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Abstract

P22phox is a ubiquitous protein encoded by the CYBA gene located on the long arm of 

chromosome 16 at position 24, containing six exons and spanning 8.5 kb. P22phox is a critical 

component of the superoxide-generating nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidases (NOXs). It is associated with NOX2 to form cytochrome b558 expressed mainly in 

phagocytes and responsible for the killing of microorganisms when bacterial and fungal infections 

occur. CYBA mutations lead to one of the autosomal recessive forms of chronic granulomatous 

disease (AR220CGD) clinically characterized by recurrent and severe infections in early 

childhood. However, p22phox is also the partner of NOX1, NOX3 and NOX4, but not NOX5, 

which are analogs of NOX2, the first identified member of the NOX family. P22phox–NOX 

complexes have emerged as one of the most relevant sources of reactive oxygen species (ROS) in 

tissues and cells, and are associated with several diseases such as cardiovascular and 

cerebrovascular diseases. The p22phox-deficient mouse strain nmf333 has made it possible to 

highlight the role of p22phox in the control of inner ear balance in association with NOX3. 

However, the relevance of p22phox for NOX3 function remains uncertain because AR220CGD 

patients do not suffer from vestibular dysfunction. Finally, a large number of genetic variations of 

CYBA have been reported, among them the C242T polymorphism, which has been extensively 

studied in association with coronary artery and heart diseases, but conflicting results continue to 

be reported.
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1. Introduction

The p22phox protein was identified first in 1987 during the purification of cytochrome 

b−245mv from human neutrophil (Parkos et al., 1987). A few years before, this low-potential 

cytochrome b, also called cytochrome b558 because of its spectral properties, was 

demonstrated as the major component of the microbicidal nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase complex in phagocytes (Segal et al., 1981) (Harper et al., 

1984). Cytochrome b558, the redox element of the NADPH oxidase complex, is a membrane 

heterodimer composed of two subunits: p22phox (also called the alpha subunit or the light 

chain of cytochrome b558) and gp91phox (renamed NOX2 in the 2000s), also referred to as 

the beta or heavy chain or large subunit. The significance of the NADPH oxydase system in 

the killing of ingested pathogens during phagocytosis is evidenced by chronic 

granulomatous disease (CGD). This disease, caused by a defective oxidase complex in 

phagocytes, is characterized by recurrent and life-threatening infections, most often in 

childhood (van den Berg et al., 2009). The absence of p22phox in the granulocytes of patients 

suffering from X-linked CGD, the major form of CGD caused by mutation in CYBB 
encoding NOX2, highlighted its functional importance (Dinauer et al., 1987; Teahan et al., 

1987; Parkos et al., 1989). It was shown that p22phox was closely associated with NOX2 and 

played an important structural role in the cytochrome b558 synthesis process because the two 

subunits stabilized each other (Yu et al., 1997). Finally, the structure of CYBA, the p22phox-

encoding gene, its chromosomal location and its involvement in one of the autosomal 

recessive forms of CGD (AR220CGD) were reported in 1990 (Bu-Ghanim et al., 1990; 

Dinauer et al., 1990). During the 2000s the discovery of NOX2 analogs emphasized the role 

of p22phox. In the last decade, the NADPH oxidase (NOX enzymes) family has emerged as 

one of the most relevant sources of reactive oxygen species (ROS) in tissues and cells 

(Sumimoto, 2008; Lambeth and Neish, 2014). Today, the central role played by NOXs 

(especially NOX1, NOX2 and NOX4) in cardiovascular diseases, such as hypertension, 

diabetes, renal disease, heart failure, atherosclerosis and cerebrovascular diseases, is widely 

recognized (Bedard and Krause, 2007; Krause et al., 2012). This family comprises five 

members – NOX1, NOX2, NOX3, NOX4 and NOX5 membrane proteins – which, except for 
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NOX5, have p22phox as a membrane partner. The pathophysiological impact of its absence 

or dysfunction in AR220CGD patients remains an open question regarding the expression 

and the role of other NOXs. However, below we will focus on an animal model of a mutated 

p22phox protein that helped decipher the role of p22phox and NOX3 (Nakano et al., 2007; 

Nakano et al., 2008).

