) 0.02 ) 2.77 ) 2.99 ) 
DGG (E568K) 0.08 ) 3.35 ) 3.39 2 
Valuess in umol OVmin (mean  SD; n = 3). Patients' or control neutrophil membranes (20 ug) were 
incubatedincubated with control cytosol (400 ug protein) in oxidase buffer at room temperature. After 10 
minutess of incubation in the presence of SDS and GTPyS, membranes were reisolated from each 
incubationn mixture by sucrose gradient centrifugation. NADPH oxidase activity was determined in 
one-fifthh part of the membrane fractions by incubation in oxidase buffer in the presence of SDS (100 
umol/1),, GTPS (10 umol/1), and NADPH (250 umol/1) by the rate of cytochrome c reduction. 

Tablee 3. Oxygen consumption of membranes without cytosol 
Membranes s 
Conn (n = 3) 
JW(T341K) ) 
CEE (C369R) 
MKMK  (G408E) 
DGG (E568K) 

Oxygenn Consumption (nmolAVmin mg) membrane protein 
1255 5 

0 0 
3.3 3 
0 0 
0 0 

Controll  is mean  SD. Patients' or control neutrophil membranes (6 ug) were solubilized with 
octylglucosidee and incubated with phosphatidyl choline/phosphatidic acid for 30 minutes. Oxygen 
consumptionn was measured in 500 ul after addition of 250 pmol/1 NADPH. 

membraness obtained from control donors or CGD patients were solubilized and 
activatedd with phospholipids in the presence of FAD and NADPH41 (Table 3). The 
neutrophill  membranes of control donors exhibited significant oxygen consumption, 
whereass the neutrophil membranes of the CGD patients showed very low or no 
oxygenn consumption. 
Locationn of amino acid substitutions in gp91phox 

Figuree 5 shows a sequence alignment of the cytosolic C-terminal domains of gp91ph0* 
withh members of the FNR family. From this alignment and the structural model of the 
globularr portion of gp91phox27 (Figure 6), the putative location of the amino acid 
substitutionss in the X-linked CGD patients can be deduced. 
Thee T341K substitution in patient JW is located in the FAD-binding domain at the si-
facee of the flavin ring. Thr341 is part of a short sequence (HPFT, Figure 5) involved 
inn binding the isoalloxazine moiety of FAD20. Interestingly, this sequence is 
conservedd in the plasma membrane iron reductase (FRE1) from yeast . However, in 
bacteriall  flavin reductase FRE proteins, the HPFT sequence is replaced by an RXYS 
motif44,, which is also omnipresent in the FNR family (Figure 5). In FNR, the 
equivalentt serine residue interacts with the N5 atom of the flavin ring45; ^ and is 
directlyy involved in the reduction of NADP+47. 
Thee C369R substitution in patient CE is also situated in the FAD-binding domain 
(Figuree 6). Cys369 resides in a surface loop and is next to the strictly conserved 
Gly3700 (Figure 5). This glycine is at the beginning of a helix, proposed to be 
importantt for interaction with the pyrophosphate moiety of FAD48. 
Thee G408E substitution in patient MK is localized in the NADPH-binding domain 
(Figuree 6). Gly408 is predicted to be buried and close to the GXGXXP fingerprint 
sequencee (Figure 5) for binding the pyrophosphate moiety of NADPH48. 
Finally,, the E568K substitution in patient DG is near the C-terminus (Figure 5), at the 
interfacee of the FAD-binding and NADPH-binding domain. This part of the protein 
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Figuree 5: Multiple sequence alignment of the cytosolic C-terminal nucleotide binding domains of 
gp91phMM with members of the FNR family with known 3-dimensional structure. The deduced amino 
acidd sequence of gp91phox is aligned with the amino acid sequences of ferredoxin NADP+ reductase 
fromm spinach (lfnb)43, Azotobacter vinelandii (la8p)59, and Anabaena (lquf)60; phthalate dioxygenase 
reductasee from Pseudomonas cepacia (2pia)46; nitrate reductase from corn (lcnf)61; cytochrome b5 
reductasee from pig liver (lndh)62; flavohemoglobin from Alcaligenes eutrophus (lfhp)63; and 
flavodoxinn reductase from Escherichia coli (lfdr)64. Secondary structure elements are underlined, 
conservedd residues shown in bold, and mutated residues indicated by an asterisk. 
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Figuree 6: Ribbon diagram of the 3-dimensional model of the cytosolic part of gp91pl,ox 27. The 
schematicc diagram was generated with Ribbons 65. The a-helices are depicted as cylinders and the |3-
sheetss as arrows. The FAD-binding domain is drawn in orange, the NADPH-binding domain in blue, 
FADD in yellow, NADPH in red, and the mutated residues in white. 

hass been implicated in interaction with p47phox during assembly of the active oxidase 
complex49. . 

DISCUSSION N 
Cytochromee bsss of human phagocytes is a membrane-bound heterodimer of p22phox 

andd gp91phox. The cytochrome has an NADPH-binding site and bears a flavin group 
thatt acts as the initial acceptor of a pair of electrons from NADPH20"22. Two heme 
groupss embedded in the flavocytochrome mediate the 1 -electron transfer from FAD to 
molecularr oxygen, thus generating superoxide (02-)5 . Sequence-homology studies 
betweenn the C-terminal half of gp91phox and the ferredoxin-NADP+ reductase 
flavoenzymee family suggest that both FAD and NADPH are bound by specific 
domainss within this part of gp91phox20"22. 
CGDD patients with X-linked, cytochrome ^«-positive CGD (X91+) can be very 
helpfull  in verifying the various binding domains in gp91phox. In this study we have 
characterizedd the defects in 4 X91+ CGD patients. We found 4 different point 
mutationss in the gene encoding gp91phox, leading to amino acid substitutions in the 
cytosolicc C-terminal part of gp91phox. 
Patientt JW carries a T341K substitution in the FAD-binding site of gp91phox. This 
mutationn does not result in a lower amount of cytochrome bsss, which points to a 
properr folding of the gp91phox polypeptide chain. In PMA-stimulated neutrophils of 
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thiss patient, the translocation of p47phox and p67phox was unaffected (Figure 3). Also in 
thee cell-free system the translocation appeared to be normal. These data, and the fact 
thatt the NADPH oxidase is inactive (Table 1 and 2), suggest that the defect in this 
patientt is not due to an impaired regulation of cytochrome bsss activity by the 
cytosolicc oxidase subunits, but is restricted to a subsequent step. Based on 
mutagenesiss studies of FNR47 and flavin reductase44, it is obvious that introduction of 
aa positive charge at position 341 in gp91phox impairs the efficient hydride transfer 
betweenn NADPH and FAD. The T341K substitution probably influences the correct 
stackingg of nicotinamide and isoalloxazine rings and most likely also the redox 
propertiess of the flavin. The lack of NADPH oxidase activity in this patient is 
probablyy not due to weak binding of the FAD. This may be derived from the fact that 
properr binding of FAD is essential for normal gp91phox expression51. 
Thee other 3 X91+ CGD patients studied in this report carry C369R, G408E, and 
E568KK substitutions. In contrast to the first patient, translocation of p47phox and 
p67pp ox to the plasma membranes upon activation of the neutrophils of these patients 
wass strongly disturbed (Figure 3). Also, in the cell-free system no appreciable 
amountss of p47phox and p67phox were detected in the membrane fractions (Figure 4). 
Thuss far, only 1 other X91+ CGD patient has been described with a disturbed 
translocationn of both cytosolic proteins. This patient is carrying a D500G substitution, 
situatedd in an exposed protein loop, as predicted by the structural model of the C-
terminall  half of gp91pho\ As can be seen from the sequence alignment in Figure 5, 
thiss surface loop is absent in other members of the FNR family. The disturbed 
translocationn of cytosolic oxidase components in this patient is indicative for a role of 
thee NADPH-binding domain of gp91phox in p47phox and/or p67phox recognition. This 
ideaa corresponds with the notion of an additional NADPH-binding domain in 
p 6 7phox52 2 

Thee C369R substitution in patient CE described here also resides in a surface loop 
(Figuree 6). However, this loop is located in the FAD-binding domain, which suggests 
thatt this domain is also involved in the translocation process. Based on the structural 
propertiess of the FNR family48, the loop comprising residue 369 is supposed to be 
flexible.. Therefore, defective translocation of cytosolic proteins in patient CE is most 
simplyy explained by an electrostatic repulsion mechanism. On the other hand, the 
C369RR substitution is also close to helix Fl, which is involved in binding the 
pyrophosphatee moiety of FAD. This might explain the lack of electron transfer in 
solubilizedd plasma membranes of this patient. 
Inn patient MK, the G408E substitution is localized between (Nl and (Nl, close to the 
GXGXXPP fingerprint sequence (Figure 5) for binding the pyrophosphate moiety of 
NADPH20:48.. Although Gly408 is predicted to be buried and not likely a binding site 
forr 1 of the cytosolic proteins, introduction of a more bulky acidic residue at this 
positionn could perturb normal NADPH binding through electrostatic repulsion of the 
pyrophosphatee group and/or introduce local structural changes in the NADPH-binding 
domainn that are transmitted to the protein surface. Such structural changes might also 
hamperr NADPH binding, leading to impaired oxygen consumption of solubilized 
plasmaa membranes, but apparently also disturb the binding sites for p47phox and/or 
p67phox. . 
Thee substitution E568K in patient DG resides in the extreme C-terminal region of 
gp91phox,, implicated as a contact point for p47Phox53-55. These published studies were 
performedd with (inhibitory) peptides in the cell-free system. However, recently 
Dinauerr et al56 used a different approach: In a human myeloid leukemia cell-line, the 
gp91pp ox gene was knocked out by targeted disruption. Then site-directed mutagenesis 
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andd transfection of gp91p ox was used to probe the role of the C-terminus of gp91p 

inn NADPH oxidase activity . Despite the expectations, none of the substitutions 
introducedd in the region 560-570 of gp91phox had a dramatic effect on oxidase activity 
inn intact cells, but several substitutions were associated with reduced expression of 
gp91phox. . 
Inn patient DG, the E568K substitution was associated with normal amounts of both 
subunitss of cytochrome bsss (Figure 1). This contrasts with the in vitro mutagenesis 
studies49,, where C-terminal replacements resulted in poor protein expression. 
Nonetheless,, in patient DG almost no oxidase activity was measured. Also, the 
translocationn of p47phox and p67phox in PMA-stimulated neutrophils, as well as in the 
cell-freee system, was abrogated. In addition, electron transfer in the solubilized 
neutrophill  membranes of this patient was also disturbed. These results imply that 
Glu5688 of gp91phox is indeed required for oxidase activity and for the binding of the 
cytosolicc phox proteins. In relation to this observation, it is interesting to note that in 
spinachh FNR57 and Anabaena FNR58, the equivalent C-terminal glutamic acid is 
criticall  for rapid electron transfer with the iron-sulfur cluster of ferredoxin, without 
appreciablyy affecting complex formation. 
Inn conclusion, this paper reports on 4 X91+ CGD patients with unique single amino 
acidd substitutions. These substitutions are localized in different regions of the FAD-
bindingg and NADPH-binding domains of gp91phox and cause strongly impaired 
superoxidee production without affecting gp91phox expression. Because 3 of these 
aminoo acid substitutions disturb the binding of cytosolic NADPH oxidase components 
too the membrane-bound gp91phox, this points at an intimate relation between domains 
off  gp91phox involved in electron transfer and those involved in p47phox/p67phox binding. 
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ABSTRACT T 
Longg interspersed nuclear element-1 (LINE-1) or LI elements are DNA elements 
presentt in the genome in high copy number and capable of active retrotransposition. 
Heree we present a patient with severe chronic granulomatous disease (CGD) caused 
byy insertion of an LI sequence into intron 5 of the X-lined gene CYBB. Due to 
internall  rearrangements, the insert introduced new splice sites into the intron. This 
resultedd in a highly heterogeneous splicing pattern with introduction of two LI 
fragmentss as new exons into the transcripts and concomitant skipping of exonic 
codingg sequence. Because no wild-type cDNA was found,this mechanism is probably 
responsiblee for the patient's phenotype. The LI fragment, which belongs to the Ta 
subsett of transcriptionally active LINEs, illustrates a new mechanism by which these 
elementss can modify the transcribed coding sequence of genes. 

INTRODUCTIO N N 
Mobilee elements, which represent about one third of the human genome1, have been 
recognisedd over recent years as a very important factor influencing the plasticity and 
evolutionn of the genetic material of most, if not all, organisms2. The largest group of 
thesee elements are the long interspersed nuclear element-1 (LINE-1) or LI elements, 
whichh comprise 15-20% of the human genome. Although more than 100 000 Li s are 
estimatedd to exist, more than 95% of them are 5' truncated to a variable extent, and 
10%% are internally rearranged. Most of the remaining 3000-4000 full-length elements 
havee been rendered inactive by various sorts of point mutations. 
AA LINE-1 consensus sequence has been described31 4 that defines the intact, active, 
full-lengthh LI element as a sequence of 6 kb, consisting of a 5' untranslated region 
(UTR)) with an internal promoter activity, two open reading frames (ORF) separated 
byy a 66-bp intergenic spacer, and a 205-bp 3' UTR ending with a poly-A tail. 
Typically,, two short target duplication sites of variable length frame an LI element. 
ORF11 encodes a 40-kD RNA-binding protein with high affinity for the 5' end of 
ORF22 of the LI transcript, whilst ORF2 has been shown to encode a reverse 
transcriptasee with concurrent endonuclease activity. 
Basedd on these features, a model for retrotransposition of LI elements has been 
proposed2155 supported by a growing body of evidence. According to this model, the 
LII  transcript, together with its two gene products, forms a ribonucleoprotein complex 
thatt is subsequently transported to the nucleus. There, by means of the endonuclease 
componentt of the ribonucleoprotein complex, a nick is introduced at an arbitrary 
locationn of the genome, and the resultant lagging 3' end is used for target-primed 
reversee transcription. Subsequent second-strand synthesis will then result in a copy of 
thee original LINE at a novel genomic location. 
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Soo far, LINE-1 sequences have been implicated in 13 cases of human disease, in most 
instancess due to insertion into the coding sequences of the affected genes4; 6"17. 
Here,, we describe a patient with chronic granulomatous disease (CGD), caused by L1 
insertionn into an intronic sequence of the X-linked CYBB gene. CGD is a severe 
congenitall  immunodeficiency syndrome caused by defects in the NADPH oxidase in 
phagocyticc leukocytes. This enzyme is responsible for the generation of the reactive 
oxygenn species used by phagocytes for the killing of various pathogens. Four different 
geneticc forms of the disease have been recognised to arise from defects in four 
differentt subunits of the oxidase18. By far the most frequent form is X-linked, caused 
byy defects in the gp91phox subunit, encoded by CYBB™. 

MATERIAL SS AND METHOD S 
Clinicall  history of patient HA 
AA boy was born of healthy parents in 1976 and presented in the newborn period with 
ann S. aureus omphalitis. Search for an immunodeficiency was started at the age of AVi 
years,, after a history of repeated infections. Absence of a chemiluminescence reaction 
andd a negative nitroblue tetrazolium reduction (NBT) test of the neutrophils disclosed 
chronicc granulomatous disease (CGD). An aberrant band in a Southern blot with 
probess directed against CYBB confirmed this diagnosis and indicated the X-linked 
formm of the disease. Prophylactic antibiotic therapy reduced the incidence of 
infectionss in the years following diagnosis but, at the age of 22 years, the patient died 
duee to complications of a fungal pneumonia. 
Preparationn of RNA and DNA 
Totall  RNA of the patient and a healthy control was purified from mononuclear 
leukocytess as described19 and cDNA was synthesised. Genomic DNA was isolated 
fromm circulating blood leukocytes of the CGD patient, his parents, his sister and a 
healthyy control with the Puregene kit (Gentra Systems,Minneapolis, MN, USA) 
accordingg to the manufacturer's instructions. 
PCR R 
Thee 13 exons with their adjacent intronic sequences (exon-1 + promoter) were 
amplifiedd with the appropriate primer combinations (see Table 1). Genomic DNA 
(50-5000 ng) was amplified by means of the Rapid Cycler (Idaho Technology, Idaho 
Falls,, ID, USA) with 50 cycles of 95°C for 5 s, 60°C for 30 s and 72°C for 15 s and 
slopee S9. The reaction volume of 15 \i\ contained 2 U of Taq DNA polymerase 
(Promega,, Madison, WI, USA), 2 U of TaqStart antibody (Clontech Laboratories, 
Paloo Alto, CA, USA), 50 ng of each primer,3 nmole of each of the dNTP's (Promega) 
andd reaction buffer (50mM KC1, 1.5mM MgCl2, 0.1% Triton X-100, lOmM Tris and 
8%% DMSO, pH 9 at 25°C). The PCR reaction took place in 10 \i\ glass capillaries 
(Idahoo Technology). The cDNA of the coding region of CYBB was amplified with 
PCRR in three overlapping fragments as described20. 
XLL  PCR 
XL-PCRR products, spanning exon 5, intron 5 and exon 6, of the patient and a healthy 
controll  were obtained by means of the Expand High Fidelity PCR System from 
Boehringerr (Mannheim, Germany) according to the manufacturer's recommendations. 
Briefly,, the region of interest was amplified by XL PCR on an Omnigene 
thermocyclerr (Hybaid Limited, Teddington, Middlesex, UK), with 50-500 ng of 
genomicc DNA as template in a total reaction volume of 100 (il. With the AmpliWax 
beadss (Perkin Elmer Applied Biosystems, Warrington, Cheshire, UK) for the hot start 
technique,, the PCR was run with the following settings. Stage 1: denaturation 95°C 
3min,, annealing 60°C 1 min, extension 68°C 3 min 45 s, 1 cycle. Stage 2: 
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Sensee primer : Antisense primer : 
Exonn 1: 5' - GCT GGT TAG TTA AAA AGT TAT TTC ACT 5' - GAT AAC CCC AGA AGT CAG AG - 3' 

GTG-3' ' 
Exonn 2: 5' - CCA GTC TTC TGT GGA ATC TAC TOT GGA 5'-TGTGACCAGCCAATATTGCATG-3' 

