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Abstract

Several autoimmune disorders as well as congenital adrenal hy-
perplasia (CAH) are either associated or closely linked with
genetic variants of the fourth component of complement (C4A
and C4B) and the enzyme steroid 21-hydroxylase (21-OH). These
proteins are encoded by genes that are located downstream from
the genes for complement proteins, C2 and factor B (BF) between
HLA-B and -DR in the major histocompatibility complex
(MHC). Previous studies of variants and null alleles were based
on electrophoretic mobility of C4 protein and linkage with disease
phenotypes. These data did not permit analysis of the basis for
the observed null alleles and duplicated variants. Westudied
this region of the MHCin 126 haplotypes for a structural analysis
of the four adjacent loci, C4A, 21-OHA, C4B, and 21-OHB.
About half of the C4 genes typed as C4 null are deleted and
several unrecognized homoduplicated C4 alleles were detected.
Hence the frequencies of different C4 structural variants must
be recalculated based on a direct analysis of the genes. Analysis
of the C4/21-OH genes of patients with the classical (salt-wast-
ing) form of CAHshowed that some involve a deletion of the
C4Band 21-OHB genes; whereas for two only the 21-OHB gene
is deleted, i.e., the C4B gene is present. Together, these data
provide a better understanding of the mechanisms generating
and importance of deleted C4 and 21-OH null alleles in human
disease.

Introduction

The short arm of human chromosome 6 carries the genes for
factor B (BF),' for the second and the fourth component of
human complement (C2, C4A, and C4B), and for the cyto-
chrome P-450 steroid 21-hydroxylase (21-OH) (1-4). C2 and
BF are about 0.5 kilobase pairs (kb) apart and are separated
from the C4 genes by 30 kilobases (kb). The C4 genes are 10 kb
apart, each with a 21-hydroxylase gene at the 3' end at a distance
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1. Abbreviations used in this paper: BF, factor B; CAH, congenital adrenal
hyperplasia; MHC, major histocompatibility complex; 17-OHP, 17-hy-
droxyprogesterone; RFLP, restriction fragment length polymorphism;
SSC, standard saline citrate; SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.

of - 1.5 kb. The order of the genes in the direction of transcrip-
tion is C2, BF, C4A, 21-OHA, C4B, 21-OHB (5-7), and they
have been mapped between HLA-13 and HLA-DR (8), which
are separated by -0.7 cM (9). Because of the tight linkage, these
genes are usually inherited as a single "complotype" (10). In
some haplotypes, linkage disequilibrium includes the HLA-B
and -DR region forming "extended haplotypes" (I 1).

The high degree of polymorphism in C4 has led to specu-
lation that susceptibility to some autoimmune diseases might
be due to differences in the interaction of C4 variants with other
polymorphic complement proteins, antigens, and antibodies (12,
13). The frequency of null alleles at the C4 loci (0.10-0.15) is
relatively high (14), and some possible associations of C4 null
alleles (C4 QO) with diseases of the immune system have been
suggested, e.g., systemic lupus erythematosus (SLE), scleroderma,
and subacute sclerosing panencephalitis (SSPE) (15-17).

A defect of the functional 21-OH gene results in congenital
adrenal hyperplasia (CAH) and one mutation shows linkage dis-
equilibrium with a rare MHChaplotype (18, 19). It has been
shown that 2 1-OHB is the functional gene and that a deletion
of the 2 1-OHA gene does not affect steroid metabolism (20).
Since deletions of the 21-OH genes are correlated with null alleles
at the adjacent C4 loci, it has been postulated that these C4 QO
genes represent deletions as well (6). Several CAHhaplotypes
have therefore been included in this study.

Restriction fragment length polymorphisms (RFLPs) have
proved useful in the investigation of the basis of C4 genetic vari-
ants (21) and can subdivide commonC4 allotypes (22). Analysis
of genomic and complementary (cDNA) sequences of C4A and
C4B has shown that only eight nucleotide differences resulting
in a regional change in six amino acids account for the class
differences between the C4 isotypes. Even fewer exchanges were
detected in allotypic variants at each locus (23, 24). A variation
in size of the C4B gene (the short form is 16 kb, whereas the
long form is identical in size to the C4Agene at 22 kb) is a result
of the presence or lack of a 6.8-kb intron in the 5' region of the
C4B gene (25, 26).

