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Abstract

Aims: The aim of this study was to investigate genetic variants in the gene neutrophil cytosolic factor 1 (NCF1)
for association with rheumatoid arthritis (RA). In rodent models, a single-nucleotide polymorphism (SNP) in
Ncfl has been shown to be a major locus regulating severity of arthritis. Ncfl encodes one of five subunits of the
NADPH oxidase complex. In humans the genomic structure of NCF1 is complex, excluding it from genome-wide
association screens and complicating genetic analysis. In addition to copy number variation of NCF1, there are
also two nonfunctional pseudogenes, nearly identical in sequence to NCF1. We have characterized copy number
variation and SNPs in NCF1, and investigated these variants for association with RA. Results: We find that RA
patients are less likely to have an increased copy number of NCF1, 7.6%, compared with 11.6% in controls;
p=0.037. We also show that the T-allele of NCF1-339 (rs13447) is expressed in NCF1 and significantly reduces
reactive oxygen species production. Innovation: This is the first finding of genetic association of NCF1 with RA.
The detailed characterization of genetic variants in NCF1 also helps elucidate the complexity of the NCF1 gene.
Conclusion: These data suggest that an increased copy number of NCF1 can be protective against developing RA
and add support to previous findings of a role of NCF1 and the phagocyte NADPH oxidase complex in RA
pathogenesis. Antioxid. Redox Signal. 16, 71-78.

Introduction .
Innovation

The gene neutrophil cytosolic factor 1 (NCF1) emerged as
a possible genetic contributor to rheumatoid arthritis (RA),
due to findings in rodent models of arthritis. The genetics of
NCF1 is complex in the human genome, complicating ge-
netic analysis. In this study several new assays were de-
veloped to be able to investigate copy number variation of
NCF1 and the allelic distribution and functionality of three
single-nucleotide polymorphisms in NCFI1. This detailed
characterization revealed that RA patients are less likely to
have one extra copy of a functional NCFI-like gene com-
pared with controls. This is the first finding of a genetic
association of NCF1 with RA. It was also found that the T-
allele of NCF1-339 is expressed in NCF1 and encodes a
greatly reduced capacity of the phagocyte NADPH oxidase
(NOX2) complex to produce reactive oxygen species. These
findings help elucidate part of the complexity of NCF1 and
add support to previous findings of a role of NCF1 and the
NOX2 complex in RA pathogenesis.

RHEUMATOID ARTHRITIS (RA) 15 a chronic inflammatory
autoimmune disorder with a prevalence of 0.5%—-1% and
a heritability of 60% (25, 35). It is heterogeneous regarding
symptoms as well as environmental and genetic contribution
(29), making disease-associated genes difficult to identify (19,
37). To reduce genetic and environmental heterogeneity, an-
imal models are used to study arthritis (16). In rats, a single-
nucleotide polymorphism (SNP) in the neutrophil cytosolic
factor 1 (Ncfl) gene was found to regulate severity of arthritis
(18, 27). Ncf1 encodes the p47phox subunit of the phagocyte
NADPH oxidase (NOX2) complex, which produces reactive
oxygen species (ROS) in phagocytes, including antigen pre-
senting cells, in the immune system. The arthritis-regulating
effect of the SNP in Ncfl stems from an altered capacity of the
NOX2 complex to produce ROS (17, 27). We recently reported
genetic association with RA of NCF4, encoding the p40phox
subunit of the NOX2 complex (28). This was the first evidence
of genetic association of the NOX2 complex with RA, but var-
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iants in NCF4 are also associated with Crohn disease (31). NCF2,
encoding the p67phox subunit of the NOX2 complex, has been
found to be associated with systemic lupus erythematosus (SLE)
in a recent genome-wide association analysis (9), suggesting a
role for the NOX2 complex in autoimmunity.

