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Mutations in the gene encoding 3β-hydroxysteroid-
∆8,∆7-isomerase cause X-linked dominant Conradi-
Hünermann syndrome

Nancy Braverman1, Paul Lin2, Fabian F. Moebius3, Cassandra Obie2, Ann Moser4, Hartmut Glossmann5,
William R. Wilcox6, David L. Rimoin6, Moyra Smith7, Lisa Kratz1,4, Richard I. Kelley1,4 & David Valle1,2

1Department of Pediatrics, 2Howard Hughes Medical Institute, 3Department of Biological Chemistry and 4Kennedy Krieger Institute, Johns Hopkins
University School of Medicine, Baltimore, Maryland 21205, USA. 5Institut für Biochemische Pharmakologie, Innsbruck, Austria. 6Burns and Allen Cedars
Sinai Research Institute, Department of Pediatrics, UCLA School of Medicine, Los Angeles, California 90048, USA. 7Department of Pediatrics, University of
California, Irvine, California 92697, USA. Correspondence should be addressed to D.V. (e-mail: dvalle@jhmi.edu).

X-linked dominant Conradi-Hünermann syndrome (CDPX2; MIM
302960) is one of a group of disorders with aberrant punctate
calcification in cartilage, or chondrodysplasia punctata (CDP).
This is most prominent around the vertebral column, pelvis and
long bones in CPDX2. Additionally, CDPX2 patients may have
asymmetric rhizomesomelia, sectorial cataracts, patchy alope-
cia, ichthyosis and atrophoderma1. The phenotype in CDPX2
females ranges from stillborn to mildly affected individuals
identified in adulthood. CDPX2 is presumed lethal in males,
although a few affected males have been reported2,3. We found
increased 8(9)-cholestenol and 8-dehydrocholesterol in tissue
samples from seven female probands with CDPX2 (ref. 4). This
pattern of accumulated cholesterol intermediates suggested a
deficiency of 3β-hydroxysteroid-∆8,∆7-isomerase (sterol-∆8-iso-
merase), which catalyses an intermediate step in the conversion
of lanosterol to cholesterol4. A candidate gene encoding a
sterol-∆8-isomerase (EBP) has been identified and mapped to
Xp11.22−p11.23 (refs 5,6). Using SSCP analysis and sequencing
of genomic DNA, we found EBP mutations in all probands. We
confirmed the functional significance of two missense alleles by
expressing them in a sterol-∆8-isomerase-deficient yeast strain.
Our results indicate that defects in sterol-∆8-isomerase cause
CDPX2 and suggest a role for sterols in bone development.
Because of the occasional occurrence of CDP in Smith-Lemli-
Opitz (SLO) syndrome (MIM 270400), which is caused by 7-
dehydrocholesterol reductase deficiency7,8, we sought to
determine if another defect in cholesterol biosynthesis might be
responsible for the CDPX2 phenotype. We obtained tissue sam-
ples from seven unrelated female probands with CDP (Table 1).
Three had a clinical diagnosis of CDPX2. The remainder were
unclassified, but had both skeletal and clinical features consistent
with CDPX2. Clinical and biochemical data on patients 1−5 have

been reported4. All samples showed accumulation of 8(9)-
cholestenol and 8-dehydrocholesterol by gas chromatography/
mass spectroscopy (GC/MS). This pattern of accumulated sterol
intermediates suggested a defect at C8-C7 isomerization, a reac-
tion catalysed by sterol-∆8-isomerase (Fig. 1a, step 1). The GC
profile of fibroblast sterols from patient 6, grown in a cholesterol-
free medium, and sterol levels from patients 6 (fibroblasts) and 7
(liver, twin A and B) are shown (Fig. 1b). The elevation of lathos-
terol and normal levels of 7-dehydrocholesterol, cholesterol and
desmosterol (latter not shown) presumably reflect upregulation
of cholesterol biosynthesis in neighbouring cells with normal
sterol-∆8-isomerase activity9.

