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Abstract Cerebrotendinous xanthomatosis (CTX) is a heredi- 
tary sterol storage disease associated with accumulation of 
cholesterol and cholestanol in various tissues, especially tendons 
and neural tissues. The biochemical defect that causes CTX is 
a deficiency of the mitochondrial sterol 27-hydroxylase which 
oxidizes the side chain of cholesterol in connection with forma- 
tion of bile acids. Japan has a relatively high prevalence of CTX 
and more cases of the disease are found here than in any other 
country. In the present study two new different point mutations 
are described in the heme-ligand binding domain of the sterol 
27-hydroxylase gene in three Japanese CTX patients and one 
CTX heterozygote. Two of the homozygotes as well as the heter- 
ozygote subject have a single base substitution of A for G at 
codon 441 [CGG (Arg) to CAG (Gln)]. Another homozygote has 
a transition of C to T at codon 441 [CGG (Arg) to TGG (Trp)]. 
These two different mutations result in two restriction fragment 
length polymorphisms (RFLPs) for the enzymes StuI or HpaII. 
We also assayed sterol 27-hydroxylase activity using skin fibrob- 
lasts derived from three CTX patients, one CTX heterozygote, 
and normal subjects. While two of the homozygous subjects have 
undetectable levels of the enzyme activity, one homozygous sub- 
ject and one heterozygous subject have decreased levels of the 
enzyme activity, about 1.4% and 10% of normal, respec- 
tively. The results suggest that the newly identified point 
mutations in the sterol 27-hydroxylase gene could account for 
the sterol 27-hydroxylase deficiency in the Japanese CTX pa- 
tients.- Kim, K-S., s. Kubota, M. Kuriyama, J. Fujiyama, I. 
Bjorkhem, G. Eggertsen, and Y. Seyama. Identification of new 
mutations in sterol 27-hydroxylase gene in Japanese patients 
with cerebrotendinous xanthomatosis. J Lipid Res. 1994. 35: 
1031-1039. 
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sociated with incomplete oxidation of the cholesterol side 
chain, leading to excretion of great amounts of C27-bile 
alcohols in bile, feces, and urine (5) as well as accumula- 
tion of cholestanol. There was a controversy in the past 
concerning the location of this defect; Salen et al. (6) sug- 
gested that a reduced activity of the microsomal 56- 
cholestane-3a,7au,12a,25-tetrol-24S-hydroxy1ase in CTX 
patients leads to the subnormal production of bile acid, 
whereas Oftebro et al. (7) suggested that the primary 
metabolic defect in CTX is a deficiency of mitochondrial 
sterol 27-hydroxylase which catalyzes the first step in the 
oxidation of side chain of sterol intermediates in the bile 
acid synthesis pathway. T h e  latter hypothesis was sup- 
ported by Skrede et al. (8) who demonstrated a deficiency 
of the sterol 27-hydroxylase activity in skin fibroblasts 
from CTX patients. It was also shown that the above 
microsomal 5/3-cholestane-3a,7a,12a,25-tetrol-24S-hydro- 
xylase is of little or no importance in the biosynthesis of 
cholic acid in humans under normal conditions (for a 
review see ref. 1). Recent molecular cloning of the human 
sterol 2 7-hydroxylase cDNA and characterization of 
cDNAs in two CTX patients confirmed a deficiency of 
sterol 27-hydroxylase (9, 10). Two different point muta- 
tions (in position 362, Arg to Cys, and in position 446, 
Arg to Cys) were identified in an African-American and 
a Canadian, respectively (10). These two mutations were 
present in functional domains of the sterol 27-hydroxylase 
gene, the adrenodoxin and heme-ligand binding sites, 

Cerebrotendinous xanthomatosis (CTX) is an au- 
tosomal recessive sterol storage disease characterized by 
tendon xanthomas, dementia, cerebellar ataxia, prema- 
ture atherosclerosis, and cataracts (1-4). Biochemically, 
CTX patients have a defect in bile acid biosynthesis as- 