The second important role of p22phox was discovered by Leto et al. in 1994 (Leto et al., 

1994). They demonstrated that p22phox interacted at the organizer subunit of the NADPH 

oxidase complex and p47phox during the activation process of NOX2. Finally, unlike NOX2, 

in CYBA numerous polymorphisms have often been described to be associated with 

vascular diseases such as hypertension, coronary heart disease, cerebrovascular diseases, 

diabetes, atherosclerosis and renal disease. Since excellent reviews have reported this point, 

we will only focus on recent data related to the pathological impact of these polymorphisms.

2. CYBA gene and p22phox transcript

The human p22phox gene, called CYBA (OMIM number 233690), is located on the long arm 

of chromosome 16 at position 24 (16q24: 88,643,288 to 88,651,084, OMIM 608508), and 

contains six exons and spans 8.5 kb (Fig. 1). Mutations in CYBA result in one of the 

autosomal recessive forms of CGD (AR220CGD) (Roos et al., 2010a). This point will be 

covered by section 4, “Mutations in CYBA and severity of AR22CGD.” By screening a 

cDNA library constructed from human promyelocytic leukemia cells, Parkos et al. isolated a 

cDNA corresponding to the light chain of cytochrome b558 (Parkos et al., 1988). The 

p22phox cDNA was also cloned in rat vascular smooth muscle cells (VSMCs) and showed 

that the rat gene is homologous to both the human and mouse genes (Fukui et al., 1995). 

P22phox human mRNA is 0.8 kb, has a constitutive expression in a variety of cell types and 

is not related to the NOX2 transcript expression, suggesting that both subunits have an 

independent transcription process (Parkos et al., 1988; Cheng et al., 2001). However, 

concomitant p22phox and NOX2 expression is a prerequisite for correct synthesis of 

cytochrome b558, the redox center of the NADPH oxidase complex. This point will be 

discussed in section 3.

3 P22phox structure and physiological role

P22phox is a transmembrane protein that contains 195 amino acids and has a molecular mass 

of 22.0 kDa. It associates with NOX2 and with NOX1, NOX3 and NOX4 in a 1:1 complex 

and has a ubiquitous expression (Bedard and Krause, 2007). In neutrophils p22phox is 

associated with NOX2 to form the redox element of the NADPH oxidase complex, 

cytochrome b558. The activation and regulatory processes of NADPH oxidases have been 

extensively studied in phagocytes. In resting cells, the dormant NADPH oxidase complex is 

dissociated and becomes activated during phagocytosis to produce superoxide. Its activity is 

subtly controlled by a dynamic process involving assembly of several cytosolic proteins 

(p40phox, p47phox, p67phox, Rac1/2) around cytochrome b558 (Fig. 2). This assembly initiates 

the electron transfer from NADPH to oxygen via a FAD molecule and two hemes, ultimately 

resulting in the production of oxidizing species involved in the destruction of phagocytosed 

pathogens. Phosphorylation events trigger the assembly process of NADPH oxidase and its 
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activity. NOX2, p22phox, p47phox and p67phox seem to be phosphorylated at the same time as 

NADPH oxidase activation (El-Benna et al., 2009; Raad et al., 2009; Lewis et al, 2010; 

Dang et al., 2011).

The main physiological role of p22phox is to contribute to the maturation and stabilization of 

the heterodimer that it forms with NOX enzymes (NOX1–4). Neutrophils of CGD patients 

with cytochrome b558 mutations lack both NOX2 and p22phox regardless of which subunit is 

affected by mutations, confirming the stabilization role of both subunits (CYBB or CYBA 
encoding NOX2 and p22phox, respectively) (Parkos et al., 1989; Porter et al, 1994). The 

synthesis process of cytochrome b558 in phagocytes is a complex mechanism. Previous 

studies showed that in phagocytes NOX2 is cotranslationally glycosylated and first detected 

as a high mannose 65-kDa (p65) monomer in the endoplasmic reticulum (ER) even in the 

absence of p22phox. However, full maturation of NOX2 requires sequential incorporation of 

hemes into p65, heterodimerization with p22phox occurring in the late ER step and final N-

glycosylation in the Golgi, which drives the transport of the complex to the plasma 

membrane and into specific granules in neutrophils (Yu et al., 1998; Yu et al., 1999; DeLeo 

et al., 2000). In primary cells, the heterodimerization and enzymatic function of NOX2 as 

well as NOX1, 3 and 4 require the presence of p22phox; NOX5 is an exception (Bedard and 