AATGCGG-3' ' 
Exonn 3: 5 ' - C C T C A T G C T A AG A A C C T T G G - 3' 5 '- TTG AT G GCC TTT GAA AAT TAG AGG AAC 

TTAG-3' ' 
Exonn 4: 5'-GTTAACAATTACTATTCCATTCTTTCC 5 ' - C T A T G A A T A G A G G G A A C T C C C T G G T TC 

CCC-33 CAAG-3' 
Exonn 5: 5'-GCTGTCCCAGAAACCCAGCTTAC-3' 5'-TCTAAGTCAGATAATGAGAGG-3' 
Exonn 6: S ' - G T G A A A A T A T C T A T T G T T C T A T A C A T A 5* - GGA CAT GAA AT C CTT CAC TTC AG - 3' 

GGAA CAC - 3' 
Exonn 7: 5 ' - T C C T A T T A C T A A A T G A T C T G G - 3' 5 ' - T A C A T G T T T C T T A G A C A C A G G - 3' 

Exonn 8: 5 ' - C C T C T G A A T A T T T T G T T A T C T A T T A CC 5' - TTA GAC ACT GAC CAC TAG T - 3' 
AC-3« « 

Exonn 9: 5 ' - C C A T A T G A C T A A A A A G G C A A G - 3 *  5'- CCT GAA CAC ATA TAC GTT GG - 3' 
Exonn 10: 5'  - TGA AGA GCA AGA CAT CTC TGT AAC TA 5 ' - A C T G C T C T A A G G C C C T C C G A T A A A T - 3' 

- 3 ' ' 
Exonn 11: 5' - GTG GAA TTC CAC ATG GTA ATG - 3* 5' - GTC ACT ATG GAA GGA CCT GAG - 3' 
Exonn 12: 5'-CTG AATTCATGTCCTTTCCTG-3' 5' - GGC AGA TGC AAG CCT CAA AAA CAT C 

3' ' 
Exonn 13: 5'-TACCTGCTTGTAGACATCTCAT-3' 5 ' - AGC ATT ATT TGA GCA TTG GCA GCA 

CAAA CCC ACA - 3' 

Tablee 1: Primer  combinations used for  the amplification of the coding 
sequencee of CYBB (see text for details). 

denaturationn 95°C 30 s, annealing 60°C 1 min, extension 68°C 3 min 45 s (time 
incrementt 3 s), 40 cycles. Stage 3: extension 68°C 5 min, 1 cycle. For subsequent 
cloningg of the PCR products 1 |xl of Taq DNA polymerase (Promega) was added to 
thee reaction mixture immediately after amplification, and the mixture was incubated 
forr another 10 min at 70°C 
Cloning g 
Thee PCR products were purified with the GFX PCR DNA Gel Band Purification kit 
(Amershamm Pharmacia Biotech,Uppsala, Sweden) and cloned into the pGEM-T vector 
(Promega)) according to the manufacturer's recommendations. 
Sequencingg and sequence analysis 
Thee purified templates were cycle-sequenced by means of the Big Dye Terminator 
Cyclee Sequencing Ready Reaction kit (Perkin Elmer Applied Biosystems) and run on 
ann ABI 377 XL Automated DNA Sequencer (Perkin Elmer Applied Biosystems). 
Sequencee analysis was performed by means of the Sequence Analysis, Sequence 
Navigatorr and Auto Assembler software (all Perkin Elmer Applied Biosystems). 
Northernn blotting 
Twentyy \Lg of total RNA from mononuclear leukocytes were used for Northern 
blottingg as described previously21. 
Southernn blotting 
Southernn blotting, with 8 }ig genomic DNA, was performed aspreviously described21. 

RESULTS S 
Routinee mutation analysis of CYBB, ie sequencing of all 13 exons and their adjacent 
intronicc sequences, showed no abnormalities in these parts of the gene, and 
investigationn of the promoter region up to nucleotide -290 also failed to indicate any 
differencee with the wild-type sequence. 
Wee then sequenced the whole coding sequence of CYBB, with cDNA as a template. 
Here,, the region comprising exons 5 and 6 was unreadable due to what seemed to be 
multiplee overlayed sequences. After cloning the PCR product into the pGEM-T vector 
andd sequencing nine insert-containing clones, we found a very heterogenous splicing 
pattern,withh complete absence of the wild-type splicing pattern. Seven clones 
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Wil dd type : 

Patter nn l(2x) : 

Patter nn 2(2x) : CACTCTG -

Patter nn 3(2x) :  CACTCTG-

Patter nn 4(2x) :  CACTCTG -

Patter nn 5(lx) :  CACTCTG-

Exonn 4 

CACTCTGG IGATTCACACCATTGCACATCTATTTAATGTGGAATGGTGTGTGAATGCCCGAGTCAATAATTCTGATCCTTATTCA 

CACTCTGG CGATTCACACCATTGCACATCTATTTAATGTGGAATGGTGTGTGAATGCCCGAGTCAATAATTCTGATCCTTATTCA 

Wildd type: 
Patternn l(2x): 
Patternn 2(2x): 
Patternn 3(2x): 
Patternn 4(2x): 
Patternn S(lx): 

GTAGCACTCTCTGAACTTGGAGACAGGCAAAATGAAAGTTATCTCAATTTTGCTCGAAAGAGAATAAAG G 
GTAGCACTCTCTGAACTTGGAGACAGGCAAAATGAAAGTTATCTCAATTTTGCTCGAAAGAGAATAAAG\CACTTCTCAAAAGA A 

liCACTTCTCAAAAGA A 
&CACTTCTCAAAAGA A 

\CACTTCTCAAAAGA A 

Wildd type: 
Patternn (2x)l: 
Patternn 2(2x): 
Patternn 3(2x): 
Patternn 4(2x): 
Patternn 5(lx): 

AGACATTTATGCAGCCAAAAAACACATGAAGAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAACCACTATGAG G 

AGACATTTATGCAGCCAAAAAACACATGAAGAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAACCACTATGAG G 

AGACATTTATGCAGCCAAAAAACACATGAAGAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAACCACTATGAG G 

AGACATTTATGCAGCCAAAAAACACATGAAGAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAACCACTATGAG G 

LINE- 11 Inser t 

Wil dd type : 

Patter nn l(2x) : 

Patter nn 2(2x) : 

Patter nn 3(2x) : 

Patter nn 4(2x) : 

Patter nn 5(lx) : 

ATATCATCTCACACCG G 

ATATCATCTCACACCG G 

ATATCATCTCACACCG G 

ATATCATCTCACACCG G 

J* * 

AACCCTGAAGGAGGCCTGTACCTGGCTGTG G 

ITTAGAATGGCAATCATTAAGAAGTCAGGAAACAACAGAACCCTGAAGGAGGCCTGTACCTGGCTGTG G 

ITTAGAATGGCAATCATTAAGAAGTCAGGAAACAACAGAACCCTGAAGGAGGCCTGTACCTGGCTGTG G 

AACCCTGAAGGAGGCCTGTACCTGGCTGTG G 

Wil dd type :  ACCCTGTTGGCAGGCATCACTGGAGTTGTCATCACGCTGTGCCTCATATTAATTATCACTTCCTCCACCAAAACCATCCGGAGG 

Patter nn l(2x) :  ACCCTGTTGGCAGGCATCACTGGAGTTGTCATCACGCTGTGCCTCATATTAATTATCACTTCCTCCACCAAAACCATCCGGAGG 

Patter nn 2(2x) :  ACCCTGTTGGCAGGCATCACTGGAGTTGTCATCACGCTGTGCCTCATATTAATTATCACTTCCTCCACCAAAACCATCCGGAGG 

Patter nn 3(2x) :  ACCCTGTTGGCAGGCATCACTGGAGTTGTCATCACGCTGTGCCTCATATTAATTATCACTTCCTCCACCAAAACCATCCGGAGG 

Patternn 4(2x): 
Patternn 5(lx): 

Exonn 6 

Wildd type: 
Patternn l(2x): 
Patternn 2(2x): 
Patternn 3(2x): 
Patternn 4(2x): 
Patternn 5(lx): 

TCTTACTTTGAAGTCTTTTGGTACACACATCATCTCTTTGTGATCTTCTTCATTGGCCTTGCCATCCATGGAGCTGAACGAAT T 

TCTTACTTTGAAGTCTTTTGGTACACACATCATCTCTTTGTGATCTTCTTCATTGGCCTTGCCATCCATGGAGCTGAACGAAT T 

TCTTACTTTGAAGTCTTTTGGTACACACATCATCTCTTTGTGATCTTCTTCATTGGCCTTGCCATCCATGGAGCTGAACGAAT T 

TCTTACTTTGAAGTCTTTTGGTACACACATCATCTCTTTGTGATCTTCTTCATTGGCCTTGCCATCCATGGAGCTGAACGAAT T 

ACGAAT T 

ACGAAT T 

*-- Exo n 7 

B B 

jj Exon 4 I Exon 5 t Exon 6 , Exonn 7 

Exonn 4 

Exonn 4 l Exon 7 
BBBBBM M 

 -  -  .  .

Exonn 6 

Exonn 6 

Exonn 7 

Exonn 7 

Exonn 7 

Exonn 6 : Exon 7 
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containingg the same PCR product, obtained from the cDNA of a healthy control, 
showedd the expected normal splicing pattern. 
Thee observed heterogeneity was due to insertion of a LINE-1 fragment, in two 
versionss of different length, in most of the clones, and various combinations of exon 
skippingg (Figure 1). The LINE-1 fragments were inserted between exons 5 and 6 and 
correspondedd to nucleotides 5220-5334 and 5220-5372, respectively, of the consensus 
sequencee of active LINE-1 elements.4 The LINE-1 fragments both contained stop 
codonss within the reading frames found in the sequenced clones, predicting heavily 
truncatedd translation products. In pattern 5, without LINE-1 sequences in the cDNA 
(seee Figure 1), the skipping of exons 5 and 6 results in a frameshift and leads to a stop 
codonn 50 nucleotides further downstream. 
Too elucidate the mechanisms responsible for the insertions in the coding sequence we 
analysedd three cloned XL-PCR products from genomic DNA, spanning intron 5 of 
CYBB,CYBB, and found a truncated and fragmented LINE-1 element of 836 bp (not 
includingg the poly-A tail) inserted between positions 1880 and 1881 of the intron 
(Figuree 2). 
Thee inserted sequence is framed by target duplication sites of 15 bp each and ends in a 
poly-AA tail of about 70 bp. The first 31 bp of the element itself are inverted relative to 
thee LINE-1-consensus sequence, whereas the following 11 nucleotides predicted by 
thee consensus are missing. When we correct for these rearrangements, the 836 
nucleotidess of the fragment still differ at five positions (0.6%) from the established 
consensuss sequence, thereby introducing two amino-acid substitutions into the 
predictedd protein consensus sequence. Furthermore, sequence analysis showed that 
thee insertion is part of the transcriptionally active Ta subset of LINEs22. The Ta subset 
hass been shown to provide nearly all the active LI elements found so far6;23. 
Thee rearrangements within the inserted element create a new branch site as well as a 
neww variant 3' splice site24 in close proximity of each other. This activates two cryptic 
variantt 5' splice sites24, 115 bp and 153 bp downstream from the 3' splice site, the 
moree 3' of which was created by one of the point mutations in the consensus sequence 
mentionedd above. These splice-site combinations generate the two fragments we 
foundd inserted in the gp91phox mRNA of patient HA. 
Too examine the effect of these rearrangements on mRNA stability, a Northern blot 
wass performed that failed to detect any mRNA expression. Finally, a Southern blot 
confirmedd the presence of an insertion in the gene CYBB of patient HA by 
demonstratingg a band shifted from 7.2 kb to about 8.2 kb (Figure 3). This band, which 
representss the region between the 3' half of intron 3 and the 5' half of intron 6 of 
CYBB,CYBB, was normal in the other family members (Figure 3). 

DISCUSSION N 
Wee have characterised an insertion of a truncated and internally rearranged LI 
elementt as a cause of chronic granulomatous disease in a patient with the X-linked 
variantt of this immunodeficiency syndrome. The molecular pathogenic mechanism 
describedd here differs from the previously reported cases of LINE-1 elements as 
determinantss of phenotypic abnormalities. 
Off  the nine reported LI insertions causative of human disease, seven are of exonic 

Leftt  side: Figure 1: mRNA splicing pattern found in patient H.A. caused by the insertion of 
variablyy spliced LINE-1 sequences (solid and dashed arrows). The numbers in parentheses indicate the 
numberr of cDNA clones in which the corresponding sequence was found. The wild-type sequence is 
includedd here for comparison only but was not found in the patient; A Sequence pattern B Graphical 
illustrationn of A. 
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TACCCCCTTAGAAATAACTATTTJU\|CCCACTTO3!T"-,;MGflnGTTGTTTGTrrrrr4flACaGACACTTC C 

TCAAAAGAAGACATTTATGCAGCCAAAAAACACATGAAGAAATGCTCATCATCACTGGCCATCAGAGAA A 
ATGCAAATCAAAACCACTATGAGATATCATCTCACACCgGTTAGAATGGCAATCATTAAqAAGTCAGGA A 
AACAACAGGTGCTGGAGAGGATGCGGAGAAATAGGAACACTTTTACACTGTTGGTGGGACTGTAAACTA A 
GTTCAACCATTGTGGAAGTCAGTGTGGCGATTCCTCAGGGATCTAGAACTAGAAATACCATTTGACCCA A 
GCCATCCCATTACTGGGTATATACCCAAATGAGTATAAATCATGCTGCTATAAAGACACATGCACACGT T 
ATGTTTATTGCGGCACTATTCACAATAGCAAAGACTTGGAACCAACCCAAATGTCCAACAATGATAGAC C 
TGGATtAAGAAAATGTGGCACATATACACCATGGAATACTATGCAGCCATAAAAAATGATGAGTTCATA A 
TCCTTTGTAGGGACATGGATGAAATTGGAAACCATCATTCTCAGTAAACTATcGCAAGAACAAAAAACC C 
AAACACCGCATATTCTCACTCATAGGTGGGAATTGAACAATGAGATCACATGGACACAGGAAGGGGAAT T 
ATCACACTCTGGGGACTGTGGTGGGGTCGGGGGAGGGGGGAGGGATAGCATTGGGAGATATACCTAATG G 
CTAGATGACACATTAGTGGGTGCAGCGCACaAGCATGGCACATGTATACATATGTAACTAACCTGCACA A 
ATGTGCACATGTACCCTAAAACTTAGAGTATAATAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGAAATAACTATTTAAGTACATCAGT T 

B B 

11 2 

Figuree 2: LINE- 1 fragment inserted in intron 5 of CYBB of patient HA. A. Detailed view of the 
sequence,, the first and last 10 nucleotides being wild-type intron sequence. Underlined nucleotides, 
targett duplication sites; framed sequence, sequence inverted with respect to the LI consensus sequence; 
nucleotidess underlaid in black, branch site; nucleotides printed in boldface italic, 3' splice site; 
nucleotidess printed bold, underlined, 5' splice sites. Lower case letters indicate nucleotides divergent 
fromm the consensus sequence of active LI elements4. B. Schematic diagram of A. , intron 5 of 
CYBB;; M, target duplication sites; g ^ , sequence inverted with respect to the LI consensus sequence; 
ggg],, LI sequence;  , poly-A tail; 1, branch site; 2, 3' splice site; 3, 5' splice sites. 

nature,, thereby disrupting the gene structure, and only two are intronic"' 14. In the 
casee of the somatic insertion in intron 2 of the myc locus" no further investigation 
intoo the pathogenic mechanism has been described, but failure of RT PCR indicated a 
completee absence of the gene-specific transcript due to the insertion of a LI element 
intoo intron 1 of the RP2 gene14. 
Inn mice, several exonic and intronic LINE-1 insertions have been shown to cause 
alteredd splicing patterns25"28. The murine beige phenotype is due to the intronic 
insertionn of an LI sequence in the beige gene, which results in the splicing of two LI 
fragmentss of different length in between the neighboring exons29. This last case most 
closelyy resembles the mutational mechanism described in this article but differs in that 
noo rearrangements of the inserted retrotransposon sequence, determining the aberrant 
splicingg pattern, have been reported and in that no exonic sequence was lost during 
splicing. . 
Thee LI insertion described here leads to insertion of retrotransposon sequences into 
thee gene-specific transcript and concomitant skipping of upstream and/or downstream 
exons.. The rearrangements of the LINE-1 sequence, which most probably occurred 
duringg the process of retrotransposition, have created a new 3' splice site as well as a 



AA new exon created by intronic insertion of a LINE-1 element 

O O SS 2 ££ 2 ,..-- += 
cc £ +- % -^  c 
oo ro o  .£2 w o 

OO ü . S (/) o. o 

7.22 kb 

6.22 kb 
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Figuree 3: Southern blot of Nsi /-digested genomic DNA of two controls, the patient and the patient's 
father,, mother and sister, showing an abnormal band at about 8.2 kb in the patient and a normal 
restrictionn pattern in the rest of the family. The bands at 1.3 kb and 1.7 kb correspond to a 
polymorphismm at this locus. 

neww branch site 11 bp further upstream (see Figure 2). Both of these sites, as well as 
thee two newly activated cryptic 5' splice sites 115 bp and 153 bp downstream, are 
onlyy weakly homologous with the respective consensus sites24. The homology is 
probablyy too weak to unambiguously define the exon/intron boundaries of the new 
'exon',, which would explain the observed highly heterogenous splicing pattern. Why, 
inn eight out of nine cases (see Figure 1), this results in retention of the weakly defined 
neww exon and skipping of the adjacent, well defined ones remains to be explained. 
Thee variant splicing patterns strongly reduce the stability of the transcript of CYBB, 
sincee Northern blotting proved unable to detect any mRNA. 
Southernn blotting indicated that the insertion must have occurred either in the mother's 
germlinee or during the patient's early embryogenesis, since his mother and sister 
showedd a normal restriction pattern (see Figure 3). 
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Thee LINE-1 element itself largely confirms the evolving line of evidence concerning 
thee active subgroup of these retrotransposons. So far, nine out of ten LI insertions in 
humanss have been found to belong to the transcriptionally active Ta subset of LINEs 
(HHH Kazazian, personal communication, 1999), and the present element also contains 
alll  of the four nucleotides that define this subset22. Furthermore, while the new LI 
insertionn described here differs in two residues from the consensus amino-acid 
sequencee for ORF2 of active Li s (HH Kazazian, personal communication, 1999), 
comparisonn with the nucleotide sequences from the LI elements used for the 
constructionn of this consensus sequence shows that the responsible nucleic-acid 
substitutionss can be found in some of the other active elements as well. This is 
relevantt in two respects. First, it confirms and adds to the recently established 
consensuss sequence. Second, it shows that the present element possibly also originates 
fromm an active predecessor - since all amino-acid substitutions have been found in 
otherr active elements as well - and this would further support the idea that the proteins 
encodedd by LINE-Is preferably act in cis, by binding to their own mRNA4; 6; 3 . 
Recentlyy the sequence specificity of the LI endonuclease has been described31, 
characterisingg the sequence motif 5'-T1TI -NN-AAAA-3 ' as optimal, with nicking to 
takee place between the two Ns. The corresponding sequence in the present case, 5'-
TTTA-AG-TACA-3',, although suboptimal, is in agreement with this description. 
Takenn together, our results, while confirming the present-day model of 
retrotransposition,, describe a novel way by which LINE-1 elements are able to act on 
thee functioning of the genome. 
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ABSTRACT T 
Wee have used a unique polymorphic 3 transduction to show that a human LI , or 
LENE-11 (long interspersed nuclear element-1), retrotransposition event most likely 
occurredd in the maternal primary oocyte during meiosis I. We characterized a 
truncatedd LI retrotransposon with a 3' transduction that was inserted, in a Dutch male 
patient,, into the X-linked gene CYBB, thereby causing chronic granulomatous disease. 
Wee used the unique flanking sequence to localize the precursor LI locus, LRE3, to 
chromosomee 2q24.1. In a cell culture assay, the retrotransposition frequency of LRE3 
iss greater than that for any other element that has been tested to date. The patient's 
motherr had two LRE3 alleles that differed slightly in the 3'-flanking genomic DNA. 
Thee patient had a single LRE3 allele that was identical to one of the maternal alleles; 
however,, the patient's insertion matched the maternal LRE3 allele that he did not 
inherit.. Other data indicate that there is only a small chance that the father 
(unavailablee for analysis) carries the precursor LRE3 allele. In addition, paternal 
originn of the insertion would have required that an LRE3 mRNA transcribed before 
meiosiss II be carried separately from its precursor LRE3 allele in the fertilizing sperm. 
Sincee the mother carries a potential precursor allele and the insertion was on the 
patient'ss maternal X chromosome, it is highly likely that the insertion originated 
duringg maternal meiosis I. 