Abbreviations: CTX, cerebrotendinous xanthomatosis; RT-PCR, 
reverse transcription-polymerase chain reaction; EDTA, ethyleneglycol- 
bis(P-aminoethy1 ether)-"-tetraacetic acid; RFLP, restriction frag- 
ment length polymorphism; HPLC, high performance liquid chro- 
matography; DTT, dithiothreitol; CPS, counts per second. 
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respectively. Very recently Leitersdorf et al. (11) also 
described mutations in the sterol 27-hydroxylase gene in 
Jews of Moroccan origin with CTX. In these cases the 
frameshift and splice-junction mutations result in a lack 
of expression of mRNA. Considering the relatively high 
prevalence of CTX in Japan and the fact that there are 
more known cases here than in any other country (4, 12), 
it was considered important to elucidate the molecular ba- 
sis for CTX in Japanese patients and to establish a method 
to diagnose the homozygous or heterozygous states. 

METHODS 

Patients 
Three homozygous subjects (K.O., H.M., and Y.S.) and 

one heterozygous subject (N.M.), diagnosed by clinical 
and laboratory findings were studied. These patients have 
been described in detail previously (4, 12). Briefly, CTX-1 
(K.O.) and CTX-2 (H.M.) had typical manifestations of 
CTX, and their parents were first cousins. CTX-1 showed 
severe neurological symptoms including mental 
deficiency and intractable convulsions. CTX-2 had a gait 
disturbance and visual impairment in both eyes. Bilateral 
cataracts were diagnosed at age 34. CTX-3 (Y.S.) had 
mild neurological symptoms, but experienced attacks of 
severe chest pain at age 35 and 37. Coronary angiography 
revealed obstruction and marked stenosis of the coronary 
arteries. His parents were not consanguineous. Serum 
cholestanol levels were markedly increased in CTX-1 (54 
pg/ml), CTX-2 (42 pg/ml), and CTX-3 (22 pg/ml). The 
serum cholestanol level of heterozygote (CTX-4, N.M.) 
was 3.0 pg/ml, which was within the normal range 
(2.7 + 0.8 pg/ml, n = 17). CTX-4, the father of CTX-2 
had a past history of gallstone and pancreatitis, but had 
no manifestations of CTX. Informed consent was ob- 
tained from all patients and healthy controls. This study 
was approved by the Third Department of Internal Medi- 
cine, Kagoshima University School of Medicine. 

Cell culture 

The fibroblasts were biopsied from skin in the forearm 
of the patients, heterozygote and normal subjects 
(n = 17). The cells were grown and maintained as a 
monolayer in Dulbecco's Modified Eagle's medium 
(GIBCO) supplemented with 10% fetal calf serum 
(GIBCO), penicillin (100 U/ml), streptomycin (100 
pg/ml), and L-glutamine (1.5 mmol/ml). The cells were 
harvested with trypsin (200 U/ml) after 5-15 passages, 
washed twice with phosphate-buffered saline, and stored 
as pellets at -8OOC for RNA preparation and sterol 
27-hydroxylase assay. 

Preparation of RNA from fibroblasts 

Total RNA was isolated from cultured skin fibroblasts 
(lo7 cells) by the guanidium cesium chloride method as 
described previously (13), and kept at -8OOC until used. 
Approximately 1 pg of total RNA was used for reverse 
transcription-polymerase chain reaction (RT-PCR). 

Preparation of oligonucleotides 

Oligonucleotides were synthesized on an Applied Bio- 
systems Inc. 318A DNA synthesizer. The primers used for 
RT-PCR were designed according to the published sterol 
27-hydroxylase cDNA sequence (9) and shown as follows. 
The primers (SP3 and P2) were used to amplify the up- 
stream region of the cDNA encompassing nucleotides 555 
to 1274. The sequence of SP3 represented as "upstream 
primer" was 5'-CAATGAGGTGA'I?T;ATGACT3' (nucleotides 
555-574) and P2 represented as "downstream primer' was 
5 '-AAGAGGAAGCCAXAACTAATTT-3' (nucleotides 
1250-1274, antisense). The primers (P3 and P4) were used 
for amplification of the target region encoding two functional 
domains. The sequence of P3 represented as "upstream 
primer" was 5'-TAC CACCTCTC AAAGGAC C CTGAGA- 3' 
(nucleotides 1066-1090). The P4 represented as "downstream 
primer" was 5'-GCAAGGAGTTCCTCCCACCTCXGA-3' 
(nucleotides 1728-1752, antisense). The primers used for direct 
sequencing were as follows; SP3, PA, 5'-XXXAXCAGGTG 
TCTGGCT-3' (nucleotides 930-949), "1, 5'-ATCCAGGAGG 
CCTTGCACGA-3' (nucleotides 1090-1109), PC, 
5'-CCTTCTCTGAGCCTGAAAGCTTCC-3' (nucleotides 

