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Abstract

More than 90% of congenital adrenal hyperplasia cases are caused by mutation of the CYP21A2 gene which converted from the CYP21A1P pseudogene. Sizes of the 3.7-kb TaqI-produced fragment that exists downstream of the TNXB gene, representing the CYP21A2, and the 3.2-kb TaqI-produced fragment that exists downstream of the XA gene, representing the CYP21A1P pseudogene, are used as size markers in the restriction fragment length polymorphism (RFLP) analysis. However, the size of and location for distinguishing these two genes might not be completely precise or reliable. Recent studies indicated that the 3.2-kb TaqI fragment may include multiple variants of chimeric CYP21A1P/CYP21A2 genes, a haplotype with dual mutations of IVS2-12A/C>G and 707-714del, and a functional CYP21A2 gene caused by small-scale conversions of the 5’end of the CYP21A1P sequence. In addition, a 3.7-kb TaqI fragment with more than 4 haplotypes of CYP21A2-like downstream of the TNXA gene and a 6.2-kb TaqI fragment of the CYP21A2 that results from a nucleotide mutation in the 3’ end sequence were also identified. Accordingly, these structural variants reveal that traditional recognition of these two genes based on the TaqI fragment size analysis may lead to misinterpretation and increasingly interfere with the molecular diagnosis of congenital adrenal hyperplasia due to 21-hydroxylase deficiency.
1. Introduction
Congenital adrenal hyperplasia (CAH) is a term that describes several inheritable disturbances in steroid hormone metabolism. There are at least six steroidogenic enzymes [1], P450scc (CYP11A1), P450c17 (CYP17A1), P450c21 (CYP21A2), P450c11 (CYP11B1 and CYP11B2), 3HSD (HSD3B1 and HSD3B2), and 17βHSD (HSD17B1, HSD17B2, HSD17B3), that are required for the synthesis of aldosterone, cortisol, and testosterone through cholesterol metabolism in the adrenal gland. A person with a deficiency in one of them will present features commonly including a cortisol deficiency, a high ACTH level to compensate for the lack of cortisol, and reactive hyperplasia of the adrenal cortex. There may be additional features, such as an accumulation or deficiency of steroid metabolites with aldosterone, which causes sodium retention leading to hypertension or sodium wasting of hyponatremia, and overproduction of testosterone leading to virilization of female fetuses. In addition, via the transfer of electrons from P450 oxidoreductase (POR), which receives them from NADPH in the endoplasmic reticulum to three steroidogenic enzymes of P450c17, P450c21, and P450aro (aromatase) for the steroidogenic process [2], defects of POR [3] produce a broad range of steroidogenic disorders, such as CAH with ambiguous genitalia and skeletal malformations in women with polycystic ovary syndrome [4,5].
2. Chromosome 6p21.3 of the RCCX module
Two homologous genes, a functional CYP21A2 and a non-functional CYP21A1P pseudogene, sharing 98% nucleotide sequence homology, are located on chromosome 6p21.3 of the major histocompatibility complex (MHC) in the human leukocyte antigen (HLA) class III region (Fig. 1). In this region, C4 (C4A and C4B) [6], CYP21A2 (and CYP21A1P), RP (RP1 and RP2) [6], and tenascin (TNXA and TNXB) [7,8] comprise the most frequent bimodular RCCX (or the C4-CYP21 repeat) of the RP1-C4-CYP21A1P-TNXA-RP2-C4-CYP21A2-TNXB gene sequence in 69% of alleles in Caucasians [9]. The C4 protein is coded by two genes, C4A and C4B. A long (20.4 kb) or short gene (14.1 kb) of C4 is due to the presence of an endogenous retroviral sequence (of 6.7 kb), namely HERV-K (C4), in intron 9 [10]. Therefore, the bimodule may consist of a long module including part of RP1, C4 (long), CYP21A1P, and TNXA, and a short one containing RP2, C4 (short), CYP21A2, and part of the TNXB gene [11] (Fig.2A). In Caucasians, more than 76% of the C4 loci are the long gene with 55% C4A and 45% C4B [12], and in ethnic Chinese (i.e., Taiwanese), 47% of C4 genes adjacent to the RP2 gene are the short gene, and 53% are the long gene [13]. All of the C4 genes adjacent to the RP1 gene examined were the long gene [13]. In addition, 87% and 85% of the C4 genes adjacent to the CYP21A1P and CYP21A2 genes, respectively, carried the C4A and C4B genes [14]. Generally, C4A has a higher affinity for binding amino group-containing antigens [15], whereas C4B has a higher affinity for hydroxyl group-containing antigens [15]. In Caucasians, the RCCX module has three possible forms: monomodular, bimodular, and trimodular. Furthermore, the copy number of the C4 gene in diploid chromosomes predominantly varies from two to six [16,17]. According to the sequence of the RCCX region obtained from GenBank (accession nos. AF019413 and AL049547), the sequence length of the bimodule is about 120 kb long (Fig. 2A) [18]. Therefore, CYP21A2 is considered the gene located downstream of the TNXB gene, and CYP21A1P is located downstream of the TNXA gene. 
3. The highest-frequency cause of CAH is a 21-hydroxylase deficiency

