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BACKGROUND & AIMS: The colitis observed in patients with
very early onset inflammatory bowel disease (VEOIBD;
defined as onset of disease at younger than 6 years of age)
often resembles that of chronic granulomatous disease (CGD)
in extent and features of colonic inflammation observed by
endoscopy and histology. CGD is a severe immunodeficiency
caused by defects in the genes that encode components of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase complex. We investigated whether variants in genes that
encode NADPH oxidase components affect susceptibility to
VEOIBD using independent approaches. METHODS: We per-
formed targeted exome sequencing of genes that encode
components of NADPH oxidases (cytochrome b light chain and
encodes p22phox protein; cytochrome b-245 or NADPH oxi-
dase 2, and encodes Nox2 or gp91phox; neutrophil cytosol
factor 1 and encodes p47 phox protein; neutrophil cytosol
factor 2 and encodes p67 phox protein; neutrophil cytosol
factor 4 and encodes p40 phox protein; and Ras-related C3
botulinum toxin substrate 1 and 2) in 122 patients with
VEOIBD diagnosed at The Hospital for Sick Children, Univer-
sity of Toronto, from 1994 through 2012. Gene variants were
validated in an independent International Early Onset Pedi-
atric IBD Cohort Study cohort of patients with VEOIBD. In a
second approach, we examined Tag single nucleotide poly-
morphisms in a subset of patients with VEOIBD in which the
NOX2 NADPH oxidase genes sequence had been previously
analyzed. We then looked for single nucleotide poly-
morphisms associated with the disease in an independent
International Early Onset Pediatric IBD Cohort Study cohort of
patients. We analyzed the functional effects of variants asso-
ciated with VEOIBD. RESULTS: Targeted exome sequencing
and Tag single nucleotide polymorphism genotyping identified
11 variants associated with VEOIBD; the majority of patients
were heterozygous for these variants. Expression of these
variants in cells either reduced oxidative burst or altered in-
teractions among proteins in the NADPH oxidase complex.
Variants in the noncoding regulatory and splicing elements
resulted in reduced levels of proteins, or expression of altered
forms of the proteins, in blood cells from VEOIBD patients.
CONCLUSIONS: We found that VEOIBD patients carry het-
erozygous functional hypomorphic variants in components of
the NOX2 NADPH oxidase complex. These do not cause overt
immunodeficiency, but instead determine susceptibility to
VEOIBD. Specific approaches might be developed to treat in-
dividual patients based on their genetic variant.
Keywords: VEOIBD; CGD; Genetics; Phagocytes.

hronic granulomatous disease (CGD) is a severe im-
Cmunodeficiency caused by genetic defects in compo-
nents of the NOX2 nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase complex (Figure 1). The muta-
tions identified in the NADPH oxidase gene in CGD patients
mostly result in the complete loss of phagocytes’ ability to
mount the sufficient respiratory burst required to kill in-
vading pathogens, leading to a severe immunodeficiencywith
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Figure 1. Functional vari-
ants in the NADPH oxidase
genes in VEOIBD andCGD.
(A) Direct-exon sequencing
of VEOIBD yielded a num-
ber of novel and rare vari-
ants with changes in
function and resulting al-
tered NADPH oxidase
complex activity. A da-
maging G364R variant of
gp91phox was found near
the FAD-binding domain. In
addition, a R90H variant in
the PI(3,4)P2-binding do-
main of p47phox, which was
previously shown to result
in reduced ROS produc-
tion, was found in a subset
of patients. p67phox was
shown to have many func-
tional coding variants,most
notably in protein–protein
binding; these were R38Q,
H389Q, N419I, andG501R,
decreasing binding to
Rac2, Vav1, p40phox, and
p47phox, respectively. R30
8Q, a rare variant in the PB1
domain of p40phox, was
shown to reduce binding to
p67phox. Lastly, 2 non-
coding variants were found
to reduce protein expres-
sion of Rac2 and p22phox.
(B) Representation of
NADPH oxidase genes
variants found in VEOIBD
(purple star) and mutations
in CGD (red circle).
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recurrent infections.1,2 Interestingly, up to 40% of CGD pa-
tients develop intestinal inflammation that is very similar to
the colitis observed in inflammatory bowel disease (IBD)
patients.3–5 Very early onset inflammatory bowel disease
(VEOIBD) is defined as disease onset before 6 years of age6,7

and has increased in incidence dramatically during the past
decade.8 It primarily affects the colon,1,2 and the disease
extent and location and endoscopic and histologic
appearance of the colonic inflammation often resembles the
colonic disease observed in CGD.