On the basis of these clinical and biochemical abnormalities,
we considered EBP (refs 5,6), located at Xp11.22−p11.23, a can-
didate for CDPX2. EBP spans 7.0 kb of genomic DNA and com-
prises 5 exons encoding a 1.0-kb mature transcript with
ubiquitous expression. The intron-exon splice sites and their
locations in the cDNA are shown (Table 2). The ORF encodes a
protein (of 230 aa) predicted to be an integral endoplasmic retic-
ulum (ER) membrane protein with four transmembrane
domains. Sterol-∆8-isomerase was originally isolated in guinea
pig as a phenylalkylamine Ca2+ antagonist (emopamil) binding
protein and shown to form homodimers in the ER (ref. 10). Iso-
lation of the mouse orthologue by functional complementation
of yeast deficient in sterol-∆8-isomerase activity determined that
the emopamil binding protein was a sterol-∆8-isomerase11. The
human sterol-∆8-isomerase shows 78%, 73% and 37% amino
acid identity with its mouse, guinea pig and Arabidopsis thaliana
orthologues, respectively12.

To determine if defects in sterol-∆8-isomerase are responsible
for CDPX2, we screened PCR-amplified genomic DNA fragments
for each exon, including intron junctions, by SSCP from the seven

Table 1 • Clinical and molecular data

Patient Diagnosis Family Age at Ethnicity Diagnostic Nucleotide Exon Mutant Predicted 
historya diagnosis tissues change protein consequence

2 CDPX2 + 7 yr European connective tissue 238G→A 2 E80K missense
6 CDPX2 + 13 yr Hispanic fibroblasts 187C→T 2 R63X nonsense
5 CDPX2 + 25 wkb unknown cartilage, fibroblasts 216−217insT 2 C72fs frameshift
4 CDP + 30 wkc unknown connective tissue IVS3+1G→T 3 abnormal 

splicing
7A CDP − 31 wkc European liver, fibroblasts IVS2−2delA 3 abnormal 

splicing
1 CDP − birthd Polynesian plasma, lymphoblasts 399C→G 4 S133R missense
3 CDP + 21 wkb unknown connective tissue, fibroblasts 440G→A 4 R147H missense

aFirst-degree female relative with skeletal and skin abnormalities consistent with CDPX2. bElective termination of pregnancy. cSpontaneous miscarriage. dTerm death.

© 1999 Nature America Inc. • http://genetics.nature.com
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probands. We found heterozygous mutations in each proband
including three missense (E80K, S133R, R147H), one nonsense
(R63X), one frameshift (216−217insT) and two splice-site (IVS2-
2delA, IVS3+1G→T; Fig. 2 and Table 1) mutations. Additionally,
we found a G→T transversion at bp 15 that is a synonymous
mutation (A5A) present in 16 of 40 isomerase genes studied. The
nonsense, frameshift and splice-site mutations delete more than

one-third of the protein and are highly likely to be functionally
significant. All three missense alleles involve substitutions of con-
served amino acids. E80 and S133 are located in transmembrane
domains and are conserved among mammalian and plant sterol-
∆8-isomerases. R147 is predicted to be in a loop inside the ER and
is conserved in mammals only. E80 is required for both catalytic
activity and inhibitor binding of sterol-∆8-isomerase12.

To test directly the functional significance of the missense
alleles, we expressed them in a Saccharomyces cerevisiae strain
deficient in sterol-∆8-isomerase13 (erg2-3). The erg2-3 mutant
accumulates ∆8-sterols and this biochemical phenotype is cor-
rected by expression of wild-type human sterol-∆8-iso-
merase11,12. We produced E80K, S133R and R147H
sterol-∆8-isomerase alleles by PCR mutagenesis, subcloned
them into a 2 µ-based yeast expression vector and introduced
them into erg2-3 yeast. We used GC/MS to analyse sterols
extracted from the transformed yeast. Transformed mutant
yeast expressing wild-type human isomerase showed reduced
∆8- and ∆5,8-sterols and accumulation of the ∆5,7-sterol ergos-
terol, the primary structural sterol in yeast (Fig. 3a,b). This pat-
tern is similar to that in wild-type yeast (data not shown). In
cells expressing the E80K and S133R alleles, we observed no
correction of sterol metabolites and ergosterol levels were simi-
lar to those in mutant cells transformed with vector alone
(Fig. 3a,c). In support of these expression data, we also surveyed
170 control isomerase genes for E80K and 212 for S133R and
found none (data not shown). We conclude that these two mis-
sense alleles are functionally inactive and are not polymorphic.
Expression of the R147H allele in yeast increased ergosterol lev-
els, but not to the same extent as wild type (Fig. 3b,d). An N-
myc–tagged version of each missense allele was expressed in a
similar fashion and shown to be present on immunoblots
(Fig. 4), verifying that both wild-type and mutant human pro-
teins are stable in this heterologous system. Because R147H
showed some ∆8-isomerase activity, we considered that it may
be a normal variant present at polymorphic frequencies in the
general population. In a survey of 212 control isomerase genes
by allele-specific oligonucleotide (ASO) analysis, however, we
found no R147H alleles (data not shown). We favour the inter-