Some but not all C4A and C4B null alleles are due to large
deletions that include a deletion of a flanking 21-OH gene (25).
Molecular maps of genomic DNAshowed a deletion of the C4A
and 2 1-OHA genes or the 2 1-OHA and C4B genes. Three hap-
lotypes with nondeleted C4 null alleles were also identified (25).

Here we present the use of a restriction fragment length
polymorphism located at the 5' end of both C4 genes to inves-
tigate the molecular basis of C4 QOalleles and duplications as
well as the frequency of the long and the short form of the C4B
gene. Applied together with a probe (7) to detect a fragment size
difference of the 21-OH genes (20), this polymorphism provides
information about the structure of the C4/2 1-OH gene complex,
which can be used to further analyze the genetic basis of disorders
associated with deficiencies of the C4 and 21-OH loci.
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Methods

Selection of individuals. This study is based on the DNAtyping patterns
of 92 individuals from 32 Caucasian families, including 8 patients with
CAH, 5 patients with celiac disease, and 4 patients with multiple sclerosis.
ARl other subjects were healthy and were selected for the presence of
haplotypes carrying null alleles at one or both of the C4 loci.

Complement and HLA typing. Blood for complement typing was
collected into I mg/ml EDTA, centrifuged, and the serum was stored at
-80'C. BF typing was carried out by agarose gel electrophoresis followed
by immunofixation with goat anti-human BF antibody (Atlantic Anti-
bodies, Scarborough, ME) (27). For C2 typing, plasma samples were
subjected to isoelectric focusing in polyacrylamide gels (28). C4 typing
was carried out by high voltage agarose electrophoresis in a discontinuous
buffer system after desialation of the samples with neuraminidase, fol-
lowed by immunofixation with goat anti-human C4 antibody (Atlantic
Antibodies) (29). The alpha-chains of C4A and C4B were analyzed by
sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE)
(30). Blood for HLA typing was collected into heparin at a final con-
centration of 10 U/mi. HLA-A, -B, -C, and -DR antigens were assigned
by the microlymphocytotoxicity assay (31, 32).

Complotypes are given in arbitrary order as BF, C2, C4A, and C4B
types in abbreviated form. Thus, "SCOI" represents BF*S, C2*C,
C4A*QO, C4B*1.

Preparation of human genomic DNAand Southern blotting. For DNA
preparation, individual blood samples of 30 ml each were collected into
a syringe containing 2 ml of 100 mMEDTA. The DNAwas extracted
from white blood cells purified by sucrose sedimentation according to
standard procedures (33). Individual DNAsamples of 10 Mgwere digested
with restriction enzymes at a concentration of 5 U/ug according to the
manufacturer's instructions (New England Biolabs, Beverly, MA). The
DNAfragments were separated by electrophoresis in a 0.8% agarose-gel
(ultrapure agarose, BRL Laboratories, Bethesda, MD) and blotted onto
nitrocellulose (BA85, Schleicher & Schuell, Keene, NH) (34, 35). Pre-
hybridization and hybridization were carried out in a mixture containing
4 X standard saline citrate (SSC), 50 mMphosphate buffer pH 6.8, 1
mMEDTA, 0.1% SDS, 5%dextran sulfate, 5 X Denhardt's solution, 0.1
mg/ml yeast RNA, and 50 pg/ml sheared denatured salmon sperm DNA.
As hybridization probe, 1 Mg of purified cDNA insert was labeled with
100 MCi alpha-[32P]dCTP (deoxycytidine triphosphate, New England
Nuclear, Boston, MA) in a nick translation reaction (36). Hybridization
was performed for 15 h at 650C, followed by two to three subsequent
washes of 30 min each in 0.2 X SSC/0. 1%SDSat the same temperature.
The hybridization patterns on the blots were visualized by autoradiog-
raphy.

C4 and 21-OH specific DNAprobes. The cDNAprobe used to gen-
erate the 5' C4 polymorphism was derived from the full length C4 cDNA
clone pAT-A (23). The 500-bp probe specific for the 5' ends of both C4
genes was obtained after BamHI/Kpn I double digest, separated from
the other fragments by agarose electrophoresis and purified by electro-
elution into a dialysis bag (37). The probe specific for the 21-OH genes
was derived from the cosmid clone cos I E3 and represents a 900-bp Bgl
I fragment of the 2 1-OHA region (7). The 300-bp insert of cDNAclone
pALU-7 is specific for the C4d region of both C4 genes (38). These
inserts were purified as described above.