Recent large-scale genetic studies have identified >160
genetic loci that affect risk of developing IBD.9–11 However,
the causal genes in the loci, the mechanisms by which these
variants contribute to IBD pathogenesis, and the influence
on specific IBD phenotypes, are mostly unclear. Common
single nucleotide polymorphisms (SNPs) in the NADPH
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oxidase complex are associated with adult-onset IBD,
including neutrophil cytosol factor 4 and encodes p40 phox

protein (NCF4)12–14 and Ras-related C3 botulinum toxin
substrate 1 and 2 (RAC1 and 2).12,15 Additionally, in a recent
study,12 a novel variant of p67phox (encoded by neutrophil
cytosol factor 2 and encodes p67 phox protein [NCF2]) that
reduced binding to RAC2 was uniquely associated with
VEOIBD.12 Therefore, we investigated the role of these
NADPH oxidase genes in VEOIBD through Tag SNP geno-
typing and targeted exome sequencing and identified func-
tional variants that reduced oxidative burst, altered NADPH
oxidase complex protein–protein interaction, or decreased
gene expression. Overall, our study revealed that functional
variants in the NOX2 NADPH oxidase complex genes that do
not cause an overt immunodeficiency are associated with
VEOIBD susceptibility.

Methods
All results are presented according to the Strengthening the

Reporting of Genetic Associations guidelines.16 Two comple-
mentary approaches were carried out to define the genetic
association of the NADPH oxidase genes (cytochrome b light
chain and encodes p22phox protein [CYBA], cytochrome b-245
or NADPH oxidase 2 and encodes Nox2 or gp91phox [CYBB],
NCF1, NCF2, NCF4, RAC1, RAC2) with VEOIBD (illustrated in
Figure 2). The first approach used targeted exome sequencing
of the NADPH oxidase gene in a cohort of VEOIBD patients and
validated in a replication cohort. The second approach was to
analyze a subset of VEOIBD patients previously genotyped for
Tag SNPs covering the NADPH oxidase genes and to replicate
associated variants in an independent VEOIBD cohort.

Study Design
Targeted Exome Sequencing. One hundred and

twenty-two VEOIBD patients were sequenced using targeted
enrichment of the exon-coding for the NADPH oxidase genes
(CYBA, CYBB, NCF1, NCF2, NCF4, RAC1, RAC2) using Agilent
SureSelect target enrichment and sequenced on the Illumina
HiSeq 2000/2500 with exon primer and sequencing protocols
designed by the Beckman Coulter Genomics (http://www.
beckmangenomics.com/) as described previously17 (Figure 2).
Sanger sequencing and Taqman sequencing were used to verify
all genetic variants and SNPs identified in the NADPH oxidase
genes at The Centre for Applied Genomic (TCAG; http://www.
tcag.ca). A validation cohort of 480 healthy controls and the
replication cohort consisting of 164 VEOIBD patients and 980
healthy control individuals genotyped using Taqman at the
Centre for Applied Genomics, The Hospital for Sick Children, as
described previously.12,15

Tagged Single Nucleotide Polymorphisms
Genotyping. In order to examine intronic variants not
covered in the targeted exome sequencing approach (Figure 2),
a VEOIBD subset of patients identified in a previous NADPH
oxidase gene Tag SNP study were examined for association
with VEOIBD. Briefly, 72 Tag SNPs in the NADPH oxidase genes
(4 in CYBA, 6 in CYBB, 14 in NCF2, 20 in NCF4, 10 in RAC1, and
18 in RAC2) were selected from the International HapMap
Project (www.hapmap.org) phase II, data release 23a (with a
minor allele frequency >1%) as part of an Illumina Goldengate
Custom Chip, as described previously.12,15 From that study, 159
VEOIBD patients were identified and compared with 913
healthy controls. SNPs associated with VEOIBD were replicated
in a cohort consisting of 633 subjects (153 VEOIBD patients
and 480 healthy controls) using Taqman at the Centre for
Applied Genomics, The Hospital for Sick Children.

Analysis. Single nucleotide and insertion/deletion vari-
ants identified by either targeted exome sequencing or Tag SNP
genotyping were validated by Sanger sequencing. Function and
minor allelic frequency were searched for using National Heart,
Lung and Blood Institute Exome Sequencing Project Exome
Variant Server (http://evs.gs.washington.edu/EVS/),18 National
Center for Biotechnology Information dbSNP (http://www.
Figure 2. Flow chart of
genetic studies.

http://www.beckmangenomics.com/
http://www.beckmangenomics.com/
http://www.tcag.ca
http://www.tcag.ca
http://www.hapmap.org
http://evs.gs.washington.edu/EVS/
http://www.ncbi.nlm.nih.gov/projects/SNP/