(nucleotides 1470-1489). The primers used at RT-PCR for 
StuI digestion were PA and PB, 5'-TCTCCCTCCTcAn=TGA 
GAC-3' (nucleotides 1691-1710, antisense). The primers used 
at RT-PCR for H@II digestion were PC and PD, 
5'-ACTTCTGGATCAGCCTTGCG-3' (nucleotides 
1491-1510, antisense). 

5'-Phosphorylation of oligonucleotide primer 

For generating single-stranded DNA for direct se- 
quencing from PCR products, 5' terminus of upstream 
primers (SP3 and P3) were phosphorylated prior to PCR 
reaction by the kination reaction (14) as follows; the reac- 
tion mixture (50 pl) containing 200 pmol primer, 100 U 
T4 polynucleotide kinase, 50 mM Tris-HC1 (pH 7.6), 5 
mM MgC12, 10 mM DTT, 0.1 mM EDTA, and 2 mM ATP 
was incubated at 37OC for 1 h followed by heat treatment 
at 7OoC for 10 min. 

1331-1354), and SP7, 5'-GCTGGAGATGCAGCTACTCC-3' 

RT-PCR amplification 

We used the polymerase chain reaction (PCR) coupled 
to reverse transcription (RT-PCR) (15). RT-PCR was per- 
formed using the Gene Amp RNA Amplification Reagent 
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Kit (Perkin-Elmer Cetus, Norwalk, CT). The amounts of 
RT-PCR products were almost the same in patients and 
normal controls. The amplification of the target region 
(nucleotides 1066-1752; 687 bp) comprising two catalytic 
domains (adrenodoxin and heme-ligand binding) was car- 
ried out in a final volume of 100 pl in two steps (e.g., 
reverse transcription and cDNA PCR amplification). For 
PCR analysis, total RNA from cultured fibroblasts was 
converted to cDNA using reverse transcriptase (RT). The 
RT mixture (20 pl) contained 5 mM MgC12, 1 x PCR 
buffer 11, 1 mM dNTPs, 1 U RNase inhibitor, 2.5 U 
reverse transcriptase, 1 pg total RNA, and 0.15 mM 
oligonucleotide primer P4. One hundred pl of mineral oil 
was overlayered to prevent evaporation during the high 
temperature incubations. The reaction tubes were in- 
cubated at 42OC for 15 min (annealirig and extension), 
heated at 99°C for 5 min (inactivation of reverse tran- 
scriptase and denaturation of RNA-cDNA hybrids) in the 
DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, CT), 
and then soaked at 5OC for 5 min. PCR amplification was 
immediately performed after the RT reaction by adding 
80 pl of a PCR Master Mix containing 2 mM MgC12, 
1 x PCR buffer 11, 66.5 p1 sterile distilled water, 2.5 U 
Taq DNA polymerase, and 0.15 mM oligonucleotide 
primer P3 (kinationed primer). The amplification reac- 
tion was performed for 30 cycles in a thermal cycler using 
the following cycle conditions: 1 min for denaturation at 
95OC and 4 min for annealing and extension at 68OC. 
Similarly, amplification of another region was performed 
as control using primers SP3 and P2 spanning 555-1274 
nucleotides region. Ten pl of amplification product was 
electrophoresed on 2 %  agarose gel to confirm successful 
amplification. A single band of expected size, 720 bp (in 
case of SP3-P2 amplification) or 687 bp (in case of P3-P4 
amplification), was identified by ethidiumbromide stain- 
ing of the gel. Molecular size marker (ax 174 Hue111 mar- 
ker, Wako Inc., Japan; 1357, 1078, 872, 603, 310, 281, 271, 
234, 194, 118, and 72 bp) was used to calculate the size of 
the amplified fragments. 