In the human genome, NCF1 is located in the complex
7q11.23 region, characterized by deletions, duplications, and
inversions (2, 26). Close to NCF1 there are two pseudogenes,
NCF1B and NCF1C (NCF1B/C), sharing 98% sequence simi-
larity with NCF1 (10, 15). The only genetic variant confirmed
to be NCF1B/C specific is a GT deletion (AGT) in exon two,
encoding a premature stop codon and a truncated protein
(10). Patients with the NCF1 (p47phox) form of the primary
immunodeficiency syndrome chronic granulomatous disease
(CGD) only have NCF1B/C-like genes, containing the AGT
deletion, leading to a complete loss of NOX2 produced ROS
(Fig. 1b) (32). In these patients, the functional GTGT sequence in
NCF1 has been exchanged with the AGT sequence from
NCF1B/C, most likely due to genetic cross over events between
NCF1 and NCF1B/C (32). Due to the high sequence similarity
between NCF1 and NCFIB/C, it is difficult to specifically
measure the number of functional NCFI copies. Instead,
methods have been developed to estimate the ratio of NCF1B/C
and NCF1 genes, by segregating on the AGT/GTGT sequence
(14). The most prevalent AGT/GTGT ratio, 2:1, reflects two
copies each of NCF1, NCF1B, and NCF1C, whereas CGD car-
riers have five NCF1B/C like genes and only one NCF1 gene,
giving a 5:1 ratio (Fig. 1). A few studies have also reported 1:1
and 1:2 ratios, reflecting the presence of one or two copies of an
additional NCF1-like gene (here denoted NCF1-II), containing
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the functional GTGT sequence (Fig. 1a) (14). The NCF1-II gene
reportedly expresses NCF1B/C-specific alleles (10), but is fully
transcribed and believed to be functional (8, 14). Two of the
NCF1B/C-specific alleles in NCFI-II encode amino acid re-
placements (14) and could therefore alter protein function and
the capacity of the NOX2 complex to produce ROS.

The genetic variants in the human NCF1 gene could have
similar effect on NOX2 produced ROS, as the SNP in Ncfl
found to regulate arthritis in the rats. To investigate if genomic
or genetic variants of NCF1 are associated with RA, we per-
formed a detailed study of the different NCF1 genes, by
measuring the AGT/GTGT ratio in RA cases and controls. We
also genotyped three nonsynonymous SNPs in 974 RA cases
and controls to study association with RA.

Results

Copy number analysis reveals complex distribution
of NCF1 genes

We used quantitative real-time polymerase chain reaction
(gPCR) to measure the ratio between NCF1B/C and NCF1 in
494 RA patients and 480 controls. The multiplex qPCR assays
contain probes specific for either the GTGT sequence found in
NCF1 and NCFI1-II or the AGT sequence found in NCF1B/C
(39). The ratio between NCF1B/C and NCF1 was estimated
from the fold change (FC) values calculated using the 244"
method. As expected, the 2:1 ratio is the most common
(85.3%), whereas 9.3% have a 1:1 ratio (Table 1). The increased
ACT value of NCF1/NCF1-II and decreased of NCF1B/C con-
firm that the 1:1 ratio corresponds to three copies each of
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FIG. 1. A schematic drawing of the organization of the NCF1 and NCF1B/C genes on the two chromosomes. The boxes
represent NCF1B/C (black) and NCF1 (white). (a) The genomic organization resulting in the 2:1, 1:1 and 1:2 AGT/GTGT ratios.
(b) The genomic organization in CGD patients and of the 5:1 AGT/GTGT ratio found in CGD carriers. NCF1, neutrophil

cytosolic factor 1; CGD, chronic granulomatous disease.
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TABLE 2. GENOTYPED SINGLE-NUCLEOTIDE POLYMORPHISMS

All Case Control SNP ID rs number Gene  mRNA  AA change

Ratio # Yo # Yo # % NCF1-339  rs13447% Exon 4 (C339T  Arg90His
NCF1-365 rs17856077* Exon4 A365G  Gly99Ser