September 2014 VEOIBD and the NOX2 NADPH Oxidase Genes 683

BA
SI
C
AN

D
TR

AN
SL
AT

IO
NA

L
AT
ncbi.nlm.nih.gov/projects/SNP/),19 National Institute of Envi-
ronmental Health Sciences FuncPred (http://snpinfo.niehs.nih.
gov/snpinfo/snpfunc.htm),20 Polyphen2 (http://genetics.bwh.
harvard.edu/pph2/),21 SIFT (http://sift.jcvi.org/),22 FastSNP
(http://fastsnp.ibms.sinica.edu.tw/),23 Human Splicing Finder
(http://www.umd.be/HSF/),24 and pfSNP (http://pfs.nus.edu.
sg/).25

Setting. Patients included in the study were recruited
from the Inflammatory Bowel Disease Centre at The Hospital
for Sick Children, University of Toronto, and were diagnosed
with VEOIBD between the years 1994 and 2012, with a
confirmed diagnosis before 6 years of age (definition based on
our recent modification4 to the Paris classification26). All pa-
tients were found to have typical IBD without any clinical,
histologic, or biochemical evidence of immunodeficiency.

Patients did not have evidence of chronic granulomatous
disease (CGD). CGD is caused by mutations in any 1 of 5 genes,
including X-linked CGD caused by mutation in the gene
encoding p91-phox (CYBB; 300481); autosomal recessive cy-
tochrome b-negative CGD (233690), caused by mutations in the
CYBA gene (608508); autosomal recessive cytochrome
b–positive CGD type I (233700), caused by mutation in the
NCF1 gene (608512); autosomal recessive cytochrome
b–positive CGD II (608515), caused by mutation in the NCF2
gene (608515); and autosomal recessive cytochrome
b–positive CGD type III (613960), caused by mutation in the
NCF4 gene (601488) (OMIM: http://www.omim.org/entry/
306400). VEOIBD patients did not have CGD as clinically, bio-
chemically, or genetically defined, with no previously described
disease causing CGD mutation for either X-lined or 2 CGD
mutations for autosomal recessive disease, no atypical or
chronic infection, and no diagnostically deficient neutrophil
burst as measured by nitroblue tetrazolium (NBT) or dihy-
drorhodamine. Therefore, these VEOIBD patients do not have
CGD and would not require prophylactic antibiotics or other
CGD specific treatments.

Participants. This was a cohort study that examined the
genetics of VEOIBD patients. All VEOIBD subjects were
recruited from The Hospital for Sick Children, Toronto, Canada,
and had a confirmed diagnosis of IBD before 6 years of age,
based on our recent modification4 to the Paris classification,26

and were therefore classified as VEOIBD.4 Patients with a
known immunodeficiency, including CGD, were excluded from
the study. Phenotypic information and DNA samples were ob-
tained from study subjects with approval of the Institutional
Review Ethics Board for IBD genetic studies at The Hospital for
Sick Children in Toronto. Replication cohorts had Ethics Board
approval for genetic and phenotypic studies at the individual
institutions. Written informed consent was obtained from all
participants. The healthy controls were obtained from the
Centre for Applied Genomics (Ontario Population Genomics
Platform; plates used: 1–15; a complete description of this
control population can be found at http://www.tcag.ca/cyto_
population_control_DNA.html).

To conduct systematic quality control on the raw geno-
typing data, we examined SNPs genotyped for the initial cohort
only as reported previously.12,15 No SNP deviated significantly
from Hardy-Weinberg Equilibrium in the controls (P < .001).
The pediatric and healthy control cohorts along with strict
quality-control measures were carried out as described previ-
ously for this cohort.12,27
Variables
Constructs and Antibodies. Myc-tagged human

p67phox complementary DNA was cloned into the pCDNA3
vector (Invitrogen, Carlsbad, CA), as described previously12;
green fluorescent protein (GFP)–tagged human p40phox com-
plementary DNA was obtained from the laboratory of Dr John
Brumell and GFP-tagged human p47phox complementary DNA
was obtained from OriGene (pCMV6-AC-GFP, RG201233). Mu-
tations in N419I and G501R of p67phox and in R308Q of p40phox

were generated by site-directed mutagenesis using the
QuikChange II Site-Directed Mutagenesis Kit according to
manufacturer’s instructions. All construct sequences were
verified using Sanger sequencing. For Western blot analysis,
primary antibodies used were mouse monoclonal anti-Myc
(Millipore, Billerica, MA), mouse monoclonal anti-GFP (Medi-
mabs, Mont Royal, Canada), and polyclonal p47phox (R360,
rabbit; from the laboratory of Dr John Brumell). Secondary
antibodies used were goat anti-mouse horseradish peroxidase.
Enhanced chemoluminescence (Pierce, Rockford, IL) was used
to visualize protein bands.