Interpretation of restriction fragment patterns. The 5' C4 fragments
were mapped relative to the 12- and 3.5-kb Kpn I fragments characteristic
for the 5' ends of the C4A and the C4B genes (5). The correlation of
these fiagments with the two forms of the C4Bgenes has been established
by hybridization of Kpn I digested DNAwith the cDNAprobe pALU-
7, which yields a 7.5-kb band for the long C4 genes and an 8.5-kb band
for the short C4B gene (26, 39).

Several precautions were observed to obtain accurate and reproducible
results. The evaluation of relative intensities of DNA fragments on
Southern blots as evidence for the number of genes was only carried out
within the same digest on the blot. Intensities of C4 and 2 1-OH bands
within the same digest were not compared, as they depend on the size

and specific activity of the radiolabeled probe. Assignment of a deletion
or duplication was established in family studies to confiri the findings
by segregation analysis.

Results

Pattern of the Taq I polymorphism. After digestion of genomic
DNAwith the restriction enzyme Taq I and hybridization with
the labeled 5' C4 probe, four different fragments were visualized.
Fig. 1 shows the position of these firagments within the C4/2 1-
OHregion and the genotypes in which they occur. Southern
blot analysis of DNAfrom homozygous individuals shows that
the longest fragment (7.0 kb) is specific for the C4Agene locus,
and the other three represent different alleles of the C4B gene.
One of them (6.4 kb) is a marker for a deletion of the C4Agene
in the complotype SCOI (BF*S, C2*C, C4A*QO, C4B* 1). This
complotype is usually part of the extended haplotype HLA-B8,
DR3, SCOJ. The 6.4-kb fragment is located at the 5' end of the
remaining short C4B gene in this haplotype. The 6.0-kb (C4B
long) and 5.4-kb (C4B short) bands represent the two forms of
C4B in normal haplotypes with two C4 loci. The 21-OH genes
are identified by the 3.2-kb (21-OHA) and 3.7-kb (2 1-OHB) Taq
I bands.

Two different forms of C4Bdeletions were detected in family
EM. (Fig. 2 a). Father A. has no C4B bands, but both the 21-
OHAand the 2 1-OHB band are visible. This pattern suggests
that both C4Bgenes are deleted. Onone chromosome, the dele-
tion includes a 2 1-OHA gene, and on the other the 2 1-OHB
gene. Mother R. has a stronger C4A than C4B band, and a
stronger 2 1-OHB than 2 1-OHA band. A possible deletion could
include the 21 -OHA and C4B genes on one chromosome,
whereas the other carries all four genes. This assumed parental
deletion pattern is confirmed by the analysis of segregating chro-
mosomes in the children. Daughter P. has inherited both 21-
OHA/C4Bdeleted haplotypes; i.e., no 21-OHA or C4B fiagments
can be detected. Son L. has a deletion of the C4B/2 1-OHB genes
on one chromosome, inherited from A.; i.e., the C4A and the
2 1-OHA bands are stronger than the C4B/2 1-OHB bands. Al-
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Figure 1. Map of the human C4 and 2 1-hydroxylase gene region illus-
trating the Taq I restriction fragment pattern. (a) 7.0/5.4-kb frag-
ments: C4A gene in combination with short C4B gene (16 kb); (b) 7.0/
6.0-kb fragments: C4A gene in combination with a long C4B gene (22
kb); (c) 6.4-kb fragment: deletion of C4A and 2 1-OHA genes in com-
bination with short C4B gene; (d) 7.0/6.0/5.4-kb fiagments: heterozy-
gous pattern of individual with one long and one short C4B gene.
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Figure 2. Taq I restriction fragment patterns of haplotypes carrying
deletions of the C4 and 2 1-hydroxylase genes. (a) Family tree and
Southern blot showing the segregation of 21-OHA/C4B and C4B/2 1-
OHBdeletions in family EM. The haplotypes indicated above the blot
are: a, HLA-A3, Cw6, Bw47, DR7, FC91,0, deletion of C4B and 21-
OHB; b, HLA-AlJ, Cw4, B35, DR], SC30, deletion of 21-OHA and
C4B; c, HLA-Al, C'4, B35, DRw6, SC3J, no deletion; d, HLA-A2,
Cw4, B35, DR], SC30, deletion of 21-OHA and C4B. (b) Family tree
and Southern blot showing the segregation of C4A/2 1-OHA deletions
in family AD. The haplotypes indicated above the blot are: a, HLA-
Cw5, B44, DR3, SCOl, deletion of C4A and 21-OHA in combination
with short C4B gene; b, HLA-A2, B7, DR2, SC3J, no deletion; c,
HLA-CwS, B44, DR4, SCO), deletion of C4A and 21-OHA in combi-
nation with long C4B gene; d, HLA-AJ, B8, DR3, SCO1, deletion of
C4A and 21-OHA in combination with short C4B gene.