2:1 822 85.1 422 86.5 398 83.6  NCF1-566 rs4868 Exon 6 A566G  Asnl66Asp
11 92 9.5 37 7.6 55 11.6%
1:2 12 1.2 7 1.4 5 1.1 “Representative rs numbers.
3:2 12 1.2 5 1.0 7 15 NCF1, neutrophil cytosolic factor 1; SNP, single-nucleotide poly-
4:3 3 0.3 2 0.4 1 0.2  morphism.
5:2 22 2.3 14 29 8 1.7
5:1 3 0.3 1 0.2 2 0.4
Total 966 100 490 100 476 100  11.6% in controls, p=0.037, OR=0.63, 95% CI: 0.40-0.97 (Ta-

“p-value 0.037.
#, number of subjects.

NCF1B/C and NCF1/NCF1-II. Twelve samples had a 1:2 ratio,
corresponding to two copies of NCF1B/C and four of NCF1/
NCF1-II. Three CGD carriers, with a 5:1 ratio, were also de-
tected. In addition, we found three ratios, 3:2, 4:3, and 5:2, not
corresponding to a total of six NCFI-like genes, but instead
seem to reflect five or seven genes (Fig. 2). The ACT values
shows that the 3:2 and 5:2 ratios reflect changes in NCF1B/C
copy number, with an increased ACT of NCF1B/C in the 5:2
ratio and a decreased in the 3:2 ratio. The 4:3 ratio instead
reflects an increase in NCF1/NCF1-II copy number.

The NCF1-1l gene is less common in RA patients

When comparing the ratio distribution between RA pa-
tients and controls, we found that RA patients have a signif-
icantly lower frequency of the 1:1 ratio, 7.6% compared with

ble 1). No difference in frequency between cases and controls
was seen for the other ratios (Table 1).

The T-allele of NCF1-339 is expressed in NCF1
and not specific for NCF1-1|

A previous study has suggested that NCF1-II expresses
NCF1B/C-specific alleles at two nucleotide positions, here
denoted NCF1-339 and NCF1-566 (14). To confirm this and to
investigate association with RA, these two SNPs and a third
nonsynonymous SNP, NCF1-365, were genotyped in the Epi-
demiological Investigation of Rheumatoid Arthritis (EIRA)
cohort (Table 2). Genotyping of NCF1 is complicated by the
presence of NCF1B/C, requiring a nested PCR strategy, ex-
clusively amplifying the GTGT sequence, to achieve NCF1/
NCF1-II specificity (Supplementary Fig. S2; Supplementary
Data are available online at www.liebertonline.com/ars).
NCF1-II also complicates the interpretation of genotypes (Fig.
3) and the results from the ratio study were included to
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FIG. 2. Dotplot of the 27**“T fold change of NCF1B/C
and NCF1. The fold change ratio of NCF1B/C to NCFI is
plotted and grouped according to assigned ratio. The values
in the ratio groups are nonoverlapping except for the 4:3
ratio, which overlaps with the 3:2 ratio group.
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FIG. 3. Genotype analysis of the NCF1-566 SNP. The boxes
represent NCF1 (gray) and NCF1-II (blank). A and G represent
the alleles of the NCF1-566 SNP. (a) The possible allelic dis-
tributions if the genotyping assay detects 2 A-alleles and 1 G-
allele. (b) The possible allelic distributions if the genotyping
assay detects an A /G ratio of 1. Because the genotyping assay
for NCF1-566 cannot distinguish between NCF1 and NCF1-II,
the results from the ratio study were included in the analysis
to determine the true genotypes as A/A+G in a and A/
A+G/G in b. SNP, single-nucleotide polymorphism.
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TABLE 3. ALLELE DISTRIBUTION AND DOSAGE OF THE THREE GENOTYPED SINGLE-NUCLEOTIDE POLYMORPHISMS
IN CasEs AND CONTROLS