Transient Transfection. HEK293T cells were main-
tained in Dulbecco’s modified Eagle medium containing 10%
heat-inactivated fetal bovine serum and antibiotic-antimycotic
(Sigma, St Louis, MO) at 37�C in a 5% CO2 humidified incu-
bator. Approximately 1.5 � 106 cells were plated per 100-mm
tissue culture dish and grown overnight to achieve 60%–70%
confluence. The following day, cells were cotransfected with
plasmids containing p67phox, p47phox, or p40phox comple-
mentary DNA using the calcium phosphate transient trans-
fection method according to manufacturer’s instructions. Six
hours post transfection, the media was replaced with normal
tissue culture media. Twenty-four hours post transfection, cells
were lysed using standard protein lysis.
Coimmunoprecipitation Studies
Cells lysates were incubated with 2 mg anti-Myc (Millipore)

or anti-GFP (Medimabs) antibody for 1 hour at 4�C. Forty mi-
croliters of Protein G-agarose (50% mixture) (Sigma) was
added to this antibody-lysate solution and incubated for an
additional hour at 4�C. The beads were isolated by centrifu-
gation and washed 4 times with lysis buffer. For Western blot
analysis, beads were boiled at 95�C for 5 minutes in 5� sodium
dodecyl sulfate sample buffer, centrifuged, and then loaded into
the gel. All densitometry measurements to indicate protein
expression were measured using ImageJ software. Electronic
images of Western blots were analyzed; band intensity levels of
binding partners, as measured by ImageJ, were normalized to
that of the immunoprecipitated protein.

Nitroblue Tetrazolium. Venous blood was collected in
potassium-EDTA tubes where polymorphonuclear cells were iso-
lated and purified using PolymorphPrep (CosmoBio USA, Carls-
bad, CA), according to the manufacturer’s instructions. The NBT
colorimetric assay was performed by aliquoting 1.5 � 106 poly-
morphonuclear cells per well of a 24-well plate in 500 mL Hank’s
Balanced Salt Solution. Cells were allowed to adhere at 37�C for
30 minutes. Media were replaced with medium with each stim-
ulant: phorbol myristate acetate A (P8139, 1 mM; Sigma), Zymosan
A (Z4250, 20 mg/mL; Sigma), and diphenyleneiodonium chloride
(D2926, 10 mM; Sigma). Three hundred microliters of NBT solu-
tion (Sigma; N5514, 10-mg tablet suspended in Hank’s Balanced

http://www.ncbi.nlm.nih.gov/projects/SNP/
http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm
http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://fastsnp.ibms.sinica.edu.tw/
http://www.umd.be/HSF/
http://pfs.nus.edu.sg/
http://pfs.nus.edu.sg/
http://www.omim.org/entry/306400
http://www.omim.org/entry/306400
http://www.tcag.ca/cyto_population_control_DNA.html
http://www.tcag.ca/cyto_population_control_DNA.html
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Salt Solution at 1 mg/mL) was added and the total mixture was
incubated at 37�C in 5% CO2 humidified incubator for 30 minutes.
Cells were washed and fixed in 2.5% paraformaldehyde fixative
and then lysed and solubilized in 240 uL 2M KOH and 280 uL
dimethyl sulfoxide. Absorbance was then measured at 570 nm.

Data Sources Measurement. Phenotypic information
and DNA samples were obtained from study subjects with
approval of the Institutional Review Ethics Board for IBD
genetic studies at The Hospital for Sick Children in Toronto.
Replication cohorts had Ethics Board approval for genetic and
phenotypic studies at the individual institutions. Written
informed consent was obtained from all participants. The
affected subjects were recruited from International Early Onset
Pediatric IBD Cohort Study sites and healthy controls were
obtained from the Centre for Applied Genomics.

Statistical Methods
Association analyses of the discovery and replication co-

horts were used to test associations of the NADPH oxidase SNPs
and variants with VEOIBD, very early onset Crohn’s disease,
and very early onset ulcerative colitis (VEOUC) vs healthy
controls. Logistic regression analysis was applied for an addi-
tive model and Pearson c2 tests were applied for dominant and
recessive models. This analysis was done using the Goldenhelix
(SVS 7.6.4) program. The combined cohort was analyzed using
the same protocol with pooled population data from both
cohorts. For densitometry measurement statistics, the Bonfer-
roni post-test was used with n ¼ 3, with each full experiment
representing 3 triplicate experiments.

Results
Targeted Exome Sequencing

To capture rare and novel variants, we carried out tar-
geted exome sequencing of the NADPH oxidase genes (CYBA,
CYBB, NCF1, NCF2, NCF4, RAC1, RAC2; Figure 1) in 122
VEOIBD patients without any clinical or laboratory evidence
of CGD (as described in Methods and reported according to
the Strengthening the Reporting of Genetic Associations
guidelines16). All identified NADPH oxidase mutations were
heterozygous and validated using both Sanger sequencing
and Taqman and compared with 480 healthy control in-
dividuals and replicated in an independent replication cohort.

