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Direct molecular diagnosis of CYP21 mutations
in congenital adrenal hyperplasia

Hsien-Hsiung Lee, Hsiang-Tai Chao, Heung-Tat Ng, Kong-Bung Choo

Abstract
The majority of congenital adrenal hy-
perplasia (CAH) cases arise from mut-
ations in the steroid 21-hydroxylase
(CYP21) gene. Without reliance on HLA
gene linkage analysis, we have developed
primers for differential polymerase chain
reaction (PCR) amplification ofthe CYP21
gene and the non-functional CYP21P gene.
Using the amplification created restriction
site (ACRS) approach for direct muta-
tional detection, a secondary PCR was
then performed using a panel of primers
specific for each ofthe 11 known mutations
associated with CAH. Subsequent re-
striction analysis allowed not only the de-
tection but also the determination of the
zygosity of the mutations analysed. Ex-
isting deletion of the CYP21 gene could
also be detected. In the analysis of 20 in-
dependent chromosomes in 11 families of
CAH patients in Taiwan, four CYP21
mutation types, besides deletion, were de-
tected. Interestingly, in five different al-
leles, the CYP21P pseudogene contained
some polymorphisms generally associated
with the CYP21 gene. These results suggest
gene conversion events that are occurring
in both CYP21P and CYP21 genes. Our
combined differential PCR-ACRS pro-
tocol is simple and direct and is applicable
for prenatal diagnosis of CAH using chor-
ionic villi or amniotic cells.
(J Med Genet 1996;33:371-375)
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Congenital adrenal hyperplasia (CAH) is a

common autosomal recessive disorder resulting
from deficiency of one of the five enzymes
necessary for normal steroid synthesis. This
disorder is the result of defects in the gene
coding for steroid 21-hydroxylase (P450c21).
Deficiency in P450c21 activity prevents the
conversion of 17-hydroxyprogesterone to 11-
deoxycorticosterone leading to an excess pro-
duction of androgen, which in turn affects
several stages of growth and development.'
CAH is divided into two forms, the more severe
salt wasting classical and the milder non-clas-
sical forms.2 There is also the simple virilising
type of different degrees of severity. The wide
range of CAH phenotypes is associated with
multiple mutations known to affect P450c21
enzymatic activities.
The gene coding for P450c21 is designated

CYP21. However, there exists a second du-

plicated copy, CYP21P, which shares a 98%
nucleotide sequence homology with CYP21
in the exon sequences.34 However, only the
CYP21 gene is functional, whereas the
CYP21P sequence is an inactive pseudogene
resulting from the presence of an 8 bp deletion
in exon 3, a thymidine insertion in exon 7, and
a C to T nonsense mutation in codon 319
of exon 8, all of which result in frameshift
mutations.`5 Both the CYP21P gene and the
active CYP21 gene are located at the 3' ter-
minus of each of the two genes encoding the
fourth component of complement, C4A and
C4B, in the HLA class III gene region on the
short arm of chromosome 6.67
Among the known CYP21 mutations ana-

lysed, about 15% are mutations involving de-
letion of the entire CYP21 gene.8 However,
gene conversion from the pseudogene to the
active gene is more frequent than gene de-
letion.9'-2 Cases with a combination of gene
conversion and deletion through mixing of the
CYP21P and CYP21 genes have also been
reported.'0 The numerous known pseudogene
mutations, which are commonly expressed as
CYP21 gene defects by gene conversion, were
described by New2 and Forrest et al.8 Clinically,
it has been shown that the aberrant splicing
in intron 2 at nucleotide (nt) 656, the 8 bp
frameshift deletion at codon 111-113, the thy-
midine insertion at codon 306, the nonsense
mutation at codon 318, and the single base
substitution at codon 356 result in a complete
inactivation of P450c21 and are found in the
severe classical form of salt wasting disease.21112
If untreated with steroid hormones, such
patients would die within the first few weeks
of birth. Genital ambiguities are also found in
female patients. The single base changes in
exon 1 at codon 30, exon 3 at codon 105, exon
7 at codon 281, and exon 10 at codon 453 are
associated with the milder non-classical form
of CAH since the mutations result in only
partial loss of the P450c21 enzyme activity." 13
The simple virilising characteristics found in
some CAH patients are associated with a muta-
tion in exon 4 at codon 172, which abolishes
P450c21 activity." 14