Among these six steroidogenic enzymes, only CYP21A2 contains the CYP21A1P pseudogene, and they are separated by 30 kb and show nucleotide sequence homology of 98% in exons and 96% in non-coding sequences [19,20]. Therefore, the most likely reason for misalignment between these two genes seems to be the production of a defective CYP21A2 gene during meiosis or mitosis [21]. Moreover, both the CYP21A2 and CYP21A1P genes are located between HLA class I of the B gene and class II of the DRB1 gene which is about 1.2 Mb long (Fig. 1) (http://www.sanger.ac.uk/HGP/Chr6/MHC.shtml). In this region, the recombination rate of the DRB1-to-B allele is 0.94% as reported by Martin et al. [22], which is within the expected range given the standard 1% recombination rate/Mb of DNA per meiosis. Therefore, this may illustrate that a vast array of distinct haplotypes of HLA class I of the B gene with 2798 alleles and class II of the DRB1 gene with 1196 alleles is produced by recombinations in this region [23]. Therefore, the most frequent steroid hormone abnormality occurs as a CYP21A2 deficiency which causes about 90%~95% of all CAH cases. In addition, two homologous genes of CYP11B1 and CYP11B2, with 95% homology [24,25], are respectively located on chromosome 8q22 [24] and 8q24.3 [26], and they are separated by about 2400 kb. Although gene conversion was noted in both CYP11B1 and CYP11B2 [27,28], the frequency in CAH cases is not as common as the 21-hydroxylase deficiency.
4. Three categories of defective CYP21A2 genes downstream of the TNXB gene
A defective CYP21A2 gene downstream of the TNXB gene in CAH falls into three categories: (a) small-scale conversions of CYP21A1P, (b) spontaneous mutations, and (c) chimeric RCCX modules that include the chimeric CYP21A1P/CYP21A2 and TNXA/TNXB genes [29]. Most of the CYP21A2 mutations identified so far were a result of small-scale conversions of the CYP21A1P (up to 11 for CYP21A1P) during both meiosis and mitosis [21], which account for about 70%~80% of all CAH cases. The most frequent mutations in ethnic Chinese are IVS2-12A/C>G (I2 splicing), I172N, and R356W with about a 69.3% frequency [30]; they have similar high incidences worldwide in different races [31-33]. In addition, a mutation of V281L, the most common nonclassical disease appearing at a high frequency in patients in France, Argentine, Austria, Italy, Spain, Turkey, and Portugal [32-35], was not found in Taiwanese [36], Japanese [37], or Tunisian patients [38]. An increasing number of spontaneous mutations (5%~10% of cases) mostly consist of nucleotide changes in the coding sequence [39]. Chimeric CYP21A1P/CYP21A2 and TNXA/TNXB genes, which result from unequal crossovers (or deletions) during meiosis [21] and occur in ~20% of CAH alleles in most populations [31], respectively resulted in deletion of the _?_CYP21A1P-XA-RP2-C4B-_?_CYP21A2 (Fig. 3A) [29] and RP2-C4B-CYP21A2-_?_TXNB gene arrays (Fig. 3B) [29], which leads to CAH and is associated with the recessive disorder of Ehler-Danlos syndrome [40,41].. 
5. The duplicated CYP21A2 gene downstream of the TNXA gene

Among the three most possible forms of RCCX modules, the CYP21A1P gene does not exist in the monomodule in 17% of Caucasians according to Blanchong et al. [17]. However, haplotypes of the RCCX module with more than one CYP21A2 gene were observed in different nationalities [42] such as in Tunisian Caucasians [43], Spanish [44], Swedish [45], Austrian [46], Dutch [47], and ethnic Chinese (i.e., Taiwanese) [48] with respective frequencies of 12.5% (n = 272), 7% (n = 288), <2% (n = 186), 13.2% (n = 38), 1% (n = 286), and 2.5% (n = 200) (Table 1) [48]. Obviously, the gene located downstream of the TNXA gene can include the CYP21A2 or CYP21A1P gene. 
6. Structural analysis of the CYP21A2 and CYP21A1P genes in the RCCX region