Krause, 2007). Association of NOXs with p22phox in the late endoplasmic reticulum also 

seems to be a prerequisite for the localization of the heterodimer to specific membrane 

compartments such as perinuclear vesicles for NOX4 and plasma membranes for NOX1, 2 

and 3 (Ambasta et al., 2004; Martyn et al., 2006; Nakano et al., 2007; von Lohneysen et al., 

2010). The importance of some sequences of p22phox for its interaction with NOXs has been 

highlighted. Mutational analysis demonstrated distinct interactions of p22phox with NOX1, 

NOX3 and NOX4 (von Lohneysen et al., 2008). For example, the p22phox Tyr121 to His 

mutant is able to form a functional complex with NOX4 but not with NOX1 and NOX3 (Fig. 

3). In addition, some regions of NOX2 that interact with p22phox have recently been 

suggested using special X−CGD mutations modeled in the PLB-985 cell line (Beaumel et 

al., 2014).

The hydropathic profile of p22phox deduced from the gene sequence is compatible with at 

least two (possibly three or four) transmembrane passages, with different p22phox models 

proposed. P22phox was modeled with three transmembrane passages (Groemping and 

Rittinger, 2005; Meijles et al., 2012). However, the most probable are the two- or four-

transmembrane spanning models because they are compatible with a cytosolic location of 

both the N- and C-terminal tail of p22phox (Imajoh-Ohmi et al., 1992; Burritt et al., 1998; 

Dahan et al., 2002). Studies using specific antibodies directed against p22phox supported a 

model anchored by two membrane-embedded domains in which the N- and C-terminal 

domains extend into the cytoplasm (Fig. 3) (Taylor et al., 2004; Taylor et al., 2006). In 1992 

Leto et al. identified a polyproline-rich region (PRR) (K149 to E162 sequence) of p22phox 

containing a consensus motif PxxP that interacted with the SH3 (SRC homology 3) domains 

of p47phox. “Peptide walking” experiments confirmed the importance of this sequence in the 

assembly of phagocytic NADPH oxidase during activation (Dahan et al., 2002). In addition, 

deletion mutagenesis of p22phox highlighted that the N-terminal 11 residues of p22phox were 

essential for maturation of cytochrome b558 and oxidase activity, whereas deletion of 54 

residues of the C-terminus of p22phox preserves the maturation but not the oxidase activity, 
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as expected by the removal of the PRR domain required for recruitment of p47phox (Zhu et 

al., 2006). Then the complex between the tandem SH3 domains of p47phox and the PRR-rich 

sequence of p22phox (especially Pro152, Pro156 and Arg158) was resolved using 

crystallization and physical methods (Groemping et al., 2003; Ogura et al., 2006). This 

PRR-rich sequence of p22phox also interacts with the cytosolic organizer NOXO1 homologs 

to p47phox expressed in nonphagocytic cells during the activation of NADPH oxidases 

(NOX1, NOX2 and NOX3) except for NOX4, which is constitutively expressed (Sumimoto, 

2008). It is also interesting to note that phosphorylation of Thr147, close to the PRR region 

of p22phox, enhances NADPH oxidase activity by promoting p47phox binding in phagocytes 

(Lewis et al., 2010). In addition, p21-activated kinases (Pak), a Rac2 effector during the 

oxidase activation process, seems to bind directly to p22phox, leading to favoring p47phox 

phosphorylation in the assembling NADPH oxidase complex (Lewis et al, 2010).

The role of histidine 94 in the predominantly hydrophobic region of p22phox (Fig. 3) as a 

heme-binding residue, has been hotly debated. First it was proposed that both subunits of 

cytochrome b558 contained hemes (Quinn et al., 1992). Then spectral properties of 

recombinant NOX2 and p22phox expressed separately or together in the Cos7 cell line 

demonstrated that NOX2 was the only heme-binding subunit of the NADPH oxidase (Yu et 

al., 1998). Indeed, mutagenesis of p22phox His94 demonstrated that when substituted with 

leucine, tyrosine or methionine, cytochrome b558 expression, heme binding and NADPH 

oxidase function were unaffected, ruling out a possible functional role of this residue. 