Samples

Liverb

Cholesterol7-Dehydro-
cholesterol

8-Dehydro-
cholesterol

patient 6

twin 7B

normal mean 
s.d.(n=5)

non-CDP liver

0.51
0.02 

0.44
<0.01

7.00

0.02 0.10

3.18
<0.01

0.05
0.02
0.03

0.03
0.01

16.9
21.1
2.9

95.9
98.3

Lathosterol

0.41
0.050.05
0.03

0.66
0.50

twin 7A 0.64 5.08 0.01 92.51.52

aµg/mg protein, bPer cent of total sterols.

8(9)-
cholestenol

HO

HO

HO

7-dehydrocholesterol

lathosterol

HO

8-dehydrocholesterol

HO

cholesterol

8(9)-cholestenol
HO

lanosterol

1

2

3

HO

(cholest-5-en-3ß-ol)

(cholesta-5,8-dien-3ß-ol)

(cholesta-5,7-dien-3ß-ol)

(cholesta-5,24-dien-3ß-ol)

(cholest-7-en-3ß-ol)

(cholest-8-en-3ß-ol)
2

desmosterol

Fibroblastsa

a

b

Fig. 1 Sterol metabolism in CPDX2. a, Schematic of the principal 27-carbon
sterol intermediates derived from 30-carbon lanosterol and comprising the dis-
tal Kandutsch-Russell pathway for cholesterol biosynthesis. The denoted enzy-
matic steps are: (1), 3β-hydroxysteroid-∆8,∆7-isomerase (EC 5.3.3.5), defective in
CDPX2; (2), 3β–hydroxysteroid-∆5-desaturase (lathosterol dehydrogenase; EC
1.3.3.2); and (3), 3β–hydroxysteroid-∆7-reductase (7-dehydrocholesterol reduc-
tase, EC 1.3.1.21), defective in SLO syndrome. The C24-C25 double bond can be
reduced by 3β–hydroxysteroid-∆24-reductase at several steps along the path-
way. Deficiency of this enzyme results in the accumulation of desmosterol,
shown in brackets. b, Sterol patterns in CDPX2. Top, GC flame ionization pro-
file of normal (left) and patient 6 (right) fibroblast sterols. The abscissa is elu-
tion time and the ordinate, detector response in arbitrary units. The major
identified compounds are: (1) internal standard (epicoprostanol); (2) choles-
terol; (3) 8–dehydrocholesterol; (4) 8(9)-cholestenol; (5) desmosterol; (6) lathos-
terol. Note that peaks 3 and 4 are barely detectable in normal fibroblasts.
Bottom, quantified sterols in tissues from patients 6, 7A and 7B.

Table 2 • Intron-exon boundaries of EBPa

Exon Exon size (bp) 5´ bpb 3´ splice site Exon 5´ splice site Intron size (kb)

1 39 −111 …..CCTTGgtgagtgccc 1.6
2 375 −73 atttgtccagGTTTT …..ACTCTgtgagtcctc 2.9
3 37 302 ttttcttcagGGAAA…..ATCCTgtaatggttt 0.2
4 131 339 tctcctgcagGGTGG…..TGTGGgtaaggaaag 0.9
5 483c 425 ccacccacagGCCAG…..

aSequenced by the Institut für Molekulare Biotechnologie, Genome Sequencing Centre, Jena. bThe adenine of the initiation codon ATG is designated +1. cLength
of the last nucleotide before the 3´ poly(A) tract.

© 1999 Nature America Inc. • http://genetics.nature.com
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pretation that R147H is a functionally signifi-
cant mutation, but because of high expres-
sion from the multicopy vector, the activity is
sufficient to partially correct the biochemical
phenotype of the mutant yeast.

