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ABSTRACT

Chronic granulomatous disease (CGD) is a rare
inherited disorder of the innate immune system
characterized by severe recurrent bacterial and
fungal infections. The syndrome is caused by
mutation in any of the five genes coding for the
components of the NADPH oxidase complex. The
most common form of CGD (~69 % of cases)
is caused by mutations in the X-linked CYBB
gene and is often more severe than the autosomal
recessive forms that are caused by mutations in
CYBA, NCF-1, NCF-2 or NCF-4. The mutations
detected in CYBB, CYBA and NCF-2 are hetero-
geneous and often family-specific. In contrast, in
more than 94 % of patients with NCF-1 deficiency a
single mutation, a GT deletion (AGT) of a GT-GT
repeat in the start of exon 2, has been identified.
This predominance is caused by recombination
events involving NCF-1 and highly homologous
pseudogenes that co-localize to the same
chromosomal region. Here, we give a review of the
genetic background of chronic granulomatous
disease, describe an algorithm and suitable
methods for the molecular diagnosis and discuss
the problems one may encounter in the analysis.

KEYWORDS: CGD, CYBA, CYBB, NCF-1,
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INTRODUCTION

Chronic granulomatous disease (CGD) is a rare
inherited disorder of the innate immune system
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caused by a defect of the NADPH oxidase activity
in phagocytic cells, e.g. neutrophils, monocytes,
macrophages and eosinophils. Microorganisms
are phagocytosed normally but persist inside the
cells because the activity of the NADPH oxidase
is markedly diminished or completely absent
resulting in very low or no production of superoxide
and thereby its toxic derivatives which are important
for the killing of the invading microorganisms
[1, 2]. Therefore, CGD patients are susceptible to
severe recurrent infections at the body surfaces
e.g. the skin, the airways, the gut as well as the
lymph nodes by a broad spectrum of catalase-
positive bacteria and fungi [3]. The major clinical
manifestations of CGD are pyoderma, pneumonia,
inflammation of the gastrointestinal tract, lymph-
adenitis, liver abscess and osteomyelitis [4, 3, 5].
The incidence of CGD is in between 1/200 000
and 1/250 000 live-births [4].

The NADPH oxidase is a multicomponent system
composed of the transmembrane heterodimeric
flavocytochrome b558 composed of gp91phox
and p22phox and a cytosolic complex involving
p47phox, p67phox and p40phox [6, 7, 8, 9, 10, 11,
12, 13]. The activity of the complex is also
dependent on the participation of either of the low
molecular weight GTP-binding proteins rac 1 or
rac 2 [14, 13]. The activity of the complex is
spatially regulated as the cytosolic complex only
translocates to the membrane upon activation. The
active NADPH oxidase accepts electrons from
NADPH on the cytosolic side and donates them to
oxygen in the phagosome or extracellularily
thereby producing superoxide [12]. Superoxide
rapidly dismutates and forms hydrogen peroxide
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which again gives rise to other reactive oxygen
species (ROS). The components are encoded by
five genes: gp9lphox by X-linked CYBB,
p22phox by CYBA, p47phox by NCF-1, p67phox
by NCF-2 and p40phox by NCF-4 [9]. Mutations
in any of these genes result in CGD with two
thirds of cases caused by mutation in CYBB and
one third by mutations in any of the other four
genes [15, 16, 17, 18]. Similarly, a single patient
with a related immunodeficiency caused by a
defect in rac-2 has been described [1]. However,
the onset of symptoms, the age at diagnosis and
the severity of infections are very dependent on
the nature of the mutations and the resulting effect
on the function of the proteins. Patients with
mutation in the X-bound CYBB appear to have an
earlier onset and a more severe clinical phenotype
than patients with mutation in any of the
autosomal genes [4]. Furthermore, it has been
shown that the risk of immune-mediated
complications may also depend on mutations in
host-defense molecules like myeloperoxidase and
mannan binding lectin [19].