However, the His94 to Arg mutation found in an AR220CGD patient resulted in intrinsic 

p22phox instability and secondarily instability of NOX2, leading to deficient NADPH 

oxidase activity (Rae et al., 2000). Finally, His101, His115, His209 and His222 of NOX2 were 

identified as critical for heme binding and biosynthetic maturation of cytochrome b558 

(Biberstine-Kinkade et al., 2001).

4. Mutations in CYBA and severity of AR22CGD

CGD is a rare inherited disorder in which phagocytic cells are unable to kill pathogens 

during an infection. It is a genetically heterogeneous disease with all ethnic groups equally 

affected. The molecular basis of CGD is characterized by two types of transmission and four 

main genetic forms. The major genetic form of CGD is X-linked CGD caused by mutations 

in the CYBB gene encoding NOX2. X-CGD accounts for about 70% of the total cases 

reported to date (Roos et al., 2010b). The other forms of CGD are autosomal recessive (AR), 

characterized by mutations in CYBA, NCF1 and NCF2 encoding p22phox, p47phox and 

p67phox, respectively (Roos et al., 2010a). Whereas AR670CGD is extremely rare (less than 

6% of cases), AR470CGD occurs with high frequency (about 25% of CGD cases) due to the 

presence of two NCF1 pseudogenes carrying the main mutation. Like mutations in NCF2, 

mutations in the CYBA gene encoding p22phox are extremely rare (about 6% of total CGD 

cases diagnosed worldwide) and lead to AR220CGD. However, in countries such as Turkey, 

Tunisia, Morocco and Jordan AR inheritance can be the predominant form because of the 

high rate of consanguinity (El Kares et al., 2006; Bakri et al., 2009; Koker et al., 2013; 

Bousfiha et al., 2014).
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An update of the promoter region of CYBA contains TATA and CCAC boxes and Sp1, γ-

interferon and nuclear factor κB sites (Moreno et al., 2003). The last update of CYBA 
mutations reported in 2010 by Roos et al. showed 55 different mutations (Roos et al., 

2010a). It accounted for 173 identified alleles in 96 patients worldwide. Fifty-one mutations 

led to an AR220CGD type, meaning that there was no p22phox expression, whereas for three 

mutations, this expression was not measured. This highlights that all the residues in the 

p22phox sequence are important for the structural stability of p22phox. Indeed, mutations are 

quite uniformly distributed in the coding sequence of p22phox listed in the database at. The 

only missense mutation, Pro156Gln (Fig. 3), leading to the sole A22+CGD, is located in the 

potential cytosolic C-terminal tail of p22phox (Leusen et al., 1994). This mutation in the PRR 

of p22phox disrupted the interaction between p22phox and p47phox, confirming the 

importance of this domain in oxidase activation in neutrophils. In addition, Sumimoto et al. 

demonstrated the direct interaction of p22phox with p47phox using the yeast two-hybrid 

system approach (Sumimoto et al., 1996)]. Most of them are missense mutations or small 

deletions (34.6 and 29.1%, respectively) (Roos et al., 2010a). Splice site, nonsense and 

insertions account for 20, 12.7 and 3.6% of total mutations in alleles, respectively. Only one 

mutation is a large deletion (>10 kb) that removed all but the extreme 5′ coding region of 

the gene (Dinauer et al., 1990). Since 2010 some eight new mutations in CYBA have been 

published (Table 1 and Fig. 3) (Teimourian et al., 2008; Koker et al., 2009; Jakobsen et al., 

2012; Koker et al., 2013; Xu et al., 2014a).

