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Abstract The Smith-Lemli-Opitz syndrome is a common 
birth defect syndrome characterized biochemically by low 
plasma cholesterol levels and high concentrations of the cho- 
lesterol precursor 7dehydrocholesterol. The present study 
was undertaken to prove that the enzyme defect is at the step 
in which 7dehydrocholesterol is converted into cholesterol 
and to establish a new biochemical method for the diagnosis 
of this disease. We assayed the latter part of the cholesterol 
biosynthetic pathway by incubating [3H]lathosterol (the im- 
mediate precursor of 7dehydrocholesterol) with cultured 
skin fibroblasts from 15 homozygous patients, 14 obligate 
heterozygous parents, and 8 controls, and measuring its con- 
version to 7dehydrocholesterol and cholesterol. The forma- 
tion of cholesterol from lathosterol in parents was not signifi- 
cantly different from that in controls. In contrast, cells from 
patients made very little cholesterol (P < 0.0001, patients vs. 
parents or vs. controls) but readily converted lathosterol to 
7dehydrocholesterol. The defect was especially profound in 
a subgroup of 8 of the most severely clinically affected pa- 
tients, as virtually no label was detected in the cholesterol 
fraction. I These results provide compelling evidence that 
1)  this disease is caused by a primary defect in 7dehydro- 
cholesterol A7-reductase, an essential enzyme in the biosyn- 
thesis of cholesterol; 2) the most clinically severe form of the 
syndrome may be associated with the most inhibited enzyme; 

sis and phenylketonuria in North American Caucasian 
populations (2). The prevalence is estimated to be 1 in 
20,000 births with a carrier frequency of 1-2%. Patients 
are characterized clinically by profound mental retarda- 
tion, failure to thrive, and multiple organ abnormalities 
including microcephaly, unusual facial appearance, 
limb anomalies, genital disorders, endocrine malfunc- 
tion, cataracts, and heart and kidney malformations (1, 

In 1987, Curry et al. (4) described a more severe 
phenotype of the Smith-Lemli-Opitz syndrome charac- 
terized by a high frequency of males (46,XY karyotype) 
with ambiguous genitalia, a greater number of more 
severe congenital abnormalities, together with frequent 
fetal or neonatal death, which they called Smith-Lemli- 
Opitz syndrome-type 11. However, as the biochemical 
abnormalities of neither form of the syndrome had been 
identified and the syndrome had been diagnosed only 
from its clinical presentation, it remained unclear 
whether these two types shared the same metabolic 
defect. 

3-6). 

and 3) the enzyme lathosterol 5desaturase that converts Recently we reported (7-9) the combination ofabnor- 
lathosterol to 7dehydrocholesterol is fully intact. The present mally low plasma cholesterol levels and high concentra- method using fibroblast and amniocyte cultures establishes it 

a useful procedure for the biochemical diagnosis of this 
syndrome.-Honda, A., G. S. Tint, G. Salen, A. K. Batta, T. (cholesta-5,7-dien-31).01) and its isomer gdehydro- 
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cholesterol (cholesk-5,&iien-3fj-ol) (which we had pre- 
viously called dehydrocholesterol 11 (8)) in homozygous 
patients, and hypothesized that the observation demon- 36: 1595-1601. 
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strated a block in cholesterol biosynthesis at the step in 
which 7-dehydrocholesterol is transformed to choles- 
terol. 

Cholesterol in mammals is synthesized from acetate 
with the final two steps being the conversion of lathos- 
terol to 7-dehydrocholesterol (1 0) and 7-dehydro- 
cholesterol to cholesterol (11) (Fig. 1). To assay the 
activities of these two transformations we incubated 
radiolabeled lathosterol with cultured skin fibroblasts 
from both type I and I1 phenotypes, from their parents, 
and from controls, purified 7-dehydrocholesterol and 
cholesterol by TLC, and measured the incorporation of 
label into each compound. 

The objectives of this study were to I) prove the 
hypothesized enzyme defect; 2) quantify the reduction 
in cholesterol biosynthesis; and 3) establish a new bio- 
chemical method for the definitive diagnosis of the 
syndrome. 