Direct nucleotide sequencing 

The PCR products were purified using Magic PCR 
Preps (Promega, Marison, WI) and then digested with 
lambda exonuclease (GIBCO BRL, Gaithersburg, MD) 
(16) which is a 5' to 3' nuclease that attacks double- 
stranded DNA only if there is a 5' terminal phosphate. 
The single-stranded DNA produced by exonuclease 
digestion was directly sequenced with T7 DNA polymer- 
ase (Sequenase; US. Biochemicals, Cleveland, OH) and 
the oligonucleotide primers (SP3, PA, hp1, PC or SP7; 0.5 
pmol/pl, respectively), using the dideoxynucleotide chain 
termination method (17). Primers (SP3 and PA), primer 
(XPl), primer (PC), and primer (SP7) were used for direct 
sequencing of the 555-1274 nucleotides region, 
adrenodoxin binding domain, heme-ligand binding do- 

main, and 3' region of sterol 27-hydroxylase cDNA 
(1490-1617 nucleotides region), respectively. 

Restriction fragment length polymorphism (RFLP) 
analysis 

The substitution (G+A) in amino acid residue 441 cre- 
ates a new StuI cleavage site and another nucleotide tran- 
sition (C+T) eliminates a cleavage site for restriction en- 
zyme HpuII. Amplified PCR products spanning the 
catalytic domains were digested with 10 units of StuI or 
HpaII for 1 h at 37OC. All of the digested PCR products 
were electrophoresed using 4% Nusieve:agarose (3:l) or 
3.5% agarose gels, and the resulting fragments were 
identified by ethidiumbromide staining of the gels. 

Assay of enzyme activity and protein concentration 

Assay of sterol 27-hydroxylase activity in fibroblasts 
was performed essentially according to the previously 
described method (8), using mitochondrial fractions pre- 
pared from fibroblasts. The mitochondrial fraction of 
fibroblasts was prepared with slight modification of the 
procedures described previously (18). Protein concentra- 
tions were determined according to the Bradford's method 
(19) using bovine serum albumin as a standard. One-1.2 
mg/ml of protein was used in the assay. Labeled substrate 
(10 pmolll), 5P-[7/3-3H]cholestane-3a,7a,12a-triol (sp act 
150 yCi/mg) was prepared as described previously (20). 
The converted 27-hydroxylated products were detected by 
combined HPLC (LC-1OA series, Shimadzu, Kyoto, 
Japan) using an LC-18 column (250 x 4.6 mm, Supelco, 
USA), and the radioactivity in the converted products was 
measured by a radiodetector (RLC-700, Aloka, Tokyo, Japan). 

RESULTS 

Amplification and sequencing of functional domains 
of sterol 27-hydroxylase gene 

One pg of total RNA isolated from the fibroblasts der- 
ived from three CTX patients, one CTX heterozygote, 
and seventeen normal subjects was used for the amplifica- 
tion of target region (nucleotides 1066-1752) containing 
functional domains (adrenodoxin and heme-ligand bind- 
ing) and another region (nucleotides 555-1274) of sterol 
27-hydroxylase gene. The nucleotide sequence of the 
region (nucleotides 555-1274) in the patients and normal 
subjects was completely identical with the cDNA se- 
quence reported by Cali and Russell (9) (data not shown). 
PCR amplification of the target region using P3 and P4 
as primers (see Methods) generated a DNA fragment of 
687 nucleotides which was an expected size. The se- 
quences obtained from purified PCR product derived 
from normal subjects were identical with those reported 
for sequence of normal human sterol 27-hydroxylase 
cDNA by Cali and Russell (9). On the contrary, we 
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identified two different single base substitutions in the 
heme-ligand binding region of three CTX patients and 
one CTX heterozygote. i )  In two homozygous patients 
(CTX-1 and CTX-2) and one heterozygous subject 
(CTX-4) we identified a G+A transition at codon 441, 
replacing arginine (CGG) by glutamine (CAG) (Fig. 1A). 
ii) In one homozygous patient (CTX-3) we identified a 
C + T  transition at codon 441, replacing arginine (CGG) 
by tryptophan (TGG) (Fig. 1B). These two mutations were 
present in a functional domain of the sterol 27-hydroxylase 
and would be expected to disrupt enzyme activity. 