Given the rarity of the AR22 CGD forms, clear information on the severity of this type of 

CGD is difficult to establish. Kuhns et al. demonstrated a relationship between the presence 

of a residual ROS production and the survival of CGD patients (Kuhns et al., 2010). In the 

seven patients with p22phox deficiency studied, the range of ROI production varied widely, 

but the highest production was seen in patients with missense mutations. The study of 89 

patients in a Turkish cohort showed that a residual NADPH oxidase activity can be measured 

by dihydrorhodamine (DHR) fluorescence in four CGD patients (AR22RCGD) with 

missense mutations in p22phox (p.Gly24Arg, p.Ala124Val and p.Ala125Thr), but the 

relationship with the severity of the disease was not clear (Koker et al., 2013). Probably in 

this case there was slight p22phox and NOX2 expression supporting this residual oxidase 

activity. However, the Kaplan-Meier graph showing the survival rate of CGD patients 

demonstrated that the AR220CGD forms were as severe as X-linked CGD. The severe 

course of the disease and the young age at diagnosis of the AR22CGD patients in the Iranian 

and Jordanian cohorts confirmed this result (Teimourian et al., 2008; Wolach et al., 2008; 

Bakri et al., 2009). In these late cases, the CYBA mutations result in the absence of p22phox 

and NOX2 (indirectly) expression and disable cytochrome b558, the redox element of the 

NADPH oxidase complex. Therefore, these mutations behave similarly to severe CYBB 
mutations in case of XCGD.

5. Single nucleotide polymorphisms and associated pathologies

Oxidative stress plays a key role in the pathophysiological mechanisms of numerous 

diseases. It is defined as an imbalance between the production of reactive oxygen and 

nitrogen species (NO) and detoxification by appropriate cellular systems (Nathan and 

Cunningham-Bussel, 2013). Excessive ROS generation by NOX enzymes is linked to a 
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range of diseases including cardiovascular diseases such as atherosclerosis, hypertension, 

diabetes, neurodegenerative disease and ischemia/reperfusion injury (Bedard and Krause, 

2007). Increased expression of p22phox in lymphoblast cell lines was shown to be related to 

increased ROS production in hypertension (Pettit et al., 2002). NOX1, NOX2 and NOX4, 

which require p22phox to be functional, are important contributors of ROS in tissues, most 

particularly vascular cells. Thus the variability of ROS production by NOXs could influence 

the risk of such diseases. However, increased oxidative stress by p22phox overexpression has 

not been functionally characterized or attributed to a particular NOX family member. 

Contrary to CYBB, CYBA supports a relatively large number of polymorphisms that could 

influence the level of ROS generation (Table 2). Thus the genetic variability of the CYBA 
gene has made it an attractive candidate to explain the influence of CYBA variant expression 

on complex disease states. However, the functionality of polymorphisms greatly depends on 

their location within the gene. Some polymorphisms lead to amino acid changes (Fig. 3), 

others are silent or located in the promoter regions (Table 2).

The first and most widely studied is the C242T polymorphism, identified in 1990 by 

Dinauer et al., located in exon 4 at position 214 from the ATG and resulting in a 

nonconservative His72 substitution for a Tyr (Dinauer et al., 1990) (Fig. 3). Inoue et al. first 

found that the T allele of the C242 polymorphism might have a protective effect against 

coronary artery disease (Inoue et al., 1998). A functional effect of the C242T variant on the 

ROS level in human phagocytes, as in vascular cells (most often a decrease of ROS 

associated with the T allele), has been extensively reported (San Jose et al., 2008; Moreno 

and Zalba, 2010). In a study conducted in a cohort of 530 consecutive patients selected 

based on angiographic evidence of coronary atherosclerosis, Arca et al. demonstrated that 

the T242 allele was a predictor of lower risk of recurrence of cardiovascular events and was 

associated with reduced systemic oxidative stress (Arca et al., 2008). However, invariant 

local conformation in the p22phox p.Tyr72His polymorphism suggested by mass spectral 

analysis in human purified cytochrome b558 suggested maturational differences as the source 

of the wide variation of ROS production rather than a functional impact (Taylor et al., 2011). 

Despite evidence of the effect of this polymorphism on ROS generation at the cellular level, 

the association of the CYBA C242T polymorphism with cardiovascular diseases has been 

widely reported, although with conflicting results (Moreno and Zalba, 2010).

Some polymorphisms reported in Table 2 are located in the promoter of the CYBA gene. For 

example, the G allele of the −930A>G variant seems to interact with the CCAAT/enhancer-

binding protein δ (C/EBP) and promotes higher transcription levels of p22phox than the A 

allele (Moreno et al., 2003). Again, controversial results have been published regarding the 

association of the GG genotype with hypertension (Moreno and Zalba, 2010). Single 

nucleotide polymorphism (SNP) analysis may explain the discrepancies among CYBA 
association studies.