Sexual ambiguity in female CAH patients
constitutes a severe psychological problem. If
detected in utero, hormonal treatment can al-
leviate the severity of the symptoms. Thus,
a simple and accurate prenatal diagnosis of
CYP21 gene mutations is needed to prevent
the birth of an affected child with the CAH
phenotype. Diagnosis of CYP21 gene deletion
has previously been done by way of linkage
analysis with HIA typing using restriction frag-
ment length polymorphisms (RFLP).5691516
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Table 1 ACRS detection of mutations in the CYP21 genes

Designation Primer pair Mutational allele Restriction site Fragment size (bp)

Natural Created Normal Mutant

A CIN/C2 Ex 1, cdn 30 - PstI 195 164+31
BI C3B/C4A Int 2, nt 656 - SacI 115 85+30
B2 C3B/C4A Ex 3, cdn 111-3 - RsaI 115 89+26
C C5/C6 Ex 4, cdn 172 - MseI 148 118+30
D C7D1/C8 Ex 6, cdn 236 - MboI 114+26 140
E C7E/C8 Ex 6, cdn 237 - TaqI 140 116+24
F C7C1/C8 Ex 6, cdn 239 - MseI 140 110+30
G C9/C1O-1 Ex 7, cdn 281 ApaLI - 116+101 213
H C9A/C9B Ex 7, cdn 306 - MwoI 123+34 157
Ji C11/C12 Ex 8, cdn 318 PstI - 146+51 197
J2 CI1/C12 Ex 8, cdn 356 - MscI 197 167+30

However, the ratios of CYP21/CYP21P by
restriction map analysis were difficult to in-
terpret.'7 Other more recently developed tech-
niques for the CYP21 detection of point
mutation include allele specific oligonucleotide
(ASO) hybridisation,9 121819 specific primer
amplification for direct sequencing,20-22 and
PCR based single strand conformation poly-
morphism.23 However, in these protocols, con-

tamination from the highly homologous
pseudogene sequence is a major impediment.
In particular, there is almost complete sequence

homology between the two allelic CYP21 genes

from exons 4 to 1 0,3-5 which makes it almost
impossible to develop an accurate and reliable
molecular diagnostic protocol for analysing the
mutations in these exons precisely.
To circumvent the above problems and as a

step towards prenatal diagnosis of CAH, we

describe here a PCR based approach which
permits differential amplification of the
CYP2 1P and CYP21 genes, followed by direct
probing for the presence of known mutation
sites in a secondary PCR analysis, using the well
characterised amplification created restriction
site (ACRS) approach.24 This approach has
been used successfully for the detection of
known mutations in a number of congenital
diseases such as v thalassaemia and phenyl-
ketonurea and in oncogenes such as ras.

Materials and methods
SAMPLES

Blood samples from normal healthy subjects
and suspected CAH patients and available fam-
ily members evaluated at the Obs/Gyn clinic
of the Veterans General Hospital, Taipei were

obtained. Amniotic fluid was also obtained
in one case and was cultured before DNA
extraction.

DNA PURIFICATION

Fresh blood samples or cultured cells were

used for DNA preparation. Normally, a 3 ml
fresh blood sample was taken in a 15 ml clean,
disposable tube coated with EDTA and lysed
with 9 ml RBC buffer (0- 15 mol/l NH4C1,
0-1 mmol/l EDTA, 10 mmol/I KHCO3, pH
7-3). After a 10 minute incubation at room

temperature, the mixture was spun at 2000 x g
for 10 minutes. The supernatant was discarded
leaving enough volume for resuspension. Three
ml cell lysis buffer (200 mmol/l Tris-HCl, pH
8-5, 100mmol/I EDTA, 35mmol/I SDS) was

added to the mixture and mixed gently several
times until a homogeneous phase was obtained.
The homogeneous solution was added to 1 ml
of protein precipitation solution (10 mol/l
NH4Ac), and shaken or vortexed vigorously for
20 seconds to achieve uniformity. The mixture
was centrifuged at 2000 x g for 15 minutes and
the supernatant was transferred to a clean tube
for DNA precipitation by adding eight-tenth
volume of isopropanol.