We found no obvious correlation between
the molecular defects in the seven probands
and the severity of their clinical phenotypes.
Lyonization is an important variable deter-
mining the phenotypic severity of X-linked
disorders and may obscure any direct rela-
tionship between genotype and phenotype.
We presume that EBP is subject to X inactiva-
tion because it is located in a region of the X
(Xp11.22−p11.23) where many of the genes
undergo inactivation6 and because of the
mosaic nature of the phenotypic features of
CDPX2 (for example the skin and bone
involvement). Direct studies of X-inactiva-
tion patterns in CDPX2 will be necessary to
confirm this. Additionally, our results do not
rule out the possibility that the aetiology of
the CDPX2 phenotype is heterogeneous.
Although it was thought that the X-linked dominant bare
patches mouse (Bpa) would be a model for CDPX2 (ref. 14), a
defect in the gene encoding 3β-hydroxysteroid dehydrogenase
(which maps to Xq28 in human) has recently been reported in

Bpa (ref. 15). Thus, some patients with the CDPX2 phenotype
may have defects in a 3β-hydroxysteroid dehydrogenase
involved in sterol synthesis.

We have shown here that defects in sterol-∆8-isomerase cause
CDPX2. This is the second documented human disorder of the
post-squalene cholesterol biosynthetic pathway. The first, 3β-
hydroxysteroid-∆7-reductase deficiency7,8 (Fig. 1a, step 3), causes
SLO, a multiple congenital anomaly syndrome with rhizomelia,
cataracts and occasionally CDP. Additionally, accumulation of
desmosterol, suggesting 3β-hydroxysteroid-∆24-reductase defi-
ciency (Fig. 1a), was recently described in a stillborn infant with
rhizomesomelia, skeletal dysplasia, cataracts and other birth
defects16. The overlapping developmental phenotypes of these
three disorders suggest that relative cholesterol deficiency, or the
accumulation of a teratogenic sterol precursor, may be a com-
mon pathogenic factor in skeletal abnormalities17. Cholesterol
and related metabolites are important components of cell mem-
branes and are required for proper functioning of hedgehog
(HH) signalling pathways18. It is interesting to speculate that cell
autonomous sterol abnormalities in CDPX2 might impair the
function of Indian HH (IHH), a HH protein required for verte-
brate skeletal development. Mice with induced mutations in this
pathway19−21 show accelerated chondrocyte differentiation
resulting in abnormal growth plates and ectopic calcification21.
In CDPX2 there is loss of chondrocytes in reserve cartilage and
degeneration of the cartilage matrix; the growth plate is abnor-

A T C C T
G

A A G TT

exon 2

A
T C T T CA G G G A

exon 4

C T C A
C

T TG
G

G C C T
G

T T CAC G C C C
T

exon 3

A

T G T G T G G G TT C
T G G GT T

3’

238G>A

T G A T C
G

A
G G G CA G C

C

T
A C T GG G G G5’

patient 2
187C>T 216-217insT

5’

IVS3+1G>A IVS2-2delA 399C>G 440G>A

G G G A AA

patient 6 patient 5

3’

patient 4 patient 7A patient 1 patient 3

controls:

control controls:normal allele
patient 7A

Fig. 2 Heterozygous mutations in EBP in all seven
probands. Sequences are arranged by exon. Normal
sequence is shown above each patient sequence.
Genomic DNA fragments were amplified and sequenced
directly, except for patient 7A, in which the amplified
genomic DNA fragment containing exon 3 was cloned
and then sequenced.
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Fig. 3 GC flame ionization profile of sterols extracted from the erg2-3 strain
transformed with vector alone (a), wild-type human EBP (b), human EBP con-
taining the E80K mutation (c) and human EBP containing the R147H mutation
(d). The results for S133R (data not shown) were the same as those for E80K.
The abscissa is elution time and the ordinate, detector response in arbitrary
units. The internal standard epicoprostanol is not shown. The major identified
compounds are: (1) ergosta-5,8,22-trien-3β-ol; (2) ergosta-8,24(28)-dien-3β-ol
(fecosterol); (3) ergost-8-en-3β-ol; (4) ergosta-5,7,22-trien-3β-ol (ergosterol).
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mal only in severe cases (W.R.W., unpublished data). Chondro-
cytes in reserve cartilage are present singly or in pairs, and sur-
rounded by an avascular matrix. Thus, they may be especially
susceptible to metabolic disturbances that are corrected by
cross feeding in more densely populated tissues. Recently, the X-
linked dominant mouse phenotype tattered (Td) was shown
to be caused by deficiency of sterol-∆8-isomerase22. This
mouse will provide a useful model to address these pathophysio-
logic possibilities.

