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Summary---Gene duplications, deletions and rearrangements occur with an unusually high 
frequency in the region of the P450c21 genes encoding 21-hydroxylase. In the human genome, 
the locus contains at least 6 genes, oriented 5' CAA, P450c21A, XA, CAB, P450c21B, XB 3'. 
Sequence analysis of the XA gene, of the 5' flanking DNA of the C4A gene, and of part of 
the XB gene revealed that this gene cluster was duplicated by nonhomologous recombination 
at a CAAG tetranucleotide. The location of this duplication suggests that it may have occurred 
after mammalian speciation. The XA gene is abundantly expressed in the human adrenal as 
a stable 2.6 kb RNA, but it is not known if that RNA serves a biological function. Knowledge 
of the anatomy of the XA gene facilitates genetic analysis of disease-causing lesions in the 
P450c21B gene. Southern blotting data show that about 76% of disordered P450c21B alleles 
bear gene microconversions that resemble point mutations; the remaining alleles are equally 
distributed between gene deletions and large gene conversions. 

INTRODUCTION 

Gene duplications play a major role in 
vertebrate evolution. While one gene copy 
performs the original function, the redundant 
gene copy is released from selective pressure, 
permitting it to accumulate mutations that may 
lead to new gene functions (for reviews, 
see [1, 2]). The duplicated gene may also become 
surrounded by different flanking DNA, possibly 
altering its transcriptional regulation (for 
examples see [3, 4]). 

Gene duplications are especially common in 
the human leukocyte antigen (HLA) compati- 
bility locus on chromsome 6p21. The Class I 
and II regions of the HLA locus contain multi- 
gene families encoding cell surace recognition 
molecules. The Class III region of about 
1000 kb lies between these two regions [5, 6] and 
contains many duplicated genes with diverse 
functions, including tumor necrosis factors 
and fl [5-7]; heat shock protein HSP70[8]; 
complement cascade factors B and C2, C4A and 
C4B [9]; and the adrenal steroid 21-hydroxylase 
genes P450c21A and B[10, 11]. Many other 
genes of unknown function have also been 
identified in this region [12-15]. 
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The Class III region has been studied inten- 
sively because of its relationship to human 
disease. The best characterized portion involves 
the tandemly duplicated C4/P450c21 gene 
cluster. The highly polymorphic C4A and C4B 
genes encode different forms of the fourth 
component of serum complement, and particu- 
lar haplotypes may account for HLA-linked 
autoimmune diseases and systemic lupus erythe- 
matosus [16, 17]. The P450c21 genes (formally 
termed CYP21 [18]) encode adrenal steroid 21- 
hydroxylase. P450c21 gene lesions cause 21- 
hydroxylase deficiency, a common, potentially 
life-threatening disease affecting about 1 in 
12,000 newborns. P450c21 gene conversions 
account for about 85% of 21-hydroxylase 
deficiency, indicating frequent genetic recombi- 
nation in this locus (for review and references, 
see [19, 20]). 

The duplication of the C4/P450c21 gene 
cluster has been thought to predate mammalian 
speciation, as mice [21] and cattle [22, 23] also 
have duplicated C4 and P450c21 genes linked to 
the leukocyte antigen loci. However, there are sub- 
stantial differences among various mammals. 
The human P450c21B gene is functional but the 
P450c21A gene has several mutations rendering 
it a nonfunctional pseudogene [24-26]. In mice, 
the P450c21A gene is functional while P450c21B 
is a pseudogene bearing a single large del- 
etion [27, 28]. In cattle, both P450c21 genes are 
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functional [22, 29, 30]. Although both human 
C4 genes encode functional C4 protein, only one 
murine C4 gene is functional; the other gene, 
termed sex-limited protein (Sip) ,  has structural 
changes that render it inactive in the comp- 
lement cascade[31], and it has a 5' flanking 
DNA insertion that confers androgen respon- 
siveness [32]. Also, 40 kb of DNA separates the 
3' end of the mouse P450c21A gene from the 5' 
end of the mouse C4B gene [33], while only 
6.5kb separates the corresponding human 
genes. Finally, pigs[34], whales[35], Syrian 
hamsters and possibly guinea pigs [36] appear to 
have only one P450c21 gene, suggesting this 
locus may have duplicated independently in 
cattle, mice, and people after mammalian speci- 
ation (for review see [37]). 