A global approach such as haplotype analysis is probably a better approach to understand 

the impact of CYBA genetic variability on diseases (Gardemann et al., 1999; Moreno et al., 

2007). A study conducted in lymphoblastoid cell lines obtained from 50 unrelated 

individuals demonstrated a substantial genetic variability of p22phox with three common and 

four rare single-nucleotide variants (* and # in Table 2, respectively) (Bedard et al., 2009). 
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Based on the three common SNPs, seven haplogroups were defined and one haplogroup 

containing all three major SNPs (c.214T>C, c.521T>C and c.24G>A) showed markedly 

reduced ROS generation compared to others. A recent study of allelic variations in the 

CYBA gene highlighted that the G allele of the −930A>G variant was related to kidney 

complications in patients with type 1 diabetes (Patente et al., 2015). As diseases such as 

coronary heart diseases and diabetes are multivariate diseases, accurate phenotyping should 

be essential. Indeed gene–gene or gene–environment interactions are important factors to 

take into account. CYBA variants together with polymorphism analysis of lipid metabolism 

or stress oxidant pathway genes are of great interest (Nikitin et al., 2010; Katakami et al., 

2014; Franko et al., 2015). However, for future investigations regarding the effect of these 

polymorphisms, it is crucial that the number of patients under study provide sufficient 

statistical power. In addition, genetic studies that include control of external factors should 

be extremely informative.

Finally, beginning in 2010 nine Chinese meta-analyses of the C242T polymorphism were 

published in relation with coronary artery disease (CAD) (Fang et al., 2010; Wu et al., 2013; 

Liang et al., 2014; Xu et al., 2014b; Hu et al., 2015), hypertension (Qin et al., 2013), 

atherosclerosis or diabetes and its complications (Li et al., 2015) and ischemic 

cerebrovascular diseases (Gu et al., 2013; Li et al., 2013). Three of them were associated 

with the analysis of A930G or A640G polymorphisms (Qin et al., 2013; Liang et al., 2014; 

Xu et al., 2014b). The results of these meta-analyses are summarized in Table 3. The first 

evidence is that the impact of C242T on CAD is not clear because five meta-analyses gave 

controversial results. The first one published in 2010 demonstrated that the T allele carried 

an increased risk of CAD among the Asian population only, but not in the total or Caucasian 

population (Fang et al., 2010). A few years later, Wu et al. confirmed the association of the T 

allele with a risk of CA in the total population, a moderate risk in the Caucasian population 

but no risk in the Asian population (Wu et al., 2013). However, the last three articles on the 

C242T polymorphism suggested that the T allele was protective against CAD in the Asian 

population (Xu et al., 2014b; Hu et al., 2015). The A640G polymorphism seems also to be 

associated with a lower risk of CAD in the Asian population (Liang et al., 2014; Xu et al., 

2014b). These few examples are given to illustrate that the results from meta-analyses 

should be taken with caution. Several factors could influence the results: the search strategy, 

the identification of relevant studies (publication bias), the statistical analysis including 

sufficient sampling, the prevalence of the studied polymorphism in the studied population 

[minor allele frequency (MAF)], and the type of population (e.g., whether or not the study 

was population-based). The results of these meta-analyses need to be confirmed with larger 

samples. In addition, meta-analysis based on a genome-wide association study data will be 

of great interest in the future.

6. AR220CGD cellular and mice models: clinical significance

Since p22phox has a ubiquitous distribution, the only cell model that does not express it is 

AR220CGD hematopoietic cells isolated from CGD patients. In the past, Epstein-Barr virus 

(EBV) immortalized B lymphocytes from AR220CGD patients were used to evaluate gene 

therapy approaches (Maly et al., 1993). Then cytochrome b558 synthesis was also studied in 

AR220CGD EBV-B lymphocytes to delimitate the respective role of NOX2 and p22phox 
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(Porter et al., 1994). However, maturation of NOX2 in the myeloid cell line is not exactly 

comparable to what occurs in the nonphagocytic cell line (Batot et al., 1998). Recently, we 

produced AR220CGD neutrophils and macrophages from induced pluripotent stem cells 

dedifferentiated from CGD patients’ fibroblasts (Brault et al., 2014). This model is very 

helpful not only as a pathophysiological model of this CGD type, but also to develop new 

therapeutic approaches such as gene therapy (Zou et al., 2011).