INTRODUCTION N 
Preliminaryy analysis of the human genome has shown that transposable elements 
composee 45% of its mass1. LI , or LINE-1 (long interspersed nuclear element-1), 
retrotransposonss are one of the most successful transposable elements, comprising 
17%% of the genome1. Most of the ~ 500,000 LI copies present in the human genome 
aree truncated at their 5' end, rearranged by inversion, and/or mutated. Only a small 
percentagee are full length1, and only 40-80 potentially are retrotranspositionally 
active2.. In humans, the youngest and most active elements belong to the Ta-ld 
subset3.. The insertion reported here is the 14th known recent LI insertion in humans . 
However,, >70% of these insertions were ascertained by the presence of X-linked 
diseasee in male patients4. Estimates of the actual frequency of LI insertions range 
fromm 1 in 10 to 1 in 120 individuals516. 
Ann intact, full-length human LI element is ~ 6.1 kb and contains (1) a 5' UTR that is 
followedd by two non-overlapping ORFs, (2) a 3' UTR with a polyadenylation signal, 
andd (3) a polyA tail7. The element encodes endonuclease and reverse-transcriptase 
activitiess in ORF28; 9 and duplicates by the following mechanism (the details of which 
aree largely unknown): First, the original retrotransposon is maintained, in situ, where 
itt is transcribed101 n. Then, the transcript is reverse transcribed and integrated into a 

**  The first two authors contributed equally to the preparation of this paper. 
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neww genomic location by a process termed "target-primed reverse transcription"11. 
Finally,, on integration, the LI element typically is flanked by target-site duplications 
(TSDs)) of 6-20 bp; the integration site has a weak consensus sequence (5'-Py-
Py/AAAA-3')) , and LI elements appear to be inserted at random locations in the 
genome13. . 
Theree are exceptions to the canonical retrotransposition event. For example, LI 
elementss often transduce DNA flanking their 3' ends. In - 20% of cases, the LI polyA 
signall  is skipped in favor of a downstream polyA signal14"16. In one previous instance, 
uniquee transduced sequence was used to find and characterize the precursor to a 
humann LI insertion . Also, LI elements can be inserted into the genome without a 
T S D 1 7;;  18_ 

Littl ee is known about either the timing of human retrotransposition events or the cell 
typess in which such events occur. From an evolutionary standpoint, retrotransposition 
inn a germline or a germline precursor is necessary. In tissue culture, it has been shown 
thatt retrotransposition from an episome is possible in several transformed cell lines -
includingg feline G355.5 cells19; human HeLa20, 143B TK- (thymidine kinase negative; 
Americann Type Culture Collection number CRL-8303), and H460 cells (E.O., 
unpublishedd data); and mouse L™" cells20; 21. Our laboratory has failed to demonstrate 
retrotranspositionn in primary cell lines, including mouse embryonic fibroblasts and 
humann fibroblasts (authors' unpublished data). In a transgenic mouse model, we have, 
byy reverse-transcriptase PCR, found LI mRNA in spermatocytes, and we have shown 
retrotranspositionn in male germ cells22. It has also been shown that ORF1 is expressed 
inn mouse testis (spermatocytes, myoid cells, and Leydig cells) and ovaries, as well as 
inn steroidogenic cells23; 24. Finally, in one instance, an LI insertion into the APC gene 
causedd colon cancer in a human2 . However, to date, it has not been possible to define 
thee timing and cell type of a heritable human retrotransposition event. Here, we 
presentt data that strongly suggest that an LI insertion occurred during maternal 
meiosiss I. 

SUBJECTT AND METHOD S 
Patientt  History 
Thee patient was born in 1980 and presented, in the 1st year of life, with multiple 
infectiouss complications - including recurrent pneumonia - as well as abscesses of the 
perianall  region, liver, and lymph nodes. After diagnosis of chronic granulomatous 
diseasee (CGD [MIM 306400]) at 15 mo of age, prophylactic treatment with 
cotrimoxazolee was initiated. Pneumonia caused by Aspergillus pneumoniae at the age 
off  22 mo led to treatment by the addition of itraconazole to the prophylactic protocol. 
Underr this regimen, the patient remained infection free until 1999, when he presented 
againn with pneumonia, leading to his hospitalization, that was caused by A. 
pneumoniae.pneumoniae. Ensuing complications included several episodes of bacterial sepsis; 
fungall  lesions in lungs, liver, and spleen; osteomyelitis; and proctitis. Currently, he is 
infectionn free and is followed as an outpatient. 
Diagnosiss of CGD 
Diagnosiss of CGD was achieved by analysis of granulocyte function, nitroblue 
tetrazoliumm (NBT) test, determination of cytochrome bsss content in whole and Triton 
X100-extractedd cells, and monocyte hybridization, which were performed as 
describedd elsewhere26. 
PCR R 
AmplificationAmplification of CYBB. - The 13 exons of CYBB, including their adjacent intronic 
sequencess (namely, exon 1 and promoter sequences), were amplified as described 
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elsewheree . In brief, genomic DNA (50-500 ng) was amplified by use of the Rapid 
Cyclerr (Idaho Technology), with 50 cycles of 95°C for 5 s, 60°C for 30 s, and 72° C 
forr 15 s and slope S9. The reaction volume of 15 u,l contained 2 U of Taq DNA 
polymerasee (Promega), 2 U of TaqStart antibody (Clontech Laboratories), 50 ng of 
eachh primer, 200 |iM of each of the deoxyribonucleoside triphosphates (Promega), 
andd reaction buffer (50 mM KC1, 1.5 mM MgCl2, 0.1% Triton X100, 10 mM Tris, 
andd 8% dimethyl sulfoxide, with pH 9.0 at 25°C) in 10-u.l glass capillaries (Idaho 
Technology). . 
AmplificationAmplification of insertion-containing exon 4 of CYBB. - Products of the insertion-
containingg exon 4 from the patient were obtained, with primers 5'-GTTAACAATT-
ACTATTCCATTCTTTCCCCC-3'' and 5-CTATGAATAGAGGGAACTCCCTGG-
TTCCAAG-3*,, by use of the Expand Long Template PCR System (Roche), according 
too die manufacturer's recommendations. In brief, the region of interest was amplified 
byy Expand Long Template PCR on a PTC-0220 Peltier Thermocycler (MJ Research), 
withh 50-200 ng of genomic DNA as a template, in a total reaction volume of 20 \il. 
Thee PCR was run with the following settings: denaturing at 94°C for 30 s, annealing 
att 56°C for 40 s, and 30 cycles of extension at 68°C for 2 min. 
AmplificationAmplification of LRE3 from both the mother and the patient. - The unique primers 
LRE3FF (5'-ATTTGCGGCCGCTACCCCCTACTGTTGTGCCTTG-3) and LRE3R 
(5-CGTCTACCGAAAGTCCATACTACCC-3)) were designed using the 
chromosomee 2 sequence from AC067958 (GenBank). The first primer has a Notl site 
att the 5' end for cloning. Three additional unique pairs were also designed to verify 
thatt LRE3 was present in the sequence on AC067958 (GenBank). The ~ 7,750-bp 
productt was amplified by use of the Expand Long Template PCR System (Roche), 
accordingg to the manufacturer's recommendations. In brief, the 7.7-kb region was 
amplifiedd on a PTC-0220 Peltier Thermocycler (MJ Research), with 50-200 ng of 
genomicc DNA as a template, in a total reaction volume of 20 ul The PCR was run 
withh the following settings: denaturing at 94°C for 30 s, annealing at 67°C for 40 s, 
andd 30 cycles of extension at 68°C for 6 min. 
Polymorphismm Studies 
Thee presence or absence of LRE3 in 23 individuals from five different ethnic groups 
wass determined using a two-reaction, three-primer technique . The Expand Long 
Templatee PCRs were performed in a PTC-0220 Peltier Thermocycler (MJ Research), 
withh 50-200 ng of genomic DNA as a template in a total reaction volume of 20 |xl. 
Thee PCR was run with the following settings: denaturing at 94°C for 30 s, annealing 
att 64.8°C for 40 s, and 30 cycles of extension at 68 °C for 2 min. In brief, in the first 
reaction,, two unique flanking primers, A (5-TTCCACCTCTGTGGTATCTAT-
GGTC-3')) and C (5-CATGACAATGGTCTGGG-CAGTG-3), were used to yield a ~ 
1,350-bpp product, in the absence of the element; in the second reaction, the unique A 
primerr and a reverse primer B in the 5' section of the LI element (5'-
TGTGGGATATAGTCTCGTGGTGC-3')) were used to yield a ~ 1,330-bp product, in 
thee presence of the element. 
Southernn Blotting 
Southernn blotting, with 8 (ig of genomic DNA, was performed as described 
elsewhere28. . 
Cloningg of LRE3 
Thee single band obtained with primers LRE3F and LRE3R was cut from a 0.7% 
agarosee gel and was purified using a Gene Clean Spin kit (BIO 101). The band was 
digestedd with Notl (in LRE3F) and BstZlll (in the 3' end of the LI element). The full-

93 3 



NADPHH oxidases and mutation analysis 

lengthh LRE3 fragment, as a Notl/BstZlll fragment, was swapped into pLIRP-EGFP 
(withh BstZlll) (full-length LIRP element tagged with the EGFP (enhanced green 
fluorescentt protein) retrotransposition cassette; the PLIRP-EGFP construct was the 
samee as that described by Ostertag et al.22 except that it was modified to contain an 
intactt BstZlll site), to produce pLRE3-EGFP. This clone was then tested for 
retrotranspositionn activity in a cell culture assay. 
Sequencingg and Sequence Analysis 
Cloness and purified PCR products were sequenced using LI-specific or 3' 
transduction-specificc primers. Each sequencing reaction contained ~ 50 ng of PCR 
productt or ~ 500 ng of plasmid DNA and -3 .2 pmol of oligonucleotide primer. All 
sequencingg was performed on ABI 3100 automated sequencers. 
Retrotranspositionn Assay 
Constructss PLIRP-EGFP, pLlRP(JMlll)-EGFP22, and pLRE3-EGFP were assayed for 
retrotranspositionn activity in human 143B TK- osteosarcoma cells. Cell culture, 
transfectionn of cells, antibiotic selection, and flow cytometry were performed as 
describedd elsewhere22. 

RESULTS S 
CGDD is a disorder that is caused by a deficiency in the enzyme NADPH oxidase, 
whichh creates the reactive oxygen species that are used by phagocytes to kil l bacteria 
andd fungi. CGD is characterized by repeated infections. Age at onset and phenotype 
aree quite variable. NADPH oxidase is composed of subunits that are encoded by 
severall  different genes. Defects in the X-linked gene CYBB, which encodes the 
gp91pp ox subunit of cytochrome bS58, are the most common cause, but other autosomal 
formss exist29. Analysis of the patient's granulocyte function revealed a normal 
chemotacticc response but a reduced intracellular killing of Staphylococcus aureus (in 
thee patient's granulocytes, 57% of the bacteria were killed after 30 min, whereas, in 
granulocytess from a control individual, 95% were killed after 30 min) and a greatly 
reducedd oxygen consumption after addition of serum-treated zymosan (in the patient, 
0.66 nmol/10 cells; in the control individual, 7.2 nmol/106 cells). A negative NBT test 
andd the absence of cytochrome b5ss in both whole cells and Triton X100-extracted 
cellss confirmed the diagnosis of CGD. Failure to complement the patient's oxidase 
systemm in monocytes with that of a known patient with X-linked CGD indicated the 
presencee of a defect in the X-linked gene CYBB. 
AA Southern blot of £coRI-digested genomic DNA probed with CYBB coding 
sequencee (Figure 1A) revealed an increase of - 2 kb in the fragment that comprises 
exonn 4 of CYBB. The aberrant band was not seen in either the patient's mother or an 
unrelatedd control individual (Figure 1A); the patient's father was unavailable for 
analysis. . 
Too confirm the results of the Southern blot, we amplified exon 4 in the patient, his 
mother,, and an unrelated control individual (Figure IB). The patient lacked a normal 
exonn 4 product but had an exon 4 that contained an extra 2,105 bp, which indicates 
thatt the patient had one X chromosome and that it contained an abnormal exon 4 of 

Rightt  side: Figure 1: Insertion analyses. A, CTÖB-specific Southern blot with Ecö/tf-digested DNA -
fromm an unrelated control individual, the patient's mother, and the patient - demonstrating the shift, in 
thee patient's sample, of the exon 4-containing fragment. The sizes of the wild-type bands are given; the 
arroww <<-) indicates the aberrant band. The probe was constructed with coding cDNA of CYBB as 
template.. B, Expand Long Template PCR of exon 4, in the patient, the patient's mother, and an 
unrelatedd control. The arrows (—>) indicate markers in the ladder. 
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GCTCAA A 
GCTCAATCCC ACCCAG. AATAAAAAAAAAAAAAAAAAAAAA A 

....AATCCC ACCCAG AATAAAAAAAAAAAAAAAAAAAAA A 
(4292)...AATCC..J(5S31)ACACAGG (Ö014)AATAAA«5019 element end) 

AAfGAAAJsTAAATAAAMGAAAACGAAA^GAACGAAAJnGAGAAAAGCAAAAT G G 
A^GAAAJsTAAATAAAAAGAAAACGAAAfeGAACGAAAJjoGAGAAAAGCAAAAT G G 

TCTATTCCGGTCTATÏGCCTATTTïTTC^ATTTGGATrTTGGTrTTCTITC<rrATTC A A 
TCTATTCCGGTCTATIGCCTATTITrTGMTTTGGATTTTCGTTrTXrrTGCT TCTATTCCGGTCTATIGCCTATTITrTGMTTTGGATTTTCGTTrTXrrTGCT 

GTraTnGAGTrCCTrATATATTTCGAGTMTAACTCCTTATCATATTGAGTrGT T T 
GTIGTrTGAGTrCCTrATATATrWGAGTMTAACTCCTTATCATATTCAGTTGT T T 

TGAGTTCXTTTATATATimrrAGTAATAACTCCTTATCAQATGTATrGAGTTOTrr G G 
TGAGTTTCTTATATATTITGAGTAATMCriarnATCAGATOTATrGAOTTOTTT O O 

AGTTarrTATATATTTrGAGTAATAACTCCTTATCAGATGTATOCTrTCCAAATA A A 
AGTTCCTTATATATTTTC-AGTAATMC'iCCTTA-iCAGATGTATGCTrTGCAAATA A A 

CAAG G 
ATTTTCCCATTCCATGCAAAAAAAggAAAAAAAJsCAA G G 
ATTTTCCCATTCCATG C C 

Figuree 2: Insertion sequence analyses. A, Schematic representation of the CYBB insertion. PT = 
importantt sequence of a PCR product from the patient's exon 4. B, CFBB-insertion sequence 
alignments.. CYBB = GenBank sequence at the point of insertion, into exon 4, of CYBB; PT = sequence 
off  a PCR product from the patient's CYBB exon 4 (which includes the disease-causing insertion); LRE3 
== sequence of a PCR product from the patient's chromosome 2q24.1; L1RP = GenBank sequence of the 
mostt active element known (the nucleotide number of the adjacent base is given in parentheses). A 
possiblee 2-bp TSD in the disease-causing insertion is underlined; differences between sequences are 
shaded;; leader dots indicate sequence that is consistent with the L1RP sequence. 