We first examined 3 SNPs that were associated with
VEOIBD in the targeted exome sequencing discovery cohort
and in the combined analysis (Table 1 and Figure 3). This
included an intronic RAC1 SNP (rs35761891) conferring a
stronger GATA-1 transcription-factor binding site that was
associated with both VEOIBD and VEOUC. An exonic NCF2
SNP (rs35012521) resulting in p67phox N419I variant was
associated with VEOUC (Pcombined ¼ 6.89 � 10�3; odds
ratio ¼ 4.3; 95% confidence interval: 1.4–13). And a pro-
moter SNP in CYBA (rs72550704) causing a loss of an
SP1 transcription factor binding site23 implicated in up-
regulation of gene expression28 was associated with very
early onset Crohn’s disease (Pcombined ¼ 4.54 � 10�5; odds
ratio ¼ 5.8; 95% confidence interval: 2.2–15).

InourVEOIBDdiscovery targetedexomesequencing cohort,
we also identified 8 variants (5 SNPs and 3 novel variants)
predicted to result in NADPH oxidase complex dysfunction that



Figure 3. Forest plot of
NADPH oxidase SNP
associated with VEOIBD.
Forest plot of the odds
ratios of associated vari-
ants with VEOIBD pheno-
types. For each variant,
the effect allele (EA), minor
allele frequency (MAF), P
value, and odds ratio with
the 95% confidence inter-
val is shown.
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were not observed in the 1560 genotyped healthy controls
(Table 2 and Figure 3). This included a coding R90H p47phox

variant (encoded by NCF1; rs3447) that was previously shown
by Olsson et al in rheumatoid arthritis patients to significantly
decrease reactive oxygen species (ROS) production.29 In addi-
tion, an NCF2 SNP (rs17849502) resulting in a p67phox H389Q
variant previously associated with systemic lupus erythema-
tosus,30 was found in 14 VEOIBD patients. This p67phox H389Q
variant was previously shown to reduce ROS production and
was suggested to reduce p67phox binding to VAV1, an important
process for FcyR-dependent ROS production.30

Tagged Single Nucleotide Polymorphism
Genotyping

In order to examine intronic SNPs not identified in the
targeted exome sequencing approach, a subanalysis exam-
ining a subset of VEOIBD previously genotyped for Tagged
Table 2.SNPs and Novel Variants Identified by Targeted Exom

Gene (protein)
Amino acid change,

SNP name Protein domain

CYBB (gp91phox) G364R,
rs141756032

Ferric reductase

NCF1 (p47phox) R90H,
rs13447

PX domain

NCF2 (p67phox) R38Q,
rs147415774

TPR1 domain

NCF2 (p67phox) H389Q,
rs17849502

PB1 domain

NCF2 (p67phox) G501R,
Novel

Between PPR
and SH3 2 domains

NCF2 (p67phox) P454S,
rs55761650

Exon 15

NCF4 (p40phox) R308Q,
rs141160114

PB1 domain

RAC2 (RAC2) Noncoding
chromosome

22, 37627176, (C/T)

Intron 5

hnRNP, heterogeneous nuclear ribonucleoproteins; MAF, minor
aPopulation frequencies refer to data collected by National Hear
Variant Server18 (http://evs.gs.washington.edu/EVS/), limited to
NADPH oxidase SNPs12 was carried out. We found novel
associations with 2 RAC2 SNPs (rs1476002 and rs1476002),
an NCF4 SNP (rs18813313), and an RAC1 SNP
(rs10951982) (Table 3 and Figure 3). In the combined
analysis, all SNPs remained associated with VEOIBD and
rs1476002 had the strongest association with VEOUC
(Precessive ¼ 7.77 � 10�7; odds ratio ¼ 7.0; 95% confidence
interval: 2.9–17), suggesting the importance of the RAC2 in
VEOUC susceptibility.

Functional Studies
Next we determined if the identified coding variants had

abnormal NADPH oxidase functions. First, we examined the
NCF2 variant (rs35012521) that resulted in a p67phox N419I
amino acid change in the PB1 domain. When transfected
into HEK 293T cells, on coimmunoprecipitation (Figure 4A),
the N419I variant located in the PB1 domain showed
e Sequencing

MAFa
VEOIBD patients
(n ¼ 122), n (%) Defect

0.005% (males) 1 (0.8) Predicted damaging21

5.5%30 12 (9.8) Reduces ROS production30

Novel, no data 1112 (9.0) Reduces binding to
Rac212

5.0% 14 (11.5) Reduces binding to Vav131

Novel, no data 1 (0.8) Predicted damaging21

decrease in p47phox

binding
0.008% 1 (0.8) Exonic splicing enhancer

site lost23

0.0001% 1 (0.8) Predicted damaging21

decrease in p67phox binding
Novel, no data 1 (0.8) hnRNP A1 site gain24

splicing dysregulation

allele frequency.
t, Lung and Blood Institute Exome Sequencing Project Exome
European Americans.
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reduced binding to p40phox (encoded by NCF4) compared
with the wild-type p67phox, suggesting the importance of
p40phox mediated regulation of p67phox in the formation of
the NADPH complex (Figure 1).