In 2008 Nakano et al. described the molecular and phenotypic characterization of a p22phox-

deficient mouse strain called nmf333 generated by ethylnitrosourea-induced mutagenesis at 

the Jackson laboratory (Nakano et al., 2008). A Tyr121His missense mutation was found in 

CYBA in the second predicted transmembrane helix of p22phox (Fig. 3). The p22phox 

deficiency leads to clinical and biological characteristics of CGD in the nmf333 mouse as 

well as to a severe balance disorder. Since the site of p22phox expression was in the inner ear, 

they proposed that p22phox be involved in the control of vestibular organogenesis. In 

addition, NOX3, for which p22phox plays a critical role in its structural maturation and 

subcellular targeting, was also proposed as the main NADPH oxidase of the inner ear. This 

was demonstrated by the functional impact of NOX3 mutations in head-tilt mice with 

vestibular defects (Banfi et al., 2004; Paffenholz et al., 2004; Nakano et al., 2007). Yet the in 
vivo relevance of p22phox for NOX3 function remains uncertain because AR220CGD 

patients do not suffer from vestibular dysfunction (personal data).

Mori et al. reported that in Matsumoto Eosinophilia Shinshu (MES) rats a loss-of-function 

mutation in CYBA (deletion of the authentic 5′ splice donor in intron 4 and alternative 

utilization of the cryptic GpT splice donor sequence located 51 bp downstream) was 

responsible for spontaneous and severe blood eosinophilia without apparent parasitic 

infections, allergies or neoplastic disorders (Mori et al., 2009). These rats suffered from a 

balance defect due to a leak of otoconia in the inner ear, like nmf333 mice. However, MES 

rats retained normal innate immune defense against Staphylococcus aureus infection 

probably because of hypereosinophilia. They succeeded in normalizing eosinophilia, 

NADPH oxidase in leukocytes and a balance defect by introducing a normal CYBA 
transgene. However, the mechanisms by which a CYBA mutation results in eosinophilia 

remain unknown.

7. Conclusion

Since the initial discovery of a 22-kDa protein (p22phox) associated with a 90-kDa (gp91phox 

or NOX2) during the purification of cytochrome b558 from human granulocytes (Parkos et 

al., 1987), major advances have been made in understanding the structure and the function of 

this protein. One of the highlights that have given rise to increased interest in p22phox 

function is the discovery of NOX2 analogs such as NOX1, NOX3 and NOX4 involved in 

numerous pathophysiological processes and possibly associated with p22phox to be 

functional. However, until now it has not been clear that NOX1, NOX3 and NOX4 can be 

expressed in tissues in absence of p22phox. Thus the exact role of p22phox in other cells than 

neutrophils remains to be clarified. In addition, uncertainty remains regarding the 

structuration of the protein embedded in membranes in absence of crystallographic data. The 

role of p22phox phosphorylation and the precise sites of interaction with NOXs are also open 
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questions. Finally, the role of common genetic polymorphisms within the promoter and 

exonic sequences of CYBA, mostly in cardiovascular diseases, continues to be debated. 

Further studies with a global approach including sufficient sampling will be of great interest 

to understand the relationship between the genetic background and the patients’ clinical 

expression.
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Highlights

P22phox is a ubiquitous protein encoded by the CYBA gene located on 

chromosome 16.

P22phox is a critical component of the superoxide-generating NADPH oxidases.

Mutations in CYBA lead to the rare form of chronic granulomatous disease 

AR220CGD.

P22phox-deficient mice suffer from vestibular dysfunction.

Polymorphisms in CYBA seem to be associated with coronary artery and heart 

diseases.