6.1. Southern blot method of restriction endonuclease analysis
Structural determination of the CYP21A2 and CYP21A1P genes in the RCCX module has traditionally used the Southern blot method with separate restriction endonuclease digestion [49,50] including TaqI, KpnI, BglII, and EcoRI (Fig. 2B). However, the most practically used restriction endonuclease is TaqI, which generates the 3.7- and 3.2-kb fragments that respectively represent the CYP21A2 and CYP21A1P genes [51], and 2.4- and 2.5-kb fragments that respectively represent the TNXA and TNXB fragments (Fig. 2B). Therefore, the 3.7-kb TaqI-produced fragment that exists downstream of the TNXB gene, representing CYP21A2, and the 3.2-kb TaqI-produced fragment that exists downstream of the XA gene, representing the CYP21A1P pseudogene, are used as size markers for the two different genes. Thus, a configuration of the 3.2-kb TaqI fragment without the 3.7-kb fragment represents the “missing” CYP21A2 gene. Accordingly, a heterozygous defective allele cannot be detected in the presence of a normal allele, which might make results hard to interpret without a family study [49,50]. 
6.2. Polymerase chain reaction (PCR) product analysis 
Use of PCR-based amplification methods to analyze both the CYP21A2 and CYP21A1P genes in the RCCX region is widely described in the literature [30, 52-55]. A PCR product of 8.5 kb extends from the 5’end of the CYP21A2 gene to the TNXB gene beyond the boundary of the duplicated TNXA gene (Fig. 4A) [53], which can be amplified with allele-specific primers (Table 2) using TaqI digestion and directly analyzed by electrophoresis on a 1.2% agarose gel. It can be used to identify TaqI-produced fragments including those 3.7, 3.2, 2.4 (more commonly shown in the literature as being 2.5 kb long in a Southern blot analysis), and 2.3 kb long (more commonly shown in the literature as being 2.4 kb long in a Southern blot analysis). In addition, a large-sized 11.3-kb PCR product [54] (Fig. 4A) was amplified with allele-specific primers (Table 2) which extends from the 5’end of the CYP21A2 gene to the TNXB gene beyond the boundary of the duplicated TNXA gene. It was analyzed by TaqI digestion and double digestion with BglII/EcoRI (Fig. 2B) and found to produce fragments including those 8.1, 2.6, and 2.1 kb long from results of Southern blotting [54]. To analyze CYP21A1P downstream of XA, a 6.1-kb PCR product (Fig. 4B) amplified with allele-specific primers (Table 2) containing the entire CYP21A1P and partial TNXA genes is well established [48]. 
7. Analysis of PCR products of the CYP21A1P and CYP21A2 genes using TaqI restriction endonuclease digestion
7.1. The appearance of the 3.2- and 2.4-kb TaqI-produced fragments represents multiple variants of the CYP21A1P-like and CYP21A2 genes
The presence of 8.5-kb PCR products containing the 5’-end of the CYP21A2 and partial TNXB genes is an unequivocal strategy for characterizing the CYP21A2 gene downstream of the TNXB gene using TaqI digestion [53,56]. The appearance of TaqI-produced fragments of 3.7 and 2.4 kb long represents the intact CYP21A2 gene and a partial fragment of the TNXB gene in normal individuals [53], whereas TaqI-produced fragments of 3.2 and 2.4 kb long represent an impaired CYP21A2 gene and a partial fragment of the TNXB gene in CAH individuals [53]. In two studies [30,56], the 3.2-kb fragment of the impaired CYP21A2 gene may include 9 variants of the chimeric CYP21A1P/CYP21A2 (Table 3) that resulted from deletion of _?_CYP21A1P-XA-RP2-C4-_?_CYP21A2 (Fig. 3A), a haplotype of IVS2 -12A/C>G in combination with the 707-714del mutation (without the P30L mutation) [57] that resulted from the deletion of CYP21P-XA-RP2-C4B and an intergenic recombination, and a functional CYP21A2 mistaken as the CYP21A1P gene [58] that resulted from a small-scale conversions of the 156-bp CYP21A1P promoter sequence in a normal individual. Therefore, the appearance of 3.2- and 2.4-kb TaqI-produced fragments in the PCR product analysis of the status of the RCCX module may represent a hybrid or others genes (Table 3) rather than the so-called “missing” CYP21A2.
7.2. The appearance of the 3.2- and 2.3-kb Taq1-produced fragments represents deletion of the functional CYP21A2 gene combined with multiple variants of the chimeric TNXA/TNXB gene 