Similar to NCF2 variants, the R308Q p40phox (encoded by
NCF4) variant (rs147415774) also located in the PB1
domain responsible for p40phox�p67phox binding, showed
similarly reduced binding to p67phox (encoded by NCF2),
further supporting the importance of this interaction in
proper NADPH complex formation (Figure 4A). Finally, the
G501R p67phox (encoded by NCF2) novel variant was
located in the SH3 domain, which is responsible for inter-
action with p47phox, was found in 1 patient from the tar-
geted exome sequencing discover cohort. We found that
the G501R p67pho variant reduced binding between
p47phox�p67phox (Figure 4B), demonstrating the overall
importance of protein–protein interactions in NADPH com-
plex formation in VEOIBD (Figure 1).

In addition to protein-binding defects, we also identified
variants in the noncoding regulatory and splicing elements of
the NADPH oxidase genes in a number of VEOIBD patients.
The CYBA (encoding p22phox) variant (rs72550704) that was
found to be associated with very early onset Crohn’s disease
resulted in a loss of an SP1 binding site.23 This variant was
found to reduce p22phox protein expression in Patient 1 (a
heterozygous carry of the variant), who also had reduced
ROS production (Supplementary Table 1 and Supplementary
Figure 1A), although it was not directly shown that the
reduction in p22phox protein expression resulted in subse-
quent ROS reduction. In this particular case, both the patient
and mother carried the functional variant and therefore other
genetic or environmental factors must also play a role in
susceptibility to disease.

In addition, a novel variant in RAC2 (chromosome 22,
37627176 [C/T]) that was predicted to alter splicing regu-
lation of RAC2 through the addition of a heterogeneous
nuclear ribonucleoprotein A1 site was also identified in a
patient who developed steroid-dependent colitis (a hetero-
zygous carry of the variant). We determined that this novel
intronic variant in RAC2 led to the 5 new alternative splicing
forms of the RAC2 messenger RNA (Supplementary
Figure 1B, C), resulting in loss of exons and truncations
that were not seen in control samples lacking this variant.
Overall, these altered splicing forms resulted in decreased
RAC2 protein expression, as seen in Western blot analysis
(Supplementary Figure 1B).
Variants That Result in Reduced Reactive Oxygen
Species Production

To determine if the NADPH oxidase variants resulted in
functional defects, we retrospectively examined clinical
NADPH oxidase ROS production and identified only 5 of the
122 targeted exome sequencing VEOIBD patients who had
previous ROS measured by NBT for clinical purposes. The 5
patients with identified NADPH oxidase variants all had
reduced ROS production, although within normal limits
(Table 3). Four patients had heterozygous NADPH oxidase
variants and 1 patient (Patient 4) had compound



Figure 4. Functional studies of rare and private mutation in the NADPH oxidase genes associated with VEOIBD. (A) HEK293T
cells were cotransfected with wild-type and variant p67phox-myc and p40phox-GFP constructs (p67phox-WT, p67phox-N419I,
p40phox-WT, and p40phox-R308Q) p40phox-GFP was immunoprecipitated from cell lysates using anti-GFP primary antibody.
Levels of p67phox-myc bound to p40phox-GFP were determined by Western blot using anti-myc antibodies. Densitometry of
immunoprecipitated p67phox-myc was normalized to total levels of immunoprecipitated p40phox-GFP. n ¼ 3 experimental
replicates; ***P < .05 as calculated by the Bonferroni post-test. (B) HEK293T cells were cotransfected with wild-type and
variant p67phox-myc and p47phox-GFP constructs (p67phox-WT, p67phox-G501R and p40phox-WT) p67phox-myc was immu-
noprecipitated from cell lysates using anti-myc primary antibody. Levels of p47phox-GFP bound to p67phox-myc were deter-
mined by Western blot using anti-GFP. Densitometry of immunoprecipitated p47phox-GFP was normalized to total levels of
immunoprecipitated p67phox-myc. n ¼ 3 experimental replicates; ***P < .05 as calculated by the Bonferroni post-test.
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heterozygous NCF2 variants (encoding p67phox H389Q and
N419I) and was diagnosed at 2 years of age with VEOIBD. In
this patient, known NADPH oxidase–derived ROS-dependent
functions,31 including colorimetric NBT and interleukin-8–
and N-formyl-methionine-leucine-phenylalanine–induced
chemotaxis, were impaired (data not shown).