POLYMERASE CHAIN REACTION
To 2 5 p1 of genomic DNA (300 ng), 5,l of
10 x PCR buffer and 0 75 units of Taq DNA
polymerase (Expand Long Template PCR
System, Boehringer Mannheim, FDR) were
added. Primers (10 pmol each), dNTPs
(350 gmol/l each), and sterile distilled water
were added to the PCR mixture to make up a
final reaction volume of 50 t1.
For primary PCR differential amplification

of the CYP2 IA or CYP2 1B gene, the following
PCR conditions were used: initial template
denaturation at 94°C for four minutes, followed
by 10 cycles at 94°C for 30 seconds, 59°C for
30 seconds, and 68°C for five minutes, and
another 15 cycles at 94°C for 30 seconds and
68°C for five minutes. The secondary ACRS
PCR mixture contained 0 5 [tl of the primary
PCR product, 5 [tl of 10 x PCR buffer
(100 mmol/l Tris-HCl, pH 8-8, 500 mmol/l
KC1, 25 mmol/l MgCl2, 0- 1% Tween 20), 5,ul
of 25 mmol/l MgCl2, 0-08 units of Thermoprime
plus DNA polymerase (Advanced Bio-
technologies Ltd, UK), 7-5 pmol of each
primer, and 75 jimol/l of each of the dNTPs in
a final volume of 50,l. PCR was performed
for 25 cycles at 94°C for 30 seconds, 59°C for
30 seconds, and 72°C for 30 seconds.

RESTRICTION ENZYME REACTION
Following the secondary ACRS PCR, 5,tl of
the PCR product was incubated for at least
two hours with 5 to 10 units of a specific
restriction enzyme (table 1), then analysed by
electrophoresis in a 2-5% Metaphor (FMC
Bioproducts USA).

Results and discussion
To distinguish between the CYP21 P and
CYP21 genes, two pairs of oligonucleotide
primers (table 2A) were designed for differ-
ential amplification of these genes. The se-
quence of the forward primers (21AF and
21BF, table 2A) was derived from a site about
100 bp upstream from the TATA box of the
CYP21 genes and the sequence of the reverse
primers (21AR and 21BR, table 2A) mapped
in a region 20 bp preceding the polyadenylation
signal. The forward or the reverse primer se-
quences of the two gene sequences differed by
at least three nucleotides including the nuc-
leotide located at the 3' end of the oligonucleo-
tides to increase sequence differentiation dur-
ing the amplification step.
On primary PCR amplification using primers

21AF/AR and 21BF/BR of the CYP21P and
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Table 2 Primers for PCR amplification and ACRS mutational analysis of the CYP21
genes