though the C4 fragment patterns of R. and L. are identical, the
reversed intensities of the 21-OH bands indicate the presence
of different deletions.

A rare complotype with a C4Adeletion was found in family
AD (Fig. 2 b). Mother M. has no detectable C4A protein as
assesse by agarose electrophoresis and immunofixation of
neuraminidase-treated plasma. However, a 7.0-kb 5' C4 band is
clearly visible together with a 6.4-kb band from the other chro-
mosome, but no second 5' C4B fragment is apparent. Based on
the lack of a C4Agene product according to the protein typing,
one could assume that the 7.0-kb band represents in this case
the 5' end of a long C4B gene in combination with a C4A dele-
tion. The 2 1-OHA genes on both chromosomes are deleted as
well. This deletion is inherited with HLA-B44, DR4. In contrast,
the deleted AQOhaplotype from father J. segregates with HLA-
B44, DR3and shows the usual 6.4-kb band. This indicates the
presence of a short C4Bgene, as it is found in the most common
haplotype with a C4A deletion and a short C4B gene, the ex-
tended haplotype B8, DR3, SCOJ. The paternal chromosome
thus might have been generated by an ancestral crossing-over
event between the HLA-B44 locus and the complement genes
of the extended haplotypej whereas the C4A deletion with the
long C4B gene on the maternal chromosome has apparently
originated independently.

Analysis of the 21-hydroxylase genes in CAHpatients. Eight
patients with the classical (salt-wasting) form of CAHwere stud-

ied together with their families. In two patients, the 21-OHB
gene alone was deleted, and the C4B gene was intact (Fig. 3 a).
Five patients had at least one 21-OHB gene (Fig. 3 c and d),
whereas the other three individuals lacked the 3.7-kb Taq I frag-
ment that represents the 21-OHB gene (Fig. 3 a and b). One
haplotype had a deletion of the 21-OHA/C4B genes (Fig. 3 e),
and eight haplotypes carried a C4B/21-OHB deletion. Of these,
five occurred in the CAH-linked extended haplotype Bw47, DR7,
FC91,0. This haplotype was originally typed as FC0,31, and
renamed on the basis of structural data (see discussion) and pro-
tein typing in comparison to the known C4 allotypes A 3, A 1,
A 91, A 92, and B 3 (data not shown).

Detection of hetero and homoduplicated C4 loci. An indi-
vidual carrying a heteroduplication of the C4B locus (two dif-
ferent C4B alleles on the same chromosome) together with a
C4A null allele on one chromosome (C4A*QO, B*1,2) and a
common C4 haplotype on the other (C4A*3, B*l) has been
analyzed by C4 protein and DNAtyping (Fig. 4 a and b). Father
B. (a and b) has equally strong 7.0 kb (C4A) and 5.4 kb (C4B
short) bands and a weak 6.0-kb (C4B long) band, thus indicating
the presence of five C4 alleles (one of them a nondeleted C4A
null allele). With the 21-OH probe, the 3.7 kb (21-OHB) band
is slightly stronger than the 3.2-kb (21-OHA) band, and suggests
that the 21-OHB gene is also duplicated on one chromosome.
Chromosome b probably has the duplicated C4B/21-OHB genes
as son M. (a and d) does not appear to have inherited this pattern.