MATERIALS AND METHODS 

Patients 
Patients 2,4,9,18,29, and 36, three females and three 

males, age 2-25 years, (group I) were the least clinically 
affected. The subjects assigned to group I1 were done so 
prospectively on the basis of syndrome severity. Patients 
5,14,30,32, RD, FVR, and SL were a group of generally 
younger children with clinical presentations consistent 

with the most profoundly affected type I1 phenotype (4). 
SV was aborted at 14 weeks because of early fetal death 
and both amniocytes and fetal fibroblasts were cultured 
and analyzed. 7-Dehydrocholesterol was found to be 
markedly elevated in her amniotic fluid (Table 1). Pa- 
tients 5,  14, and 32 were males (46,XY karyotype) with 
ambiguous genitalia while 30, RD, FVR, and SL were 
females with multiple congenital major organ abnor- 
malities. Subjects 14, 30, 32, RD, and SL had died by 4 
weeks, 13 weeks, 9 weeks, 5 months, and 6 months, 
respectively, while FVR died at age 7 years. Subject 24 
(2Yz years old) was a male (46,XY karyotype) with am- 
biguous genitalia, but was assigned to group I because 
his plasma cholesterol level was 2-3 times that of the 
other patients in group I1 (Table 1). Subjects 2 and 4 (8) 
and RD (12) have been described previously. Patient 29 
who has a normal plasma cholesterol concentration is a 
25-year-old man and one of a pair of siblings originally 
described by Johnson (13). At 4% years he manifested 
typical features of the syndrome but had normal genita- 
lia and no major organ abnormalities. He possesses 
some language, is able to walk, and, when younger, was 
able to attend special classes at school. His sister is also 
affected. She is 31 years old and her plasma cholesterol 
concentration was 132 mg/dl. 

TABLE 1. 
8dehydrocholesterol, and cholesterol in patients and parents 

Plasma concentrations of 7dehydrocholestero1, 

Plasma Concentration 

Subject 7-DHCa EDHCb Cholesterol 

m d d l  

Patients (Group I) 
Acetate 

2 26 19 28 
4 23 15 101 
9 17 8.0 74 
18 13 12 44 
24 24 26 29 4 HMQCM reductase 29 0.2 1.0 154 

+ + 
Hyd roxymeth ylglutaryl-CoA 

Mevalonic acid + + 
+ + 

Lanosterol 

Lathosterol 

36 1.3 3.8 98 
Mean f SEM 15 f 4= 1 2 f 3 c  75f17c 

Patients (Group 11) 
5 23 20 15 
14 61 26 7.0 
30 24 12 4.0 
32 12 7.2 4.7 
SV (amniotic fluid) 0.2d 0.3* 1 2  

Mean f SEM 30 f 1lC 16 f 7.7 f 2.5C,e 

4 Lathostem1 Mesaturase Parents 
Mean f SEM (n = 11) ND' ND' 182 f 13 7-De hydroc holesterol 

4 7-DHC A7-reductase 
Cholesterol 

a7-Dehydrocholesterol. 
b8-Dehydrocholestero1. 
'P < 0.0005, significantly different from parents. 
dData from amniotic fluid (excluded from the calculation of mean 

Fig. 1. Cholesterol biosynthesis from acetate. The rate-controlling 
enzyme is HMG-CoA reductase; the reactions studied in this report 
are lathosterol 5desaturase and 7dehydrocholesterol(7-DHC) A7-re- 
ductase. Wot detectable. 

* SEM). 7-Dehydrocholesterol and 8dehydrocholesterol not detect- 
able in controls (27). 

'P < 0.05, significantly different from group I patients. 
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Fibroblast culture 

Skin biopsies were obtained from patients and from 
their parents and the fibroblasts were grown and main- 
tained as monolayers in Dulbecco's modified Eagle's 
medium (Life Technologies, Inc., New York) supple- 
mented with 17% fetal bovine serum. Controls were 
patients from other metabolic studies without abnor- 
malities in cholesterol metabolism. All cells were used 
before the 15th passage. 

Labeled steroids 

[4W]cholesterol, [5-3H]mevalonolactone, and 
[SHIsodium borohydride were obtained from DuPont 
NEN Research Products (Boston, MA). [3a-SH]lathos- 
terol was synthesized by chromium trioxide oxidation 
of lathosterol followed by reduction with [SHIsodium 
borohydride. The pure compound (purity 98%) was 
obtained by preparative TLC. 