Primer Sequence (5'-43) Position

(A) Amplification of the CYP21 genes (primary PCR)
21AF GGGTCGGTGGGAAGGCACCTGAG nt -103 to -125
21AR GA'TAAGCCTCAATCCTCTGCGGCA nt 3185 to 3161
21BF TCGGTGGGAGGGTACCTGAAG nt - 102 to - 122
21BR AATTAAGCCTCAATCCTCTGCAGCG nt 3177 to 3153
(B) Amplification for ACRS analysis of specific regions (secondary PCR) *
CIN CTACACAGCAGGAGGGATGGC nt -53 to -63
C2 AGCAAGTGCAAGAAGCCCGGGGCAAGctG nt 122 to 94
C3B TTCATCAGTTCCCACCCTCCAGCCCCgA nt 631 to 658
C4A CTTCTTGTGGGCTTTCCAGAGCAGGtA nt 743 to 719
C5 GAGGAATTCTCTCTCCTCACCTGCAGCATtA nt 970 to 1003
C6 TTGTCGTCCTGCCAGAAAAGGA nt 1131 to 1110
C7C1 ATAGAGAAGAGGGATCACATCGaGGttA nt 1366 to 1393
C7D1 AAGCAGGCCATAGAGAAGAGGGtTCAgA nt 1357 to 1384
C7E AGCAGGCCATAGAGAAGAGGGATCACATC nt 1358 to 1386
C8 TGCAAAAGAACCCGCCTCATAG nt 1501 to 1480
C9 TGCAGGAGAGCCTCGTGGCAGG nt 1578 to 1599
C9A CACAGCAAACACCCTCTCCTGGGCCGTGcT nt 1732 to 1761
C9B AGCCCCAGCCGCACAGTGCTC nt 1878 to 1858
CG1-i ACGCACCTCAGGGTGGTGAAG nt 1789 to 1768
Cl1 GCTGGGGCAGGACTCCACCCGA nt 1951 to 1973
C 12 GTGCGGTGGGGCAAGGCTAAGGGCACAACtG nt 2147 to 2117

* Lower case letters indicate modified nucleotides.

CYP21 genes respectively, a 3-3 kb product
was derived (fig 1A, lanes 1 and 3). The PCR
products generated from CYP21P and CYP21
were distinguishable by digestion with EcoRI.
EcoRI digestion of the CYP21P derived PCR
product produced three fragments (0 5, 0-6,
and 2-2 kb) (fig 1A, lane 2) whereas digestion
of the active CYP21 gene produced only two
fragments (I 0 and 2-2 kb) (fig lA, lane 4).
Thus, for a direct analysis of mutations in the
CYP21 gene in an actual clinical situation, the
combined use of CYP21 specific primers and
analysis with EcoRI would ensure that only the
active gene sequence had been amplified and
analysed.

In order to detect the various characterised
CAH mutations (see text), the CYP21 primary
PCR products were then used as templates in
a secondary PCR. In this step, the amplification
created restriction site (ACRS) approach was
used.24 Region specific primers for 11 known
mutation loci (tables 1 and 2B) were designed
that would lead to the creation of new re-
striction recognition sites at these known muta-
tion sites on secondary amplification (table 1).

In two cases (primer designations G and Jl,
table 1), the mutations had naturally created
recognition sites for direct restriction detection.
To establish the validity of this approach and
to test all the ACRS primers designed, the 11
mutations being characterised in this study
(table 1) were first examined in the CYP21P
gene sequence, since all these mutations had
been shown to occur in CYP21P.'-5 The ACRS
PCR primer sequences are listed in table 2B
and the restriction enzymes that were required
for the analysis of the ACRS PCR products
and the expected enzyme digestion fragments
are listed in table 1. Note that in two cases
using primer pairs C3B/C4A and CI1/C12,
the same PCR products were used for the
analysis of different mutated sites by the use
of different restriction enzymes. For simplicity,
each PCR/restriction enzyme combination was
assigned a designation (table 1).

After the primary differential amplification
ofthe CYP2 1P and CYP2 1 genes from a leuco-
cyte DNA preparation derived from a healthy
male (fig 1A), the primary PCR products were
subjected to the secondary ACRS PCR. Both
CYP21P and CYP21 genes generated PCR
products of identical size (fig 1B). The ACRS
PCR products were then digested with ap-
propriate restriction enzymes and the re-
striction patterns were compared (fig 2). In the
CYP2 1 P gene, homozygous mutated alleles
were detected in most cases. Unexpectedly, on
analysis of a number of healthy subjects, five
ofthe loci were found to show the heterozygous
state of wild type and mutated alleles. Five of
these are found in the example shown in fig
2A (lanes 2, 4, 5, 17, and 20). In the ACRS
analysis of the CYP21 gene of normal subjects,
only normal alleles were detected in all 11
mutation sites (fig 2B).
The ACRS primers were further used in the

analysis of 31 patients clinically suspected of
having CAH and family members from 11
families, all of whom were ethnic Chinese Tai-
wanese. In these families, 20 independent chro-
mosomes were available for analysis. Four of
the 11 CAH mutations analysed in this study

A

21A 21B

fR -

B

21A

Primer A B C D E

21B

F G H J
r.