In the case of deletion of the XA-RP2-C4-CYP21A2-_?_TNXB gene array (Fig. 3B) , the 8.5-kb PCR products digested with TaqI produce 3.2- and 2.3-kb fragments which represent the CYP21A1P gene and a deletion of the TNXB gene [30,55] beyond the boundary of the duplicated TNXA gene. There are 5 types of chimeric TNXA/TNXB genes (Table 4) found in different populations [55]. However, the chimeric TNXA/TNXB-1 reported by Lee et al. [53] showed 3.2- and 2.4-kb fragments which respectively represent CYP21A1P and a deletion of the TNXB gene within the boundary of the duplicated TNXA gene. The other four haplotypes of the chimeric TNXA/TNXB genes (Table 4) are beyond the boundary of the duplicated TNXA gene which showed the 2.3-kb fragment of the TNXA fraction with different recombination sites in the TNXB gene [55]. With the appearance of the 3.2- and 2.3-kb fragments, the configuration will be exactly what has been called the “missing” CYP21A2.
7.3. The appearance of the 3.7- and 2.3-kb Taq1-produced fragments represents multiple variants of the CYP21A2-like or duplicated CYP21A2 genes that exist downstream of the TNXA gene
From a study of the 6.1-kb PCR product (Fig. 4B) containing the entire CYP21A1P and partial TNXA genes [48], there were four haplotypes of the CYP21A2-like gene (Table 3) and one duplicated CYP21A2 gene (which was a functional) with the 3.7- and 2.3-kb Taq1-produced fragments found in normal ethnic Chinese (i.e., Taiwanese). Although duplicated CYP21A2 genes were found in different nationalities [42] (Table 1), the duplicated CYP21A2 gene found in Caucasians [43-47] was not further characterized. Therefore, the duplicated CYP21A2 gene might be shown to be the CYP21A2-like gene with mutation of Q318X [43,45] or multiple mutations in the cording region as described in Tsai et al.’s study [48]. That study also indicated that the existence of the CYP21A2-like gene is more abundant than the duplicated CYP21A2 gene and could not be distinguished from CYP21A2 downstream of the TNXB gene; thus, it may be misdiagnosed by previously established methods.
7.4. Significance of the TaqI-produced fragment in the Southern blot method and PCR product analysis 
The CYP21A2 mutation caused by the micro-conversion (or intergenic recombination) of the CYP21A1P sequence within the RCCX module is not impaired and maintains the order of RP1-C4-CYP21A1P-XA-RP2-C4-CYP21A2-TNXB (the most order of the dimodular RCCX) [59], whereas deletions of_?_CYP21A1P-XA-RP2-C4-_?_CYP21A2 (Fig.3A) and XA-RP2-C4-CYP21A2_?_TNXB loci (Fig. 3B) impaired the order of RP1-C4-CYP21A1P-XA-RP2-C4-CYP21A2-TNXB [55,59]. In fact, these two different types of large-gene deletions in the RCCX region are generally considered to represent one event in many studies [32,33,38,60,61]. These two different RCCX rearrangements, that belong to a 26~32-kb gene sequences deletion (more commonly shown in the literatures as being 30 kb long), which showed the same configuration as the three TaqI-produced fragments of 3.2, 2.5, and 2.4 kb in 2 homozygous alleles in the Southern blot analysis [55], and while the heterozygous allele showed normal configurations of four TaqI-produced fragments of 3.7, 3.2, 2.5, and 2.4 kb. We know of few cases with a configuration of two TaqI-produced fragments of 3.2 and 2.5 kb [62] and no such case with a configuration of 3.2 and 2.4 kb appearing in the past literature [62]. Hence, the configuration of both 2.4- and 2.5-kb fragments appears at all times in any RCCX rearrangement in the Southern blot analysis. Therefore, use of these two fragments of 2.4 and 2.5 kb for interpreting RCCX rearrangements seems problematic. In addition, the 3.7-kb TaqI fragments may be influenced by individuals who carry the CYP21A2-like gene or the duplicated CYP21A2 gene downstream of TNXA [48]. On the contrary, the PCR method showed the 3.2- and 2.4-kb (more commonly shown in the Southern blot analysis as being 2.5 kb long) TaqI-produced fragments in the case of deletion of _?_CYP21A1P-XA-RP2-C4-_?_CYP21A2 and 3.2- and 2.3-kb (more commonly shown in the Southern blot analysis as being 2.4 kb long) TaqI-produced fragments with the XA-RP2-C4-CYP21A2-_?_TNXB deletion, which distinctly differ in their significance [55]. The 2.4-kb TaqI-produced fragment may represent either the intact TNXB gene without joining the rearrangement or one that does not extend to the area of the duplicated TNXA gene [53]. The 2.3-kb TaqI-produced fragments represents the TNXA gene sequence and indicates that the TNXB gene was damaged through the rearrangement that extends to the area of the duplicated TNXA gene [55]. Therefore, the PCR method creating the 2.4- and 2.3-kb TaqI-produced fragments represents different significances, and they can be used to interpret the status of the RCCX rearrangement. Therefore, the chimeric TNXA-TNXB with the CYP21A2 deletion extending to the duplicated TNXA gene in the PCR product analysis which shows the configuration of 3.2- and 2.3-kb TaqI-produced fragments cannot be distinguished by the Southern blot method [55]. 
8. The 3.2-kb TaqI-produced fragment possibly can no longer be used as a size marker for the CYP21A1P gene