We recently discovered an additional 
tandemly duplicated gene pair in the human 
C4/P450c21 locus[38]. These genes, opera- 
tionally termed XA and XB, overlap the last 
exon of the P450c21 A and B genes, respectively, 
and are encoded by the opposite strand of 
DNA. Cloning and sequencing of a 2.7 kb X 
cDNA fragment [38] showed that the encoded 
protein has juxtaposed fibrinogen and 
fibronectin type Ill-like domains [39, 40], thus 
resembling the extracellular matrix protein 
tenascin (reviewed in [41]). P450c21 gene del- 
etions causing 21-hydroxylase deficiency never 
extend into the XB gene, but deletions of XA 
are found in 14% of human chromo- 
somes [19, 20, 42]. This suggested that the 
cDNA arose from the XB gene, and that the XB 
gene was essential for life, while the XA gene 
appeared to be a pseudogene [38]. 

DUPLICATION OF THE HUMAN 
C4/P450c21/GENE X LOCUS 

We recently determined that the human C4/ 
P450c21/X locus was duplicated by a non-homo- 
logous recombination that probably occurred 
after mammalian speciation. The mechanism 
and consequences of this duplication are sum- 
marized in Fig. 1, and have been described in 
detail recently [43]. The arrangement of the 
duplicated C4/P450c21/X gene cluster indicated 
that an unequal crossover event occurred be- 
tween ancestral chromosomes. The approximate 
limits of the duplication were known from 
previous mapping of this region [44, 45] 
suggesting a duplication of about 30 kb. 

Various phage clones encompassing the 
predicted gene duplication boundaries were 

isolated (Fig. 1) and several thousand bases of 
each of the three duplication boundaries were 
sequenced. The upstream duplication boundary 
(I), is where the sequences of the 5' flanking 
DNA of the C4A and C4B genes become 
dissimilar. The junctional boundary of the 
duplication (II), is where XA sequences are 
joined to C4B sequences. The downstream 
duplication boundary (III), is where the XB 
gene sequence diverges from that of the XA 
gene. Homology matrix analyses of DNA from 
regions I to III showed no regions of substantial 
similarity, suggesting that the duplication did 
not arise by homologous recombination at a 
repetitive element. However, such matrix analy- 
sis of regions I and II and of II and III (Fig. 2) 
showed substantial similarity in the regions 
predicted by the model in Fig. 1. The 5' flanking 
DNAs of C4A and C4B (3' halves of I and II) 
align exactly, and the corresponding portions of 
XA and XB (5' halves of II and III) align 
exactly. Base-by-base alignment of these regions 
shows > 90% sequence identity between regions 
I and II and II and III on each side of the 
duplication boundary, which is identified as a 
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Fig. l. (A) A model for duplication of the C4/P450e21/X 
locus, with unequal crossover between ancestral chromo- 
somes. The C4 gene is represented by the open boxes, 
P450e21 by the hatched boxes, and X by the closed boxes; 
the arrows denote the transcriptional orientation. The 
smaller open and closed bars beneath the C4 and X genes 
indicate that the approximate sites for recombination 
contain no sequence homology. The dotted vertical line 
designates the site of nonhomologous recombination. (B) 
Current map of the C4/P450c21/X duplicated gene cluster. 
I is the upstream boundary of the duplication, II is the 
junctional boundary, and III is the downstream boundary. 
A map of the genomic phage clones is shown under this 

diagram. 
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Fig. 2. Dot matrix sequence comparisons of the 1 kb regions denoted I, II, and III in Fig. 1 was performed 
using the DNA Inspector (Textco, W. Lebanon, N.H.). The left panel compares regions I (x-axis) with 
II (y-axis) and the right compares region III (x-axis) with II (y-axis). Each dot represents a region in 
which there is identity at 18 of 20 base pairs. Note that the break point within region II in the two 
comparisons occurs at precisely the same point. Comparison of region I with III showed no significant 

homology (not shown). 
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block of 4 bases (CAAG) found in all three 
sequences [43]. Such regions of "patchy 
homology" are found in over half of 
nonhomologous recombinations[46-49], such 
as those in the fl-globin locus [50] and the 
aprt locus in Chinese hamster ovary (CHO) (A) 
cells [51]. 