A B C D E F G H J~~~~~~~~~~~~~~~~~~~. .........:::

n Kk 2 ;3 4 1 2 3 4 5 6 7 8 9 mk 10 11 12 13 14 15 16 17 18

Figure 1 (A) Differential PCR amplification of the CYP21 genes. The CYP21P (21A) and CYP21 (21B) genes were
amplified using the 21AF/21AR and 21BF/21BR primer pairs, respectively. The PCR products were analysed by
digestion (+), or without digestion (-), with EcoRI (RI) restriction enzyme. A 1 kb ladder was used as a molecular
marker in lane "mk". (B) ACRS amplification of the sequences containing the 11 mutation sites analysed in this study
in both the CYP21P and CYP21 genes. The primer pairs used were those designated in tables 1 and 2. A 100 bp ladder
was used as a molecular marker in lane "mk".
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Figure 2 Restriction anialysis of the ACRS amiiplification- products of the CYP21P (:
anid CYP21 (B) genes. The primer pairs zvere those designated in table 1. Each AC]
amplification product was either unltreated ("- " lanes) or treated ("+ " lanes) zvith
appropriate restriction enzyme (RE) (table 1). The marker lused was a 100 bp ladde;
lane "nik ".

Figure 3 Analysis of the CYP21 gene in four differenit CAH families (I-IV). The
members of the families available for the study, are shownz. "P" inidicates probauid, "l
inldicates mother, and "F" indicates father. In families III anid IV, more thani one pr(
zvas analysed. The probanid "P3" in family IV was a case of prenatal diagniosis usin

amniotic cells (see text). The primners anid the restriction enzymes (RE) used, which i
the detection of the mutations, are listed in table 1.

were detected in these families (fig 3). Only one

ofthe 1 1 families (family I) analysed showed the
mutation at codon 30 of exon 1, which was

associated with a potentially non-classical
disorder." '3 In family I (fig 3, lanes 1-4), the
two female probands (P1 and P2) (lanes 2 and
3) and the male proband (P3, lane 4) all carried
the heterozygous alleles. However, the clinical
manifestations ofthe two female probands were

clitoromegaly and oligomenorrhoea. We spec-
ulate that this family probably carried an ad-
ditional and uncharacterised mutation which
had led to the clinical symptoms observed.
The mutation at nucleotide 656 of intron 2,

a premature splicing error, was detected in

families II and IV. In family II (fig 3, lanes
5-8), the mother showed only the normal
ACRS band (lane 6) but the father showed
both the normal and the mutated ACRS bands
(lane 7), indicating heterozygosity. However,
the only male proband clearly showed the mut-

ated ACRS band only (lane 8). The data in-
dicate that the mother probably carried an
intact copy of the CYP21 gene on one chro-
mosome and a complete deletion of the CYP2 1
gene on the chromosome which was inherited
by the proband. The probands had also in-
herited the mutated CYP2 1 allele from the
father to give rise to the observed ACRS band-
ing pattern. Clinically, both parents of family
II were normal but the proband showed a
picture of classical salt wasting type after birth.
The mutation at codon 172 in exon 4, a

missense mutation, was detected in family III
(fig 3, lanes 9-12), in which the mother showed
both the normal and the mutated ACRS bands
(lane 10), indicating heterozygosity. Although
proband 2 (P2, female) of this family showed
only the normal ACRS band (lane 12), her
sister (proband 1, P1) (lane 11) carried only
the mutated ACRS band. Since DNA from
the father of this family was not available for
analysis, we could only speculate that the father
was also a heterozygous carrier of a CYP21
mutation at codon 172 of exon 4. Alternatively,
the father could have been a case of a deletion
of the entire CYP21 gene in one of the chro-
mosomes to have given birth to proband 1.
Clinically, proband 1 showed muscularity, cli-
toromegaly, and amenorrhoea, consistent with
the molecular diagnosis. Proband 2 was clin-
ically normal. It could not be determined here
if proband 2 had inherited two normal alleles
from both parents, or if she was a carrier of a
chromosome with a missing CYP21 gene from
the father.