Lathosterol conversion assay 

On day 1, 75-cm2 tissue culture flasks were seeded 
with 1 x lo6 cells/flask. On day 7 when the cells were 
nearly confluent, the original growth medium was re- 
placed with 4 ml of fresh medium containing 10% fetal 
bovine serum. [3H]lathosterol (1.3 p ~ ,  1.3 x lo5 cpm) 
was then added in 50 p1 dimethyl sulfoxide and incu- 
bated at 37"C, after which the cells were harvested with 
trypsin and washed three times in isotonic salt solution. 
After the addition of 20,000 cpm of [14C]cholesterol as 
an internal recovery standard, lipids were extracted 
from the cells with chloroform-methanol2:l (14). The 
extracts were applied to argentation TLC plates (15,16), 
developed in chloroform-acetone 9: 1, and the radioac- 
tivity from the 7-dehydrocholesterol band (Rf= 0.25) was 
determined by liquid scintillation counting. The choles- 
terol band (Rf = 0.55), which could have been contami- 
nated with lathosterol (Rf = 0.60), was eluted with chlo- 
roform-methanol 9: 1, applied to a normal-phase silica 
gel plate (20 cm x 20 cm x 0.25 mm, Analtech Inc., 
Newark, DE), and developed in n-hexane-diethyl ether 
1:5. The complete elimination of lathosterol (Rf = 0.62) 
from the cholesterol band (Rf = 0.70) was achieved by 
the second chromatographic step. 3H- and I4C-label in 
the cholesterol was measured by dual-label liquid scin- 
tillation counting with appropriate corrections for 
quench. Assays in all subjects were carried out in dupli- 
cate or triplicate. 

Incorporation of mevalonolactone into sterols 

[3H]mevalonolactone (3.8 VM, 1.9 x 106 cpm) was 
added to confluent cells obtained from two patients and 
one parent and incubated at 37°C for 24 h. After the 
addition of [14C]cholesterol and 50 pg of cold lathos- 
terol as internal standards, lathosterol, 7-dehydro- 

cholesterol, and cholesterol were extracted and purified 
as described above. The amount of the recovered cold 
lathosterol was measured by gas chromatography-mass 
spectrometry (17, 18). 

Plasma and cell sterols 
Plasma cholesterol, 7-dehydrocholesterol, and 8dehy- 

drocholesterol concentrations were determined by cap- 
illary-column gas chromatography as described pre- 
viously (8). The sterol concentrations in fibroblasts were 
measured by gas chromatography-mass spectrometry 
(17, 18). 

Statistics 
Data are reported here as the mean f SEM. The 

statistical significance of differences between the results 
in the different groups was evaluated with the Student's 
two-tailed t test or Wilcoxon signed-ranks two-tailed test 
and significance was accepted at the level of P < 0.05. 

RESULTS 

Table 1 lists the plasma sterols measured in the pa- 
tients and their parents. Abnormally low cholesterol 
levels and high concentrations of 7dehydrocholesterol 
and 8dehydrocholesterol were found in all patients 
except for patient 29. Although the concentrations of 
cholesterol were especially reduced in the most severely 
affected group I1 patients (P < 0.05, compared to group 
I), 7-dehydrocholesterol and 8dehydrocholesterol levels 
did not differ significantly between the two groups. 
7-Dehydrocholesterol and 8dehydrocholesterol were 
not detectable in parents' plasma when our conven- 
tional gas chromatographic methods (8, 18) were used. 

The concentrations of 7-dehydrocholesterol were 
markedly elevated in fibroblasts from both groups of 
patients. The ratios of 7-dehydrocholesterol to choles- 
terol were 2.9 f 0.5% (n = 6), 2.6 f 0.5% (n = 6), 0.14 f 
0.01% (n = 14), and 0.06 f 0.01% (n = 6) in group I 
patients, group I1 patients, parents, and controls, respec- 
tively. In contrast, only trace amounts of 8-dehydro- 
cholesterol were found in patients' fibroblasts and no 
8dehydrocholesterol was detected in fibroblasts from 
parents and controls. 

Figure 2 illustrates the effects of incubation time on 
the relative amount of [3H]lathosterol taken up by the 
cells (approximately 4 x 106 cells/flask) and then con- 
verted to 7-dehydrocholesterol and cholesterol in a typi- 
cal patient (RDj, a parent, and a control. Because incu- 
bations longer than 24 h did not further increase the 
uptake of [3H]lathosterol, this time interval was chosen 
for the standard assay. The conversion of lathosterol to 
7-dehydrocholesterol and cholesterol was calculated as 
the percentage of the radioactivity found in each sterol 
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Fig. 2. $H label recovered in 7-dehydrocholesterol (A) and cholesterol (0) as a function of time of incubation. 
The inset plots depict the time course of [3H]lathosterol uptake by cells compared to total [3H]lathosterol added 
(a), patient (RD); (b), parent; (c). control. 