The effects of this gene duplication on the 
expression of nearby genes is under investigation. 
For example, Sargent et al. [13] described a gene 
termed G11 that lies adjacent to the C4A gene, 
in the same transcriptional orientation. G l l  
appears to be a housekeeping gene of unknown 
function expressed in all cell lines examined; its 
RNA abundance was greatest in monocyte 5 . 4 ~  
U937 cells. We found two potential polyadeny- 
lation signals in the 5' flanking DNA of the C4A 
gene (see Fig. 2 in Ref. [43]). The one at bases 
-2158 to -2163 lies upstream from the dupli- 
cation boundary (5' of region I in Fig. 1), and 
the one at - 678 to - 683 lies downstream from 2.2 
the duplication boundary (3' of region I in Fig. 
1). To determine if either of these sites corre- 
sponded to the 3' end of the G11 gene, and to 
determine if a portion of the G l l  gene was 1 . 0 -  
duplicated with the C4/P450c21/X locus, we 
probed Northern blots of U937 RNA with two 
genomic fragments, one lying upstream and one 

0 . 5 ~  
downstream from the duplication boundary. 
Neither of these probes hybridized to a 1.4 kb 
mRNA as reported for G11 [13]. The upstream 
probe hybridized at approx. 10kb and the 
downstream probe hybridized at 4.8 kb (Fig. 3). 
The origins of these signals are not yet known. 
These data suggest that the 3' end of G11 must 
lie further upstream, and that G11 was not 

affected by the duplication of the C4/P450c21/X 
gene cluster. However, the greatest impact of 
this gene duplication was clearly on the XA 
gene. 

(B)  

O 03 03 

Fig. 3. Northern blot analysis of total RNA from U937 cells. 
(A) The blot was probed with a genomic fragment unique 
to the 5' flanking DNA of the C4A gene (extending from 
nucleotide -2340  to the Pst I site at -1547;  see Fig. 2 in 
Ref. [43]. (B) The same blot was stripped and reprobed with 
a 1 kb ApaI gcnomic DNA fragment common to the 5' 
flanking DNA of both the C4A and  C4B genes (nucleotides 
-1336  to -347  in Fig. 2 in Ref. [43]). The markers are 

bacteriophage PM2 digested with Hind III. 
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STRUCTURE AND EXPRESSION OF GENE XA 

We previously identified an expressed gene, 
operationally termed gene X, that overlaps the 
P450c21 gene. P450c21 and X lie on opposite 
strands o f  D N A  and have the opposite tran- 
scriptional orientation, and overlap only at their 
3" ends (Fig. 4). To  determine if only one or 
both o f  the X genes was functional we cloned 
and sequenced the entire XA genomic region 
lying between C4A and P450c21B (see Fig. 3 in 
Ref. [43]). Comparison to the original e D N A  
sequence [38] showed two differences. First, the 
5' end o f  the original e D N A  was not  found in 
the X A  gene, and second, the XA gene had a 
121 bp internal deletion (including 91 bp o f  
putative exon) not found in the original e D N A .  
Thus the e D N A  we reported in 1 9 8 9  [38] was 
encoded by XB. 

We identified numerous X c D N A s  by 
screening for the presence or absence o f  the 
internal deletion [43] and identified several X A  
c D N A s .  One o f  these containing 2450 bp plus a 
poly(A) tail was nearly full-length (Fig. 5), as 
it corresponded to the 2 .6kb  band seen in 
Northern blots [43]. The XA e D N A  contained 
the 91 bp internal deletion predicted by the 
gene sequence; as a result, the long open reading 
frame found in the XB e D N A  was closed so 
that XA has no long open reading frame 
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Fig. 4. Diagram of the overlapping portions of the P450c21 
and X genes. The upper line shows the 3' end of the 
P450c21B gene; the base numbers are from Higashi 
et al. [24]. The broader part of the hatched bar indicates the 
portion of exon 10 encoding P450c21 protein; the narrower 
portion of the hatched bar between the TGA translational 
stop codon and the AATAAA polyadenylation site desig- 
nates the portion of exon 10 encoding the 3' untranslated 
portion of P450c21 mRNA. The line extends to base 3463, 
the 3' limit of the 3' flanking DNA of the P450c21B gene 
sequenced by Higashi et al. [24]. The solid bars indicate the 
last two exons of the XB gene; note that all of the last exon 
of XB is encoded on the opposite strand of DNA from 
that encoding the 3' untranslated region of P450c21B. The 
TGA stop codon and AATAAA polyadenylation sites for 
XB are shown in reverse orientation. The six dots between 
the two diagrams show the locations of the only base 
differences between the P450c21A and P450c21B genes in 