CYBB

An X-linked inheritance of CGD was proposed
already in 1967 due to the high relative incidence
of male patients [20]. In 1986, the gene for CYBB
was cloned and localised to Xp21.1 [21, 22] and
later, the protein product was shown to be the 90
kd gp91phox component of the flavocytochrome
b558 [8]. The CYBB gene is around 33.5 kb and
contains 13 exons [23, 24]. Mutations in CYBB
lead to reduced or no expression of gp91phox, and
thereby flavocytochrome b558. More than 358
different mutations causing CGD have been
described for CYBB [1, 25] and these mutations
often tend to be family-specific. The mutations
include 1) nucleotide changes in the promoter
region affecting the transcription of CYBB 2)
missense and nonsense mutations causing amino
acid changes and introduction of premature STOP
codons, respectively, 3) mutations in the splice
sites leading to the deletion of one or more exons
in the mRNA 4) small deletions or insertions
causing frame shifts and finally 5) large deletions
comprising one or more exons from the CYBB
gene [25, 16, 4; //bioinf.uta.fi/CYBBbase].

CYBA

The expression of flavocytochrome b558 is
missing in X-linked CGD as described above but
also in some patients with autosomal recessive
CGD. In 1990, the gene for CYBA was cloned and
localized to chromosome 16924 [26]. The gene
spans 8.5 kb and contains 6 exons that encode a
~600 bp open reading frame. Dinauer et al. (1990)
showed that the missing expression of
flavocytochrome b558 in 3 unrelated patients with
autosomal recessive CGD was caused by
mutations in CYBA. Since, 55 pathogenic allelic
mutations have been described for CYBA as well
as 12 clinically insignificant polymorphisms
[15, 27, 17]. These mutations seem to be
heterogeneous and tend to be family specific like
the mutations identified in CYBB. Approximately,
6 % of all reported CGD cases are accounted for
by mutations in CYBA [15]. However, the genetics
of CGD varies in different ethnic groups as the
number of mutations in CYBA is roughly equally
to mutations in CYBB in patients from Iran [28].

NCF-1

In 1989, Volpp et al. [29] isolated and determined
the sequence of the NCF-1 mRNA. Later, the
gene was localized to chromosome 7q11.23 [30].
The NCF-1 wildtype gene is around 16 kb from
ATG start codon to the polyadenylation signal and
contains 11 exons. A high proportion of the gene
consists of repetitive elements like SINE (short
interspersed elements) and ALU repeats [31].
Exon 6 and 7 code for SH3, and exon 8 and 9 for
SH3g, the regions interacting with p22phox and
p67phox, respectively [17]. Two pseudogenes
(wNCF-1) with over 98 % identity to wildtype
NCF-1 co-localize to chromosome 7¢g11.23 and
carry a reading frame shifting deletion of GT
(AGT) in a GT-GT repeat present in the start of
exon 2 in the functional gene. Besides this, only
5 exonic SNPs and 31 intronic differences
separate the pseudogenes from the functional gene
[31, 32]. The most common form of autosomal
recessive CGD is caused by mutation in NCF-1
and accounts for around 20 % of all reported CGD
cases [15]. In the group of patients with p47-phox
deficiency, the AGT deletion in NCF-1 has been
identified in more than 94 % of patients [1, 33]
and probably arises by recombination events
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between NCF-1 and wNCF-1 [34, 35]. The
existence of these highly homologous genes and
the fact that transcripts of both NCF-1 and
wNCF-1 are present in normal individuals [31]
make the identification of other mutations than
AGT in NCF-1 very difficult. This is further
complicated by data showing the existence of
wNCF-1 without the usual signature of AGT [36].
However, mutations besides AGT have been
described in NCF-1 [37, 38, 39, 40].

NCF-2

The large component, p67phox, of the cytosolic
part of the NADPH oxidase interacts with
p47phox, p40phox and rac-2 and is encoded by
NCF-2. In 1990, the cDNA for NCF-2 was cloned
[41] and the gene was localized to chromosome
1925 [30]. The NCF2 gene spans around 40 kb
and contains 16 exons [42]. Exons 2 to 4 encode
four 34-mer peptide repeats that form a scaffold
interacting with rac-2, whereas exons 13 to 14
and exons 15 to 16 encode the regions interacting
with p40phox and p47phox, respectively [17].
Around 54 different disease causing mutations
and 12 clinically insignificant polymorphisms
have been described for NCF-2 [17]. The
mutations are heterogeneous and often family-
specific like the mutations identified in CYBA and
CYBB. Mutation of NCF-2 is the rarest form of
autosomal recessive CGD and accounts for
approximately 5 % of all cases [15]. However, the
prevalence of NCF-2 mutant families is higher in
studies from Turkey, which is likely explained by
the high incidence of consanguineous marriages
[43].