Similar restriction fragment patterns were observed in other
individuals with duplicated C4 loci that were not detected by
C4 protein typing. In family CH., a homoduplication of the C4B
locus (two identical C4B alleles on the same chromosome) was
detected on Southern blot analysis. This duplication segregates
with chromosome b from father S. to his daughters (Fig. 5, top).
The finding was supported by the C4 typing gels (Fig. 5, bottom),
where stronger C4B 1 protein patterns in individuals S., JI. and
D. were observed. A stronger C4B than C4A alpha chain was
also observed after separation of immunoprecipitated and re-
duced C4 from plasma samples by SDS-PAGE(data not shown).
To obtain further evidence for the duplication, DNAsamples
of family CH. were also digested with the restriction enzymes
Bgl II and Kpn I and hybridized with the C4 and 21-OH probes
(data not shown). These patterns were used to establish a partial
restricion mapof the duplicated gene region (Fig. 6). In addition,
another homoduplication of the C4Blocus in combination with
a nondeleted C4A null allele in the haplotype HLA-AII, BJ 7,
DRw6, FC01,I has been detected (data not shown).

Screening for deletions of the C4/21-OH genes. To obtain
data on the occurrence and type of deletions in the C4/2 1-OH
region, 126 individual haplotypes were analyzed in family studies
using the 5' C4 Taq I polymorphism. The families were selected
for the presence of one or more C4 null alleles, based on protein
typing. Also, members of some families are carriers of disorders
like CAH, multiple sclerosis, and celiac disease. The data ob-
tained thus are not representative for fiequencies in the normal
population.

The Southern blot analysis of C4 haplotypes carrying a null
allele (C4 QO) showed the following: (a) Deleted to nondeleted
alleles showed a ratio of 3:2. (b) All deleted C4Agenes occurred
with the complotype SCOI and included deletions of the 21-OH
gene. (c) C4B null haplotypes with a deletion included either
deletion of a 21-OHA or a 21-OHB gene. (d) Deletion of the
C4B gene was not observed in SC30 and FC30 complotypes in
combination with HLA-B44.
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Name HLA- A C B DR BF/C2/C4A/C4B
TaqI-fragments:
C4A OHA C4B OHB

a. F.C. w24

w24 w2

C.S. 3

2 w2

44

w62 w6

w47 7

51 3

F C 4 QO
F C 3 1

F C 91 QO
S C 3 1

7.0 3.2 - -
7.0 3.2 6.0 -

7.0 3.2 - -

7.0 3.2 6.0 -

-70
-6.0

* -32

b. K.G. 3 w47 7 F C 91 QO
3 w3 40 4 S C 3 QO

c. C.D. 1 8 1 S B 4 QO
3 51 2 F C 3 1

7.0 3.2 - -

7.0 3.2 - -

7.0 3.2 - -

7.0 3.2 6.0 3.7

- 70

-3.2

V -70
-60

3 w6 w47 7

1 w4 35 1

2 w5 44 4

11 w47 7

F C 91 QO
S C 3 1

S C 3 QO
F C 91 QO

7.0 3.2 - -

7.0 3.2 6.0 3.7

7.0 3.2 6.0 3.7

7.0 3.2 - -

28 w3 w60 S C Q0 2 7.0 3.2 5.4 3.7

28 w6 w47 7 F C 91 Q0

28 14 4 FS C 3 1

3 w60 1 FS C 3 Q0

7.0 3.2 - -

7.0 3.2 5.4 3.7

7.0 - - 3.7

-70 Figure 3. Haplotypes and Taq I restriction frag-
-54 ment patterns of patients with the classical (salt-

wasting) form of CAH. (a) homozygous deletion of
3.7 21-OHB and heterozygous deletion of C4B; (b) ho-
3 2 mozygous deletion of C4B and 21-OHB; (c) het-

erozygous deletion of C4B and 21-OHB with re-
maining long C4B gene; (d) heterozygous deletion
of C4B and 21-OHB with remaining short C4B

7.0 gene; heterozygous deletion of 21-OHA and C4B
-5 4 with both remaining 21-OHB genes. (The South-

ern blot figures in lanes a, d, and e are obtained
'- 3 7 from sequential hybridizations of the C4 and 21-

-3 2
OHprobes on the same blot.)

The individual haplotypes with deleted null alleles are listed
in Table I A. All but three C4AQOdeletions are linked to HLA-
B8, DR3, and all 21 show the complotype SCOJ. In this group,

the 21-OHA gene is also deleted. All of the four 2 1-OHA/C4B
deletions occur in the SC30 and FC30 complotypes, but with
various HLAdeterminants. Six of nine C4B/21-OHB deletions
segregate with HLA-Bw47, DR7, FC91,0, a haplotype linked to
CAH. The other three haplotypes with a deletion of the 2 1-OHB
gene are also obtained from CAHfamilies.