exon 10. 
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651: GCCTTC GACTCCTTCCTGCTCCGCTTTGGGGTICCATCACCAAGCACTCT 
169: A F D S F L L R F G V P $ P S T L 
701 :  GGAGCCGC J~CCGCGTCC JkCTGCTGCAGCGCGJkGCTGATGGTGCCGGGG~ 
186: E P H P R P L L Q R E L M V P G 
751: CACGGCACTCGGCCGTGCTCCGGGACCTGCGTTCCGGGACTCTGTACAGC 
202: T R H S A V L R D L R S G T L Y S 
801 : CTG~J~& ACAAGGCCGACAGCATCCAGGG 
219: L T L Y G L R G P H K A D S I O G 
851 : AACCGCCCGCACCCTCAGCCCAG~J;CCCCCGTGAC~CAAT 
236: T A R T L S P V L E $ P R D L Q 
901 : TCAGTGAAATCAGGGAGACCTCAGCCAAGGTCA~TGCCCCCACCA 
252: F S E I R E T S A K V N W M P P P 
951: TCCCGGGCGGACAGCTTCAAAGTCTCCTACCAGCT~GG~ 
269: S R A D S F K V S Y Q L & D G G E 
I001 : GCCTCAGAGTGTGCAGGTGGACGG~CCGGACCCAG~CAG~ 
296: P O S V Q V D G R A R T Q K L 0 

1050: TTCCTGACGGTCCCACACAGTTGCGT~CTT~&TTC 
312: F L T V P H S C V H * 

1100: G C C G T ~  CCCCCAGAATCCI~TGGACACCT&TGACGT 
i150: CCAGGTCACAGC 
1200:  G ( : ~ N : : C C C C T G C A  
1250 :  GCCJ~CAG'I"GC _ AT 
1300:  CA(::C'I"I'CACC AC AGGGt~AGAGGC CC ~ 
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1400: GCAGGCTACCTGCTCAGCTTCCACACCCCTGGTGGA T 
1450: CCTGCTCCCAGGAGGGATC, qCA ~CAGCTC C T T ~  
1500: CCACCTCCTACAATGCACGGCTCC/u'.,GC~T~ 
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1600:  C A G G G A C ~ G C G G G G A G G A G ~ T G C k G N ~ ~ C A  
1650: GCACCATCTTCCTCAAC~AACCGGG~ _ _ _ _ t ~ A A C ~  
1700: GACATGGAGACTGA C A ~ T G G A  
1750z . A'I'GOCCATGGTTTI~ 
1800: GGAACATCTCTGGAGAGTTCTGGCTGGGCAAT~ 
1850: A C A C A G G C A G G T G A C T ~  
1900: GGCTGTGTTCGCCCAGTAC~CACGT 
1950: ACTACCGCCTCCACTTGGAGGGCTACCACC~CC, CAGGGGAC~TG 
2000: AGCTACCACAGCGGCAGTGTC~.'TGCC C ~  ~ 
2050 : CTTGCTCATCTCCTGC~g~CTC~ACCC, AGGGGC~'TACAGG~ 
2100: ACTGCCACTACGCCAA~:CTCAAC~ACGGGAGCACAGT~T 
2150," CAGGGA~GAGC'/'G~ 
2200: C,~:::GGAJO, TG =i~-YO~"I~ CC ~ 
2250: GCTG~?,CTGC'I"GCCC,~ . G ' I ' J ~ ' G A C I " G C ~  
2300 : C, AGGGG~CGCCCCG~.,AGA~.GAGCCAG;GTCCT'ZCACCACCCAGCCGCTG 
2350: C, A G G , k A G C C Z : ~ = g ' C T G O C A G ~ _ , A ~ ~ ~  
2400: AGGGGAGGGG'I"I'CGT,~.CGGGAGC.AA'I'A.k3M;C, AC, A J~C'I'C, AGG'I'&CC CC.,GC 