NCF-4

In 1993, p40phox was identified as the third SH3-
containing protein in the activating cytosolic
part of the NADPH oxidase complex and a
1054 bp cDNA was cloned [9]. The NCF-4 gene
is localised on chromosome 22g13.1. The gene is
around 17 kb and includes 8 exons that encode a
protein of 339 amino acids [23]. The C-terminal
part of NCF-4 codes for the region binding to
p67phox [17]. A splice variant encoding a protein
of 348 amino acids has been identified where the
C-terminal residues 245-348 are different from
the known p40phox [44]. The function of the

isoform of p40-phox is unknown. The isoform does
not interact with p67-phox and it is only weakly
expressed in myeloid cells [44]. Only recently, the
first patient with a mutation in NCF-4 causing a
defect in the NADPH oxidase activity was
identified [18]. The patient is compound hetero-
zygous for a frame shift mutation causing a
premature stop codon on one allele and a missense
mutation (R105Q) on the other allele [18].

Molecular diagnosis of chronic granulomatous
disease

The molecular diagnosis of patients suspected for
CGD should start with a functional test for
NADPH oxidase activity in neutrophils and
monocytes. The nitroblue tetrazolium test (NBT)
is now gradually being replaced by the more
sensitive dihydrorhodamine (DHR) test in which
cells after uptake of dihydrorhodamine and
stimulation by phorbol myristate acetate (PMA)
oxidize the compound to the fluorochrome
rhodamine which may be quantified by flow
cytometry [45]. Oxidation requires hydrogen
peroxide produced by the NADPH oxidase, but
also peroxidases are needed and in case of a
negative result deficiency of myeloperoxidase
should be excluded [46]. Almost all CGD patients
will have no formation of rhodamine compared
with an unstimulated control, but a few patients
with autosomal recessive defects involving
missense mutations may have some oxidation, but
less than cells from normal controls [47]. Female
heterozygous carriers of a CYBB mutation will
show two populations - one with normal oxidation
and one without oxidation - due to lyonisation of
one of the X chromosomes. Usually the two
populations are about equal in size, but lyonisation
may be skewed and in rare situations CGD may
be precipitated in heterozygous females with a
very small fraction of normal phagocytes. Patients
with an abnormal DHR test should be tested
genetically to establish the diagnosis and to allow
for genetic counselling of the family. The
algorithm should consider the a priory likelihood
of mutations in the five genes as well as the
technical challenges associated with the detection
of them, especially the detection of non-AGT
mutations in NCF-1.



58

Marianne A. Jakobsen & Torben Barington

In the following, we present our current algorithm
for the genetic workout. This consists of a fragment
analysis, PCR and sequencing of the relevant
genes. The fragment analysis has previously been
described [40]. PCR and sequencing primers are
listed in Tables 1-7 with the corresponding PCR
setup. As six genes need to be examined, a flow
taking into account the distribution of mutations

Table 1. Primers for CYBB DNA sequencing.

CyYBBI1f 5’-GTGATCAAATAGCTGGTTAG
CYBB1r 5’-ATGGACTCAGTCTGTTTACA
cyBB2f 5’-GTGTAGTGACACTGTTGAGG
CyBB2r 5’-AAGTGACTGTTGCCCAGGAA
CYBB3f 5’-TCTGAAGGACCTTCCTGTAC
CYBB3r 5’-GGCTCATGAGTATTCTACAG
CYBB4f 5’-TGCATCTCTCTGAACCTCAG
CYBB4r 5’-GTGAGGACACTAGGATTGAC
CYBBS5f 5’-GTTCTGGAGACCCAGTTCTT
CYBB5r 5’-TTGGCAAAGGAGAGGTCTTC
CYBB6f 5’-GTCTGTGAGGGATGATTAGG
cyBBo6r 5’-ACCTCTGCTATCCTCTCACA
CcYBB7f 5’-GGGAGCAATAAGCTATCGCT
CYBB7r 5’-GACACATGTTTTAGCTGTTCC
CyBBS8f 5’-GTTCCCCATTGTGACTAAGG
CYBBSr 5-GTAGGTCTTCTCTCTGTTGT
CYBBof 5’-GAACTCCTGTGTTGTCCCTA
CYBBOr 5’-CCTGTGTGTTTTGTTGGAGAC
CYBB10f 5’-GGAAGCACCCAATAGATACA
CyYBB10r 5-TGGTCTCTGCCAACCTTAGC
CYBB11lf 5-CTGTGAAATGTCCAGAGCCT
CYBB1lr 5-AATGAGAGTGAATGGACCGG
CYBB12f 5-GCTTGAGAGAGATCCAGTTT
CYBB12r 5-GAATCTTCTGTTGGGCATGA
CYBB13f 5-ACAAACAGGCTGAACCACAC
CYBB13r 5’-GCTCTCAAAACCATAGAGCTC