Methods
Sterol analysis of human tissue. The sources of tissue from patients 1−5
have been reported4. Fibroblasts from patient 6 were provided by W.R.W.;
livers from 7A and 7B were from D. Agamonolis. For analysis of sterol
metabolism, we subcultured fibroblasts (1:2) between passages 4−8 in T25
flasks and re-fed them at 24 h and 7 d with RPMI medium containing 15%
delipidated fetal calf serum as described23. After 14 d growth in delipidated
medium, we collected the cells and extracted and quantified the sterols by
GC/MS as described23.

Mutagenesis, transformation and sterol analysis of yeast. We introduced
the E80K, S133R and R147H mutations by site-directed mutagenesis into
human EBP cDNA as described, subcloned them into the 2 µ expression
vector YEp351ADC1 (ref. 12) and sequenced them for verification. We
transformed the yeast erg2-3 strain (WAO, his7-2, leu2-3,112 ura3-52 erg2-
3; ref. 13) and cultured the transformants in 2% glucose, 0.6% yeast nitro-
gen base and amino acids minus leucine5. For sterol analysis, we cultured
yeast in liquid medium for 18 h at 30 °C and then saponified the lipids from
5 mg of cell pellet in 40% KOH (200 µl) in methanol by incubation at 85 °C
for 30 min. We extracted, derivitized and separated sterols by GC/MS as
described23. For detection of sterol-∆8-isomerase mutant proteins, we pre-
pared microsomal proteins from the transformed yeast12. Our procedures
for SDS–PAGE and immunoblotting have been described24. We obtained
monoclonal antibody to the myc epitope tag from the tissue culture super-
natant of the hybridoma 1-9E10 (ATCC).

Mutation analysis. We extracted genomic DNA from fibroblasts, blood and
frozen tissue using the Puregene DNA isolation kit (Gentra Systems). We
amplified 132−380-bp PCR fragments encompassing isomerase exons and

flanking intronic splice sites. Primer pairs for PCR are (sense and antisense):
exon 1, 5´−GGGATGTGACAGAGCGCGAG−3´ and 5´−CGCGTAGC-
CGGGGAGAGC−3´; exon 2, 5´−ATTCGGTCCATTTACATTTCTC−3´ and
5´−CAAATCCCATCCCACAGC−3´; exon 3, 5´−GTGTGTGTTCCTTTC
ACTGCC−3´ and 5´−GAAAACCAATGCCAGTCTCC−3´; exon 4, 5´−GGT
GGTGAGTTGGGGAGCAC−3´ and 5´−CTGGAAGGGCAGCGTTGAGAG
−3´; exon 5, 5´−CCTCACTGGGGCTTCTCC−3´ and 5´−CTTCTGGCA
GGCAGAGAGC−3´. For PCR we used primer (10 pmol), dNTPs (100 µM),
Taq polymerase (2.5 U) and 1× standard PCR buffer (Boehringer) in 50 µl.
Cycling conditions were 95 °C for 6 min, 35 cycles of 60−65 °C for 10−30 s, 72
°C for 15 s and 95 °C for 30 s, then 72 °C for 10 min. We performed SSCP as
described24 and sequenced electrophoretic variants directly using an auto-
mated sequencer. For analysis of the 15G→T polymorphism, we amplified
control genomic DNA samples with the exon 2 primer set and the PCR frag-
ment was directly sequenced or digested with ApaI (there is loss of a unique
Apa1 site with 15G→T). We amplified control genomic DNA samples with
the exon 2 and exon 4 primer set and performed ASO analysis of the E80K,
S133R and R147H allele as described25. Control DNA samples were predom-
inantly from the general North American population.

GenBank accession numbers. Human EBP, Z37986; Mus musculus Ebp,
X97755; Cavia porcellus EBP, Z37985; A. thaliana EBP, AFO30357.
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