Fig. 5. Sequence of the XA eDNA. The single letter amino 
acid code is aligned below the middle nucleotide of each 
codon. The site of the 91 bp deletion is marked with an 
arrowhead, and the polyadenylation signal is underlined. A 

poly A tail follows the last nucleotide shown. 

initiated by a typical A T G  sequence. However,  
it does have a 933 base open reading frame 
initiated by a CTG sequence in an appropriate 
context o f  surrounding bases that might permit 
this CTG to be used to initiate translation [52]. 
Such unusual CTG translation initiators are 
well-described in several other systems [53-56], 
but we do not know if such a CTG codon is used 
to initiate translation o f  XA, or if XA is trans- 
lated at all. Nevertheless, XA is expressed only 
in the adrenal, where its R N A  is stable and 
about as abundant as that for XB or 
P450c21B [43]. 
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IS XA A PSEUDOGENE? 

Like many newly coined words, the term 
"pseudogene" is used differently by different 
investigators. Some have used the term solely in 
the context of intron-less pseudogenes inserted 
into the genome by "retroposon" events. Others 
might say that a pseudogene is any gene that has 
lost the ability to be transcribed. Still others 
might say that transcription is irrelevant; that if 
the gene has no "function" it is a pseudogene. 
We shall avoid this semantic quagmire and 
consider what we know about XA. 

First, it appears that X genes are a general 
mammalian feature: the available sequences of 
the 3' ends of the bovine [29] and murine [28] 
P450c21 genes show the same array of open 
reading frames, stop signals and intron/exon 
junction sequences seen in Fig. 4. Second, the 
intragenic distance between C4A and P450c21 B, 
i.e. the space into which an XA gene must fit, 
varies substantially among the murine [33], hu- 
man [10] and bovine [29] genomes, so that these 
three species might have substantially different 
sized XA genes. Of these three, the human XA 
region is the smallest. Human XA could encode 
a protein initiated from the CTG codon 
discussed above; such a protein might function 
as a small extracellular matrix protein, as it 
would consist solely of 2½ repeats similar to 
those of type III fibronectin [43]. Alternatively, 
the XA RNA may have a nontranslated func- 
tion. While most functional nontranslated 
RNAs such as rRNA, tRNA, snRNA etc. are 
transcribed by RNA polymerase I or III, at least 
one polyadenylated, nontranslated biologically 
functional pollI transcript has been de- 
scribed[57, 58]. Finally XA could have no 
function; it might be transcribed gratuitously 
and simply be a vestigial gene fragment relevant 
only for its structural genetics and not for its cell 
biology. Presently available data cannot 
distinguish among these three possibilities. 

EVOLUTION OF THE C4/P450c21/X LOCUS 

To date nothing is known about the 
C4/P450c21/X locus in species other than 
mammals. Initial studies in three mammalian 
orders--primates (human beings)[9-11], ungu- 
lates (cattle) [22, 23, 29, 30] and rodents, 
(mice) [21, 59], showed duplicated C4/P450c21 
loci, leading to the conclusion that the dupli- 
cation of the C4/P450c21/X locus predated 
mammalian speciation about 85 million years 

ago. However this widely held conclusion is 
challenged by two lines of evidence. First, the 
duplication boundaries in the human [43] and 
murine [59] loci differ by about 400 bp and 
occur in regions lacking sequence similarity. 
This suggests the duplication occurred at differ- 
ent places in these species, suggesting it occurred 
after the ancestors of each species separated. 
Second, Southern blotting studies suggest that 
several mammalian species have single 
C4/P450e21 clusters[34-36]; however in the 
absence of  cloning and sequencing data, these 
conclusions must be interpreted with caution, as 
such blotting studies may not distinguish dupli- 
cated genes with identical restriction maps as in 
some patients with adrenal hyperplasia (see 
Figs 6-9, below). If indeed these various mam- 
mals do not have duplicated C4/P450c21/Gene 
X loci, the data still could not distinguish 
post-speciation duplication in some selected 
orders of mammals, from a pre-speciation 
duplication with subsequent loss of one of the 
duplicated pairs in other selected orders. Many 
studies of the human C4/P450c21/X locus 
clearly show that both gene duplication and 
gene deletion continue to be common events in 
this locus. If this continuing plasticity of the 
human locus is representative of other species, 
then most studies indicating single C4/P450c21 
loci in some species must be viewed with even 
greater caution, as such plasticity would require 
the examination of genomic DNA from mul- 
tiple individuals in each species. 