PCR was run in 1X PCR buffer | (Applied Biosystems),
0.25 mM dNTP mix, 0.5 pmol/ul of the appropriate
forward and reverse primer in a total volume of 20 pl
using 10 ng/ul template and 0.025 U/ul HotStarTaq
DNA polymerase (Qiagen; (Copenhagen, Denmark)).
An initial denaturation at 95°C for 15 min, was
followed by 35 cycles of 94°C for 60 sec, 59°C for
60 sec and 72°C for 60 sec with a final 10-min
extension at 72°C. PCR primers were also used for
sequencing.

Table 2. Primers for CYBB mRNA.

CYBBm1f
CYBBm1lr
CYBBm1fseq
CYBBm1rseq
cyBBm2f
CYBBm2r
CYBBm2fseq
CYBBm2rseq

5’-GTCCGAGAAAGGCAAACACA
5’-ACCTCTCACAGAGATACAGAA
5-AGTAGCACTCTCTGAACTTG
5-CAAGTTCAGAGAGTGCTACT
5-CAGAGAGTTTGGCTGTGCAT
5-TGAGCATTTGGCAGCACAAC
5’-CACTGCCAGTGAAGATGTGT
5’-ACACATCTTCACTGGCAGTG

Synthesis of cDNA was performed in 1X PCR buffer
I, 5 mM MgCl,, 1 U/ul RNnase inhibitor, 0.1 mM
dNTP mix, 2.5 uM random hexamer primer, 2.5 U/ul
MulV reverse transcriptase (all from Applied
Biosystems) and 51 ul of mRNA in a total volume of
100 pl. The reaction mixtures were incubated at 42°C
for 30 min, and at 94°C for 5 min. PCR was run with
PCR primers (not denoted seq) in 1X PCR buffer |
(Applied Biosystems), 0.2 mM dNTP mixand 10 ul of
cDNA in a total volume of 25 ul. The PCR was
amplified with an initial denaturation at 94°C for
12 min, 40 cycles at 94 °C for 30 sec, 58 °C for 30 sec
and 72 °C for 60 sec, with a final 7-min extension at
72°C. Both PCR primers and sequencing primers were
used for sequencing.

in the different genes has been set up (Figure 1).
Firstly, male patients and female patients with a
broad spectrum or two tops indicative of skewed
lyonisation in the DHR test are analysed for
mutation in the X-bound CYBB. If no mutation is
found or if the patient is a female with a single
clearly abnormal top in the DHR test, the patients
are analysed with a fragment analysis for the
common AGT deletion in NCF-1. An abnormal
distribution (5:1 (compound heterozygous) or 6:0
(homozygous)) of AGT results in a further
analysis of NCF-1 mRNA and DNA, whereas an
analysis showing a normal 2:1 distribution of
AGT is followed by PCR and sequencing for
CYBA, NCF-2, NCF-1 cDNA, NCF-1 DNA, in
that order, until a genetic explanation for the
immunodeficiency is found. Rarely, NCF-4 and
rac-2 must be sequenced.

Difficulties met in the molecular analysis

CYBB is a large gene with 13 exons, but still it
is relatively easy to sequence the exons and
the surrounding splice sites. However, because
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Table 3. Primers for CYBA DNA.

Table 4. Primers for NCF-1 DNA.