CYBB.CYBB. Sequencing of the abnormal PCR product revealed an insertion, comprising 
thee final 1,722-1,724 bp of an LI element, followed by a 280-bp 3' transduction. 
Whenn compared with L1RP, the most active element yet tested in the cell culture 
assay,, the LI fragment was found to contain a single-nucleotide change in the 3' UTR. 
Thee 3' transduction was composed of a 21-bp polyA tail followed by 259 bp with no 
homologyy to LI or CYBB sequences. This sequence was followed by a polyA tail of 
1011 bp that led directly to the remainder of exon 4 of CYBB. Since the 5' two bases of 
thee insertion were both A, it was impossible to determine whether they constitute a 2-
bpp TSD within a 2,103-bp insertion or whether they are part of a 2,105-bp insertion 
withoutt a TSD (Figure 2). The 5' portion of the transduced sequence contained an 
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Figuree 3: Expand Long Template PCR with flanking primers, demonstrating the presence or absence 
off  LRE3 in the patient's mother, in the patient, and in an unrelated heterozygote. All bands were 
sequenced,, to confirm findings. 

imperfectt 29-repeat GAAA section. However, the final 153 bp contained unique 
sequence.. A BLAST search of the human genome, for the entire 153-bp unique 
sequence,, produced one exact match, AC067958 (GenBank), on chromosome 2q24.1. 
Thee AC067958 sequence (GenBank) contained a slightly different imperfect GAAA 
repeatt section, upstream from the unique sequence, but no LI sequence. Because 
activee LI elements are often polymorphic, we assumed that the precursor (i.e., LRE3) 
wass absent from the Human Genome Project sequence. PCR using four unique primer 
pairss showed that, in this region, the patient's mother was homozygous for a - 6.1-kb 
LRE3LRE3 allele, whereas the patient was heterozygous (Figure 3). These results were 
confirmedd using a third primer internal to the LI element (data not shown). 
Onn direct sequencing of the patient's LRE3 PCR product, the final 1,720 bp of LI 
sequencee were an exact match of the insertion on the X chromosome (Figure 2). 
However,, the imperfect GAAA repeat section 3' from the patient's LRE3 allele had 28 
repeats,, whereas his insertion had 29 repeats. We hypothesized that the mother had a 
29-repeatt LRE3 allele that was the actual precursor to the insertion and a 28-repeat 
allelee that was inherited by the patient. After cloning the maternal LRE3 PCR product, 
wee sequenced 12 clones and found that seven contained (GAAAX^TAAATAAAAAG -
AAAA(GAAA) 8GAA(GAAA) nGAGAAAAGCAAA AA (29 repeats) and that five 
containedd (GAAA)3TAAATAAAAAGAAAA(GAAA) 8GAA(GAAA ) ,0GAGAAAA -
GCAAAAA (28 repeats). The sequence of the maternal 29-repeat LRE3 allele perfectly 
matchedd all 2,105 bp of the patient's insertion. 

AA small possibility exists that a 29-repeat LRE3 transcript from the father was carried 
inn the sperm and that the precursor to the insertion is paternal in origin. Since the 
fatherr was unavailable for analysis, we observed the prevalence of the 29-repeat LRE3 
allelee in the white population, the most prevalent ethnic group in the Netherlands. Of 
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B B 
CHRZZ  GTCAAAAAAAAAAA A GAAAGAAAGAA A 
LRE33 GTCAAAAAAAAAAAAAGAAAGAAAGAAAGAAGGGGOAGG A GCCGG... 
LIR PP (element start U)GGGGGAGGA .. (4Sl-5-UTR)GCAGG 

CHR2 2 
LRE33 ACTCC AACCA TCOAG AAATT. 
LlRPP (703-5-UTR)ACCCC. (190fl-ORFl)AATCA (1931-interORF)TCAAG...(!99S-ORF2)AACTT 

CHRZ Z 
LRE33 ACCCAG TATAATAAAAAAAAAAAAAAAAAAAAAAAAGAAAGA A 
LIR PP (5S31- 3'UTR)ACACAG... (<501l)TATAATAAA(oQ19 elementend) 

CHR22 TAAAAAGAAAA(GAAA) s (GAAA)lo GAGAAAAGCAAAATGTCTATT 
LRE33 MMMAAATAAAAAGAAAA(GAAA)sGAA(GAAA)lOor!lGAGAAAAGCAAAATGTCTAT T 

Figuree 4: LRE3 sequence analyses. A, Schematic representation of the LRE3 insertion into 
chromosomee 2q24.1. LRE3 = important sequence from LRE3. Potential TSDs are underlined; asterisks 
(*)) are placed at locations where differences exist between LRE3 and L1RP. The larger asterisk indicates 
ann amino acid change. B, LRE3 sequence alignments. CHR2 = GenBank sequence's "empty site" at the 
LRE3LRE3 locus; LRE3 = sequence of a PCR product from both the patient's chromosome 2q24.1 and the 
patient'ss mother's chromosome 2q24.1; LIRP = GenBank sequence of the most active element known 
(thee nucleotide number of the adjacent base is given in parentheses). A possible 28-bp TSD of LRE3 is 
underlined;; nucleotide differences are shaded; leader dots indicate sequence that is consistent with the 
LIRPP sequence. 

500 white haploid genomes, 9 contained an LRE3 element. We used PCR to obtain the 
3'' flank. On sequencing, we discovered that all nine LRE3 elements were followed by 
differentt repeat sections and that only one of the nine matched the patient's 29-repeat 
insertion.. Thus, the allele frequency of the 29-repeat LRE3 allele in whites is ~ 1 in 50 
haploidd genomes, or ~ 2%. Since the patient is heterozygous for LRE3, his father has 
att least one chromosome 2 without an LRE3 allele. Therefore, if the father is white, 
thenn he has an ~ 2% chance of having a 29-repeat LRE3 allele. 
LRE3LRE3 is located on chromosome 2q24.1. Because of the polymorphic, repeating 
naturee of this location, it is impossible to determine unambiguously the "empty site," 
thee exact point of insertion, or the length of the TSD. If we assume that an 
endonuclease-mediatedd insertion occurred, then the most likely point of insertion is 5' 
fromm the (GAAA)n repeat at 5'-TGTC/AAAAA-3'. This point of insertion follows the 
consensuss 5'-Py-Py/AAAA-3' sequence of the Ll-endonuclease site12. The TSD 
wouldd then be 28 bp - that is, 5'-AAAAAAAAAAAAAGAAAGAAAGAAA(G/T)A -
A-3',, with one G/T base change near the 3' end (Figure 4). 
LRE3LRE3 has two ORFs, is a member of the Ta-ld subset of human retrotransposons, and 
iss 99.9% identical to LIRP. Sequence comparison of LRE3 with LIRP showed the 
followingg six differences: two in the 5' UTR; one in ORF1; one in the inter-ORF 
region;; one, leading to an amino acid substitution, in ORF2; and one in the 3' UTR 
(Figuree 4). The mother's LRE3 alleles are identical in sequence except for the 3' flank. 
Sincee LRE3 is 99.9% identical to LIRP, we predicted that the two elements would 
havee similar retrotransposition activity in the cell culture assay. To test this prediction, 
wee cloned both the mother's and the patient's PCR products directly into the pCEP4 
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Figuree 5: Example of flow-cytometry results. A live/dead gate was set by use of forward and 
sidewardd scatter of cells, and -10,000 live cells were assayed for fluorescence. Cells within the Ml 
markerr were counted as positive. The Ml marker was zeroed using a single JM111 clone (LIRP, with 
twoo disabling ORF1 point mutations) and a single L1RP clone (not shown) that lacked the 3,832-bp AflU 
fragment.. Both negative controls were assayed in triplicate; one L1RP clone was assayed in triplicate, as 
aa positive control; two LRE3 clones, one derived from maternal genomic DNA and another derived 
fromm patient genomic DNA, were assayed in triplicate. Numbers give the average number, over three 
assays,, of positive cells for each clone  1 SD. 

expressionn vector, which contained an antisense EGFP sequence that was disrupted by 
ann intron in the same orientation as the LI element. On transfection into 143B TK-
osteosarcomaa cells, the EGFP retrotransposition marker is expressed only when the 
LII  is transcribed, the intron is spliced out, and the EGFP gene is reverse transcribed 
andd integrated into the genome22. When tested, under the direction of their 
endogenouss LI promoters, both the mother's and the patient's LRE3 alleles had 
retrotranspositionn activities ~ 50% greater than that of L1RP (Figure 5). LRE3 is 
thereforee the most active human LI element yet characterized in a cell culture assay. 
Wee assessed the frequency of LRE3 in the general population, using DNA from 5 
Indo-Pakistanis,, 9 sub-Saharan Africans, 5 Pacific Islanders, 4 Chinese, and 25 white 
individuals.. One or two individuals of all ethnic groups except the sub-Saharan 
Africans,, in whom LRE3 was not found, were heterozygous for LRE3. In sum, LRE3 
wass present in 16 of the 96 genomes, giving an allele frequency of 0.17 and further 
confirmingg the recent evolutionary nature of the Ta-ld subser (Figure 6). 

DISCUSSION N 
Wee used a unique polymorphic 3' transduction to derive evidence that LRE3 
retrotransposed,, into CYBB, in the primary oocyte during maternal meiosis I. The 
patient'ss 29-repeat CYBB insertion does not match his 28-repeat LRE3 allele but does 
matchh the mother's 29-repeat LRE3 allele. Since the patient's mother does not appear 
too have the CYBB insertion, the simplest explanation is that the 29-repeat LRE3 allele 
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ABB reaction: The "filled "  site 

Primerr  A^ 
L II  DNA 

Genomicc DNA Primer B 

ACC reaction: The "empty"  site 

Primerr  Ak 

Genomicc DNA H H 
Primerr C 

Individualss from different ethnic groups 

ABB reaction (present} 

ACC reaction (absiïiil) 

Figuree 6: Assay and gel analyses. A, Schematic representation of the polymorphism assay that was 
usedd to determine the absence or presence of an element. B, Sample gel, showing results from 20 
individualss of diverse ethnic backgrounds. 

inn the mother was transcribed and retrotransposed into an X chromosome before the 
conclusionn of maternal meiosis I. On ovulation, the separation of homologous 
chromosomess occurred, and both the 28-repeat LRE3 allele and the X chromosome 
withh the 29-repeat insertion became part of the secondary oocyte, whereas the actual 
precursorr 29-repeat LRE3 allele and the X chromosome without the insertion were 
lostt in the extruded polar body. At fertilization, the sperm carried a Y chromosome 
andd a copy, lacking LRE3, of chromosome 2. The fertilized egg produced a male 
offspringg with a single 28-repeat LRE3 allele on chromosome 2 and a 29-repeat 
insertionn on the X chromosome. 
Retrotranspositionn during maternal meiosis I provides the simplest explanation for our 
data.. Since maternal meiosis I occurs in every ovulating female and lasts from birth to 
ovulation,, a rare retrotransposition event could take place at any time during this 
period.. However, other scenarios that require the occurrence of an additional rare 
eventt are formally possible: 
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1.. If the mother were mosaic, then the actual insertion into the X chromosome could 
havee taken place as early as maternal embryogenesis. However, by PCR, we did 
nott find any evidence for maternal mosaicism of lymphocyte DNA. In addition, at 
thiss time, there is no evidence that retrotransposition occurs during embryogenesis. 

2.. The patient's insertion could have come from his own precursor; instability during 
retrotranspositionn or replication at the polymorphic repeat locus could have 
resultedd in an altered LRE3 allele that matched a maternal sequence. However, any 
instabilityy would have to be very precise, since one specific maternal allele would 
havee been changed to match the other. The wide variety of repeat formats found in 
thee nine individuals tested suggests that this is unlikely. Also, present knowledge 
indicatess that the process of retrotransposition appears to be accurate. Two 
precursorss of human LI insertions have been exact matches to their respective 
insertionss over a total of ~ 6 kb14; . 

3.. The father had a small chance of carrying a 29-repeat LRE3 allele and could have 
passedd a lingering 29-repeat LRE3 message, in his sperm, that retrotransposed into 
thee maternal X chromosome. This scenario would require the confluence of three 
raree events: (a) he would need to have the correct LRE3 message; (b) he would 
needd to pass a stable full-length LI mRNA, in his sperm, separate from its 
precursorr chromosome; and (c) that message would need to be reverse transcribed 
andd inserted into the mother's X chromosome postfertilization. 

Becausee of the relative rareness of these alternative scenarios, a retrotransposition 
eventt during maternal meiosis I is the most straightforward explanation for our data. 
Fromm an evolutionary perspective, only retrotransposition in germ cells or germ cell 
precursorss can be passed on to progeny; somatic retrotransposition, on the other hand, 
iss an evolutionary dead end. The new insertion cannot be passed on, and, if the 
insertionn harms the host, then the precursor to the insertion will not be passed on. 
Althoughh ORF1 expression has been detected in somatic cells in mouse testis23, the 
onlyy known example of somatic retrotransposition is an LI insertion, into an APC 
gene,, resulting in colon cancer25. Oncogenesis, however, is a multistep process, and 
thee colon cell may have been partially transformed at the time of retrotransposition. 
Althoughh there is no in vitro evidence of retrotransposition in primary cell lines, 
retrotranspositionn is readily demonstrated in cultured transformed cell lines20. 
LRE3,LRE3, the precursor to the insertion, is the most active human LI element yet tested in 
ourr cell culture assay. When active LI elements are used to create an amino acid 
consensuss sequence for ORF1 and ORF2 (data not shown), the proteins encoded by 
LRE3LRE3 ORF1 and ORF2 are exact matches. Therefore, LRE3 is the first element tested 
thatt has a perfect amino acid consensus through both ORF1 and ORF2. LRE3 and 
LIRPP differ by one silent change in ORF1, four changes in noncoding regions, and one 
T—>NN amino acid change at position 5 of ORF2; however, LRE3 is 50% more active. 
Furtherr analysis may provide insight into domains that are important in the 
mechanismm of retrotransposition. 
Thee insertion, into exon 4, of the patient's CYBB gene appears to lack TSDs that have 
commonlyy been found in retrotransposition events. TSDs result when the LI 
endonucleasee cuts the two DNA strands at the insertion site in a staggered manner. At 
leastt two explanations for the apparent lack of TSDs are possible: First, Ll -
endonuclease-mediatedd insertion could produce very short TSDs of two bases (AA) or 
evenn no TSDs18; insertion, in this case, would have occurred at 5'-TCAAA-3', a 
potentiall  LI-endonuclease site (Figure 2)12. Second, it has been proposed, as an 
explanationn for the rare cases of TSD-less LI insertions, that LI fragments play a role 
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inn the repair of preexisting double-strand breaks31"34. Either hypothesis could explain 
thee findings in the patient. 
LRE3LRE3 is the second precursor LI element that has been characterized using flanking 
sequencee transposed in a de novo insertion14. Indeed, LRE3 is only the third active 
precursorr LI locus that has been characterized overall (hence, its designation as "LI 
retrotransposablee element3"). With the inclusion of the full-length elements that were 
isolatedd from genome analysis and that have retrotransposition activity in the cell 
culturee assay20; 22, there are now 10 active human LI elements known2:35; 36. 
Overall,, 211 CYBB mutations are listed in the Human Gene Mutation Database. One 
deletionn was a non-homologous recombination that involves an LI element that lies 5 
kbb upstream from CYBB31. In addition, there has been a previous LI insertion into an 
intronn of CYBB27. More than half of known recent human LI insertions have occurred 
inn only three genes: CYBB, factor VIII, and dystrophin4. It would be interesting to 
determinee whether these three genes are LI hotspots or whether this seeming cluster 
off  LI activity is the result of an ascertainment bias. 
Thee polymorphic 3' transduction of this insertion has allowed us to predict, with great 
confidence,, both the timing and the parental origin of an in vivo retrotransposition 
event.. LRE3, presently the most active human LI element in cell culture, is also the 
firstt element with an active amino acid consensus sequence for both ORFs. It will be 
interestingg to see whether departures from consensus or changes in noncoding 
nucleotidess will further increase the retrotransposition activity of LI elements. As the 
mostt active LI element currently known, LRE3 is now the best candidate for 
mutagenesiss systems and other molecular biology applications. 
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Expressionn of Nox2 in human cardiomyocytes 
P.AJ.. Krijnen1-4, C. Meischl5, C.E. Hack3,45, C.J.L.M. Meijer1, C.A. 
Visser2'4,, D. Roos5, H.W.M. Niessen1'4 

Departmentss of Pathology', Cardiology2 and Clinical Chemistry3, VU Medical Center, Amsterdam, The 
Netherlands s 
4ICaR-VU,, Amsterdam, The Netherlands 
5Sanquinn Research at CLB, and Landsteiner Laboratory of the Academic Medical Center, University of 
Amsterdam,, Amsterdam, The Netherlands 

ABSTRACT T 
Objective:Objective: Recent studies indicate the presence of reactive oxygen species (ROS)-
producingg homologues of the enzymatic subunit (Nox2) of phagocytic NADPH 
oxidasee in non-phagocytic cells. Interestingly in these cells, ROS produced by the 
Nox22 homologue(s), was shown to play a role in various regulatory processes, 
includingg cell death, proliferation and aging. The purpose of this study was to 
investigatee if human cardiomyocytes express Nox2. 
Methods:Methods: We studied the expression of Nox2 in human cardiomyocytes using 
Westernn blot and immunohistochemical analysis. To analyze the putative expression 
off  Nox2 in human heart disease, we studied cardiac samples of patients that had died 
subsequentt to acute myocardial infarction (AMI) . 
Results:Results: Both in Western blot and immunohistochemical studies Nox2 expression was 
foundd in normal human cardiomyocytes. In patients with AMI , a significant increase 
inn Nox2 expression was found both in viable and in jeopardized cardiomyocytes in the 
infarctedd area. Also in the remote-from-infarction area, Nox2 expression was present 
inn cardiomyocytes, but was not increased. 
Conclusions:Conclusions: We conclude that Nox2 or homologue(s) is expressed in normal and 
jeopardizedd human cardiomyocytes. This expression is increased in patients with 
AMI ,, suggesting a role of this ROS-producing Nox2 homologue(s) in the human heart 
afterr AMI . 

INTRODUCTIO N N 
Cardiomyocytess produce reactive oxygen species (ROS) under different pathological 
conditions1.. From studies in non-cardiomyocytes it is known that ROS do not only 
inducee cell damage, but also play a role in processes like cell proliferation, apoptosis, 
genee expression and aging2"6. Furthermore, recent studies are also pointing to a new, 
moree or less cell-specific source of ROS, namely homologues of the NADPH oxidase 
off  phagocytes7. 
Thee catalytic core of the phagocyte NADPH oxidase is a membrane-integrated 
flavocytochromeb55s,, comprising the p22phox and the enzymatic gp9lphox (Nox2) 
subunits.. Recently, several Nox2 homologues have been identified in various human 
celll  types. For instance, in blood vessels Nox2 has been reported in endothelial cells8, 
whilee the Nox2 homologues, Noxl and Nox4, were found in vascular smooth muscle 
cellss . In addition, in thyroid, ThOXl and ThOX2 were identified10, and in the kidney 
Nox4n.. In heart homogenates from guinea pigs suffering from experimental 
hypertension,, Nox2 was also found to be expressed, although it was not further 
specifiedd whether the enzyme was located in cardiomyocytes, fibroblasts or 
endotheliall  cells12. 
Upp to now, there are no data available regarding expression of Nox2 or its 
homologuess in human cardiomyocytes. Therefore, we have analyzed at a cellular level 
thee expression of Nox2 by human cardiomyocytes. Furthermore, we have studied the 
putativee expression of Nox2 in the hearts of 62 patients who died as a result of acute 
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myocardiall  infarction (AMI) , to get some insight in the expression of the enzyme 
underr pathological conditions. 