EFFECTS OF THE DUPLICATION 

Duplication of the human C4/P450c21/Gene 
X gene cluster has important genetic and clinical 
consequences. First, as discussed above, the 
duplication truncated the 5' portion of the X 
gene to yield a shortened XA gene that is only 
6 kb long and encodes a 2.6 kb RNA. By con- 
trast, the XB gene is quite large and appears to 
encode two mRNAs of 8 and 12 kb [40, 43]. 
Other effects on XA are discussed above. Sec- 
ond, the close proximity of the C4A and C4B 
genes and of the P450c21A and P450c21B genes 
facilitates frequent genetic recombinations 
leading to frequent gene conversions. Such 
conversion between C4A and C4B [60-63] and 
between P450c21A and P450c21B [42, 64-70] 
have been well documented. The high incidence 
of gene conversions between the P450c21A and 
P450c21B loci is the most important factor in 
the unusual genetics of this locus (for reviews 
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Fig. 6. Diagram of  Southern blotting patterns of  genomic DNA digested with Taq I and probed with a 
mixture of  a 5' C4 eDNA probe such as the 476 bp Barn HI/Kpn I fragment of  clone pAT-A [73] and a 
genomic 3.1 kb Barn HI/Eco RI probe extending from the Eco RI site in the P450c21B gone to the Barn 
HI site in its 3' flanking DNA. In the left diagram, the bands are filled-in or cross-hatched in a pattern 
corresponding to the gone pattern (right). The CAA gone (broad diagonal lines) is represented by a 7.0 kb 
band; the long C4B gone (dotted) by a 6.0 kb band; the short CAB gone (dotted) by a 5.4 kb band; and 
the C4B gone (dotted) by a 6.4 kb band when it is associated with a deletion of  the C4A and P450e21A 
genes. The P450c21A pseudogene is represented by a 3.2 kb band and the 3' end of  the XA gone is 
represented by a 2.4 kb band (solid). The P450c21B gone is represented by a 3.7 band and the 3' end of  
the XB gone is represented by a 2.5 kb band (open). Three different Taq I blotting patterns are diagrammed 
on the left corresponding to the chromosomal patterns on the right. The a a pattern and a b pattern are 
normal corresponding to the normal chromosomes a and b, which differ in the presence of  a long (a) or 
short (b) C4B gone. Chromosome e shows deletion of  CAA and the P450c21A pseudogene, characterized 
by the presence of  a 6.4 kb band at the 5" end of  the C4B gone and absence of  the 3.2 and 2.4 kb fragments. 

All three of  these chromosomes yield a normal phenotype unassociated with disease. 
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Fig. 7. Typical family study of  P450c21 genes in CAH. The father carries mutant chromosome a, bearing 
a microconversion in the P450c21B gone (vertical fines); the mother carries mutant chromosome d beating 
a 30 kb deletion extending from the middle of  the P450c21A pseudogene to the middle of  the P450e21B 
gone. The father's Southern blotting pattern is normal. The mother 's  pattern shows decreased intensities 
o f  the 5.4 kb band (absent C4B on d), o f  the 3.7 kb band (absent 5' end of  the P450c21B gone on d) and 
of  the 2.4 kb band (absent Y end of  XA on d). The unaffected son has a normal Southern blotting pattern; 
this study cannot determine if he received chromosome a or b from his father. The affected daughter has 

the same Southern blotting pattern as the mother. 