CYBALf 5-AATAGACGCCTGGTTGACAC
CYBAlr 5-ACTTCCCCACCCTGTAAGTA
CYBA2f 5-CTCTGCTCTTCACCAGTGCA
CYBA2r 5-GAGGCAAACAGCTCACTGTG
CYBA3f 5-TGAGGGTCTCACTATGTTGCC
CYBA3r 5-CAAGCACCAAAGGGTTGGTT
CYBA4f 5 -TTGGTGCTTGTGGGTAAACC
CYBA4r 5-AATCCTGCACACTAGACAGC
CYBA5f 5-GCCTTGTCCTGAGACTTTGT
CYBAS5r 5’-AGCCTCCGCATCTTTGTCTG
CYBAGf 5-CTGAGTGGCAGTCACACCAT
CYBAG6r 5-GGAAGGCGATGCTGATGTTA

Exon 2 to 5 of CYBA was amplified in 1X PCR buffer I,
0.2 mM dNTP mix, 0.25 pmol/ul of the appropriate
forward and reverse primers in a total volume of 50 pl
using 2 ng/ul template and 0.05 U/ul AmpliTaqGold
(Applied Biosystems). An initial denaturation at 94°C
for 12 min, 40 cycles of 94°C for 30 sec, 58°C for
30 sec and 72°C for 60 sec with a final 7-min extension
at 72°C was used.

Exon 1 was amplified in 1X PCR buffer | (Applied
Biosystems), 0.5 pl DMSO, 0.25 mM dNTP mix,
0.25 pmol/ul forward and reverse primer in a total
volume of 20 ul using 2.5 ng/ul template and 0.05 U/pul
HotStar Tag DNA polymerase (Qiagen). An initial
denaturation at 95°C for 15 min, 40 cycles of 95°C for
60 sec, 52°C for 60 sec and 72°C for 1 min 50 sec with
a final 10-min extension at 72°C was used.

Similar, the GC rich exon 6 was amplified in 1X PCR
buffer 1 (Applied Biosystems), 0.5 ul DMSO, 0.25 mM
dNTP mix, 0.25 pmol/ul forward and reverse primer in
a total volume of 20 pl using 2.5 ng/ul template and
0.05 U/ul HotStar Tag DNA polymerase (Qiagen). An
initial denaturation at 95°C for 15 min, 40 cycles of
95°C for 60 sec, 56°C for 60 sec and 72°C for 3 min
with a final 10-min extension at 72°C was used.

several mutations in the promoter region and
intron exist affecting transcription and splicing,
respectively, and because several large deletions
of more than 1 exon have been described [16
http://bioinf.uta.fi/CYBBbase/], CYBB mRNA
should also be analysed to make sure that these
mutations will also be discovered in female
patients.

CYBA is a small gene with only 6 exons.
However, exon 1 and 6 are very GC rich and

NCF1 1f  5-TTTAAGGCGCAGCCTGGAAGT
NCF1 1r  5-GTAGATCCAGGCTCAAAGAC
2LB2 5’-GTGCACACAGCAAAGCCTCT*
2RB2 5’-CTAAGGTCCTTCCCAAAGGGT*
NCF1 3f  5-ACGTTTGTGCCCTTTCTGCA
NCF1 3r  5-ACATGAGGTGTTCAGAGTGG
3L 5’-CCAATCTCGTGCTTTTCCAA*
3R 5-GCCAATGACCCCCTGACA*

4L 5’-CCCTCTCGGGCTTGACCT*

4R3 5’-GCAAAACACAGAAAGTCCCA*
NCF1 5f  5-TTGGGAAGTTCTTCTGCAGG
NCFl 5r  5-CCAATTCTTCAGCAGGGTAG
NCF1 6f  5-AGCAGAGACTCAAGATGCCA
NCFl 6r  5-CATTTAGGGCCCCTAACAGA
NCF1 7f  5-GAGCATTGGACATCAGTGTG
NCF1 7r  5-GACTCCAAAGCAGTCACTCA
NCF1 8f  5-AGTGCCTGGAGGAAGGCCA
NCF1 8r  5-TCCCTGCTACTGAGATGGAA
NCF1 9f  5-TTCAGAGAGAGCCCTGAAAC
NCF1 9r  5-CAAGCTATGGCCTAGACAGA
NCF1 10f  5-GTGGAAAACCGCCCAGGCT
NCF1 10r  5-CTCCCTCTGATTCCGCCCT
NCF1 11f 5-GAGCAGGAGTTGGAGAACG
NCF1 11r  5-AGACGCCAGGCTCTATAGAA

*Same set of primers are used for PCR and sequencing.
PCR and sequencing are performed as described in
[40].