Discussion
Overall, through targeted exome sequencing, we identi-

fied heterozygous SNPs and novel variants in the NADPH
oxidase complex genes in VEOIBD patients with either
impaired ROS production, reduced protein binding, or
reduced gene expression. CGD is an X-linked or autosomal
recessive disease in which the vast majority of mutations
are found in NOX2 (Figure 1B), and almost all identified
mutations are associated with markedly reduced, or
absence of, the protein expression, or rare missense variants
that result in profound or complete disruption of enzyme
activity. In contrast, only one NOX2 variant was identified in
VEOIBD patients, and the majority of those variants identi-
fied in the NADPH oxidase genes occurred in binding
domains of the cytosolic components of the complex
(p40phox�p67phox�p47phox; Figure 1A and B) that are
uncommonly found in CGD (Figure 1B).

It has been previously observed that defective binding
between 2 NADPH oxidase complex proteins can alter other
protein–protein interactions in the complex, as illustrated by a
study demonstrating that defective p67phox binding to RAC2
also reduced binding between p67phox�NOX2.32 Therefore,
we suggest that the NADPH oxidase variants identified in
VEOIBD patients that reduce protein–protein interactions
might also limit or delay complex formation, leading to
reduced ROS production without the complete loss of function
observed in CGD. Overall, these studies suggest that impaired
NADPH oxidase assembly at the membrane can be a critical
step in the development of colitis in these young patients.

Although these VEOIBD patients share similarities with
the colonic inflammation observed in CGD patients, the
VEOIBD patients described here had heterozygous variants
in the autosomal genes of the NADPH oxidase complex and a
small number of patients studied had low-normal ROS
production, with a minimum of 10% of normal ROS
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production. Therefore, these VEOIBD patients did not have
CGD or suffer from chronic infection or multisystemic dis-
ease associated with CGD. Female carriers of X-linked CGD
with pronounced X-linked inactivation (lyonization) who
have only 10% of normal ROS production do not develop
CGD.33 This also suggests that the levels of ROS production
observed in VEOIBD patients with NADPH oxidase variants
are above the threshold of ROS production observed in CGD
and, therefore, result in susceptibility to VEOIBD and not
immunodeficiency. However, the majority of VEOUC pa-
tients with identified functional variants in the NADPH ox-
idase pathway had left-sided disease, which is the
predominant location of the colitis observed in CGD pa-
tients,7,8 as opposed to the pancolitis, which is more
commonly observed in VEOIBD34 (Supplementary Table 2).
Therefore, these studies also suggest that hypomorphic
NADPH oxidase functional variants increase the risk for
developing VEOIBD and the colonic inflammation is similar
to that seen in the more severe immunodeficiency CGD.

Growing evidence suggests the importance of defective
innate immunity in IBD pathogenesis,35–37 including defec-
tive neutrophil functions, such as reduced superoxide pro-
duction,38 decreased recruitment,39 and impaired monocyte
functions.35 Primary immunodeficiencies (PIDs), including
CGD, are typically characterized by pediatric onset,35 and this
might explain the higher degree of association of functional
NADPH oxidase genes variants observed in our VEOIBD
cohorts. The role of PID genes in VEOIBD is exemplified in
infants who develop colitis before 1 year of age (infantile
VEOIBD), where mutations in IL10RA/B were found in pa-
tientswith a distinct phenotype of severe colitis with perianal
disease and folliculitis17,40 and, more recently, mutations in
TTC7A in infantile VEOIBD patients with apoptotic entero-
colitis.41 Similar to the results presented here, variants in
IL10RA have been found in higher prevalence in VEOUC
without evidence of PID,17 suggesting that hypomorphic
variants in PID genes that do not result in overt immunode-
ficiency can result in susceptibility to VEOIBD.

Interestingly, mirroring the binding defects described
here in VEOIBD, changes in the assembly of the NADPH
oxidase complex have been implicated in Mendelian sus-
ceptibility to mycobacterial disease (MSMD), resulting in
selectively reduced oxidative burst in macrophages.42

MSMD is a disease in which patients cannot mount resis-
tance to mild strains of mycobacterial microbes and,
although traditionally defective mutations in NOX2 (encoded
by CYBB) cause CGD, in a rare MSMD case, 2 functional
coding variants of NOX2 resulted in a decrease in
macrophage-specific NADPH oxidase complex formation.42