C4A QOhaplotypes where the gene is not deleted show no

linkage to specific HLA types (Table I B). In contrast, 12 of 17
nondeleted C4Bnull alleles segregate with HLA-B44, SC30, and
seven of these with the extended haplotype B44, DR4, SC30.
All nondeleted C4B null alleles are found in the commonSC30
and FC30 complotypes.

Distribution of the long and short C4B genes. The analysis
of long and short C4B genes showed the following: 61 of 13
haplotypes without deletion of the C4B locus carry a long C4B
gene. Only the long C4B variant is found when the C4Bgene is
present but not expressed. C4A null alleles that are not deleted
may occur with both sizes of C4B genes. Most C4A null hap-
lotypes with a deletion of the C4A gene (19/21) carry the short
C4B gene.

The most commoncomplotypes investigated are represented
in Fig. 7 together with the distribution of the long and the short

form of the C4B gene. Most of the SC3J complotypes (34/38)
have the long C4Bgene, and 11 ofthese are found in the extended
haplotype HLA-B7, DR2, SC31. In contrast, a majority of the
FC31 complotypes (9/13) have the short C4B gene; three of
them are linked to HLA-B44, DR7. With the single exception
of the FC32 complotype, which segregates with HLA-B51, DR4,
all haplotypes with a C4B2 allele carry the short C4B gene, as

do all HLA-Bw57, SC61 haplotypes.

Discussion

The biochemical analysis of polymorphic complement gene
products has already revealed significant functional differences
between isotypic and allotypic C4 variants (40-42). The analysis
of the structural basis of C4 null alleles by recombinant DNA
techniques may help to describe mechanisms leading to dupli-
cations and deletions as well as to understand the effect of these
events in regard to possible autoimmune disease associations
(15, 17, 43). In the case of CAH, a close genetic linkage of this
disease to a limited number of MHC-haplotypes has been es-

tablished (18, 19). This linkage is due to the location of the gene
for steroid 2 1-hydroxylase within the C4 region. A DNAfrag-
ment length polymorphism generated by the restriction enzyme
Taq I provides an effective and convenient way to analyze si-
multaneously the genomic structure of the four adjacent loci of

Polymorphism of HumanComplement 4 and 21-Hydroxylase Genes 653

A.E.

S.P.

d. A.R.

-37
_ -3.2

e. L.L.



a.

B 01<

a ca
b d d

b.

I'll

Kb

6.0- , C4A
5.4-

C483.7- he CWN
3.2 - - _

1 2 3
0 C4B duplication

Figure 4. Heteroduplication of C4B locus as detected by Taq I restric-
tion fragment pattern and C4 protein typing. (a) Family tree and
Southern blot revealing duplication of a short C4B gene and 21-OHB
in family BR. The haplotypes indicated above the blot are: a, HLA-
A31, Cw2, BSJ, DRw8, SC31; b, HLA-A26, Cw3, Bw60, DR5,
SC01,2, duplication of the C4B locus with nondeleted C4A null allele;
c, HLA-Al, Cw6, Bw57, DR5, SC31; d, HLA-A2, B18, DR2, SC3O.
(The figures in the first two lanes are obtained from sequential hybrid-
izations of the C4 and 21-OH probes on the same blot.) (b) C4 protein
typing pattern, obtained by agarose electrophoresis of neuraminidase-
treated plasma and immunofixation; lane 1, control pattern with two
expressed C4A and C4B loci; lane 2, C4 pattern of father B. (4a, lane
1) with duplicated C4B locus and a single expressed C4A locus; lane 3,
control pattern with two expressed C4A loci and duplication of the
C4B locus.

the C4A, 21-OHA, C4B, and 21-OHB genes, since the C4 and
21-OH bands are well separated on the blot and easy to identify.

Our results on the structure of C4A null alleles confirm in
family studies previous findings that mapped a C4Adeletion in
combination with a short C4Bgene, obtained by analyzing clones
from a genomic library (25). In addition, we were able to detect
two deleted C4AQOhaplotypes with a long C4Bgene (Fig. 2 d,
Table I). The Taq I restriction site upstream from the C4 region
appeared preserved (Fig. 1), and in the case of a C4A deletion
the length of the resulting fragment depends on the position of
the 3' restriction site inside the C4B gene; i.e., 6.4 kb with a
short B gene and 7.0 kb with a long B gene. Deletions of the
21-OHA/C4B genes similar to the one described (25) in the hap-
lotype HLA-B7, DR2, SC30 were detected in four other hap-
lotypes (Table I), and all share the same complotype SC30.