Normal CTX 

1 A C G T  A C G T  r- 

J L 

A Mutation: Arg 441 - Gln 
(CGG - CAG) 

Normal CTX 

Ala 

Val 

C G T  

LI 
cf- - 

Mutation: Arg 441 --* Trp 
(CGG - TGG) B 

Detection of point mutation by RFLP 
Two different mutations resulted in two RFLPs for the 

enzymes StuI or HpuII. As shown in Fig. 2A, RT-PCR 
amplification of the target region using primers PA and 
PB was performed. Both PCR products derived from nor- 
mal subjects and patients resulted in 781 nucleotides 
which was an expected size. As shown in Fig. 2B, there 
is one StuI restriction site in normal subjects and two sites 
in patients with (Arg441+Gln). To detect a G+A transi- 
tion at codon 441, the PCR product of 781 nucleotides was 
cut by StuI enzyme (Fig. 2C). This treatment generated 
two bands of 611 and 170 nucleotides in case of normal 
subject (Fig. 2C, lane 3). In case of the homozygous pa- 
tients (CTX-1 and CTX-2) this treatment generated three 
bands of 345, 266, and 170 nucleotides due to a creation 
of StuI restriction site (Fig. 2C, lanes 4 and 5). In case of 
the homozygote CTX-1 (Fig. 2C, lane 4) a very faint un- 
explained band was repeatedly observed corresponding to 
611 nucleotides. The pattern was, however, definitely 
different from the heterozygote pattern. In case of the het- 
erozygous subject (CTX-4) this treatment thus generated 
four clear bands of 611, 345, 266, and 170 nucleotides 
(Fig. 2C, lane 6). The band of 611 nucleotides remained 
uncut (as compared to the intensity of the band on lane 
3). The results suggest the presence of one normal allele. 
In case of the homozygous patient (CTX-3), the StuI 
digestion generated two bands of 611 and 170 nucleotides 
as likely was observed in the normal subject (Fig. 2C, lane 
7). RT-PCR amplification of the target region using 
primers PC and PD was performed (Fig. 3A). As shown 
in Fig. 3B, the PCR product contains one HpaII restric- 
tion site in the normal subject, and this restriction site is 
eliminated by the mutation (Arg441+Trp). Both PCR 
products derived from the normal subjects and patient 
(CTX-3) gave 180 nucleotides which was an expected size. 
To detect a C + T  transition at codon 441, the PCR 
product of 180 nucleotides was cut by HpaII (Fig. 3C). 
This treatment generated two bands of 110 and 70 nucleo- 
tides (Fig. 3C, lane 3) in the case of normal subjects. On  
the other hand, the band of 180 nucleotides remained un- 
cut in the case of homozygous patient (CTX-3) (Fig. 3C, 
lane 5). The result suggests that HpuII restriction site was 
eliminated due to the C + T  transition at codon 441. 

Sterol 27-hydroxylase activity in skin fibroblasts 

We next measured sterol 27-hydroxylase activities in 
Fig. 1. Identification of two mutations of sterol 27-hydroxylase gene in 
CTX patients. Amplified PCR products from a normal subject and 
CTX patients were sequenced as described in Methods. Arrows denote 
the wsitions of each substitution showing (A) the presence of glutamine 

skin fibroblasts derived from five normal subjects, three 
CTX patients, and one CTX heterozygote to see whether 
there was any correlation between RFLP pattern (nor- - .  . . 