This further suggests the importance of NADPH oxidase
gene variants in diseases less severe than CGD. In addition,
p47phox (encoded by NCF1) has been genetically linked with
rheumatoid arthritis through genetic association as well as
animal model studies.29,43 In addition, the H389Q coding
variant of p67phox (encoded by NCF2), also identified in this
study, was recently associated with systemic lupus erythe-
matosus.30 These studies suggest that mutations in NOX2
results in immunodeficiency (CGD or MSMD), and functional
variants in other components of the NADPH oxidase
complex contribute to susceptibility to immune-related
diseases, including a significant role in the development of
VEOIBD in a large cohort.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/j.
gastro.2014.06.005.
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Supplementary Figure 1. Functional variants conferring decreased NADPH oxidase gene expression. (A) Densitometry of
Western blot of p22phox variant (encoded by CYBA; SNP rs72550704), which was associated with Crohn’s disease diagnosis
at younger than the age of 6 years and resulted in lower p22phox expression. Both the patient and her mother were hetero-
zygous for this variant. (B) Densitometry of Western blot of Rac2 for a novel variant gaining an intronic heterogeneous nuclear
ribonucleoprotein (hnRNP) A1 (noncoding chromosome 22, 37627176 [C/T]) disrupting splicing regulation, which decreased
overall expression levels. (C) Splicing variants of the RAC2 gene for the novel variant found in a single patient conferring a gain
of an intronic hnRNP A1 site, disrupting splicing regulation. To assess for RAC2 splicing changes, patient and healthy control
messenger RNA (approximately 1 ug) were reverse transcribed (random decamers [5 uM], 1� RT buffer, deoxynucleoside
triphosphate solution [0.5 mM], RNase inhibitor [10 U], and reverse transcriptase [100 U]) by incubating the solution at 44�C for
1 hour and then inactivated at 92�C for 10 minutes. Thereafter, complementary DNA was amplified by polymerase chain
reaction (PCR) using primers specific to RAC2 and then visualized on a 1% agarose gel. PCR products were cloned into
plasmids using the CloneJET PCR Cloning Kit, as per manufacturer’s instructions, before sending to sequencing. (C) RAC2
splice variants complementary DNA: variant 1: deleted parts of exon 3–7 (244–294, 1146–1439); variant 2: deleted part of exon
7 (244–294, 1146–1439); variant 3: deleted parts of exons 3–7 (244–300, 1050–1439); variant 4: deleted part of Exon 7
(445–809, 1275–1439); and variant 5: deleted parts of exons 5 and 6 (244–534, 1052–1439).
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Supplementary Table 1.NADPH Oxidase Variants Found in Patients With Low-Normal ROS Production

Patient no./NOBI SNP Gene (protein)
Heterozygous variant/

functional defect Clinical features

1/14.7 and 19.1 on
2 occasions

rs72550704 CYBA
(p22phox)

Promoter variant
reduces p22phox expression

Dx at age 3 years with pancolitis VEOIBD

2/34 rs13447 NCF1
(p47phox)

R90H
PX domain
reduces ROS production in

transfected COS cells30

Dx at age 19 months with pancolitis VEOIBD

3/40 and 53 on
2 occasions

rs147415774 NCF2
(p67phox)

R38Q
reduces binding to Rac212

Dx at age 9 months with pancolitis VEOIBD

4/53 rs17849502 NCF2
(p67phox)

H389Q
reduces binding to Vav131

Dx at age 2 years with pancolitis VEOIBD
Loop ileostomy at age 6 years and end

ileostomy at age 10
rs35012521 NCF2

(p67phox)
N419I
reduces binding to NCF4

5/48 rs35761891 RAC1
(RAC1)

GATA binding site lost Dx at age 6 years with pancolitis VEOIBD

Dx, diagnosis; NOBI, neutrophil oxidative burst index (NOBI was carried out at The Hospital for Sick Children diagnostic
laboratory. Normal value defined as 32 to 300); COS, CV-1 (simian) in Origin.

Supplementary Table 2.Association of Presence of Functional Variants Found in the Targeted Exome Sequencing Project
With Crohn’s Disease and Ulcerative Colitis Disease Locations

Paris classification category
Phenotype

present or absent
Without functional

variant, n
With functional

variant, n OR (95% CI) P value

L1: isolated ileal disease Absent 52 25 1.30 (0.39–4.38) .75
Present 8 5

L2: colonic disease Absent 15 12 0.49 (0.19–1.25) .14
Present 46 18

L3: ileocolonic disease Absent 57 27 1.03 (0.25–4.30) .68
Present 4 3

L4a: proximal to ligament of Treitz Absent 54 25 1.54 (0.45–5.34) .52
Present 7 5

L4b: distal to ligament of Treitz Absent 52 25 1.39 (0.44–4.326) .76
Present 9 6

E1: ulcerative proctitis Absent 65 28 NA .58
Present 2 0

E2: left-sided UC Absent 57 16 4.28 (1.56–11.69) .0047
Present 10 12

E3: extensive disease Absent 60 25 NA 1.00
Present 7 3

E4: pancolitis Absent 19 15 0.34 (0.138–0.85) .033
Present 48 13

CI, confidence interval; NA, not applicable; OR, odds ratio; UC, ulcerative colitis.
All disease locations are based on the Paris Classification systems with L1–L4b designating Crohn’s disease locations and
E1–E4 designating locations for ulcerative colitis. Association was tested based on absence compared with presence of
functional and rare variants listed in Tables 1 and 2 using a c2 association test.
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