Since at least 11 variants (Table 3) with the 3.2-kb TaqI-produced fragment are known to exist, the 3.2-kb TaqI fragment can no longer be used as a size marker representing the CYP21A1P gene. Therefore, an analysis of the arrangement of CYP21A2 and CYP21A1P in the RCCX module using either the Southern blot method or the PCR amplification product should be done with caution, since it is necessary to further characterize the gene content of the 3.2-kb fragment before drawing any conclusions.
9. The TaqI-produced fragment of the CYP21A2 gene shows 4 different size forms so far of 6.2, 3.7, 3.3, and 3.2 kb

The 3.7-kb TaqI-produced fragment that represents the CYP21A2 gene in the RCCX region when analyzed by the Southern blot method has never been critiqued. However, a study [58] pointed out that the functional CYP21A2 gene with a 6.2-kb TaqI-produced fragment (CYP21A2-3) (Table 3) caused by a mutation (C>G, nt 83663, GenBank accession no. AL049547) downstream of the TaqI sequence as seen in the PCR product was found in an ethnic Chinese (i.e., Taiwanese) CAH patient. This TaqI-produced fragment of a similar size as one of ~6.0 kb obtained from oligonucleotide probe hybridization by a Southern blot analysis was once mistaken for the CYP21A1P pseudogene as reported by Higashi et al. [63]. In addition, one study [58] also reported that the functional CYP21A2 gene in a normal individual showed the 3.2-kb TaqI-produced fragment (CYP21A2-1) (Table 3) which was mistaken for the CYP21A1P gene. On the other hand, the CYP21A2 gene with the W21-P57 duplication (CYP21A2-2) (Table 3) in exon 1 [64,65] caused by multiple intergenic recombinations showed the 3.3-kb TaqI-produced fragment in Chinese CAH patients [65]. These multiple-sized forms of the CYP21A2 gene reveal that the 3.7-kb TaqI-produced fragment does not represent a unique size of the functional CYP21A2 gene during analysis of the RCCX module.   
10. The CYP21A2 deletion should be associated with chimeric TNXA/TNXB gene formation