I I i i l  
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see [19, 20]). Thus even though P450c21A is a 
pseudogene, it has an enormous effect on the 
genetics and pathology of the locus. While it is 
not yet known if genetic exchange leading to 
gene conversion occurs between the XA and XB 
genes, the extreme similarity of their sequences 
suggests this may well occur. If so, XA may 
assume substantial biological importance, irre- 
spective of the semantic question about whether 
or not it is a "pseudogene" 

ALTERATIONS OF THE C4/P450c21/X LOCUS IN 
CONGENITAL ADRENAL I-IYPERPLASIA (CAll) 

CAH is a group of autosomal recessive 
disorders resulting from mutations in the genes 
encoding the steroidogenic enzymes. While 

mutations affecting each step in steroidogenesis 
are known, the overwhelmingly most common 
form of CAH involves P450c21 [71, 72]. The 
genetics of the C4/P450c21 locus in CAH have 
been studied in great detail (for reviews 
see[19,20]). We have developed a simple 
Southern blotting tactic that discriminates the 
C4, P450c21, and X genes simultaneously [20]. 
We probe Taq I-digested DNA with a mixture 
of the 476 bp Bam HI/Kpn I fragment from the 
5' end of the full-length human C4 eDNA [73] 
and a P450c21/X genomic probe [42] (Figs 6 and 
7). Using this 5' C4 eDNA fragment plus the 
3.1 kb Barn HI/Eco RI fragment lying immedi- 
ately 3' of the P450c21B gene provides a simple 
unambiguous strategy for identifying rearrange- 
ments in C4/P450c21 gene units in families with 

ab cd ad ac bd 

C4A 21A C4B 21B 

I I I I I  I I I I I  
-t.o 3.2 z.a e .o  3.z 2.5 

b - EI- 
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7.0 3.2 2.4 6.0 3.7 2.5 
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7.0 3,7 2.5 
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Fig. 8. Family studies are necessary in studying the genetics of CAll.  The father's mutant a chromosome 
has a gene conversion in the P450¢21B gene: the 7.0 and 6.0 kb CAA and C4B bands are of equal intensity; 
the 2.4 and 2.5 kb XA and XB bands are of equal intensity; and the 3.7 kb P450c21B band is markedly 
decreased (1 copy) compared to the 3.2 band (3 copies). The mother's c chromosome carries a normal 
P450c21B gone so that the mother is phenotypicaUy normal, however, this chromosome bears deletions 
of the P450c21A pseudogene and the C4B gene. The mother's d chromosome is structurally intact, but 
bears a microconversion rendering the P450c21B gene nonfunctional. Thus the mother has decreased 
intensity of her 6.0 kb C4B band (1 copy) compared to her 7.0 kb C4A band (2 copies), and decreased 
intensity of her 3.2 kb P450c21A and 2.4 kb XA bands (I copy each) compared to her 3.7 P450c21B and 
2.5 kb XB bands (2 copies each). Note that the affected son carrying chromosomes a and d has at least 
one copy of each band and has a pattern of P450c21 bands suggesting heterozygosity for a P450c21B gene 
deletion or conversion (decrease of 3.7 kb compared to 3.2 kb bands); the family study disproves this by 
the equal intensities of the 2.4 and 2.5 kb XA and XB bands. The chnically unaffected brother carrying 
chromosomes a and c looks like he has a Taq I pattern indicating a typical heterozygote for the 30 kb 
deletion extending from the middle of the P450c21A to the middle of P450c21B (i.e. identical to the 
maternal e d pattern in Fig. 7). The family study shows that this pattern in the a c brother is due to the 
combination of a P450c21 gene conversion on a and a deletion of the P450c21A and C4B genes of c. 
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CAH. The design of this strategy was described 
previously [20] and is summarized in Fig. 6. The 
C4A gene is characterized by a 7.0 kb Taq I 
fragment, P450c21A by a 3.2 kb fragment, and 
XA by a 2.4 kb fragment. The C4B gene is 
normally polymorphic, yielding either 5.4 or 
6.0 kb bands, while P450c21B is represented as 
a 3.7 kb band and XB as a 2.5 kb band. 