1 NCF1*? 2 NCF1P 2 NCF1+1 NCF1-II* 2 NCF1+2 NCF1-I1¢ p-value®
NCF1-339 C CcC Cc/T TT CCC CC/T CCCC CCC/T CC/TT CuoersusT
# % # % # D # % # % # % # % # % # %
Case 1 02 39 832 31 66 2 04 28 6 10 21 4 09 2 04 1 02 033
Control 2 04 366 813 23 51 2 04 38 84 14 3.1 4 09 O - 1 02
NCF1-365 A AA A/G GG AAA AA/G A/GG AAAA AAA/G AA/GG A versus G
# % # % # D # % # P # % #H % # % # % # %
Case 1 02 301 643 113 241 8 1.7 29 62 7 15 2 04 5 11 1 02 1 02 0410
Control 2 04 290 63.7 96 21.1 10 22 39 86 13 29 0 - 3 07 2 04 O -
NCF1-566 A AA A/G GG AAA AA/G AAA/G AA/GG A versus G
# % # % # % # % % % # % # % # %
Case 1 02 424 8938 2 04 0 - 511 33 7 4 08 3 0.6 0.035
Control 2 04 39 86.7 1 02 0 - 2 04 51 112 1 02 4 09
5:1 ratio.

b2:1, 5:2, and 3:2 ratios.
“1:1 or 4:3 ratios.
41:2 ratio.

p-values from the combined NCF1/NCFI-II association analysis of allele frequencies.

#, number of subjects.

correctly call the genotypes. Only three individuals (0.4%), not
having any copies of NCF1-II, were found to express the G-
allele of NCF1-566 (Table 3), confirming that the G-allele is
almost exclusively expressed in NCF1-II. The T-allele of NCF1-
339, on the other hand, is not specific for NCF1-II as it is
expressed in both NCF1 and NCF1-II. NCF1-365 is also poly-
morphic in both NCF1 and NCFI-II (Table 3). We analyzed
allele and genotype frequencies for association with RA, in
NCF1 and NCFI1-II separately as well as combined. No sig-
nificant differences in genotype or allele frequencies between
RA patients and controls were seen for NCF1-339 or NCF1-365
in any of the analyses. In the NCF1/NCF1-II combined asso-
ciation analysis, the G-allele of NCF1-566 had a significantly
higher allele frequency in controls (p=0.035), reflecting the
specificity of the G-allele for NCF1-II and the higher frequency
of the 1:1 ratio in controls.

T-allele of NCF1-339 encodes loss of functionality
of the NOX2 complex

NCF1-339, NCF1-365, and NCF1-566 encode amino acid
shifts that could alter the functionality of the NCF1 protein
and consequently also of the NOX2 complex (Table 2). We
used three constructs of the human NOX2 complex in COS
cells, in which the NCF1 gene was mutated at either one of the
three SNP positions, to estimate the effect of each allele on
ROS production. The construct expressing the T-allele of
NCF1-339 had significantly reduced ROS production,
p=0.0079 (Fig. 4). The G-allele of NCF1-365 and the G-allele of
NCF1-566 did not encode a significant difference in ROS
production capacity.

Discussion

In this study we show that genomic variation of the NCF1
gene is associated with RA. The 1:1 AGT/GTGT ratio, re-
flecting the presence of NCF1-I, is significantly less common
in patients with RA compared with controls. We also show
that the G-allele of NCF1-566 is specific for NCF1-II, but the T-

allele of NCF1-339 is not, in contrast to previous reports (14).
We also see that the T-allele of NCF1-339 greatly reduces ROS
production by the NOX2 complex. These findings help elu-
cidate part of the complexity of NCF1 as well as adding
support to previous findings of a role of NCF1 and the NOX2
complex in RA pathogenesis.