MATERIAL SS AND METHOD S 
Patients s 
Patientss referred to the Department of Pathology for autopsy were included in this 
study.. Patients included in the AMI model showed at autopsy signs of a recently 
developedd AMI (table 1), i.e. on histochemical examination they had decreased lactate 
dehydrogenasee (LD) staining (decoloration) of the affected myocardium. Clinical data 
withh respect to time duration of AMI correspond to the time intervals of the different 
morphologicall  stages of AMI . Autopsies were performed as soon as possible, within 
244 hours after death. The study was approved by the ethics committee of the VU 
Medicall  Center, Amsterdam. The investigation conforms with the principles of the 
Declarationn of Helsinki. Use of left-over material after the pathological examination is 
partt of the standard patient contract in our hospital. 
Processingg of tissue specimens 
Fromm patients that died from a cause not related to heart disease, specimens from the 
leftt ventricle were used for isolation of cardiomyocytes. For the 
immunohistochemistryy of AMI samples, myocardial tissue specimens were obtained 
fromm the infarcted zone as well as from remote sites of the healthy part of the heart. 
Thesee remote sites showed normal LD staining patterns and were studied as internal 
non-infarctedd controls. The internal controls were taken from all different phases of 
infarctionn and reinfarction. None of these patients had sepsis or malignancies. Before 
beingg prepared as cryo-sections, tissue specimens were stored at -196°C (liquid N2). 
Frozenn sections were mounted onto SuperFrost®Plus glass slides (Menzel-Glaser, 
Braunschweig,, Germany). 
Isolationn of human cardiomyocytes 
Healthyy heart tissue obtained during autopsy, approximately 5 cm3, was cut into small 
pieces,, rinsed twice in phosphate-buffered saline (PBS) and pelleted by centrifugation 
(66 min; 600 rpm, low brake). The tissue was then incubated at 37°C in a solution of 
collagenasee type 2 (Worthington Biochemical Corporation, Lake wood, NJ, USA) at 
0.88 mg per ml in Ca2+-free Krebs Ringer Buffer (pH 7.4). After separation of 
cardiomyocytes,, the solution was filtered through a 100 p,m filter and centrifuged (6 
min;; 600 rpm, low brake). The pellet contained morphologically purified human 
cardiomyocytes. . 
Westernn blot 
Isolatedd human cardiomyocytes were dissolved in Laemmli sodium dodecylsulfate 
(SDS)) sample buffer, stirred and heated at 95°C for 10 min. The samples were 
subjectedd to SDS-PAGE (10% gels), transferred to nitrocellulose membranes and 
immunoblottedd with mAb 48 (1:250) and subsequently with horseradish peroxidase-
conjugatedd rabbit-anti-mouse immunoglobulins (RaM-HRP, Dakopatts, Glostrup, 
Denmark)) (1:1000). The blots were then visualized by Enhanced ChemiLuminescence 
(ECL,, Amersham, Buckinghamshire,UK). 
Antibodies s 
Monoclonall  antibody (mAb; C3-15) against the complement factor C3d has been used 
previouslyy for immunohistochemical studies13. Monoclonal antibodies against CD66b 
[previouslyy clustered as CD67 (B13.9)]14 and against Nox2 (mAb 48 and 7D5)15; l6 

weree obtained from Sanquin Research at CLB. Monoclonal antibody KP1 against 
CD688 was obtained from Dakopatts, Glostrup, Denmark. The mAbs were stored at 1 
mg/mll  in phosphate-buffered saline (PBS). For all monoclonal antibodies we included 
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controls.. Healthy appearing parts of the heart did not stain C3-15. Irrelevant MAbs (2 
IgGll  and 1 IgG2a), tested at concentrations similar to those used for the Mabs, 
yieldedd negative results. 
Immunohistochemistry y 
Frozenn sections (5 p.m thick) were mounted onto glass slides, dried for 1 h by 
exposuree to air and fixed in acetone ('Baker analyzed reagent', Mallinckrodt Baker, 
Deventer,, Netherlands). After a rinse in PBS, the slides were incubated at room 
temperaturee for 10 minutes with normal rabbit serum (Dakopatts), diluted 1 to 50 in 
PBSS containing 1% (w/v) bovine serum albumin (PBS-BSA), (BSA from Boehringer, 
Mannheim,, Germany). Incubation of the slides with specific antibody solutions (Abs 
dilutedd in PBS-BSA) was performed for 60 min (mAb 48 was diluted 1 to 150; 
CD66bb was diluted 1 to 750; C3-15 was diluted 1 to 1500; KP1 was diluted 1 to 400). 
Thee slides were washed for 30 min with PBS and incubated with RaM-HRP, diluted 1 
too 25 in PBS-BSA. Thereafter the slides were washed again in PBS and incubated for 
33 min in 0.5 mg/ml 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma, St. 
Louis,, MO, USA) in PBS, pH 7.4, containing 0.01% (v/v) H202, washed again, 
counterstainedd with hematoxylin for 1 min, dehydrated, cleared and finally mounted. 
Microscopicc criteria171 I8 were used to estimate infarct duration in all myocardial 
tissuee specimens. As morphological judgment is more reliable in paraffin slides, 
correspondingg paraffin slides were also made. Although it is still difficult to identify 
jeopardizedd cardiomyocytes with morphological criteria alone, we characterized 
jeopardizedd myocardium by the intensity of eosinophilic staining of involved 
myofibers,, loss of nuclei and cross striation, or no microscopical changes but 
macroscopicallyy LD-decolorization (early phase (phase 1)), infiltration of 
polymorphonuclearr leukocytes (PMNs) (PMN-phase (phase 2)), lymphocytes and 
macrophagess and fibrosis (chronic phase (phase 3)). Furthermore, patients with phase 
33 morphology and phase 1 morphology were classified as reinfarction early phase 
(phasee 4), while patients with phase 3 morphology and phase 2 morphology were 
classifiedd as reinfarction PMN phase (phase 5). In all cases, histologically assessed 
infarctt age corresponded with the clinical course. 
TwoTwo investigators (P.AJ.K. and H.W.M.N.) each judged and scored independently all 
slidess for infarct age and anatomical localization of the specific antibodies, as 
visualizedd by immunohistochemical staining. Scoring of the slides was performed by 
firstt determining complement-positive (representing jeopardized cardiomyocytes) and 
complement-negativee regions (representing morphologically viable cardiomyocytes) 
inn slides of the macroscopic infarcted area and control area. Thereafter, the number of 
CD66b-- and Nox2-positive cardiomyocytes was counted at high-power field (HPF) 
(400xx magnification) in 25 subsequent HPF fields, both in the complement-positive 
andd in the complement-negative areas. The slides stained with C3-15, CD66b, mAb 
488 and KP1 were serial slides. For the final scoring results, consensus was achieved 
byy the two investigators. The average amount of positive cardiomyocytes per HPF 
wass used in the calculations. 
Statistics s 
Statisticss were performed with the SPSS statistics program (windows version 9.0). To 
evaluatee whether observed differences were significant, paired or non-paired T-tests 
weree used when appropriate. A p-value (two-sided) of less than 0,05 was considered 
too represent a significant difference. 
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Figuree 1: Western blot analysis of Nox2 expression by isolated human cardiomyocytes. Isolated 
humann cardiomyocytes were subjected to SDS-PAGE. Proteins were transferred onto nitrocellulose 
sheets.. Nox2 was visualized with mAb 48 (1:250). 

RESULTS S 

Nox22 in isolated human cardiomyocytes 
Humann cardiomyocytes were isolated from the heart of 2 patients that had died due to 
aa condition not related to AMI, nor suffered from any other form of heart disease. 
Whenn analyzing the protein expression of Nox2 by human cardiomyocytes with 
immunoblottingg using mAb 48 (Figure 1), a strong protein band was detected that 
migratedd at a position of approximately 55 to 65 kD, presumably representing 
unglycosylatedd Nox2. Furthermore, two thinner bands migrating at about 80 kD were 
detected,, probably representing various degrees of glycosylation of Nox2. These 
resultss suggest the presence of Nox2 within human cardiomyocytes. 
Nox22 in the human heart 
Heartt tissue slides, prepared from the hearts of three patients that had died from 
anotherr cause than AMI, and did not suffer from another form of heart disease, were 
stainedd with mAb 48 to localize Nox2. In agreement with the results obtained by 
Westernn blot, Nox2 was detected within human cardiomyocytes (Figure 2A), although 
onlyy a limited number of cardiomyocytes was positive. Nox2 expression was 
localizedd both on the plasma membrane as well as in the cytosol of cardiomyocytes, 
includingg the perinuclear region. Some Nox2 antigen was also found on cross-
striations. . 
Besidess mAb 48 we also used mAb 7D5, which detects the extracellular domain of 
Nox22 . Also with mAb 7D5 a positive signal was found in cardiomyocytes, although 
thiss signal was less intense than that obtained with mAb 48 (not shown). This was 
probablyy due to the fact that mAb 7D5 only stained a protein at the plasma membrane 
off cardiomyocytes. 
Therefore,, using Western blot and immunohistochemistry and two different 
antibodies,, we have shown, to our knowledge for the first time, the presence of Nox2 
withinn human cardiomyocytes. 
Expressionn of Nox2 in infarcted myocardium 
Too characterize the expression pattern of Nox2 in more detail, we subsequently 
analyzedd in more detail the expression pattern of Nox2 in heart tissue of patients with 
AMII by immunohistochemistry, especially since in these patients there is a dramatic 
ROSS increase within cardiomyocytes subsequent to AMI. 
Myocardiall tissue specimens were obtained from 62 patients who died of AMI (Table 
1),, as confirmed by autopsy. Specimens were obtained from the infarcted myocardium 
ass determined macroscopically with LD staining (see "Materials and methods" and 
Figuree 3). Infarct age, determined by microscopical criteria171' , varied from less than 
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Figuree 2: Immunohistochemical analysis of human heart tissue. A, localization of Nox2 in the heart 
off  a patient who had died in the absence of heart disease (magnification x 630). B and C, localization of 
Nox22 in a myocardial infarct area in a patient who had died after AMI (magnification x 400). Slides 
weree stained with mAb 48 (1:150). C, arrow = perinuclear localization of Nox2. 

122 hours up to two weeks. Patients were divided into different groups according to 
infarctt age, notably the early phase (less than 12 hrs), PMN phase (12 hrs - 5 days) 
andd the chronic phase (5 days - 14 days) (Table 1). Also, patients suffering from 
reinfarctionn were divided into separate groups, namely reinfarction in the early phase 
(122 hrs) and reinfarction in the PMN phase (12 hrs - 5 days) (Table 1). Tissue 
specimenss from sites distant from the infarct were taken from 9 patients who had died 
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Tablee 1: Patient groups 

AM II  phase 

Earlyy phase 

PMNN phase 

Chronicc phase 

Reinfarctionn early phase 

Reinfarctionn PMN phase 

Infarc tt  age 

0 - 1 2h h 

12h-5days s 

55 days- 14days 

0 - 1 2h h 

12h-5days s 

Numberr  of patients 

20 0 

19 9 

6 6 

9 9 

8 8 

Malee / Female 

11/9 9 

14/5 5 

5 /1 1 

6 /3 3 

7 /1 1 

Agee range 

36 -88 8 

4 7 - 85 5 

62 -75 5 

4 5 - 85 5 

50-83 3 

hh = hours 

afterr AMI . The infarcts in these patients were at different AMI phases. These 
specimenss were used as an internal negative control. 
Sincee macrophages also express Nox2, we stained serial heart tissue slides from all 
phasess of infarction with mAb KP1 (directed against CD68, a marker for 
macrophages).. Macrophages were indeed positive for Nox2, but there were several 
largee areas in which cardiomyocytes were positive for Nox2, while only a limited 
amountt of macrophages were found in the interstitium, not adherent to 
cardiomyocytes.. Also, in the areas in which more macrophages were present, they 
weree almost all localized in the interstitium. It is therefore unlikely that macrophages 
interferedd with the Nox2 positivity of cardiomyocytes. 
Inn previous studies we have shown that also in the macroscopical infarction area, 
viablee cardiomyocytes are still present13. To differentiate, within this microscopical 
infarctionn area between the expression of Nox2 in non-jeopardized (complement-
negative)) and jeopardized (complement-positive) cardiomyocytes, we stained the 
slidess with an antibody against activated complement (C3d) (Figure 3). 
Specimenss obtained from the non-infarcted control areas showed no C3d depositions 
(dataa not shown). In the infarction site, extensive complement depositions were found 
inn the PMN phase and PMN reinfarction phase, whereas in the early phase no 
complementt deposition, and in the chronic or early reinfarction phase, only limited 
areass containing complement were found (data not shown, see also ). 
Expressionn of Nox2 in complement-negative (viable) areas of the macroscopical 
infarct t 
Nox22 was present in cardiomyocytes within the macroscopically determined 
infarctionn area of the heart of patients who had died after AMI (Figure 2B and 2C). 
Similarlyy as in normal cardiomyocytes (see above), Nox2 was localized in thee plasma 
membranee and in the cytosol of cardiomyocytes, including the perinuclear region 
(arroww Figure 2C). Some Nox2 was also found on cross-striations. 
Ass PMN strongly express Nox2 and adhere to cardiomyocytes, possibly resulting in 
false-positivee Nox2 staining of cardiomyocytes, especially in the complement-positive 
infarctionn area1 , we had to correct for their contribution. Therefore, also the presence 
off  CD66b (an immunohistochemical marker for PMNs) on cardiomyocytes was 
analyzed.. As expected, myofibers did not stain with CD66b in the non-infarcted 
controll  areas (Figure 4A). However, in these control areas, a small number of Nox2-
positivee cardiomyocytes was found, which was significantly higher (p=0.002) than the 
numberr of CD66b-positive cardiomyocytes (Figure 4A). In these internal control 
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Figuree 3: Example of an infarcted human heart (A) and complement depositions in the infarction 
areaa (B). A, cross-section of the heart of a patient who had died from AMI. Diminished LD (lactate 
dehydrogenase)) staining is indicative of infarction (I), normal LD content is indicative of unaffected 
myocardiumm (NI). B, microscopical analysis of complement depositions (complement factor C3d) in 
thee macroscopically-determined infarcted myocardium. 

areas,, the number of Nox2-positive cardiomyocytes was comparable with the number 
off Nox2-positive cardiomyocytes in non-infarcted hearts (data not shown). 
Inn the macroscopically infarcted, but microscopically complement-negative areas of 
alll AMI phases, also a low number of CD66b-positive cardiomyocytes was found. 
Alsoo in these areas the number of Nox2-positive myofibers was significantly higher 
(p<0.05)) than the number of CD66b-positive myofibers. 
Too correct for the contribution of PMNs to the presence of Nox2 on cardiomyocytes, 
thee number of CD66b-positive cardiomyocytes was subtracted from the number of 
Nox2-positivee cardiomyocytes (Figure 4B). In all phases of AMI, the number of 
Nox2-positivee myofibers was significantly higher (p<0.05) than in the internal 
control.. Notably, no significant differences in the number of Nox2-positive 
cardiomyocytess were found between the different phases of AMI. 
Expressionn of Nox2 in complement-positive (jeopardized) areas of the 
macroscopicall  infarct 
Ass mentioned earlier, no complement positivity was found in the early AMI phase. In 
thee chronic phase as well as in the early reinfarction phase only 2 patients showed 
complementt depositions (area of positivity was maximally 10%, not shown). The 
numberr of patients, therefore, was too small for statistical analysis. However, in these 
patientss the number of Nox2-positive myofibers was markedly lower than in the PMN 
andd PMN reinfarction phase, but was still higher than the number of CD66b-positive 
myofiberss (data not shown). 
Inn the two phases of myocardial infarction that are accompanied by the most extensive 
complementt depositions, i.e. the PMN and PMN reinfarction phases, the amount of 
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Figuree 4: Summary of Nox2 expression in relation to the presence of CD66b in complement-
negativee areas withi n the macroscopical infarction area. A, the number of Nox2- (grey bars) and 
CD66b-positivee (white bars) cardiomyocytes per high power field (HPF) in the different phases of 
infarction.. N = the number of patients examined. For each patient the average number of positive 
cardiomyocytess per HPF was determined from 25 HPFs scored. B, number of Nox2-positive 
cardiomyocytess per HPF after subtraction of CD66b-positive cardiomyocytes. 

Nox2-positivee myofibers was higher than the amount of CD66b-positive myofibers 
(Figuree 5A), although this was only statistically significant in the PMN phase. 
Again,, the number of CD66b-positive cardiomyocytes was subtracted from the 
numberr of Nox2-expressing cardiomyocytes to correct for PMN interference (Figure 
5B).. In both the PMN and the PMN reinfarction phases, the number of Nox2-positive 
cardiomyocytess was significantly higher (p<0.05) than in the internal control. 
However,, the number of Nox2-positive myofibers did not significantly differ between 
thee PMN and PMN reinfarction phases. The number of cardiomyocytes positive for 
Nox22 in the complement-positive areas of the infarction site was higher as compared 
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Figuree 5: Statistical analysis of Nox2 and CD66b in complement-positive areas withi n the 
macroscopicall  infarctio n area. A, the number of Nox2- (grey bars) and CD66b-positive (white bars) 
cardiomyocytess per HPF in the different phases of infarction. N = the number of patients examined. For 
eachh patient the average number of positive cardiomyocytes per HPF was determined from 25 HPFs 
scored.. B, number of Nox2-positive cardiomyocytes per HPF after subtraction of CD66b-positive 
cardiomyocytes. . 

withh that in the complement-negative areas (1.1 fold for the PMN phase and 1.6 fold 
forr the PMN reinfarction phase), although this difference was not significant. 
However,, it has to be noticed that in both the PMN and the PMN reinfarction phase, 
thee number of CD66b-positive cardiomyocytes was significantly (p<0.05) higher in 
complement-positivee areas than in complement-negative areas (approximately 7 and 
177 fold, respectively). Notwithstanding this high number of CD66b-positive 
cardiomyocytes,, the number of cardiomyocytes positive for Nox2 but negative for 
CD66bb in complement-positive areas during both PMN and PMN reinfarction phases, 
wass higher as compared to that in the complement-negative areas, although not 
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significantly.. As we excluded the cardiomyocytes that were positive for CD66b and 
thuss also for Nox2, our data probably represent an underestimation of Nox2 
expressingg cardiomyocytes in complement-positive areas of the infarct as compared to 
thatt in complement-negative areas of the infarct. 
Ourr data thus indicate that Nox2 expression is upregulated, both in jeopardized as in 
non-jeopardizedd cardiomyocytes within the macroscopic infarction area of patients 
withh AMI . The number of Nox2 expressing cardiomyocytes was significantly higher 
inn this macroscopic infarction area, compared with the macroscopic control areas. 