(C&) in place of arginine (CGG) at the position of amino &id 441 in 
the patient of CTX-I, and (B) a replacement of arginine (CGG) with 
tryptophan (TGG) at the same position (codon 441) in CTX-3. Nucleo- 
tide sequence and amino acid numbers were taken from the data of hu- 

mal, homozygote, and heterozygote) and enzyme activity. 
The assay was performed using mitochondrial fractions 
from fibroblasts as described in Methods. We used 50- 

man sterol 27-hydroxylase cDNA (9). [ 7~-3H]cholestane-3a,7a,12a-triol as a substrate, which 
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*3 *2 *-? 7 r  -- 
Adrenodoxin Heme-ligand 
binding region binding domain 

Sterol 

cDNA 
27-hydroxylase 

5' '8 3' Total-RNA 
781 bp +H 

PA PI3 

Primer PA : 5' - TGGCATCCAGGTGTCTGGCT - 3' RT- PCR 
Primer PB : 5' - TCTCCCTCCTCATCTGAGAC - 3' 

A 

Normal 170 S 
restriction 

PCR products 
170 S 345 S 266 

1 2 3 4 5 6 7  RFLP 

872 
603 
31 0 
234 
118 

c 72 
Fig. 2. PCR-detection of Gln mutation with SfuI digestion. (A) Schematic representation of the amplified portion 
(781 bp) of the sterol 27-hydroxylase cDNA by RT-PCR using oligonucleotide primers PA (nucleotides 930-949) 
and PR (nucleotides 1691-1710). Two point mutations, '1 (Arg362+Cys) and *2 (Arg"6+Cys), were previously 
described by Cali et al. (lo), and new different mutations, '3 (Arg4"+Gln, and Arg"l+Trp) were identified in 
the present study. (B) There is one StuI restriction site designated as letter S in the normal subject, and there are 
two sites in patients with a mutation (Arg"l+Gln). The horizontal solid and dotted arrows indicate the size of the 
restriction fragments generated by SfuI digestion of the amplified DNAs. (C) Analysis of the PCR products amplified 
from a normal subject and the patients was performed by electrophoresis using a 4% Nusieve:agarose (33) gel after 
digestion with SfuI. Lane 1, standard size marker (+X174IHueIII); lane 2, uncut amplified DNA of normal subject; 
lane 3, normal subject after SfuI digestion; lane 4, patient CTX-1 after StuI digestion; lane 5, patient CTX-2 after 
Stul digestion; lane 6, CTX-4 (heterozygote) after SfuI digestion; and lane 7. patient CTX-3 after StuI digestion. 
The sizes of restriction fragments were estimated by comparison with the standard molecular size marker 
(+X174IHarIII). 

is converted to 5~-[7@-3H]cholestane-3a,7a,12a ,27-tetrol 
by the action of sterol 27-hydroxylase. The  converted 
27-hydroxylated products were detected by HPLC and 
the radioactivity was measured by a radiodetector. The  
HPLC procedure separated very efficiently the product 
(5P-[7(3-3H]cholestane-3a,7a,l2~~,27-tetrol, retention time 
9 min) from the substrate (5p-[ 7P-3H]cholestane-3a,7a, 
12a-trio1, retention time 34 min). Incubation of the 50- 
[7P-3H]cholestane-3aY,7a,12a-triol with a mitochondrial 
fraction of the normal fibroblasts significantly converted 

the substrate to 5&[ 7fl-3H]cholestane-3a,7a,12a,27-tetrol 
(Fig. 4A). The degree of conversion in five normal sub- 
jects was 4-12% and the enzyme activities were calculated 
to be 493 f 86.3 nmol/mg per h (Table 1). The  radio 
scanning data of three homozygous subjects and one het- 
erozygous subject are shown in Fig. 4 B-E. Two homozy- 
gous subjects (CTX-1 and CTX-2) showed undetectable 
levels of the enzyme activities. Another homozygous sub- 
ject (CTX-3) and one heterozygous subject (CTX-4) had 
decreased levels of the enzyme activities about 1.4% (7 
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Heme-ligand 
A r P - T r p  , cvs444 

5' 3' 

5' ~~ 3' 
W+ I80 bp 4 

A Primer PC : 5' -CCITCTCTGAGCCTGAAAGCTI%C- 3' 

PC PD 

Primer PD : 5' -ACITCTGGATCAGCCITGCG- 3' 