Previous studies have investigated association of the 1:1
ratio with inflammatory bowel disease (12, 38), parasitic in-
fection, and multiple sclerosis (11), with the presumption that
the 1:1 ratio increases disease risk. Our results instead indicate
a protective effect of the 1:1 ratio against RA and thus also of
the presence of the additional NCF1-II gene. Having the 1:1
ratio increases expression of NCFI mRNA and protein (8, 13);
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FIG.4. ROS production in mutated NCF1 constructs. Three
constructs of the NCF1 gene, each mutated at one of the three
detected polymorphic sites, NCF1-339 (Arg 90 His), NCF1-365
(Gly 99 Ser), and NCF1-566 (Asn 166 Asp) were created and
transfected into COS-cells reconstituted with the other com-
ponents of the NOX2 complex. The ROS production was
stimulated and measured using an isoluminol detection
method. The ROS production of the mutated Ncfl constructs
was compared with the nonmutated NCF1. Mann-Whitney:
NCF1 wversus NCF1-339 (p=0.008), NCF1 wversus NCF1-365
(p=0.84), NCF1-566 (p=0.69). ROS, reactive oxygen species;
NOX2, phagocyte NADPH oxidase. **p<0.01.
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however, it does not increase NOX2-produced ROS. Most
likely this is because the efficiency of the NOX2 complex
cannot be increased unless there is increased expression of the
other subunits of the complex (22). Hence, there appears to be
no difference in ROS production between the 1:1 or 2:1 ratio,
explaining the RA-protective effect. However, a reduced
number of functional NCF1 copies negatively affect the
functionality of the NOX2 complex (8). Due to a heterozygous
deletion, some patients with Williams-Beuren syndrome have
only one functional NCF1 gene, and reduced levels of Ncfl
protein and ROS. We show that the T-allele of NCF1-339 is
expressed in both NCF1 and NCF1-II and could have a similar
effect by encoding a complete loss of NOX2-produced ROS. In
a 2:1 ratio context, heterozygous expression of the T-allele will
likely reduce ROS levels, whereas in a 1:1 ratio context, the
presence of the additional NCF1-II gene could restore ROS
production to normal levels. In this study, the T-allele is most
frequent in a 2:1 ratio context, and RA patients are slightly
more likely to have a 2:1 ratio while expressing the T-allele,
72.3% compared with 64.3% of controls. Although not sig-
nificant, this could indicate that the protective effect of the 1:1
ratio comes from the additional NCF1-II gene restoring re-
duced ROS levels, caused by loss-of-function alleles such as
the T-allele of NCF1-339. Most likely, there are also other ge-
netic variants in NCF1 encoding reduced functionality of the
NOX2 complex, from which NCF1-II could be protective.

The T-allele of NCF1-339 encodes an amino acid shift from
arginine to histidine at position 90 in the protein sequence.
Arg® is evolutionary conserved and is a binding site to
phosphatidylinositol (3,4)-biphosphate (PI(3,4)P,) in the
membrane (36). Mutation studies have shown that amino acid
substitutions to Lys”, Ala®, and Leu™ greatly reduce the
binding capability to PI(3,4)P;, and decreases the production
of ROS (20, 24). The substitution to His™ could be expected to
have similar or more severe effects on binding to PI(3,4)P,,
than Lys” based on the amino acid properties, which is
supported by our results from the construct experiments.

There are reports of CGD patients showing symptoms re-
sembling autoimmune syndromes—inflammatory bowel
disease (1, 34), juvenile RA (23), and lupus (5)—indicating
how important a functional NOX2 complex is to maintain
tolerance toward self-antigens and preventing autoimmunity.
The link to autoimmunity is strengthened by both NCF4 and
NCF2 of the NOX2 complex being associated with other au-
toimmune diseases: NCF4 with Crohn disease (31) and NCF2
with SLE (9).