DISCUSSION N 
Recentt studies have described cell-specific homologues of gp9lphox (Nox2) as a new 
sourcee of ROS8"11. To the best of our knowledge we now for the first time have shown 
1)) the presence of Nox2 in non-pathological human cardiomyocytes, using Western 
blot-- and immunohistochemistry analysis and two different antibodies for detection; 
2)) an increase in expression of Nox2 in human cardiomyocytes under a pathological 
condition,, namely acute myocardial infarction. 
Onn Western blot, Nox2 was found in human cardiomyocytes as multiple bands, i.e. an 
intensee band between 55 kD and 65 kD and two bands around 80 kD. The signal 
betweenn 55 - 65 kD is probably the unglycosylated protein, because the predicted 
molecularr weight of unglycosylated Nox2 protein is approximately 58 kD to 65 kD 
inn phagocytes,9; 20. In human B lymphocytes21 and rat endothelial cells19, Nox2 also 
wass detected at approximately 60 to 65 kD. The bands around 80 kD probably 
representt glycosylated Nox2, as also has been shown in HUVECs8. 
Althoughh two phagocyte Nox2-specific antibodies yielded comparable results in 
humann cardiomyocytes, we cannot exclude that the epitope detected by the antibodies 
inn the cardiomyocytes actually belongs to one or more homologues of Nox2. Also 
unknownn is the function of Nox2 or its homologue(s) in cardiomyocytes. Although 
Nox22 was present in some of the non-pathological cardiomyocytes, a significant 
increasee in Nox2 positivity was detected in patients with AMI . 
AMI-inducedd upregulation of Nox2 probably can be related to ROS production. 
Indeed,, in rat cardiomyoblast cells (H9c2) it has already been shown that diphenylene 
iodoniumm (DPI), a non-specific inhibitor of NADPH oxidase, results in a decrease in 
ROSS production22. Studies of Moxl (= Noxl) suggested that these Nox2 homologues 
producee ROS in far less quantity compared with the amount of ROS produced by 
Nox22 in phagocytes23. Because in our study Nox2 was found also in the jeopardized, 
i.e.. complement-positive cardiomyocytes, it cannot be excluded that ROS produced 
viaa Nox2 in cardiomyocytes plays a role in the process of cell damage. However, also 
cardiomyocytess in the non-jeopardized, i.e. complement-negative part of the 
macroscopicall  AMI infarction area, strongly expressed Nox2. Regarding the fact that 
especiallyy part of these cardiomyocytes become secondary hypertrophic in time, a role 
off  ROS produced via Nox2 in the process of hypertrophy can be postulated. This is in 
linee with other studies in which a role for Nox2 or Nox2 homologues was shown in 
thee process of hypertrophy24 27. 
Inn conclusion, we have shown expression of Nox2 in human cardiomyocytes, which 
increasess during myocardial infarction. The patho-physiological role of this 
myocardiall  Nox2 is subject of further study. 
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Changingg perspectives of gene analysis: some 
considerationss with specific reference to chronic 
granulomatouss disease 

Thee practice, but also the relevance of gene (or mutational) analysis is in a period of 
transition.. Thanks mainly to the technological surge created by the "Human Genome 
Project""  the practical aspects of gene analysis such as sequencing power have seen 
dramaticc progress but, possibly more important, the knowledge relevant for gene 
analysiss has evolved considerably also. As I will review in the following, some 
aspectss of gene analysis that in the past were of particular scientific interest have lost 
inn relevance, while other aspects are now entering the limelight. As a result of this 
changee in perspective, on the other hand, certain aspects of gene analysis have to be 
givenn renewed attention. Ultimately, as I will discuss in the conclusion, gene analysis 
hass to live up to its promise by being the basis of an individualized treatment of 
disease. . 

Genee analysis as tool of unraveling mechanisms of (patho)physiology 
Historically,, the primary interest of gene analysis has been the identification of genes 
responsiblee for certain pathological conditions. Ideally, once the primary defect, the 
mutationn at the DNA level, had been identified, one could then start to unravel the 
wholee pathophysiological cascade, on a molecular, cellular and (patho)physiological 
levell  in a logical chain of cause and result. 
Today,, with with the current state of knock-out and knock-in technology in mice (and 
otherr species), the (patho)physiological aspect of gene analysis has lost in importance. 
However,, mice are not men, and results obtained in the mouse are not automatically 
transferablee to the human organism1. In that respect, detection of mutations in the 
correspondingg human gene and demonstration of pathophysiological relevance 
remainn the ultimate proof of relevance. 
Thee (patho)physiological aspect of gene analysis can be expected to return to the 
centerr stage once genetic linkage- (SNP-) based studies will start to identify the first 
candidatee genes implicated in the pathogenesis of multifactorial disease (see below). 

Genee analysis and disease phenotype 
Normall  physiology results from the continuous and adaptive homeostasis of a myriad 
off  interrelated parameters by a multitude of interconnected and complementary 
signalingg networks. Phenotype, therefore, very rarely is the result of one determinant 
alone,, because the expression even of dominant gene products is subject to 
modulationn by multiple regulatory influences. The main players of these regulatory 
mechanisms,, the knots in the net, are proteins whose differential expression and finely 
regulatedd activity allow for adaptation to a continously changing environment. Since 
thee structure - and thus function - and expression of all proteins are defined by the 
sequencee information contained in the genome, every participant of the network(s) is 
pronee to genetically determined variability affecting both expression and activity. 
Whilee there are several modes of genetic variability, the most important form - both in 
numberss and overall effect - are the single nucleotide polymorphisms (SNPs), stable, 
inherited,, biallelic, single-base-pair differences that are present in the human genome 
att a frequency of 1 to 10 per 1,000 nucleotides 24. SNPs, by definition, occur at a 
frequencyy of less than 1% in a population 4. As a result of the efforts of the "SNP 
Consortium""  - a collaboration of 14 major pharmaceutical companies and the 
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Wellcomee Trust, as well as members of the Human Genome Project - there are almost 
22 million SNPs in public databases 5, and perhaps twice that number of SNPs in 
commerciall  databases, such as that of Celera Genomics 6. While most SNPs are in 
non-codingg sequences or silent, i.e. do not result in an amino-acid change in the 
affectedd gene product, many SNPs have functional consequences if they occur in the 
codingg or regulatory regions of genes. The functional consequences of single 
nucleotidee changes - be it polymorphism or mutation - can range from very subtle to 
completee eradication of function, depending on the protein and the intramolecular or 
regulatoryy domain affected. 
Chronicc granulomatous disease (CGD) is a severe congenital immunodeficiency 
syndromee characterized by recurrent and often life-threatening bacterial and fungal 
infections.. At the molecular level CGD is duee to a defect in the superoxide-generating 
NADPHH oxidase and, in consequence, to the impaired microbicidal activity of 
phagocyticc leukocytes. In the coding and regulatory regions of the genes coding for 
thee four subunits of the NADPH oxidase several SNPs have been described: four in 
CYBBCYBB (coding for ^>9\phox)\ eight in CYBA (coding for pllphoxf, one in NCF1 
(codingg for pAlphoxf and twelve in NCF2 (coding for p67phox)g. No functional 
significancee of these polymorphisms has been established. 
Pointt mutations differ from SNPs in being relatively recent events which then may be 
passedd on through the generations, but are comparable to SNPs as to possible 
functionall  consequences. Still, since recent mutations - in contrast to most SNPs -
havee not yet been subject to selection by evolutionary pressure, they carry the 
potentiall  for more deleterious effects on protein function. There are proteins, such as 
cytochromee b5 reductase9 or glucose 6-phosphate dehydrogenase10, where one can 
establishh a correlation between the protein domain affected by the mutation and the 
functionall  phenotype. For the NADPH oxidase, and especially for the gp9lphox 
subunit,, such a correlation has not been established. The great majority of mutations 
inn CYBB lead to a complete lack of protein expression, and in the few cases of X-
linkedd CGD with measurable protein expression and function, a close correlation 
betweenn these two parameters was found . Only three cases of X-linked CGD are 
knownn in which the superoxide production is disproportionately more reduced than 
thee expression of gp91phox12. Two of these mutations affect the FAD binding site and 
thee third one the NADPH binding site. 
Becausee of the strong selective pressure in favor of optimal performance of the 
regulatoryy systems and because of the redundancy of most of these systems, the 
polymorphicc variability of proteins in most cases will have only subtle effects on the 
generall  clinical phenotype. However, there is a broad agreement today that the sum 
totall  of these subtle differences in protein function defines the biochemical basis of 
ourr individuality. Susceptibility to cancer and autoimmune disease, to adverse drug 
reactionss or certain infections: these are just a very few examples of clinical 
phenotypess defined by the interplay of a multitude of networks. 
Thee importance of the regulatory background of a certain component also becomes 
evidentt when the function of this component becomes compromised. One striking 
examplee is the clinical heterogeneity of CGD in patients with a comparable lack of 
NADPHH oxidase function. Clearly, under those circumstances the effectiveness of 
complementaryy immune effector systems is especially important in determining the 
clinicall  phenotype. One first step in mapping this cell-biological background in CGD 
hass been made by analyzing the association of certain SNPs in seven candidate genes 
(myeloperoxidasee (MPO), mannose binding lectin (MBL), Fey receptors Ha, Ilia, mb, 
TNF-occ and IL-1 receptor antagonist) with a number of clinical complications 
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observedd with high frequency in CGD patients13. Among other findings, genotypes of 
MPOO and FqRIIIb were strongly associated with an increased risk for gastrointestinal 
complications,, and patients with variant forms of both MBL and FcyRüa had the 
highestt risk of developing an autoimmune/rheumatologic disorder. 
Clearly,, under an Utopian perspective, this kind of analysis represents the ultimate 
futuree of gene analysis. Huge efforts are under way to establish a comprehensive map 
off  SNPs in a large group of individuals. But while the present studies have as 
principall  goal the elucidation by linkage analysis of genes involved in the 
pathophysiologyy of multifactorial diseases such as asthma or diabetes mellitus, future 
genee analysis will try to establish a map of SNPs in relevant genes to predict an 
individual'ss propensity to develop certain diseases or complications secondary to 
diseasee or treatment. In that way (preventive) treatment of, for example, different 
formss of senility can be initiated early on, or the risk of an antibiotic treatment or 
anesthesiaa can be assessed before beginning the treatment. However, these are 
perspectivess beyond the possibilities of the current knowledge or technological 
capacities.. They will require the interplay of high-throughput sequencing and highly 
evolvedd systems biology. 

Genee analysis as tool of genetic investigation 
Genee analysis and the mechanisms of mutations 
DNA,, as is well known, functions as medium for the storage and transfer of genetic 
information.. The principal challenge for such sort of system is, of course, to transfer 
thee vast amounts of information error-free during mitosis and meiosis and to assure 
thee integrity of the information in the periods between two cycles of replication. 
Whilee the enzymatic systems responsible for DNA replication and maintenance meet 
thiss challenge astonishingly well, they are not infallible. It has been estimated that in 
humanss in about one third of the 107 cells that divide each second, spontaneous 
mutationss arise14. Although such mutations are indispensable for adaptation to 
environmentall  changes and - in the long run - for the evolutionary process, mutations 
thatt disrupt the proper functioning of a cell need to be repaired immediately. 
Theree are several different types of mutations which, in a simplified scheme, can be 
assignedd to three different categories. The first category consists of mutations that are 
thee result of a certain basal error rate of the replication machinery, such as small 
deletionss or insertions. The second category comprises mutations that are introduced 
byy chemical or physical mutagens, such as environmental agents or different types of 
radiation.. This category includes many point mutations or chromosomal 
rearrangements,, that elude or are beyond the scope of the DNA-repair mechanisms . 
Thee third category encompasses changes in DNA sequence due to the action of 
transposablee elements15. 
Severall  different mechanisms for the generation of gene deletions or insertions have 
beenn proposed involving the misalignment of short direct repeats during replication . 
Accordingg to these models the replication machinery would slip on the template 
strandd of DNA during second-strand synthesis from one repeat motif to a vicinal one 
andd resume replication there17. Depending on the direction of slippage, the result 
wouldd be the deletion or insertion of one repeat motif plus intervening sequence. 
Resultss of the analysis of one of the two main databases of mutations associated with 
humann phenotypes, the Human Gene Mutation Database (HGMD), are in agreement 
withh this model  6. 
Thee majority (70%) of mutations recorded in the HGMD are single-base-pair 
substitutions.. A closer analysis reveals that 62.5% of these mutations are transitions 
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andd 37.5% transversions. There is, therefore, a highly significant excess of transitions 
ass compared to random expectation (33%). Several mechanisms contribute to this 
preponderancee of transitions, the most prominent of which is the hypermutability of 
thee CG dinucleotide to TG and CA. In the majority of these CG dinucleotides the C 
appearss to be methylated in eukaryotic genomes to form 5-methylcytosine (5mC), 
whichh has a propensity to undergo deamination to form thymine. While uracil, formed 
byy the deamination of (nonmethylated) cytosine, is recognized and excised by DNA 
glycosylase,, no comparably effective DNA repair mechanism exists for the normal 
DNAA constituent thymine . 
Thee observed frequency of CG to TG and CG to CA mutations varies between human 
genes.. For example, it is less than 10% in the |3-globin and HPRT genes, but it is 
greaterr than 50% in the ADA gene16. In X-linked CGD a frequency of 34% has been 
calculated11. . 
Transposablee elements are heterogeneous group of mobile DNA sequences that are 
dispersedd throughout the genome and represent in the human 45% of the genomic 
sequence.. They can be subdivided into DNA transposons that move as pieces of 
DNA,, cutting and pasting themselves into new genomic locations, and the 
predominatingg retrotransposons that transpose via an RNA intermediate, with the 
originall  transposon remaining immobile. LINE-1 (LI) elements are the master 
retrotransposonss in mammalian genomes because, besides duplicating themselves, 
theyy likely have been responsible for the genomic expansion of of non-autonomous 
retrotransposonss such as Alu elements and processed pseudogenes18. The insertion 
stepp of the retrotransposition of LI elements is initiated by an LI-encoded 
endonucleasee specific for a loose consensus site that is found at a large number of 
genomicc sites. Still, more than half of known recent human LI insertions have 
occurredd in only three genes: CYBB (three events19"21), factor VIII (three events2225), 
andd dystrophin (three events26)27; 28, which that raises the possibility of insertional 
hotspots. . 
Thee above examples serve to illustrate the inherently non-random character of 
mutations.. Since this non-randomness is the result of the local sequence environment, 
thoroughh analysis of mutation patterns will possibly not only lead to elucidation of 
thee underlying mutational mechanisms but also to a more directed gene analysis, 
basedd on the knowledge of mutation-prone sequence elements16. 
Mutationss in upstream and downstream control elements of genes 
Thee precise, sequence-specific regulation of mRNA synthesis is the primary 
mechanismm underlying differential gene expression, both in prokaryotes and 
eukaryotes.. This precise and finely modulated control of adaptive gene transcription 
iss obtained by the intricate interplay of the RNA polymerase II transcription complex 
withh various transcription factors bound to the promoter region immediately upstream 
off  the transcription start site or bound to enhancers located at variable distances up- or 
downstreamm of the regulated gene. 
Thiss pattern of genomic organization creates domains containing genes or gene 
clusterss that have distinct patterns of expression, both during development and in 
differentiatedd cells. These domains are separated by insulators, a class of DNA 
sequencee elements with the common ability to protect genes from inappropriate 
signalss generated in their surrounding environment . 
Genee analysis, both in patient-derived DNA and in experiments based on reporter 
constructs,, has considerably enlarged our knowledge of the regulation of myeloid-
specificc expression of the gp9lphox and, to a lesser extent, p47phox and p67'phox 
componentss of the NADPH oxidase. 
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Expressionn of gp9lphox is regulated by the complex interplay between a maturation-
stagee dependent repressor, CCAAT displacement protein (CDP), and various 
ubiquitouslyy expressed or myeloid-specific activators. CDP binds to at least five sites 
withinn the proximal promoter of gp9\phoxi0'31 and represses expression of gp9lphox 
priorr to terminal phagocyte differentiation31. The DNA-binding activity of CDP 
decreasess during terminal phagocyte differentiation, thus permitting the binding of 
transcriptionall  activators and induction of gp9lphox expression '. Possibly the matrix 
attachmentt region-binding protein SATB1, another repressor that binds to at least 
sevenn sites within the gp9\phox promoter and shows a similiar pattern of expression, 
addss an element of redundancy to the maturation-stage dependent repression of 
gp9lphoxgp9lphoxMM. . 
CDPP exerts its repression by competing with several transcriptional activators for 
bindingg to the gp9lphox promoter3 . These activators include IFN regulatory factors 
(IRF)-l333 and -2M , the CCAAT box-binding factor CP1, and YY135. In addition, 
gp9lphoxgp9lphox promoter mutations have been identified in several CGD patients. These 
mutationss are clustered in the region around bp -55 region, and each ablates a binding 
sitee recognized by the Ets family members PU.1 and Elf-136; 7. It is to be assumed 
thatt the lack of gp91p/tar-protein expression in a patient with a 220-bp deletion 
directlyy upstream of the transcription start site (unpublished results) is also the 
consequencee of the ablation of the affected transcription factor binding sites. 
Furthermore,, gene analysis on DNA of a CGD patient with gp9lphox expression 
restrictedd to eosinophils38 has led to the characterization of eosinophil-specific 
regulationn of gp91phox gene expression by transcription factors GATA-1 and GATA-