Besides the mutation at nucleotide 656 of
intron 2 as described above (fig 3, lanes 13-18),
the mutation at codon 356 in exon 8 was also
detected in family IV (fig 3, lanes 19-24). In
this family, the mother showed both the normal
and the mutated ACRS bands at nucleotide 656
of intron 2 (lane 14) indicating heterozygosity,
whereas the father (lane 15) showed only the
normal ACRS band at this mutation site. How-
ever, a normal ACRS band was observed at
codon 356 of exon 8 in the mother (lane 20)
whereas the father (lane 21) showed both the
normal and the mutated ACRS bands in-
dicating heterozygosity at this mutation site.
Two living female probands (P1 and P2) and
a case of prenatal diagnosis (P3) using cultured
amniotic cells taken at the 15th week of gest-
ation were analysed. The fetus (P3) was de-
termined to be male by analysis of the

27amelogenin gene. The female proband P 1
clearly showed a normal and a mutated ACRS
band in both the intron 2 and the exon 8
mutation sites (lanes 16 and 22), indicating
double mutations. The other two probands, P2
and P3, showed only normal ACRS bands at
the intron 2 mutation site (lanes 17 and 18),
but showed both the normal and the mutated
ACRS bands in exon 8 (lanes 23 and 24),
indicating heterozygosity. Taken together, the
data indicate that the mother carried a chro-
mosome with a mutated intron 2 whereas the
father carried a chromosome with a mutation in
exon 8. Proband P1 appeared to have inherited
both the mutated alleles from her parents. Clin-
ically, P 1 showed clitoromegaly and salt loss
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Table 3 CYP21 mutations detected in CAH patients in
Taiwan

Mutational allele Types of CAH No of independent
chromosomes

Ex 1, cdn 30 Non-classical 1
Int 2, nt 656 Classical 5
Ex 4, cdn 172 Simple virilisation 6
Ex 8, cdn 356 Classical 2
Deletion 6

Total 20

after birth and was thus a classical form of
CAH. Although the parents and proband P2
were heterozygous carriers of these mutations
in either intron 2 or exon 8, they were clinically
normal. We could now predict that P3 should
also be clinically normal at birth since he was
a heterozygous carrier like his father.

In the analysis of 31 subjects in 11 different
families, only four CYP21 mutations were de-
tected in the Taiwanese CAH patients residing
in Taiwan. The mutations at codon 30 in exon
1 and codon 356 in exon 8 were detected
once and twice, respectively, in the 20 parental
chromosomes analysed, whereas the intron 2
mutation and the exon 4, codon 172 mutation
were found in five and six parental chro-
mosomes, respectively (table 3). A total of six
of the 20 cases analysed (30%) were suspected
deletions of the entire CYP2 1 gene. Sur-
prisingly, the coexistence of both mutated and
normal alleles in the analysis of the CYP21P
gene was seen in five loci including codon 30
in exon 1, nt 656 in intron 2, the 8 bp deletion
in exon 3, codon 306 in exon 7, and codon
356 in exon 8 (fig 2A, lanes 2, 4, 5, 17, and
20, respectively). Whether normal alleles also
exist in other mutated loci at a lower frequency
will need to be established. Furthermore, the
relationship between mutations in the CYP21
gene in clinical CAH cases and the allelic type
in the CYP21P gene in the same person also
needs to be elucidated. Any gene conversion
model to explain the occurrence of CYP21
mutations would have to take into con-
sideration this observation.
As indicated above, by way of differential

amplification of the CYP21 and the CYP21P
genes, our method allows precise detection of
multiple CYP21 mutations as well as deletions
in family analysis without the need for HLA
typing. Since no radiolabelling is involved, the
protocol is suitable for clinical laboratories.
Most importantly, the requirement of only a

very small amount of materials for PCR makes
the method applicable to prenatal diagnosis of
CAH using amniotic cells or chorionic villi.
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051 from the National Science Council of the Republic of
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