Gene conversions account for the over- 
whelming majority of disease-causing lesions in 
P450c21 genes. Most P450c21 gene conversions 
are "micro-conversions", where only a limited 
region of the P450c21B gene acquires P450c21A 
sequences. Because these regions of microcon- 
version are small, and because the surrounding 
DNA has 98% nucleotide sequence identity for 
the two genes, such microconversions look like 
point mutations, except that the mutation 
always changes a P450c21B sequence to a 
P450c21A sequence. Such microconversions 

account for about 75% of P450c21 mutations 
causing severe CAH [19, 20, 42]. Less common 
macroconversions change large portions of the 
P450c21B gen¢ to P450c21A sequences, includ- 
ing the 5' flanking DNA, so that the converted 
P450c21B gene is now characterized by a 3.2 kb 
Taq I band rather than a 3.7 kb band. Such 
macroconversions account for 10-12% of 
disease-causing P450c21 alleles [19, 20, 42]. The 
application of our Southern blotting procedure 
in CAH is shown in Figs 7-9. Figures 8 and 9 
are especially revealing as they demonstrate the 
absolute requirement for family studies. This is 
most clearly shown in the DNA of the affected 
individual with the a d genotype in Fig. 9. This 
individual's DNA yields a pattern of restriction 
fragments that is absolutely normal, yet the 
family studies show that both the a and d 
haplotypes are abnormal. Using this tactic to 
study both normal chromosomes and those 
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Fig. 9. Family studies show that a normal appearing pattern is not normal. Southern blots of Taq 
I-digested DNA was probed as in Figs 6-8. The affected daughter has a completely normal Southern 
blotting pattern suggesting a microconversion. However, the father's mutant a chromosome carries three 
CA/P450c21 gene units, with a duplication of the long C4B gene, two P450c21A pseudogenes and a 
P450c21B gene with a point mutation. His normal b chromosome is unremarkable except that it carries 
a short C4B gene (5.4 kb fragment). His blotting pattern shows equal intensity of the 7.0 kb CAA band 
(2 copies) and the 6.0 kb long CAB band (2 copies) plus a lesser intensity of the 5.4 kb short C4B band 
(I copy). The presence of threc P450c21A pscudogenes is indicated by the slightly greater intensities of 
the 3.2 kb P450c21A and 2.4 kb XA bands compared to the 3.7 kb P450c21B and 2.5 kb XB bands; 
however such densitometry is nonquantitative. The maternal c chromosome is normal, and carries a short 
C4B gene. Her d chromosome is abnormal, bearing a 30 kb deletion encompassing the entire P450c21A 
and CAB loci and also bearing a structurally intact P450c21B gene carrying a microconversion. The 
affected daughter carrying chromosomes a and d has an apparently normal pattern, with three C4/P450c21 
units from paternal chromosome j and d and one from maternal chromosome d. Paternal chromosome 
a contributes two 3.2 kb P450c21A and 2.4 kb XA fragments; chromosomes a and d each contribute a 
mutated 3.7kb P450c21B gene and its linked 2.5 kb XB fragment. The heterozygous sister having 
haplotype b d confirms the pattern, carrying the completely normal b chromosome and the partially deleted 

d chromosome. 
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Table 1. Incidence of various lesions in the CA/P450c21]X gene locus causing CAH 

969 

Affected chromosomes Normal 
chromosomes 

Form of CAH 
Incidence Incidence 

Mutation SW SV NC Total (%) Number (%) 

Classic 30 kb deletion 34 6 2 42 I 1.8 0 
Other deletions 5 1 I 7 2.0 0 
Macroconversions 33 2 I 36 i 0.1 0 
Mieroconversions (All) 125 76 69 274 76.1 

With a completely normal locus 102 59 27 188 53.0 254 75.4 
With deleted C4A and CYP21A genes 5 0 I 6 31 9.2 

3.4 
With deleted C4B and CYP21A genes 2 2 2 6 20 5.9 
With duplicated C4 and CYP21A genes 13 12 39 64 18.0 16 4.75 
Other abnormalities 3 3 0 6 1.7 16 4.75 

Total 195 85 73 355 100 337 100 

The forms of CAH due to 21-hydroxylase deficiency are: SW, salt-wasting CAH; SV, simple virilizing CAH; NC, 
nonclassical CAH (for definitions and discussions see [19, 20]. 

bearing mutated alleles causing CAH we have 
now obtained the statistics shown in Table 1; 
these are substantially equivalent to those we 
reported earlier [19, 20, 42]. Thus knowledge 
of the unusual genetic anatomy of the 
C4/P450c21/X locus can facilitate the clinical 
diagnosis of genetic lesions causing CAH. 
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