Lesss is known about the transcriptional regulation of the other NADPH oxidase 
components.. Expression of \Alphox requires the transcription factor PU.140 and is 
modulatedd by interferon y41, while the transcription factor AP-142, together with 
myeloid-specificc transcription factors such as Spl/Sp3, PU.1 and HAF1, is 
responsiblee for the transcriptional regulation of p67phox4 . Three PU.1-binding sites 
inn the proximal 120 bp of the promoter region regulate transcription of p40phox in 
myeloidd cells44. No data, to our knowledge, are available about the promoter 
sequencess and transcription factors involved in the regulation of p22phox expression. 
Noo mutations in insulator elements leading to disease, CGD or otherwise, have yet 
beenn described. Still, this is another area of research where future gene analysis, more 
completee in its assessment of mutational differences, is expected to contribute to the 
explanationn of the more graded interindivual nuances that cannot be traced back to the 
mutationall  knock-out of genes that so far have dominated the endeavour of gene 
analysis. . 
Mutationss in the 5' UTR of penes 
InIn eukaryotes, about one gene in ten is regulated at the level of protein translation45. 
Whilee global control of translation affects all cellular mRNAs and is meditated by 
posttranslationall  modifications of initiation factors and ribosomal proteins, gene-
specificc (negative) regulation often takes place in the 5' untranslated (5' UTR) region, 
byy interference with the so-called scanning mechanism of translation initiation. This 
modell  of translation initiation proposes that a 40S ribosomal subunit, carrying Met-
tRNAiMett and an as yet incompletely characterized set of initiation factors, binds to the 
5'' end of the mRNA and migrates linearly until it reaches the first AUG codon, 
whereuponn a 60 S ribosomal subunit joins and the first peptide bond is formed46. The 
twoo main categories of negative regulators that interfere with this mechanism are 
elementss of secondary RNA structure (stem-loop structures) and upstream open 

125 5 

file:///Alphox


NADPHH oxidases and mutation analysts 

readingg frames. A few disease cases resulting from mutations that affect these 
regulatoryy motifs have been described45. 
Mutationss in the iron-responsive element (IRE) in the 5' UTR of the mRNA coding 
forr L-ferritin have been found to be responsible for the autosomal dominant disorder 
calledd hereditary hyperferritinemia/cataract syndrome (HHCS)47. The IRE is located 
inn a stem-loop structure and is a binding site for an iron regulatory protein (IRP) that 
stabilizess the stem-loop and thereby inhibits ferritin synthesis in the case of reduced 
ironn availability. The mutations disturb to various extents the IRE-TRP interaction and 
consequentlyy lead to varying degrees of hyperferritinemia48. 
Hereditaryy thrombocythemia (sometimes called familial essential thrombocythemia or 
familiall  thrombocytosis) is caused by mutations in the 5' UTR of the mRNA coding 
forr thrombopoietin (TPO). The synthesis of this potent regulator of platelet formation 
normallyy is strongly inhibited by the presence of seven upstream open reading frames 
thatt interfere with translation initiation from the physiological start site. So far, in four 
familiess mutations in the 5' UTR of TPO mRNA have been characterized that all 
eliminatee the inhibitory uORFs by different mechanisms. The result in all four 
instancess is an increased translational efficiency, overproduction of TPO and 
thrombocythemia49"52. . 
Finally,, in several kindreds with predisposition to melanoma a mutation has been 
foundd that creates a new uORF in the gene coding for cyclin-kinase dependent kinase 
inhibitor-2AA (CDKN2A)53. This gene product constrains cells from progressing 
throughh the Gl restriction point, a constraint that is abolished by the introduction of 
thee new inhibitory uORF. Individuals carrying this germ-line mutation are 
predisposedd to melanoma through loss of heterozygosity. 
Whilee more cases of translational pathophysiology will quite certainly be described in 
thee years to come, the true challenge, in this area also, will be to elucidate the 
contributionn of 5' UTR variability, including mutations, to interindividual differences 
inn phenotype. 
Mutationss affecting splicing 
AA typical mammalian gene is composed of several relatively short exons that are 
interruptedd by much longer introns. To generate correct, mature mRNAs, the exons 
mustt be identified and joined (spliced) together precisely and efficiently, in a process 
thatt requires the coordinated action of five small nuclear (sn)RNAs and more than 60 
polypeptides54*57.. Classically, three DNA-sequence elements, the 5' splice site, the 3' 
splicee site and the (intronic) branch site have been recognized to help define the exon-
intronn borders on the pre-mRNA. However, in recent years the importance of 
alternativee splicing, the splicing of identical pre-mRNAs into distinct mature RNAs 
byy combining different sets of exons, has become evident. Alternative splicing is 
responsiblee for much of the complexity of the proteome, which partly explains the 
unexpectedd finding that the human genome might consist of only 31,000-39,000 
genes55;; 58. Because a single primary transcript can have several regions that each 
undergoo alternative splicing, the resulting combinatorial effects of alternative splicing 
cann be very pronounced, and genes that code for tens to hundreds of different 
isoformss are common. An extreme example is the Drosophila Dscam gene, the pre-
mRNAA of which is alternatively spliced and can potentially generate 38016 different 
proteinn isoforms59. 
Thee complexity thus created is rendered even more elaborate by the fact that the 
differentt splice forms of a gene have to be expressed in a tissue- and/or developmental 
stage-specificc manner. It is not surprising, therefore, that there are c/s-acting elements 
otherr than the classical splicing signals to help regulate and organize these multiple 
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layerss of differential gene expression. Several examples of intronic and exonic cis-
elementss that are important for correct splice-site identification and are distinct from 
thee classical splicing signals have been described. These elements can act by 
stimulatingg or repressing splicing, and they seem to be especially relevant for 
regulatingg alternative splicing. Exonic splicing enhancers (ESEs), in particular, appear 
too be very prevalent, and might be present in most, if not all, exons, including 
constitutivee ones. No well-defined consensus for these DNA-sequence motifs has yet 
beenn established, and there may be, in fact, numerous functionally different classes of 
E S E s5 5 ; 6 0 ; 6 , , 

Alternativee splicing, thus, is regulated possibly by trans-acting factors that interact 
withh the regulatory DNA motifs and are expressed in a tissue- and/or developmental 
stage-specificc manner. Furthermore, since the activities of these proteins are affected 
byy phosphorylation, such post-translational modification of these proteins could 
representt an important mechanism of linking extracellular signaling to alternative 
splicing. . 
Mutationss affecting the classical splicing signals, either destroying existing splicing 
signalss or creating new ones, have been estimated to represent at least 15% of the 
pointt mutations that result in human genetic disease57. This estimate is valid also for 
CGD,, where numerous mutations affecting splice sites and leading to exon skipping 
inn all four oxidase subunits have been described11. 
Att present the effect of a mutation on the mRNA or on the encoded protein is usually 
predictedd from the primary sequence, rather than by experimentally analyzing mRNA 
expressionn and splicing patterns. Therefore, point mutations that occur in introns or 
exonss and that affect the classical consensus splicing signals are considered to be 
splicingg mutations, whereas point mutations in the coding regions or introns that do 
nott create ectopic splice-site consensus sequences are usually regarded as missense, 
nonsensee or silent mutations55; 57. 
Nonsensee mutations are usually assumed to result in unstable mRNAs or proteins or 
inn truncated proteins, whereas missense mutations are presumed to identify amino 
acidss that are important for the structure or function of a protein. Translationally silent 
mutationss are normally classified as allelic polymorphisms and are considered to be 
neutral.. These assumptions might be correct in some cases, but when they are not 
supportedd by characterization at the mRNA level, they could be misleading, because 
mutationss that affect (exonic) sequences important for splicing are likely to have a 
profoundd effect on the translated gene product55; 57. 
Futuree comprehensive gene analysis, when analyzing newly discovered mutations in 
codingg sequences, should, therefore, be based on both DNA and mRNA information. 
Nott only will this working protocol preclude the misclassification of disease-causing 
"silent""  mutations as innocuous but it should also help in establishing a 
comprehensivee database of non-classical splicing signals and in avoiding erroneous 
informationn to enter the structural and functional analysis of proteins. 
Mutationss in the 3' UTR of genes 
Recentt years have seen the accumulation of evidence strongly implicating the 3' 
untranslatedd region (3' UTR) in the regulation of gene expression. This regulation 
occurss at the levels of nuclear export, polyadenylation, subcellular targetting and of 
thee rates of translation and degradation of mRNA. The differential control of 
translation,, for instance, allows for the mRNA to be translated at a place and time 
differentt from that of transcription. Such spatial and temporal separation of 
transcriptionn and translation has been found important in gametogenesis, 
embryogenesiss and the targeting of specific mRNAs into neuronal dentrites62. For 
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example,, 3' UTR sequences are responsible for the initial silencing and later 
translationall  activation of several maternal mRNA molecules during Xenopus and 
mousee oocyte maturation and early development, and for the concomitant 
deadenylationn and readenylation of their poly-A tails63. 
Soo far, only a few mutations in the 3' UTR have been identified as cause for human 
disease.. Myotonic dystrophy (DM), for instance, a dominantly inherited multi-system 
disorder,, is caused by an expansion of trinucleotide (CTG) repeats in the 3' UTR of a 
cAMP-dependentt protein kinase gene (DMPK). These mutations lead to enhanced 
bindingg of the affected transcripts by an RNA-binding protein (CUG-BP), retention in 
thee nucleus and impaired kinase synthesis64. The reduced kinase activity, in turn, may 
contributee to the accumulation of the hypophosphorylated nuclear form of CUG-BP 
andd the resulting retention of unaffected mRNAs containing CUG repeats in their 3' 
UTR,, possibly explaining the dominant mode of inheritance and the multiple systems 
affected63;65. . 
Onee main class of AU-rich elements (AREs), pentanucleotide sequences controling 
thee cytoplasmic half-life of various mRNA molecules, is located in the 3' UTR of 
transcriptss encoding oncoproteins, cytokines and growth and transcription factors63. 
Theree is evidence that defective function of the AREs leads to abnormal stabilization 
off  the affected transcripts and may form the basis of several human diseases such as 
mantlee cell lymphoma neuroblastoma " and immune and inflammatory diseases . 
a-- and [^-Thalassemia are two more well-known examples of human disease caused, 
inn some instances, by mutational mechanisms involving the 3' UTRs of the affected 
transcripts.. Mutations in the stop codon of the a-globin gene lead to translation 
continuingg into the 3' UTR of the gene and to interference of the translational 
machineryy with the interaction between the so-called a-complex and the three C-rich 
elementss in the 3' UTR. This complex, in concert with the poly(A)-binding protein, 
protectss the a-globin transcript from deadenylation, and, consequently, from 
degradation63.. The disturbed interaction between a-complex and C-rich elements 
may,, therefore, explain the markedly decreased half life of the a-globin mRNA 
responsiblee for the disease phenotype 2. While the 3' UTR clearly plays a role in the 
stabilizationn of the [3-globin transcript7 , the exact structural determinants responsible 
forr defining the half-life of the mRNA have yet to be determined. 
Clearly,, it is to be expected that future gene analysis will describe more pathologies 
causedd by mutations in the 3' UTR of affected genes. While these findings certainly 
wil ll  enlarge our knowledge of the mechanisms by which the 3' UTR affects gene 
expression,, they may possibly also demonstrate the contribution of this region to the 
inter-individuall  differences in gene expression that lie at the basis of phenotypic 
variability. . 

Genee analysis and analysis of protein structure/function relationships 
Ass is the case with the (patho)physiological aspect of gene analysis (see above) the 
oncee important aspect of gene analysis as principal contributor to the analysis of 
proteinn structure/function relationship has lost in relevance. Originally, amino-acid 
substitutionss predicted from mutations found in patients have been used to draw 
conclusionss about the structure and/or function of the protein in questions. Missense 
mutationss that led to a lack of protein expression were said to code for structurally 
essentiall  amino acids, while those missense mutations that retained protein expression 
butt compromised function were considered to affect functionally relevant amino acid 
residues.. In the case of gp9lphox, structural domains that have been localized by 
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mutationall  and consecutive biochemical analysis were the binding sites for heme , 
FAD75;; 76, NADPH77 and p47 phoxn. 
Recombinantt DNA technology, site-directed mutagenesis and the different forms of 
crystallographyy have, however, greatly reduced the importance of this aspect of gene 
analysis.. Today, almost any mutation can be introduced into a gene of interest 
deliberately,, and the resulting mutant protein can then be produced in large amounts 
andd subjected to the relevant analytical assays. Recombinant DNA technologies have 
thee additional advantage of avoiding the ambiguities of interpretation that are caused 
byy the possible presence of exonic splicing signals (see above). In fact, random 
mutagenesiss in recombinant cDNA of CYBB has produced many more mutants 
leadingg to expression of gp9lphox than would have been expected, given the scarcity 
off  missense mutations with retained protein expression in CGD patients (R. van 
Bruggen,, personal communication). While this has not been subject of further 
investigation,, one possible explanation for this phenomenon is that recombinant DNA 
technologyy circumvents the need for pre-mRNA splicing. 
Givenn the amounts of money and effort invested in the structural-genomics projects, 
thatt are now already well in the phase of preparation, it is to be expected that the 
numberr of crystallized proteins with detailed structural information will increase 
almostt exponentially. An even larger group of proteins will be amenable to advanced 
structurall  modelling based on the increasingly comprehensive data base of folding 
motifs.. Clearly, the role of gene analysis in investigating the structure/function 
relationshipss of proteins will then come to an end. 

Concludingg remarks - the presence and futur e of gene analysis 
Thee technological foundation and the knowledge relevant for gene analysis, as we 
havee seen, have changed profoundly and continue to do so. As a result, gene analysis 
todayy should adopt certain standards in order to maximize scientific profit and 
progresss of gene analysis. This standardization extends both to the technological side, 
characterizedd by an increasing degree of automatization, and to the procedural aspect. 
Comprehensivee gene analysis, therefore, should routinely encompass the whole 
sequencee present on the mRNA, i.e. including 5' and 3' UTRs, and be done both on 
genomicc and mRNA level. Optimally, the raw sequence information thus obtained 
shouldd be made publicly accessible to advance a comprehensive characterization of 
humann variation. 
Oncee the technological and knowledge-related bases have been created, gene analysis 
wil ll  produce an ultimately individualized genetic map that will be essential for 
optimall  prevention and treatment of disease. 
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Summary y 

Neutrophilss are the infantry of the immune system, a first line of defense that has 
almostt immediate contact with invading micro-organisms and, if necessary, provides 
thee "more evolved" specific arm of the immune system the time it needs to start its 
counterr attack. After the "battle" much of the clean-up work is left, again, to a related 
groupp of phagocytic cells, the macrophages. 
Too fulfi l their various tasks, neutrophils are equipped with an arsenal of different 
microbicidall  and proteolytic agents that, in a very simplified scheme, can be divided 
intoo granule contents and reactive oxygen species (ROS). While there are different 
sortss of granules, each with a different content of proteins, there is just one system of 
ROSS generation, i.e. the NADPH oxidase enzyme. 
Thiss multi-subunit membrane system mediates the electron transfer from intracellular 
NADPHH onto intraphagosomal and/or extracellular molecular oxygen, thereby 
generatingg superoxide. Superoxide, in its turn, spontaneously or enzymatically 
catalyzed,, gives rise to several other reactive oxygen species, each with different 
characteristicss and reactivities. Together, they are of central importance for the killing 
off  microorganisms, especially bacteria, yeasts and fungi. This importance is 
evidencedd by the immunodeficiency syndrome chronic granulomatous disease (CGD), 
whichh is due to an inability of the patients' neutrophils to generate sufficient amounts 
off  ROS. 
Detailedd analysis of the biochemical and genetic characteristics of the NADPH 
oxidasee in patients with CGD has led to the identification of four NADPH-oxidase 
componentss that may be affected in this disease. These components are the 
(glyco)proteinss gp91^ox and p22phox, which together form the membrane-integrated 
flavocytochromee bsss, and the cytosolic proteins p47phox and p67phox. Upon activation 
off  the neutrophils, the cytosolic components translocate to the membrane-associated 
flavocytochromee and, together with other less essential or less oxidase-specific 
proteins,, form the enzymatically active oxidase enzyme. 
Off  these essential oxidase components, gp91phox is of central importance, both 
geneticallyy and functionally. Genetically, because mutations in its gene on the X 
chromosome,, CYBB, are responsible for the majority of cases of CGD, and 
functionally,, because gp91phox contains all the binding sites and prosthetic groups 
necessaryy for the electron transfer. The electron transfer implicates NADPH bound to 
gp91phox,, the prosthetic groups FAD and two hemes, and molecular oxygen, again 
associatedd with gp91ph0\ 
Thee reactive oxygen species thus generated were considered for a long time to be 
exclusivelyy destructive molecules, the only biological function of which could be the 
degradationn of undesired structures and/or organisms. The NADPH oxidase, 
therefore,, was thought to be only in its sort and, furthermore, to be phagocyte-
specific.. Recently, however, several homologs of gp91phox have been characterized, 
andd gp91phox itself was shown to be expressed, although at very low levels, in a few 
non-phagocyticc cell types as well. The reactive species generated by these enzymes 
aree now known to play essential roles in various intracellular signaling pathways. 

Thee original aim of this thesis was the further characterization of the phagocytic 
NADPHH oxidase by thorough analysis of selected X-linked mutations responsible for 
CGD.. Some of the mutations discovered during the research had, however, 
significancee well beyond the NADPH oxidase and illustrate, therefore, the importance 
andd potential of mutational analysis. 
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Chapterr  1 of this thesis gives an introductory overview over the NADPH oxidase and 
CGD.. The genetic basis of CGD and molecular mechanisms of oxidase activation are 
discussed,, as are clinical presentation and treatment of CGD. 

Duringg the work on this thesis several other non-phagocytic NADPH-oxidase 
homologss were described, and part of the research efforts shifted to these new 
homologs. . 

Inn the cardiovascular system, which integrates endothelial cells, smooth-muscle cells 
andd fibroblasts as well as cardiomyocytes, several of the NADPH-oxidase homologs 
havee been implicated in cardiovascular (patho)physiology, such as atherosclerosis, 
hypertension,, tissue damage and adaptive processes after acute myocardial infarction. 
Chapterr  2 of this thesis summarizes, therefore, our current knowledge about the 
expressionn of NADPH-oxidase components in the cardiovascular tissues and the role 
off  reactive oxygen species in different cardiovascular pathologies. 