Large gene deletions involving C4 (short) and CYP21A2 in the RCCX region account for ~20% in different populations [31]. This conclusion is based on results of the following configuration: the simultaneous absence of a 3.7-kb TaqI-produced fragment and the presence of a 3.2-kb TaqI-produced one obtained by Southern blotting [21,32,33,49,50,60,61]. In fact, there have been only 15 cases (Table 4) of the CYP21A2 deletion reported in CAH patients [55]. Therefore, the CYP21A2 deletion might not occur in a higher prevalence in human populations. As two studies indicated [30,55], deletion of the CYP21A2 gene showed an association with the formation of the TNXA/TNXB hybrid gene which presents a configuration of the 3.2- and 2.3-kb TaqI fragments (from TNXA/TNXB-2 to TNXA/TNXB-5), caused by deletion of the RP2-C4B-CYP21A2-_?_TNXB gene array, and the allele exhibited haplotypes of C4-CYP21A1P-TNXA/TNXB. In addition, the 3.2-kb fragment showed 15 mutational loci as CYP21A1P [53] including nt -126 (C>T), nt -113 (G>A), nt -110 (T>C), nt -103 (A>G), P30L, nt 655(A/C>G), nt 707-714del, I172N, cluster E6, V281L, F306ΛL307insT, Q318X, and R356W. Hence, the “deleted “CYP21A2 is replaced by the CYP21A1P gene [53] not the chimeric CYP21A1P/CYP21A2 (CH-8) formation [66] as reported by Chen et al. [56].
11. Structural diversity and similarity, and multiple locations of the CYP21A1P and CYP21A2 genes in the RCCX region make data interpretation ambiguous  
From the above-mentioned issues, the absence of the 3.7-kb TaqI-produced fragment and the presence of the 3.2-kb TaqI-produced fragment might not absolutely represent a CYP21A2 deletion on a Southern blot analysis. The deletion as described [21,49,50] might possibly exist in chimeric CYP21A1P/CYP21A2 genes [29,67], an IVS2-12A/C>G (I2 splice) haplotype combined with the 707-714del mutation (without the P30L mutation) [57], the haplotyope of CYP21A2 with small-scale conversions of the 156-bp CYP21A1P promoter sequence [58], as those with the HLA-type BW47;DR7 common in Caucasians [68], and as different partial gene conversions as reported by Friaes et al. [35]. Because CYP21A2 with the 3.7-kb TaqI-produced fragment may exist in downstream of either the TNXB or TNXA gene [48], I question whether the copy number determination for CYP21A2 using either a densitometer with the Southern blot method or a multiple ligation-dependent amplification assay [69] is indicative of the CYP21A2 gene generated downstream of TNXB. Therefore, the structural diversity and similarity, and multiple locations of the CYP21A2 and CYP21A1P genes based on a TaqI fragment size analysis may cause data interpretation to be ambiguous.
12. Conclusions