Table 5. Primers for functional NCF-1 mRNA.

NCFm131f 5-AGCCAGCACTATGTGTACAT
NCFm1325r 5’-AGACGCCAGGCTCTATAGAAC
NCFm481fseq 5’-GACATACTTGATGCCCAAAG
NCFm500rseq 5’-CTTTGGGCATCAAGTATGTC
NCFm911lfseq 5’-CAAAAGTCAGGGCAAGACGT
NCF930rseq 5’-ACGTCTTGCCCTGACTTTTG

The two first primers are used for both PCR and
sequencing. Primers denoted seq. are only used for
sequencing.

PCR and sequencing are performed as described in
[40].
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Table 6. Primers for NCF-2 DNA.

Table 7. Primers for NCF-4 DNA.

NCF4_121f
NCF4_540r
NCF4_3171f
NCF4_3507r
NCF4_4041f
NCF4_4370r
NCF4_6460f
NCF4_6790r
NCF4_9551f
NCF4_9957r
NCF4_10752f
NCF4_11100r
NCF4_11461f
NCF4_11750r
NCF4_14727f
NCF4_15425¢

5’-GAAGTGGATTCCTGCAAACC
5-TGTTGATCAGGGACTGCAGA
5’-GAGAGACGAATGTTGGCTTC
5’-GTCCTGTTGAGAACCACTGA
5’-ACCCTTCTGCATCCTTATCC
5’-TGGAAGGAAGGAGAGTCAGC
5’-GATGAAAGTTGGATGGTGCC
5’-AAGCCATACCCAGGGATGGT
5’-TAAAGAGAGGAGGGCTGATG
5’-CTCCAAGCCTGAACATGACT
5’-AGGAGCAATTGCAGCCACAT
5’-TGAGGCTGTAACCCCTTCCT
5’-TGTAAGGCACTTCTATAGGA
5’-TCCACCCTCACCTCTATCTT
5’-TTAGAAGTGACCAGCTCAGC
5’-CAGCACCTTAATACTAGTGC

NCF2_1f  5-CTACTCATCTGGCCCAGAAA
NCF2_1r  5-TCCGAAATGCAATGGGGTTG
NCF2_2f  5-GAATGCACACCATTGTCCCA
NCF2_2r  5-CTTCTGCCTCACCTGCTGAT
NCF2_3f  5-TACTTGGACTCAGGGTTGCT
NCF2_3r  5-AACTGTCAGCCATCCATCCA
NCF2_4f  5-CCAGGCAACATTCTCAGAGT
NCF2_4r  5-GTGTTACCCAGACTCACAGA
NCF2_5f  5-CCAAGGGTTCCTACCTTAAC
NCF2_5r  5-CTTTCAGCCAAACCTCTGTC
NCF2_6f  5-GCTGAAATCCTAATCCAGAGG
NCF2_6r  5-TCAGGCAACTCAGCACACAT
NCF2_7f  5-GACAGTGTTCTCATCAGTCAG
NCF2_7r  5-GAAGAAGCCTGACATTCCAG
NCF2_8f  5-ATCTCGGCAGTTGCAGTTAG
NCF2_8r  5-AAGAAGGCAGCAGATACTGC
NCF2_9f  5-TGCAGACCAGCCAAGTTCTT
NCF2_9r  5-TAGCTGGTGCCATCTCAAGG
NCF2_10f 5-GACGTTATCTGCATGTGGCT
NCF2_10r 5-GCTGCGTGGTCATTAGCTGA
NCF2_11f 5-GCTCCCTAGAAGCAGAGACT
NCF2_11r 5-GTAAGGTAGCAACTGGTTCG
NCF2_12f  5-GAGAGAAAGCCTCAGACACT
NCF2_12r 5-TGTTGAGGAAGTGGCTCAGT
NCF2_13f 5-CTACACAAGGCACTGATCAC
NCF2_13r 5-TTCTTCTCTCTGCCCTTGAC
NCF2_14f 5-TCTGTGTGGAATAGCCAGAC
NCF2_14r 5-GTCTCAGTACAGTATACAGCA