Chapterr  3 of this thesis describes the detailed analysis of mutations found in CYBB of 
fourr patients with X91+ CGD, a variant of the disease with normal amounts of non-
functionall  gp91phox. One mutation, Thr341-»Lys, is located in a domain that, based on 
structurall  modeling of related proteins, is predicted to be involved in binding of FAD. 
Thee cytosolic oxidase components of this patient showed normal translocation to the 
plasmaa membrane, both in PMA-stimulated neutrophils and in a cell-free system. 
Mostt probably, therefore, the mutation, which results in local charge change, affects 
eitherr the binding of FAD or the electron transfer from NADPH onto FAD. 
Thee three other mutations, Cys369-»Arg, Gly408->Glu, and Glu568-> Lys, affected 
translocationn of p47phox and pó?1*0*  in both whole cells and in the cell-free system. 
Interestingly,, the domains affected by these mutations also are located in or close to 
sitess involved in electron transfer and/or binding of FAD or NADPH in related 
proteins.. These findings indicate that the two cytosolic components may not simply be 
on/offf  regulators of the oxidase, but are probably also involved in the electron-transfer 
processs itself. 

Thee work presented in chapter  4 identified an intronic insertion of a fragmented 
LINE-11 (LI) retrotransposon in CYBB as the causative mutation in a CGD patient. 
LII  elements are mobile DNA sequences that code for a set of two proteins with the 
abilityy to insert copies of themselves somewhere else in the genome. Because of this 
abilityy and their large copy number, they are thought to have shaped - and to continue 
too do so - the evolution of the mammalian genomes in a profound way. Several 
mechanismss by which they can exert their influence have already been identified, and 
thee present chapter characterizes yet another of those mutational mechanisms. 
Thee truncated insert in this patient's DNA was partially fragmented and inverted, 
therebyy creating a new set of splice sites in intron 5 of CYBB. These changes resulted 
inn a heterogeneous pattern of alternatively spliced mRNA transcripts - some of them 
containingg an LI-defined new exon - with complete absence of the wild-type 
transcript.. The resulting absence of wild-type protein is responsible for the patient's 
phenotype. . 

AA second patient whose disease is due to insertion of an LI sequence into CYBB is 
describedd in chapter  5. In this patient the insertion is localized in an exon and thus 
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disruptss the coding sequence of the gene. However, the insertion was found to 
comprisee also a non-Ll sequence downstream of the LI fragment. This additional 
sequencee is the result of a transduction event, something seen in about 20 % of LI 
insertions.. In these cases, due to the unusual polyadenylation signal of the LI element, 
thee transcript is not cleaved and polyadenylated at the 3' end of LI , but downstream of 
anotherr polyadenylation signal in the flanking 3' sequence. The chimeric transcript is 
thenn retrotransposed. The additional non-Ll sequence allowed us to localize and 
characterizee both the original active element and the time point of the 
retrotransposition.. The original element thus identified, which we termed LRE3, is 
locatedd on chromosome 2q24.1 and represents the most active LI element tested in an 
in-vitroin-vitro retrotransposition assay so far. The very polymorphic repeat sequence at the 
5'' end of the non-Ll sequence enabled us, furthermore, to pinpoint with high 
probabilityy the time point of the retrotransposition in the maternal meiosis I. This is 
thee first time such an assessment of LI retrotransposition has been possible. 

Chapterr  6 describes the novel finding of expression of Nox2 (the new official name 
forr gp91phox) in human cardiomyocytes. Although two distinct methods of analysis, 
Westernn blot and immunohistochemistry, and two different monoclonal antibodies 
havee been used, it cannot yet be excluded that our findings indicate, in fact, the 
expressionn of one or more gp91phox homologs or a splice variant thereof. In patients 
withh acute myocardial infarction, the expression of Nox2 (or homolog) was 
upregulatedd in both viable and jeopardized cardiomyocytes in the infarcted areas, 
suggestingg a role for Nox2 (or homolog) and reactive oxygen species in the 
pathophysiologyy of human heart disease. The relative importance of these findings as 
welll  as the exact molecular mechanisms involved have yet to be determined. 

Takingg CGD as an example, chapter  7, finally, attempts to give an outlook on the 
futuree of mutational analysis. While diagnostic certainty can be, of course, important 
forr the affected patients, mutational analysis, so far, has been primarily of scientific 
interest.. The areas of research that have profited most from mutational analysis have 
changedd over the years, and continue to do so, but the profit for the patients has 
increasedd only slightly. However, the necessary technologies and the accumulated 
knowledgee have reached a point where one can envision establishing risk profiles 
personalizedd for every patient/individual. At that point, mutational analysis will have 
realizedd its full potential by providing the basis for individualized prevention and 
treatment. . 
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Nederlandsee samenvatting 

Inn een wereld krioelend van bacteriën, virussen en andere micro-organismen hebben 
dee zoogdieren een geavanceerd systeem ontwikkeld om binnendringende 
ziektekiemenn onschadelijk te maken. Dit systeem, het immuunsysteem, bestaat naast 
eenn aantal eiwitsystemen uit de leukocyten, de witte bloedlichaampjes, die in 
verschillendee ondergroepen met speciale taken onderverdeeld kunnen worden. De 
beweeglijkstee leukocyten zijn de neutrofiele granulocyten (neutrofielen), die zich snel 
uitt het bloed naar de verschillende weefsels kunnen begeven om de daar aanwezige 
ziektekiemenn te vernietigen. Zij kunnen daarom met de infanterie worden vergeleken, 
diee het eerste contact heeft met indringende micro-organismen en deze vernietigt of 
tegenhoudtt tot de "meer geavanceerde" systemen zover zijn om te reageren. Een 
verwantee groep van witte bloedcellen, de macrofagen, doet na het gevecht, dus na de 
ontsteking,, het opruimwerk. 
Omm hun werk goed te kunnen doen hebben neutrofielen een heel arsenaal van stoffen 
diee bacteriën en andere micro-organismen kunnen doden of eiwitten kunnen afbreken. 
Inn een vereenvoudigd schema kunnen deze stoffen worden onderscheiden in de 
inhoudd van de intracellulaire granula en de reactieve zuurstofproducten. Er zijn 
verschillendee soorten granula in neutrofielen, die elk een andere verzameling eiwitten 
bevatten,, maar er is maar één bron van reactieve zuurstofproducten: het NADPH 
oxidasee enzym. 
Ditt NADPH oxidasesysteem bestaat uit meerdere eiwitonderdelen en is gelocaliseerd 
inn de membraan van de cellen of in de membraan van van bepaalde celonderdelen. 
Hett NADPH oxidase ontvangt elektronen van het NADPH binnen in de cel, 
transporteertt deze door het membraan heen en hecht ze dan aan zuurstof buiten de cel. 
Hierdoorr ontstaat superoxide, dat vervolgens op verschillende manieren in andere 
reactievee zuurstofproducten kan worden omgezet. Deze reactieve zuurstofproducten 
zijnn stoffen die gemakkelijk met andere substanties reageren en daarom heel geschikt 
zijnn om bacteriën of schimmels te doden. Hoe belangrijk dit systeem is kan men zien 
aann patiënten met chronische granulomateuze ziekte, die een heel ernstige stoornis 
vann de immuunafweer hebben en daarom vaak lijden onder zware infecties. Deze 
patiëntenn zijn ziek omdat hun NADPH oxidase niet of heel slecht werkt. 
Grondigg onderzoek van de biochemische en genetische stoornissen in deze patiënten 
heeftt geleid tot de ontdekking dat het enzym uit vier essentiële onderdelen bestaat, die 
allee bij het ontstaan van chronische granulomateuze ziekte kunnen zijn betrokken. 
Dezee vier essentiële eiwitten zijn p22phox en het van suikerketens voorziene eiwit 
gp91phox,, die samen het in de celmembraan gelegen flavocytochroom bs5$ vormen, en 
dee twee cytosolische, dus binnen in de cel voorkomende, eiwitten p47phox en p67pho\ 
Alss de neutrofielen micro-organismen moeten doden verplaatsen p47phox en p67phox 

zichh naar de celmembraan en vormen op deze manier samen met flavocytochroom 
£>5588 het actief, superoxide producerend enzym. 
Vann deze vier essentiële oxidasecomponenten is gp91phox genetisch en functioneel 
gezienn van centraal belang. Genetisch omdat het grootste deel van de patiënten met 
chronischee granulomateuze ziekte mutaties in het gen CYBB heeft dat de genetische 
informatiee voor gp91phox bevat, en functioneel omdat alle elementen die voor het 
transportt van de elektronen belangrijk zijn in gp91phox gelocaliseerd zijn. 

Langee tijd heeft men gedacht dat de reactieve zuurstofproducten alleen maar 
schadelijkk waren, en dat hun enige zinvolle functie het vernietigen van ongewenste 
indringerss en weefselstructuren was. Daarom dacht men dat het NADPH oxidase een 
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uniekk enzym was dat alleen maar in neutrofielen voorkwam. In de laatste twee-en-
een-halff  jaar zijn echter een paar eiwitten gevonden die heel erg op gp91p ox lijken, en 
ookk gp91phox zelf werd in heel kleine hoeveelheden in andere celtypen dan 
neutrofielenn ontdekt. Men weet nu dat de reactieve zuurstofproducten die door deze 
enzymenn worden geproduceerd een belangrijke rol spelen bij de signalering binnen de 
cel. . 

Oorspronkelijkk was het doel van het in dit proefschrift beschreven werk om nieuwe 
informatiee over het NADPH oxidase te krijgen door de effecten van een paar 
geselecteerdee mutaties in CYBB op de structuur en de functie van gp91phox te 
onderzoeken.. Een paar van de in de loop van het onderzoek gevonden mutaties waren 
echterr niet alleen van belang voor het oxidase en maken op deze manier duidelijk hoe 
verreikendd en potentieel belangrijk mutatieonderzoek kan zijn. 

Hoofdstukk 1 van dit proefschrift geeft een inleidend overzicht over het NADPH 
oxidasee en chronische granulomateuze ziekte. Onze tegenwoordige kennis over de 
genetischee grondslagen van chronische granulomateuze ziekte en de moleculaire 
mechanismenn van de activatie van het oxidase worden hier besproken, alsmede de 
klinischee presentatie en therapie van chronische granulomateuze ziekte. 

Inn de periode van onderzoek voor dit proefschrift zijn diverse nieuwe, zeer op 
gp91phoxx lijkende, NADPH oxidasen (homologen) beschreven, en het accent van dit 
proefschriftt verschoof daarom gedeeltelijk om ook werk over deze nieuwe eiwitten te 
omvatten. . 

Inn het systeem van hart en bloedvaten, dat endotheelcellen, gladde spiercellen, 
fibroblastenn en hartspiercellen bevat, worden meerdere gp91phox homologen ervan 
verdachtt bij het ontstaan van een aantal ziekten van het hart en de bloedvaten te zijn 
betrokken,, zoals aderverkalking, verhoogde bloeddruk en hartweefselveranderingen 
naa hartinfarct. Hoofdstuk 2 van dit proefschrift vat daarom onze huidige kennis 
samenn over het vóórkomen van NADPH oxidasecomponenten in hart- en 
bloedvatweefselss en over de rol van reactieve zuurstofcomponenten in verschillende 
ziektenn van hart en bloedvaten. 

Hoofdstukk  3 van dit proefschrift beschrijft de gedetailleerde analyse van mutaties in 
hett gen voor gp91phox bij vier patiënten met chronische granulomateuze ziekte waarbij 
dee neutrofielen normale hoeveelheden van een niet functionerend gp91phox bevatten. 
Eenn van deze mutaties, Thr341—»Lys, zit in een deel van gp91phox dat volgens 
computermodellenn waarschijnlijk FAD bindt, een onderdeel dat voor het 
elektronentransportt nodig is. De verplaatsing van p47phox en p61ph0*  naar de 
celmembraann van de patiënt was niet verstoord, en men vermoedt daarom dat deze 
mutatie,, die plaatselijk de elektrische lading verandert, het binden van FAD of het 
elektronentransportt via FAD belemmert. 
Dee drie andere mutaties, Cys369—>Arg, Gly408—>Glu, en Glu568—¥ Lys, verstoorden 
dee verplaatsing van p47phox en p67phox naar de celmembraan in twee verschillende 
proefsystemen.. Omdat alle drie mutaties in of dicht bij gebieden zitten die in verwante 
eiwittenn bij het binden van NADPH of FAD zijn betrokken, en deze weer essentieel 
voorr het elektronentransport zijn, is het denkbaar dat p47phox en p67phox het oxidase 
niett alleen als een schakelaar aan- of uitzetten, maar ook een rol in het 
elektronentransportt zelf spelen. 
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Hett in hoofdstuk 4 beschreven werk identificeerde als oorzaak van chronische 
granulomateuzee ziekte in een patiënt een stukje DNA dat was ingevoegd in een intron 
vann CYBB, een deel van het gen voor gp91phox dat eerst moet worden uitgeknipt voor 
dee geninformatie in een eiwit kan worden vertaald. Het ingevoegde stukje DNA was 
eenn gefragmenteerd LINE-1 (LI ) retrotransposon. LI elementen bevatten DNA 
sequentiess met informatie voor twee eiwitten die alleen maar nuttig zijn voor de LI 
elementenn zelf en niet voor de cel of het organisme. Met hulp van deze eiwitten 
kunnenn LI elementen kopieën van zichzelf maken en deze op een ander plek van het 
genoomm weer invoegen. Omdat ze dat al sinds miljoenen jaren doen zijn er zo'n 
honderdduizendd kopieën van LI elementen in het menselijke genoom aanwezig, en 
menn denkt daarom dat zij een heel grote invloed op de evolutie van de 
zoogdiergenomenn hebben gehad, en dat nog steeds doen. Er zijn al een heleboel 
verschillendee manieren bekend waarop LI elementen kunnen interfereren met 
genfunctie,, en dit hoofdstuk beschrijft een nieuwe, tot nu toe nog onbekende manier. 
Hett stukje van het LI element dat in het intron van de patiënt werd gevonden was 
doorr het mechanisme van invoegen zo veranderd dat een deel ervan door de cel als 
eenn exon werd herkend, dus als een sequentie die dient voor het vertalen van 
geninformatiee in een eiwit. Het eindresultaat bleek te zijn dat er in plaats van een 
uniekk gp91phox mRNA, het "bouwplan" voor het gp91phox eiwit, een hoop 
verschillendee mRNAs werden gemaakt, en geen ervan de goede. Dit leidde tot 
completee afwezigheid van het normale gp91p ox eiwit en dus tot de ziekte van de 
patiënt. . 

Eenn tweede patiënt wiens ziekte werd veroorzaakt door het invoegen van een stukje 
LI-sequentiee in het gen van gp91phox wordt in hoofdstuk 5 beschreven. In deze 
patiëntt was het LI stukje in een exon van CYBB terecht gekomen en vernielde 
daardoorr de DNA informatie die nodig is voor het maken van het gp91phox eiwit. In dit 
gevall  bevatte het ingevoegde DNA echter ook een stukje sequentie dat niet bij het LI 
elementt hoorde. Zoiets gebeurt vaker bij het invoegen van een LI-kopie, in ongeveer 
20%% van de gevallen, en wordt transductie genoemd. Transductie vindt plaats als bij 
hett overschrijven van DNA in mRNA de normale stopsignalen niet worden herkend 
enn daardoor ook aangrenzende DNA-sequenties in mRNA worden overgeschreven. 
Dezee uit twee delen bestaande sequentie wordt dan ergens anders in het genoom 
ingevoegd.. Door deze extra informatie waren wij in staat niet alleen het 
oorspronkelijkee origineel van het ingevoegde LI element terug te vinden, maar ook 
hett tijdstip van de invoeging te bepalen. Het originele LI element, door ons LRE3 
genaamd,, bevindt zich op chromosoom 2q24.1 en is in laboratoriumproeven het 
actiefstee van de tot nu toe beschreven LI elementen. Omdat een deel van de extra 
sequentiee die wij bij de patiënt in het LI element in CYBB vonden bij verschillende 
mensenn in verschillende versies voorkomt, konden wij met vrij grote zekerheid het 
tijdstipp van de invoeging vaststellen als de periode van de eerste van de twee DNA-
scheidingenn in de moederlijke eicel. Dit is de eerste keer dat zoiets mogelijk was. 

Hoofdstukk 6 beschrijft de nieuwe waarneming van de aanwezigheid van Nox2 (de 
nieuwee officiële naam van gp91phox) in menselijke hartspiercellen. Ofschoon twee 
verschillendee analysemethoden en twee verschillende monoklonale antilichamen 
werdenn gebruikt, is het nog niet mogelijk met zekerheid uit te sluiten dat het om één 
vann de nieuwe, homologe oxidasen gaat, of om een iets andere versie van gp91phox. In 
patiëntenn met een acuut hartinfarct was de aanwezigheid van het oxidase verhoogd in 
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gezondee en in bedreigde cellen in het geïnfarcteerde gebied. Dit maakt het 
waarschijnlijkk dat het oxidase en reactieve zuurstofproducten een rol spelen bij het 
ontstaann en/of het beloop van menselijke hartziekten. Het moet nog worden 
uitgezochtt hoe relevant voor menselijke hartziekten deze resultaten zijn en precies 
welkee moleculaire mechanismen erbij zijn betrokken. 

Mett chronische granulomateuze ziekte als voorbeeld doet hoofdstuk 7 een poging 
uitzichtt te geven op de toekomst van mutatieonderzoek. Het kan natuurlijk voor de 
betrokkenn patiënt heel belangrijk zijn zekerheid over zijn of haar diagnose te krijgen, 
maarr in principe is mutatieonderzoek tot nu toe vooral van wetenschappelijk belang 
geweest.. Terwijl verschillende onderzoeksgebieden in de loop der jaren hebben 
geprofiteerdd van mutatieonderzoek, is de winst voor de betrokken patiënten bijna niet 
groterr geworden. De nodige technologieën en de verzamelde kennis hebben echter 
eenn punt bereikt waarop men kan overwegen geïndividualiseerde risicoprofielen voor 
iederee patiënt of individu op te stellen. Op dat moment zal mutatieonderzoek zijn 
volledigg potentieel realiseren om de basis te vormen voor geïndividualiseerde 
preventiee en therapie. 
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