Deletions affecting the C4B/2 l-OHB genes occur mostly in
haplotypes found in CAHpatients (Table I). With the exception
of HLA-Bw47, DR7, these haplotypes differ in HLA type as well
as in complotype. The extended haplotype Bw47, DR7, FC91,0
has a fiequency of >20% among CAHpatients (19). The func-
tional 2 1-OHB gene (6) and the C4B gene are deleted in this
haplotype. Southern blot analysis of genomic DNAindicated
that the deletion extends from the end of the 3.2-kb Taq I fiag-
ment in the 2 1-OHA gene to the homologous region 3' to the
21-OHB gene (44).

While in most cases (eight haplotypes) deletions of the
21-OHB gene included the C4B gene, in two unrelated CAH
patients only the 2 1-OHB gene was deleted. In contrast, five
haplotypes in CAHpatients with no apparent deletion of the
2 1-OHB gene were observed as well. Thus, the classical (salt-
wasting) form of CAHis caused by major structural deletions,
but is also a result of defects in 21-OH expression. Therefore,

a b b
d b c c

_ 0

O- _V %

-#__

C4Ar

C48L

* C4B duplication

[ffR C4A/21-OH A deletion

Figure S. Homoduplication
of C4B locus as detected by
Taq I restriction fragment
pattern and C4 protein typ-
ing. Family tree, Southern
blot and C4 protein typing
pattern demonstrating the
segregation of a C4B homo-
duplication in family CH.
The haplotypes indicated
above the blot are: a, HLA-
Al, Cw6, BwS7, SC61; b,
HLA-Aw33, B44, DR7,
SC3J,1, duplication of the
21-OHA and C4B genes; c,
HLA-Al, B8, DR3, SCOJ,
deletion of the C4A and 21-
OHAgenes; d, HLA-A24,
Cw7, B7, DR2, SC3J.

every CAHhaplotype not carrying a C4B null allele must be
analyzed further. On a functional level, the analysis of the
17-hydroxyprogesterone (17-OHP) response to ACTHstimu-
lation has provided a biochemical basis to assess the severity of
the disease in heterozygous and homozygous carriers of CAH
haplotypes (45).

Unequal crossing-over mechanisms have been suggested by
several authors to account for the generation of deletions and
duplications (25, 29, 46, 47). The high degree of structural ho-
mology in the C4/2 1-OH region might facilitate unequal pairing
of chromatids during meiosis. Duplication of the nearby C2 and
Factor B genes has not been detected (48, 49), although the
genes show a substantial degree of homology [39% identity (50)].
Null alleles for C2 that have been analyzed do not appear to be
due to large deletions, as the DNArestriction fragment patterns
of functional and null alleles are identical (49). The near identity
(>99%) among the duplicated C4/21-OH genes favors recom-
binant events.

Unequal crossing-over in the C4 region would result in one
chromosome with a single and the other with three C4 genes.
Based on the C4 protein typing data, the frequencies of null
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alleles [0.10-0.15 (14)] and duplications [0.0075-0.01 (46)] do alleles were deleted. This figure includes nine rare CAHhap-
not correlate. Our finding that not all C4 null alleles are deleted lotypes, so that only about 50% of all C4 null alleles might be
changes this ratio significantly. In this study, 34 of 57 C4 null due to deletions in the normal population. Also, we have ob-

Table L Haplotypes Carrying C4 Null Alleles with and without Deletions

A. Haplotypes with deletions of the C4 and 21-hydroxylase genes:
HLA-A C B DR Bf / C2 / C4A / C4B (total) (CAH)

I. C4A/21-OHA deletions * - 8 3 S C QO 1 (18)
w5 44 3 S C QO 1 (1)

2 w5 44 4 S C Q0 1 (1)
2 w2 51 1 S C Q0 1 (1) (=21)