NCF4-exon89rseq 5-TGGAGTAAGGAGGCATCAG
NCF4-exon89fseq 5’-GGCTGCGTTGCTACTACTA

NCF4_exonl0fny 5-AGATTACTTGGATGACACG
NCF4_17330r 5’-TAAATGACGCCCTGTGGATG

PCR was run in 1X PCR buffer I, 0.2 mM dNTP mix,
0.25 pmol/ul of the appropriate forward and reverse
primers in a total volume of 50 pl using 2 ng/ul
template and 0.05 U/ul AmpliTagGold (Applied
Biosystems). An initial denaturation at 94°C for 12 min,
40 cycles of 94°C for 30 sec, 58°C for 30 sec and 72°C
for 60 sec with a final 7-min extension at 72°C was
used. PCR primers were also used for sequencing.

can be difficult to sequence. By adding DMSO in
both the PCR and sequencing reactions, fine
sequencing results are obtained.

As already mentioned, the analysis of mutations
in NCF-1 is complicated by the presence of two

PCR was run in 1X PCR buffer I, 0.2 mM dNTP mix,
0.25 pmol/ul of the appropriate forward and reverse
primers in a total volume of 25 ul using 2 ng/ul
template and 0.05 U/ul AmpliTagGold (Applied
Biosystems). An initial denaturation at 96°C for 12 min,
40 cycles of 96°C for 30 sec, 58°C for 30 sec and 72°C
for 60 sec with a final 7-min extension at 72°C was
used. PCR primers were also used for sequencing.

pseudogenes (wNCF-1) almost 98 % identical to
the normal gene with a reading frame shifting
AGT deletion in the start of exon 2 as the most
distinct difference [31]. Noack et al, 2001 [39]
described an approach using long range PCR
of genomic DNA with primers sensitive to AGT
in exon 2 in order to avoid amplification of
the pseudogenes. This approach, however, may
misinterpret mutations in pseudogenes without
the common AGT signature as CGD causing
mutations [36]. Therefore, we have chosen to
combine a fragment analysis previously described
by Dekker et al, 2001 [48] with a PCR targeting
NCF-1 mRNA [40]. In the fragment analysis both
NCF-1 and pseudogene genomic DNA are
amplified, but may be separated due to the length
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DHR test
demonstrating
CGD
? / \c? +Q*
NCF-1 exon 2 ) CYBB mRNA and DNA
fragment analysis
normal
/ abnormal
CYBA + NCF-2
NCF-1 mRNA + DNA
NCF-4 + rac-2

Figure 1. The flow for molecular diagnosis of CGD. Only patients with abnormal DHR test are
subjected to genetic analysis. Male patients are analysed for mutation in the X-bound CYBB while
only female patients with a fraction of cells with normal oxidation in the DHR test go on to this
analysis. The next step is to analyse for the common AGT deletion in NCF-1. If an abnormal ratio
of AGT-containing to non-AGT-containing loci is detected, NCF-1 mRNA and DNA are
examined. In contrast, an analysis showing a normal 2:1 distribution of AGT is followed by PCR
and sequencing of first CYBA and NCF-2 and then by NCF-1 cDNA and DNA sequencing. If no
mutations have been detected in these four genes, NCF-4 and rac-2 must be sequenced. In any
case, the algorithm stops when mutations that explain the clinical condition are found.

*Female patients with two tops indicative of skewed lyonisation

difference caused by the deletion. The fragment
analysis will thus give the ratio of genes
containing the GTGT repeat contra genes with
AGT, thereby ensuring that the presence of
pseudogenes without the AGT signature will be
discovered from the start of the analysis.
Furthermore, patients compound heterozygous for
the AGT mutation are easily detected. However,
some mutations in NCF-1 may cause nonsense
mediated decay of the mRNA making it difficult
to amplify the full length NCF-1 mRNA in the
following reverse transcription PCR. This
problem may by overcome by cloning the PCR
amplicon followed by sequencing of 8-16 clones
[40].

CONCLUSION

Chronic granulomatous disease is a rare inherited
immunodeficiency cause by mutation in any of
the five genes encoding the components of the

NADPH oxidase complex making the molecular
diagnosis complex. Moreover, the possibility for
uneven lyonisation of the X chromosomes and the
presence of pseudogenes further complicate the
diagnostic unravelling of CYBB and NCF-1
mutations, respectively. The algorithm presented
here constitutes a rational way of solving these
problems analysing the genes according to the
prevalence of mutations and identifying disease
causing mutations with a minimum of PCR
amplification and sequencing.
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