Stasia Page 16

Gene. Author manuscript; available in PMC 2017 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
CYBA gene (OMIM number 233690) located on the long arm of chromosome 16 at position 

24 (16q24: 88,643,288 to 88,651,084, OMIM 608508) contains 6 exons and spans 8.5 kb.
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Fig. 2. Molecular mechanisms of NADPH oxidase complex activation
The NADPH oxidase complex of phagocytes is dissociated in resting cells. Cytochome b558 

composed of Nox2 and p22phox is localized in the plasma membrane and the cytosolic 

factors p47phox, p67phox and p40phox form a complex in the cytoplasm. The small GTP-

binding protein Rac associates with Rho-GDI in its inactive GDP form is in the cytosol. 

Upon activation, signaling events cause phosphorylations and conformational changes of the 

NADPH oxidase subunits leading to their assembly and activation. Activated Rac-GTP 

translocates, anchors in the membrane and binds to the NADPH oxidase complex. The fully 

assembled NADPH oxidase complex is able to trigger electron transfer from NADPH to 

FAD and hemes to reduce molecular oxygen into superoxide anions.
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Fig. 3. Schematic representation of the two transmembrane-spanning model of the p22phox 

protein
The positions of the nine SNPs in the p22phox protein sequence are indicated in blue, while 

the six new mutations in the encoding region of p22phox leading to AR-CGD220 cases are in 

red. The missense mutation P156Q leading to an AR-CGD22+ case is in green, while the 

missense mutation Y121H found in the nmf333 mouse is in pink. Histidine 94 is located in 

the first transmembrane passage. Its role as a heme-binding residue was highly debated. The 

polyproline rich region (K149 to E162 sequence) of p22phox containing a consensus motif 

PxxP that interacted with the SH3 (SRC homology 3) domains of p47phox is colored in 

purple.
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Table 1

New published CYBA mutations leading to AR220 CGD (since the last update of Roos et al. 2010)

Nucleotide change Mutation type Amino acid change CGD type Reference

c.58+4_7delAGTG Deletion p.ILe20SerfsX97 220 Köker et al., 2013

c.58+2T>G splice site? ND 220 Köker et al., 2009

c.74G>A Missense p.Gly25Asp 220 Köker et al., 2009

C.152T>G Missense p.Leu51Ala 220 Xu et al., 2014

c. 166_167insC Insertion p.Arg56ProfsX211 220 Köker et al., 2013

c.l74delG Deletion p.Lys58ArgfsX133 220 Teimourian et al., 2008

c.246_273de128bp Deletion p.Leu79fsX190 220 Xu et al., 2014

Deletion of exon 6 splice site? ND 220 Jakobsen et al., 2012
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Table 2

Human CYBA polymorphism update

SNP Reference Location effect Reference

minus 930A>G rs9932581 Promoter Activation by C/EBP Moreno et al., 2003

minus 852G>C NA Promoter NA Doi et al., 2005; Moreno et al., 2007

minus 6751>A rs16966671 Promoter Activated by HIF-1-α Moreno et al., 2007

minus 536C>T rs13306296 Promoter NA Moreno et al., 2007

C.59-37A/G rs3794624 Intron 1 NA Rae et al., 2000; Patente et al., 2015

c.36A>G# rs8053867 exon 1 p.Glu12Glu Bedard et al., 2009

C.179A/C NA exon 3 p.Lys60Thr Rae et al., 2000

c.214T>C* (or also called 
C242T)

rs4673 exon 2 p.His72Tyr Dinauer et al., 1990; Bedard et al., 2009

c.288-138ins50 NA exon 5 NA El Kares et al., 2006

c.381T>C* rs17354689 exon 6 p.Arg127arg Bedard et al., 2009

c.403G>A NA exon 6 p.Glu135Lys Rae et al., 2000

c.480G>A# NA exon 6 p.Pro160Pro De Boer et al., 1992; Rae et al., 2000: Bedard et al., 
2009

c.512A>G# ss107795100 exon 6 p.Glu171Gly Bedard et al., 2009;

c.521T>C* (or also called 
C549T)

rs1049254 exon 6 p.Ala174Val Dinauer et al., 2000; Bedard et al., 2009

c.579G>T# ss107795101 exon 6 p.Glu193Asp Bedard et al., 2009

c612A>G* (+24 of 3′ UT 
region (or

rs1049255 3′UTR NA De Boer et al., 1992; Bedard et al., 2009
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