Arrangements of the CYP21A1P and CYP21A2 genes in the RCCX module on chromosome 6p21.3 are complex. In humans, the original constitution of the P450c21 locus might probably exist as one copy of the monomodule (RP-CYP21A2-C4-TNXB) on the chromosome. When struggling to survive against severe circumstances or migrating to search for more-suitable resident settlement in different surroundings, the monomodule is likely to be modified or altered. Therefore, copy amplification of the RCCX region into bimodules and trimodules has successively occurred during the evolutionary process. Because the duplicated genes of RP1/RP2, C4A/C4B (SLP/C4 in mouse), CYP21A1P/CYP21P, and TNXA/TNXB, have highly similar sequence identities (99%), the homogenization of polymorphic or mutated sequences is the root causes for MHC disease associations in case of misalignments [76]. However, in mice, the RCCX modules (95% sequence identities) have much more sequence deviations that include selective integrations of numerous repetitive DNAs, retroelements, and multiple point mutations and minideletions. These gross sequence changes would discourage misalignments [76]. In addition, since there is more communication between different races, it is possible for a single individual to bear different copies of the RCCX module in a single individual. The arrangement with different copies of the RCCX module in a single individual might produce different mutations [70] including intergenic conversions [59] and large gene deletions [59] during both meiosis and mitosis. 
Structural variants between the CYP21A1P and CYP21A2 genes reveal that traditional recognition based on a TaqI fragment size analysis may lead to misinterpretations and may increasingly interfere with the molecular diagnosis of CAH due to a 21-hydroxylase deficiency. In order to precisely characterize the 21-hydroxylase deficiency, it is necessary to gain a deeper knowledge of the status of CYP21A2 and CYP21A1P genetics [71]. I suggest that preparing two PCR products with a full CYP21A2 gene containing the downstream sequence of the XB gene [53] and a full CYP21A1P gene containing the downstream sequence of the XA gene [48] can faultlessly and accurately detect the molecular CYP21A2 gene of the RCCX module in CAH due to 21-hydroxylase deficiency. 
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Figure legends
Figure 1. Maps of HLA class I, II, and III regions on chromosome 6p21.3. Solid lines above the maps indicate approximate distances in Mb, which is based on http://www.sanger.ac.uk/HGP/Chr6/MHC.shtml. Bimodular RCCX module, including C4 (C4A and C4B), CYP21A2 (and CYP21A1P), RP (RP1 and RP2) and tenacin XA (TNXA) and XB (TNXB), is listed.
Figure 2. (A) Bimodular form (RP1-C4A-CYP21A1P-XA-RP2-C4B-CYP21A2-TNXB) of the RCCX region of chromosome (Chr.) 6p21.3. The white box indicates the structures of the RP1, RP2, CYP21A2, C4 (short), and TNXB genes, whereas the black box represents the C4 (long), CYP21A1P, and XA genes. The sizes of the genes from the ATG start codon to the TGA stop codon, including RP1, C4 (long), CYP21A1P, XA, RP2, C4 (short), CYP21A2, and TNXB, in the RCCX module of the figure are based on the sequences of GenBank accession nos. AL049547 and AF019413. The presence of C4 (the long gene, of 20.4 kb) or C4 (the short gene, of 14.1 kb) depends on the presence of HERV-K (C4), the endogenous 6.7-kb retroviral sequence, in intron 9. The boundary of the bimodular form, consisting of both the long and short RCCX modules, is also shown. Solid arrows indicate the orientation of transcription. A 121-bp deletion in exon 36 of the XA gene is marked with an asterisk (*). (Top), Scale in kilobases (kb), with the TNXB gene starting at 0. (B) Gene sizes, including RP1, C4 (long), CYP21A1P, XA, RP2, C4 (short), CYP21A2, and TNXB, and identification of the CYP21A2 gene by Southern blot method digested with TaqI, BglII, KpnI, EcoRI, and double digestion of the BglII/EcoRI restriction endonucleases are shown. The most practically used restriction endonuclease is TaqI, in which generates the 3.7- and 3.2-kb fragments respectively representing the CYP21A2 and CYP21A1P genes, and 2.4- and 2.5-kb fragments respectively representing the TNXA and TNXB fragments. Cleavage with Bgl II produced a 10.7-kb fragment of the CYP21A2 and TNXB and 12.3-kb fragments of the CYP21A1P, TNXA, RP, and C4 (short) genes. Kpn I digestion produced a 2.8-kb fragment of the CYP21A2 and a 4.0-kb fragment of the CYP21A1P. EcoRI digestion produced fragments of a 8.5 kb containing the CYP21A2 and TNXB genes and a 11.8-kb fragment containing the CYP21A1P, TNXA, RP2, and C4 (short) genes. Double restriction digestions of the BglII and EcoRI produced the portions of a 2.1-kb fragment of the CYP21A1P and a 9.6-kb fragments which contain XA, RP2, and C4 (short) genes, and a 2.6-kb fragment of the CYP21A2 gene and a 8.1-kb fragment of the TNXB portion.
Figure 3. A schematic diagram of 2 distinct rearrangements of the RCCX region on chromosome (Chr.) 6p21.3. Gene sizes, including RP1, C4 (long), CYP21A1P, XA, RP2, C4 (short), CYP21A2, and TNXB genes are based on the sequences of GenBank accession nos. AL049547 and AF019413. (A) It denoted the RCCX rearrangement of deletion of the _?_CYP21A1P-XA-RP2-C4-_?_CYP21A2 gene array which produced 9 variants of the chimeric CYP21A1P/CYP21A2 genes (see Table 3). Dashed line denoted the scope of the deleted gene array. The white box indicates the structures of the RP1, CYP21A2, C4 (short), and TNXB genes. The black box represents the C4 (long), CYP21A1P, RP2, and XA genes. Solid arrows indicate the orientation of transcription. (B) It denote the RCCX rearrangement of deletion of the _?_XA-RP2-C4-CYP21A2_?_TNXB gene array which produced 5 variants of the chimeric TNXA/TNXB genes (see Table 4). Dashed line denoted the scope of the deleted gene array.

Figure 4. A schematic diagram of the strategy for the PCR amplification including CYP21A1P, CYP21A2, TNXA, and the TNXB gene. (A) Amplification of the 8.5-kb PCR product specific for CYP21A2 and downstream of the TNXB gene, the paired primer of CYP779f/Tena32F2 was used and amplification of the 11.3-kb PCR product specific for CYP21A2 and downstream of the TNXB gene, the paired primer of 5-ENF/Tena30exF was used. The structure of the CYP21A2 gene and exons of the TNXB gene is shown by a white box. Vertical arrows represent the direction and location of the primers for PCR amplification. (B) Amplification of the 6.1-kb PCR product specific for CYP21A1P and TNXA genes, the paired primer of CYP779f/XA-36F was used. The structure of the CYP21A1P and exons of the TNXA gene is shown by a black box. Vertical arrows represent the direction and location of the primers for PCR amplification. A 121-bp deletion in exon 36 in the TNXA gene was marked by an asterisk (*).