Sterol 
27-hydroxylase 

cDNA 

Total-RNA 

RT - PCR 

HpalI 
restriction - \  

Normal 1 IO 70 

PCR products 

>I 
I Patient I 180 

restriction 

1 2 3 4 5  
RFLP 

194 = 4 180 bp 
118 - 110 bp 
72 - 70 bp 

C 

Fig. 3. PCR-detection of Trp mutation with HpuII digestion. (A) Schematic representation of the portion of the 
sterol 27-hydroxylase cDNA amplified by the RT-PCR. Oligonucleotide primers PC (nucleotides 1331-1354) and PD 
(nucleotides 1491-1510) were used for amplification of target region (180 bp) including the mutation. (R) In normal 
subjects there is one HpuIl restriction site, and this site is eliminated by the Trp mutation. The horizontal arrows 
indicate the size of the fragments generated by the digestion. (C) Analysis of amplified DNAs from normal subject 
and the patient (CTX-3) was performed by electrophoresis using a 3.5% agarose gel after digestion with HpaII. Lane 
1, size marker (@X174IHurIII); lane 2, uncut amplified DNA of normal subject; lane 3, normal subject after HpdI  
digestion; lane 4, uncut amplified DNA of the CTX-3; lane 5, the patient CTX-3 after HpuII digestion. The sizes 
of restriction fragments were estimated by comparison with the standard molecular size marker (@X174IHueIII). 

nmol/mg per h) and 10% (49 nmol/mg per h), respec- 
tively, as compared to those of normal subjects (Table 1). 
Thus there is a correlation between RFLP patterns 
(homozygote, heterozygote, or normal) and sterol 27-hydrox- 
ylase activities. Taken together, the newly identified point 
mutations in the functional domain of the sterol 
27-hydroxylase could account for sterol 27-hydroxylase 
deficiency in the Japanese CTX patients who were studied. 

DISCUSSION 

CTX is a rare autosomal recessive disease character- 
ized by tendon xanthomas, neurological manifestations, 
early onset of atherosclerosis, and cataracts (1). CTX pa- 

tients can be diagnosed by these clinical findings and by 
biochemical findings, such as increased levels of serum 
cholestanol, increased cholestanol/cholesterol ratio, and 
the presence of abnormal bile alcohols (5). In view of the 
fact that CTX can be effectively treated by chenodeoxy- 
cholic acid (21) it is important to diagnose it at an early 
presymptomatic stage. Recently, Cali et al. (10) reported 
two different point mutations in the sterol 27-hydroxylase 
gene in two CTX patients. They identified a missense 
mutation at codon 362 (arginine to cysteine) in an 
African-American. The affected codon is located in a 
highly conserved region in mitochondrial cytochrome 
P450s which is thought to be the adrenodoxin binding site 
(22). In another Canadian, a missense mutation was 
found at codon 446 (arginine to cysteine) (10). This codon 
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Fig. 4. Radioscanning of radioactive products. The products were 
separated from the substrate by HPLC after incubation of 58-[78- 
3H]cholestane-3a,7a,l2a-triol with mitochondrial fractions of a normal 
subject (A), CTX-1 (B), CTX-2 (C), CTX-3 (D), and CTX-4 (E). Peaks 
at 9 and 34 min of retention time show the converted product (58-[78- 
3H]cholestane-30r,70r,12a,27-tetml) and the substrate (5/3-[7P-sH]cholestane- 
3a,7a,12a-triol), respectively. 
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is located in the region corresponding to the heme-ligand 
binding site (23). In both cases the mutations occurred in 
the functional domains of sterol 27-hydroxylase gene and 
would thus be expected to disrupt enzyme activity. This 
expectation was confirmed by transfecting both mutant 
cDNAs in COS cells, which resulted in low or undetecta- 
ble levels of enzyme activity (10). Leitersdorf et al. (11) 
have recently described a completely different type of mu- 

0 

tations in Moroccan Jews with CTX, resulting in a lack 
of expression of mRNA. In similarity to the patients 
studied by Cali et al. (10) and in contrast to the patients 
studied by Leitersdorf et al. (ll), the Japanese CTX pa- 
tients expressed mRNA in normal amounts and showed 
a normal pattern in Northern blotting experiments 
(results not shown). 