The region surrounding NCF1 is highly dynamic and
subject to segmental duplications, deletions, and inversions
(2, 21). In combination with the presence of the NCF1B and
NCFIC genes, this makes studying NCF1 with PCR-based
techniques difficult. The AGT sequence is the only genetic
variant shown to be NCF1B/C specific, and therefore this was
used to distinguish between NCF1/NCF1-II and NCF1B/C.
The nested genotyping assay specifically amplifies the GTGT
sequence, but analysis is further complicated by the presence
of NCFI-II. To be able to determine the true genotypes we
used an out-of-phase design of the genotyping assays, in-
creasing the number of peaks defining the genotype. How-
ever, we are still unable to conclusively determine the exact
genotypes of NCF1-566, when one or two copies of NCF1-II
are present, as the genotyping assay used for NCF1-566 can-
not separate NCF1 from NCFI1-II. However, as the G-allele is
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only seen in 3 individuals not having NCFI-II, we conclude
that the G-allele is almost exclusively expressed in NCF1-II
and thus the genotypes are interpreted as A/A+G and A/
A+G/G. NCF1-339 and NCF1-365 could be genotyped more
precisely by using an additional assay, specifically amplifying
the region spanning exons three and four in NCF1, excluding
NCF1-II (33). This assay enables correct calls of genotypes like
C/C+Tand C/T+C.

The qPCR assay used in the ratio study quantifies the
number of NCF1/NCFI-II and NCF1B/C copies separately by
two different probes, making it possible to determine changes
in the number of NCF1/NCF1-II or NCF1B/C copies. How-
ever, due to a slight unspecificity of the NCF1B/C probe, the
NCF1B/C copy number is overestimated, reflected by higher
than expected ratios. Nonetheless, we have determined that
the 1:1 ratio reflects an increase of NCF1/NCF1-II copies and a
decrease of NCF1B/C, compared with the 2:1 ratio. The 1:2
ratio reflects a substantial increase in NCF1/NCF1-II and de-
crease in NCF1B/C. The 3:2 and 5:2 ratios reflect changes only
in NCF1B/C copy number, whereas the 4:3 ratio indicate an
increase of NCF1/NCF1-II, while NCF1B/C is unchanged. The
finding of the 3:2, 5:2, and 4:3 ratios indicates that the distri-
bution of NCF1 genes is even more complex than previously
believed and a recent study shows that this distribution also
varies between populations (4).

In conclusion, our data show a complex inheritance of
NCF1, NCF1-1I, and NCF1B/C. We find that RA patients are
less likely to have a copy of NCF1-II, possibly indicating that
an additional copy of a functional NCF1-like gene is protec-
tive against RA. This finding is also supportive of the theory
that increased levels of ROS are protecting against RA and
autoimmunity.

Methods
Patient samples

The samples are from the EIRA, a population-based case—
control study. The study base comprised the population, aged
18-70 years, in an area of the middle and southern parts of
Sweden during May 1996-2005. A case was defined as a
person who received a first time diagnosis of RA according to
the American College of Rheumatology criteria of 1987 (3).
About 494 RA patients and 480 controls, individually mat-
ched on sex and age were used. About 72% are women and
the mean age is 53 £ 11 years for the patients and 56 12 years
for the controls.

Multiplex qPCR assay

To quantify the number of NCF1 and NCF1B/C copies and
to estimate the AGT/GTGT ratio, we used a multiplex gPCR
assay (39). In each multiplex reaction the number of either
NCF1 or NCF1B/C copies is compared with the control gene
albumin, which has no copy variation. The MBG probes
(Applied Biosystems, Carlsbad, CA) for NCF1/NCF1B/C use
the GTGT sequence as a distinguisher and are labeled with
the FAM dye. The albumin probe is labeled with the VIC dye.
Primer and probe sequences are listed in Supplementary
Table S1. The reaction was run using the ABI PRISMA® 7000
Sequence Detection System and TagMan Universal PCR
Mastermix (Applied Biosystems). Each reaction was run in
triplicate with 50 ng of DNA /reaction and a final volume of
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25 pl. Optimized primer concentrations in the NCF1/ Albumin
reaction are 600/800 nM and the NCF1B/C/Albumin reaction
are 300/800nM. The probe concentrations are 100nM in all
reactions. ARn, the normalized emission intensity for a spe-
cific sample, was set at five different thresholds along the
exponential phase of the curve, giving five CT values per
sample. The mean and standard deviation were calculated
and used in further calculations. ACT = (mean CT NCFI-mean
CT albumin) or (mean CT NCFI1B/C-mean CT albumin).
About 2724€T between NCF1B/C and NCF1 was calculated
using the formula: **CT=(ACT NCF1B/C—ACT NCF1). To
ensure specificity of the NCF1 and NCF1B/C probes, plasmid
DNA from the NCF1/NCF1B/C-specific bacterial artificial
chromosome (BAC) clones (NCF1; RP11-186N20 and RP11-
81]7, NCF1B/C; RP11-219M8 and RP11-396K3) was used.