Table 1. Frequency of the duplicated CYP21A2 gene in different nationalities




Nationality 
duplicated CYP21A2
Frequency (%)

Reference



/CYP21A2-like gene)
(chromosome)


Austria
+/?
13.2 (n = 38)

[46]

Dutch
+/?
1 (n = 286)

[47]

Spanish
+/?
7 (n =288) 

[44]

Swedish
+/?
<2 (n = 186)

[45]

Taiwanese 
+/+
2.5 (n = 200)

[48]


Tunisian
+/?
12.5 (n =272)

[43]

Table 2.  Primers for amplification of the CYP21A2 and CYP21A1P genes in the RCCX module 
Designation
Primer (5’->3’)
Location (nt)a
Specificity

1. Primers for amplification of the 8.5-kb PCR product 
CYP-779f
ccagaaagctgactctggatg
87,443-87,463
CYP21A1P /CYP21A2

Tena 32F2
ctgtgcctggctatagcaagc 
78,918-78,939
TNXB
2. Primers for amplification of the 11.3-kb PCR product 
5-ENF
gccttccaggtgcgctccttt
88,470-88,450
CYP21A1P /CYP21A2
Tena30exF
tgacagatgcgacccctgact
77,113-77,133
TNXB
3. Primers for amplification of the 6.1-kb PCR product 
CYP-779f
ccagaaagctgactctggatg
87,443- 87,463
CYP21A1P /CYP21A2

XA-36F
ggacccagaaactccaggtgg
4,252 - 4,272b
TNXA
a Based on GenBank accession number AL049547.

b Based on GenBank accession number S38953.

Table 3.  Appearance of the variants of CYP21A1P and CYP21A2 genes
Category
TaqI digestion (kb)
Recombination region (nt) a
references



or mutation site (codon) a
A. CYP21A1P-like gene (downstream of TNXB)

1. Chimera CYP21A1P/CYP21A2

CH-1
3.2 + 2.4 b
nt 833- nt 998
[67]

CH-2
3.2+ 2.4 b
nt 1121
[67]

CH-3
3.2 + 2.4 b
nt1994
[67]


CH-4
3.2 + 2.4 c
nt 431 
[72]


CH-5
3.2c + ?
nt 1,789- nt 1,994

[68]


CH-6
3.2+ 2.4 b
nt 713- nt 718 
[73]


CH-7
not done
nt 1421- nt 1585 
[74]


CH-8
3.2 + 2.4 b
not done
[56]



CH-9
3.2 + 2.4 b
nt 594- nt 601
[56]

2. Haplotype of IVS2-12A/C>G combined with the 707-714del mutation 



(without P30L)

3.2 + 2.4 b
[57]
B. CYP21A2 (downstream of TNXB)

 

CYP21A2-1
3.2 + 2.4 b
nt -126- nt-282
[58]

CYP21A2-2
3.3 + 2.4 b
W21-P57dup 
[65]

CYP21A2-3
6.2 + 2.4 b

nt 83663 (C>G)d
[58]
C. CYP21A2-like gene (downstream of TNXA)

Haplotype 1e
3.7 + 2.3b
F306Λ307insT 
[48]

Haplotype 2
3.7 + 2.3 b
V281L, Q318X, R356W 
[48]

Haplotype 3
3.7 + 2.3 b
V281L, F306Λ307insT, Q318X 
[48]

Haplotype 4
3.7 + 2.3 b
I2splicing, 707-714del, I172N, 
[48]



E6 cluster, F306Λ307insT, Q318X 

aBased on Higashi et al. [19].

bObtained from the PCR amplification analysis [52,53]
cObtained from Southern blot analysis.

d Based on GenBank accession no. AL049547.
e Nomenclature is followed by Tsai et al. [48]
Table 4. Chimeric TNXA/TNXB gene found in the CAH patients
Designationa
Recombination region (nt)
No. of cases
References


 

TNXA/TNXB-1
83,475-83,226b
1
[53]
TNXA/TNXB-2
79,233-81,182b
1
[75]
TNXA/TNXB-2
79,233-81,144b
3
[11]
TNXA/TNXB-3
79,233-78,961b
3
[11,40,41]
TNXA/TNXB-3
79,233-79,030b 
1
[30]
TNXA/TNXB-4 
79,170-79,030b
5
[30]
TNXA/TNXB-5
79,014-78,969b
1
[30]

a Nomenclature is followed by Lee [30].

b Based on GenBank accession no. AL049547.
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