By direct sequencing of RT-PCR products from skin 

D 
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TABLE 1 .  Detection of mutations and determination of sterol 27-hydroxylase activity in normal subjects, 
CTX patients, and a CTX heterozygote 

Mutation 

Age Sterol 27- 
Subject (at onset) Phenotype Sex Amino Acid Nucleotides Hydroxylase Activity 

Y' nmol/mf/h 

CTX-1 (K.O.) 35 (10) homozygote M Arg441+Gln CGC-CAG NU 
CTX-2 (H.M.) 36 (20) homozygote M Arg"l-+Gln CGG-CAG ND 
CTX-3 (Y.S.) 37 (30) homozygote M Arg4"+Trp CGG-TGG 7 
CTX-4 (N.M.) 66 heterozygote M Arg+"+Gln CGG-CAG 49 
Normal controls 30-50 M 493 f 86" 

(n = 5) 

"Mean + SD; ND: not detectable 

fibroblasts, two different new point mutations were found 
in a functional domain of the sterol 27-hydroxylase gene 
in three patients and one heterozygote. In two 
homozygotes (CTX-1 and CTX-2) and one heterozygote 
(CTX-4, who is the father of CTX-2), a single substitu- 
tion of A for G at codon 441 was found. Another homozy- 
gous patient (CTX-3) had a single base substitution of T 
for C at codon 441. Both mutations are different from two 
mutations reported by Cali et al. (10) but are present in 
the same functional domain. Interestingly, two new muta- 
tions in the present study as well as two mutations in the 
study by Cali et al. (10) occurred in CG dinucleotides, 
which is thought to be hypermutable in the human ge- 
nome (24). 

The newly identified mutations resulted in RFLPs for 
the restriction enzymes, StuI or HpaII. The clinically di- 
agnosed homozygous and heterozygous states could thus 
be diagnosed by RFLP patterns for the StuI or H'II enzymes. 

Although the CTX heterozygote (CTX-4) was found to 
have decreased levels of the residual enzyme activity 
(about 10% of normal subject), he had normal levels of se- 
rum cholestanol and was asymptomatic. As the sterol 
27-hydroxylase activity is not rate-limiting in the overall 
biosynthesis of bile acids, a very marked reduction in en- 
zyme activity may be required to reduce bile acid bi- 
osynthesis and increase cholestanol biosynthesis. More in- 
formation is needed, however, before we can evaluate how 
much reduction in sterol 27-hydroxylase activity is re- 
quired to seriously affect the biosynthesis of bile acids and 
cholestanol. The results of the present work suggest that 
a reduction of the enzyme activity by 98% or more leads 
to increased formation of cholestanol (CTX-1, CTX-2, 
and CTX-3), whereas a reduction by 90% (the heter- 
ozygote, CTX-4) has no significant consequences for for- 
mation of cholestanol. Reduced enzyme activity in heter- 
ozygotes without clinical symptoms has previously 
reported also in other genetic diseases such as Tay-Sachs 

disease (25-27) and metachromatic leukodystrophy (MLD) 
(28, 29). The cerebroside sulfate sulfatase activity of leu- 
kocytes derived from MLD heterozygote was about 10% 
of the control level (29). 

Although we have not yet performed mutant cDNAs 
transfection experiments, it is reasonably assumed that 
two mutations shown in the present study account for the 
sterol 27-hydroxylase deficiency in the Japanese CTX pa- 
tients by the following criterias. l )  Two newly identified 
mutations are present in the heme-ligand binding site of 
the sterol 27-hydroxylase and in CG dinucleotides which 
are hypermutable in the human genome as described 
above. 2) There is a correlation between clinically diag- 
nosed homozygous or heterozygous states, RFLP patterns 
for the StuI enzyme, and sterol 27-hydroxylase activity in 
fibroblasts. 

In summary, we have identified two new mutations in 
Japanese CTX patients. The new mutations resulted in 
two RFLPs. The RFLP technique used here may be use- 
ful for future presymptomatic diagnosis of CTX 
homozygotes and for genetic counseling in the specific fa- 
milies studied here. In order to use RFLP as a general di- 
agnostic technique, however, more knowledge must be ac- 
cumulated about possible mutations in the sterol 
27-hydroxylase gene. I 
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