compared to the total 3H extracted from the cells (19). 
The plots of the incorporation of 3H into 7-dehydro- 
cholesterol and cholesterol versus incubation time from 
the parent (Fig. 2b) and the control (Fig. 2c) cell cultures 
were similar. However, the plot from the patient (Fig. 
2a) was very different. In the case of parent and control, 
increasing amounts of 3H were incorporated into cho- 
lesterol while the amount of label in 7-dehydro- 
cholesterol decreased rapidly. In contrast, in cells from 
the patient, the quantity of label in 7dehydrocholesterol 
was virtually constant while little, if any, 3H could be 
found in the cholesterol fraction. In patients 3H was 
detected in 8-dehydrocholesterol. However, the 
amounts were small and did not exceed 10% of those in 
7-dehydrocholesterol. 

Table 2 summarizes the results. Approximately 20% 
of the added radiolabeled lathosterol was taken up by 
the washed fibroblasts from all subjects. Although the 
transformation of [3H]lathosterol to cholesterol in fi- 
broblasts from parents was not different from that in 
controls, the amount of 3H label found in the 7dehydro- 
cholesterol fraction was significantly elevated (P < 0.01). 
When we measured the 3H label remaining in 7dehy- 
drocholesterol for incubations carried out with cells 
from the earliest passages (5 f 1 passages) and compared 
those to the amount of label found in the 7-dehydro- 
cholesterol fraction in cells from later passages (8  f 1 

passages), the origin of the above difference was found. 
Significantly more SH was found in the 7-dehydro- 
cholesterol fraction (12 f 3% vs. 4.7 f 0.8%, P < 0.05) 
and less 3H was detected in cholesterol (53 f 4% vs. 65 
f 2%, P < 0.05) in the younger cells (Wilcoxon signed- 
ranks test). However, due to the wide variation it was 
not possible to discriminate easily between fibroblasts 
from controls and from parents. 

In contrast, cells from patients made very little choles- 
terol but readily converted lathosterol to 7-dehydro- 
cholesterol. The defect was especially profound in the 
clinically more severe group I1 patients as virtually no 
label could be detected in the cholesterol fraction. We 
also performed the same conversion assay by using 
amniocytes from SV with a result very similar to that 
obtained with the fibroblasts from her fetus. In the 
amniocytes 34% of the label was recovered in the 7-de- 
hydrocholesterol fraction while no 3H was detected in 
cholesterol, compared to 21% and 0%, respectively, in 
fetal fibroblasts. 
Table 3 describes the results obtained when labeled 

mevalonolactone was incubated with cultured fi- 
brobIasts from two affected children and one of the 
parents. The labeling pattern paralleled that noted in 
the lathosterol conversion assay. In cells from the pa- 
tients mevalonolactone was readily incorporated into 
lathosterol and 7-dehydrocholesterol but not into cho- 
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TABLE 2. Conversion of [SH]lathosterol to 7dehydrocholesterol 
and cholesterol in cultured fibroblasts and amniocytes from 

patients, parents, and controls 

SH in Sterol Fraction Compared to 
Total %H Extracted 

7-Dehydrocholesterol Cholesterol 
- 

Subject 

% 

Fibroblasts 

2 
4 
9 
18 
24 
29 
36 

Patients (Group I) 

Mean f SEM 
Patients (Group 11) 

5 
14 
30 
32 
m 
sv 
EVR 
SL 

Parents 

Controls 

Mean * SEM 

Mean f SEM (n = 14) 

Mean f SEM (n = 8) 

Amniocytes 
Patient (SV) 
Controls 

Mean f SEM (n = 3) 

53 
53 
49 
48 
44 
53 
53 

50 f la 

48 
51 
50 
56 
42 
21 
48 
48 

45 f 4a 

7.9 f 1.F 

3.2 f 0.7 

34 

3.0 * 1.3 

1.5 
1.6 
1.9 
0.1 
0.6 
1.1 
1.0 

1.1 f 0.2" 

0.2 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.03 f 0.03',b 

59 f 2 

64 f 3 

0.0 

39 f 19 

'P < 0,0001, significantly different from parents and controls. 
bP < 0.0005, significantly different from group I patients. 
'P < 0.01, significantly different from controls. 

lesterol. In contrast, in the parent most of the label was 
found in the cholesterol band while little radioactivity 
could be detected as 7-dehydrocholesterol. 