Ratio analysis and validation

The 2~ *A“T FC values were divided into 0.1 windows and
graphed (Supplementary Fig. S1). Based on the distribution of
the FC values, ranges for the ratios were set (Supplementary
Table S2). The 4:3 ratio FC values overlap with the 3:2 FC
values and could only be assigned a ratio after analysis of the
ACT values for the NCF1/NCF1-II probe. We were not able to
assign ratios for eight samples, which were excluded from
further analysis. The distribution of copy number of NCF1-II
(0, 1, or 2) was in accordance with Hardy-Weinberg equilib-
rium in controls but not in patients (p=0.0002), which is ex-
pected because of the detected association.

As a validation method we also ratio-typed all samples
using the gene-scan method (7). We found that this method
was not as sensitive as the gPCR method in distinguishing
between the 5:2, 3:2, and 2:1 ratios, which contributed to a
higher failure rate (~10%). Among the nonfailed samples
743/751 (98.9%) assigned a 2:1 ratio using the gene-scan
method had also been assigned the 2:1 ratio using the gPCR
assay. The genotyping assays were also used to confirm ratio
assignment in samples where both alleles are expressed. A
combined analysis of the gene-scan and genotyping results
assigned the same ratio for 90/92 samples assigned 1:1 by the
qPCR method.

Selection of SNPs for genotyping study

We selected two nonsynonymous SNPs, NCF1-339 and
NCF1-566, reported to be of NCF1B/C origin and specifically
expressed in NCFI-II (14). The nonsynonymous SNP NCF1-
365 was also selected for genotyping. The SNPs have multi-
ple rs-numbers and are therefore denoted according to
their position in the mRNA sequence, NCF1-339 (rs13447
or rs17355366), NCF1-365 (rs17856077 or rs62475423), and
NCF1-566 (rs4868).

Genotyping

Nested PCRs were used to ensure assay specificity (Sup-
plementary Fig. S2). The first PCR specifically amplifies either
NCF1/NCF1-II (primers; GTGT-specific) or NCF1 (primers;
NCF1-exon3-4; Supplementary Table S1). Reaction conditions
for the GTGT-specific assay are 100ng DNA, 300 nM primer,
500nM dNTP, 1x Buffer 3, 3.75U Taq polymerase (Expand
long template PCR system; Roche Diagnostic, Basel, Swit-
zerland). Reaction cycling conditions were 2min at 95°C,
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followed by 10 cycles of 10 s at 95°C, 6.5 min at 68°C, followed
by 20 cycles of 15s at 95°C, 6.5 min+ 10 s extension each cycle
at 68°C, followed by 68°C for 7min. The specificity of the
reactions was confirmed by using BAC clones specific for
NCF1 (RP11-186N20 and RP11-81J7) or NCF1B/C (RP11-
219M8 and RP11-396K3). The second (nested) PCR amplifies
the regions surrounding the SNPs following standard proto-
cols for pyrosequencing (Qiagen, Hilden, Germany; Supple-
mentary Fig. S2). About 0.5 ul of a 1:500 dilution of the first
PCR was used in the pyrosequencing reaction.