II. 21-OHA/C4B deletions * w4 35 1 S C 3 Q0 (2)
3 w4 35 w6 S C 3 QO (1)
3 w3 w60 1 FS C 3 QO (1) (=4) (1)

III. C4B/21-OHB deletions * [w6] w47 7 F C 91 QO (6) (5)
3 w3 40 4 S C 3 QO (1) (1)
1 8 1 S B 4 QO (1) (1)
w24 44 F C 4 QO (1) (=9) (1)

IV. 21-OHB deletions w24 w2 w62 w6 F C 3 1 (1) (1)
2 w2 51 3 S C 3 1 (1) (=2) (1)

B. C4QOhaplotypes without deletions:
HLA-A C B DR Bf / C2 / C4A / C4B (total) (CAH)

I. C4AQ0haplotypes * - 7 [2] S C QO 1 (2)
2 w2 51 1 S C QO 1 (1)
28 w3 w60 S C QO 2 (1) (1)
1 w4 35 S C QO 5 (1) (=5)

II. C4BQOhaplotypes 3 7 S C 3 QO (1)
2 [w5] 44 4 S C 3 QO (7) (1)
* - 44 * S C 3 QO (5)
w26 w6 13 3 F C 3 QO (1)
* - 44 w6 F C 3 QO (2)
28 51 w6 F C 3 QO (1) (17)

* Various determinants; [ I this determinant or not defined; - not defined.
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Table II. Extended Haplotypes [1] Recognized Among the Selected Haplotypes

1[1 (*1 (Extended haplotype)

HLA-A C B DR Bf / C2 / C4A / C4B Frequency No. observed Deletion C4B
(normal, 1) in this study of C4 size

1 w7 8 3 S C QO 1 0.082 18 A Short
3 - 7 2 S C 3 1 0.043 11 Long
2 w5 44 4 S C 3 QO 0.029 7 Long

23 w4 44 7 F C 3 1 0.027 3 Short
1 w6 w57 7 S C 6 1 0.019 1 Short
2 w3 w62 4 S C 3 3 0.016 1 - Long

[1] Frequencies among normal Caucasians (11); [*] Predominant HLA-A and -C alleles.

tained evidence for an increased number of homoduplicated
haplotypes, which have not been identified previously. Therefore,
deletions and duplications may be more common than previ-
ously suggested and only by direct analysis of this region on the
DNAlevel can the frequencies be determined accurately.

In the first analyses of the C4 gene region, only short C4B
genes (16 kb) were detected (5, 7, 25). In the present study, a
majority of the C4B genes analyzed were the same size as the
C4A gene (22 kb). This includes all 17 C4B null haplotypes
studied thus far, in which the C4B gene is present but not ex-
pressed. The C4B gene size polymorphism, due to the 6.8-kb
intron, raises questions about the structure of the ancestral C4
gene that gave rise to the duplicated human C4Aand C4Bgenes
and the mouse Slp and C4 genes.

The six most commonextended haplotypes among normal
Caucasians (1 1) were included in the analysis of the 5' C4 poly-
morphism (Table II). Although C4Bgene length polymorphisms
subdivide some groups complotyped by protein polymorphisms
(Fig. 7), within specific extended haplotypes only a single type
of C4B gene is observed. The same homogeneity has been ob-
served among extended haplotypes by using the BamHI/Xba I
polymorphism of the C4 gamma-chain region (A. S. Whitehead,
unpublished observations). Uniformity of extended haplotypes
was also demonstrated by comparing the mixed lymphocyte re-
sponse matched for the extended haplotype even in unrelated
individuals (51). This high degree of functional and structural
preservation is also supported by our analysis at the DNAlevel.

B

A

Comp/otypes: SC31
No. Anolyzed: (36)

B

FC31
(11)

C

E

A A

SCot SC30 FC30
(25) (17) (4)

A B

SC61 SB/C42
(3) (8)

Figure 7. Distribution of different C4/21-hydroxylase gene structures
among commoncomplotypes. The Taq I patterns are listed in the
structural order of the genes C4A/21-OHA/C4B/21-OHB ("-" indi-
cates a deletion): (A) 7.0/3.2/6.0/3.7, C4B long; (B) 7.0/3.2/5.4/3.7,
C4B short; (C) -/-/6.4/3.7, C4B short; (D*) -/-/7.0/3.7, C4B long;
(E*) 7.0/-/-/3.7; F = 7.0/3.2/-/-; (* distinguished on the basis of
C4 protein typing patterns).
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