Genotype analysis

The pyrosequencing method calculates genotypes by
comparing peak heights, corresponding to the nucleotides in
and around the SNP, in a pyrogram. Each peak is generated
by the light emitting from incorporation of a nucleotide. At
the SNP position nucleotides representing the two alleles are
injected and incorporation of the correct nucleotide will gen-
erate a peak in the pyrogram. A peak height of 1 represents the
insertion of one nucleotide and a height of two a double in-
sertion. To interpret pyrograms created by incorporation of
nucleotides in both NCF1 and NCF1-II, we used an “out-of-
phase” design for the three genotyping assays. In the out-of-
phase assay the injection of nucleotides is out-of-phase for
one of the two alleles, leading to incorporation only if the in-
phase allele is present. This strategy creates a pyrogram with
more peaks defining the genotype (Supplementary Fig. S3).
To correctly call the genotypes, the results from the ratio
analysis also had to be included in the analysis. The distri-
bution of genotypes was in accordance with Hardy—Weinberg
equilibrium.

ROS production assay

All reagents like isoluminol, HRP fraction II, and PMA
were purchased from Sigma Aldrich (St. Louis, MI). COS cells
reconstituted with CYBB (gp91phox), CYBA (p22phox), and
NCF2 (p67phox) (provided by Mary C. Dinauer, Indiana
University, Indianapolis, Indiana) was cultured in Dulbecco’s
complete medium, 10% fetal calf serum, and penicillin-
streptomycin (Gibco, Invitrogen, Paisley, United Kingdom).
Human NCF1 (BM457671) was isolated from the IMAGE
clone 5498834 and inserted into the pcDNA3.1/Hygro (+)
mammalian expression vector (Invitrogen). The three studied
amino acid variants at position 339 (Arg to His), 365 (Ser to
Gly), and 566 (Asn to Asp) were produced in the NCF1 con-
struct using in vitro mutagenesis kit (Agilent Technologies,
Santa Clara, CA) according to the manufacturer’s recom-
mendations. Adherent COS-7 cells were harvested by incu-
bating with trypsin/ethylenediaminetetraacetic acid for 5 min
at 37°C. The cells were resuspended, washed in phosphate-
buffered saline, and cultured in 96-well plates (NUNC, Ros-
kilde, Denmark) at a density of 20,000 cells/well overnight.
The cells were transiently transfected with NCF1 with lipo-
fectamin plus, optimum, and DNA PLUS system (Invitrogen),
according to the manufacturer’s instructions, using 100ng
DNA per well. Transfected cells were grown in complete
media for another 48 h until assayed.

Functionality of the NOX2 complex and thus the function
of the studied NCF1 allele was assayed directly in the culture
plate using an isoluminol detection method (6). Briefly, the
cells were gently washed in Hank’s balanced salt solution and
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100 ul of isoluminol reagent buffer (final concentration iso-
luminol 50 ug/ml, horse radish peroxidase-type II 2.5 u/ml,
and PMA 400ng/ml). Samples were gently mixed and the
data collection was initiated immediately. The NOX2-
produced ROS is initiated within minutes. Extra-cellular ROS
production was followed at 37°C as produced luminescence
signal (FluoStar Optima, BMG Labtechnologies, Offenburg,
Germany) and presented as maximal relative signal during a
measurement period of 30 min.

Statistical analyses

The Hardy—Weinberg analyses were done using the HWE
test in the PLINK software (30). Association analyses of allele
and genotype frequencies were done using the “Basic case/
control association” test and the “Full model” tests in PLINK.
Both these tests are based on contingency tables and Chi-
square statistics. The combined NCF1/NCFI-II association
analyses were done using the “CNP/SNP association” test in
PLINK, which is based on regression analysis, and using
contingency tables and Chi-square statistics in GraphPad
InStat version 3.06. Ratio frequencies were also analyzed
using contingency tables and Chi-square statistics in Graph-
Pad InStat.

The statistical analysis of the ROS production differences in
the mutated NCF1 construct against nonmutated NCF1 was
performed using the Mann Whitney test with GraphPad
Prism version 4.03.
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