DISCUSSION 

These results provide compelling evidence that pa- 
tients with the Smith-Lemli-Opitz syndrome have a pri- 

mary defect in the reduction of the C-7 double bond of 
7dehydrocholesterol catalyzed by the microsomal en- 
zyme 7-dehydrocholesterol A7-reductase (3P-hydroxys- 
teroid A7-reductase) (1 1). Although our experiments 
could not differentiate between markedly reduced cho- 
lesterol biosynthesis as a result of an enzyme with greatly 
reduced activity or because of low enzyme mass, the 
reduced conversion of lathosterol to cholesterol demon- 
strates conclusively that the Smith-Lemli-Opitz syn- 
drome is caused by this specific defect in cholesterol 
biosynthesis. In contrast, because cells from patients 
readily converted lathosterol to 7dehydrocholestero1, 
the enzyme lathosterol 5-desaturase is intact. This latter 
result also demonstrates that the cells from patients 
retained viability during the course of the assay. To 
determine the functionality of the pathway between 
mevalonic acid and 7-dehydrocholesterol, we also incu- 
bated [3H]mevalonolactone with cultured fibroblasts 
and assayed its incorporation into sterols (Table 3). The 
observation that cells from patients made very little 
cholesterol but readily converted mevalonolactone to 
7-dehydrocholesterol indicates that in the Smith-Lemli- 
Opitz syndrome 7-dehydrocholesterol A7-reductase is 
probably the only defect in the cholesterol biosynthetic 
pathway. It should be noted that the high levels of 3H 
found in the lathosterol fraction are consistent with 
both previous in vitro and in vivo studies (16, 19). 

Plasma concentration of 8-dehydrocholesterol in pa- 
tients was often equal to or higher than that of 7-dehy- 
drocholesterol (Table 1). However, the concentration of 
8-dehydrocholesterol in fibroblasts was considerably 
lower than that of 7-dehydrocholesterol. In the 
[3H]lathosterol conversion assay, small amounts of 3H 
were detected in 8-dehydrocholesterol. These results 
indicate that very little 8-dehydrocholesterol is synthe- 
sized by skin fibroblasts. Similarly, 8-dehydrocholesterol 
was detected in plasma, but only at low concentrations, 
in rats fed BM 15.766, an inhibitor of 7-dehydro- 
cholesterol A7-reductase (20). 

Measurements of the conversion of lathosterol to 
cholesterol are also a useful and accurate method for 
making the diagnosis of the syndrome. The extraordi- 

TABLE 3. Incorporation of [3H]mevalonolactone into lathosterol, 7-dehydrocholesterol, and cholesterol in 
cultured fibroblastsa 

Total 3H Label 
Extracted from 

3H in Sterol Fraction Compared to Total 3H Extracted 

Cholesterol Subject Cells Lathosterol ~ - D H C ~  

Patient 2 
Patient 24 
Parent 

CPm 

4.2 x 103 28 
3.9 x 103 34 
3.5 x 103 24 

% 

34 0.5 
20 0.6 
2.3 65 

=Average of two assays. 
b7-Dehydrochol~stero1. 
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nary variability of clinical expression is one of the char- 
acteristics of this disease and has led some investigators 
to postulate the existence of Smith-Lemli-Opitz syn- 
drome-type I1 (4) or different but closely related entities 
(“Lowry-Miller-Maclean syndrome” (2 1); “Gardner-Si- 
lengo-Wachtel syndrome” (22), etc.). However, it was 
unclear whether this variability indicated a biochemical 
heterogeneity or the individual responses of different 
patients to the same disease process. Our finding that 
fibroblasts from a group of more clinically affected 
patients (group 11), most of whom had been diagnosed 
as the type I1 phenotype, exhibited the almost complete 
absence of 7-dehydrocholesterol A7-reductase activity 
demonstrates that all Smith-Lemli-Opitz patients share 
the same metabolic abnormality. But there appears to 
be a correlation between the degree of clinical severity 
and the magnitude of the enzyme defect. 

Although the clinical diagnosis of Smith-Lemli-Opitz 
syndrome cannot always be made with certainty because 
of this variability of expression, the syndrome can usu- 
ally be diagnosed quite easily from the biochemical 
abnormalities, reduced plasma cholesterol, and mark- 
edly elevated 7-dehydrocholesterol concentrations (Ta- 
ble l )  (7,8). However, occasionally older subjects, such 
as patient 29, may exhibit normal plasma cholesterol 
levels with concentrations of 7-dehydrocholesterol that 
are considerably below that reported for most individu- 
als with the syndrome. We recently assayed plasma 
sterols in 33 Smith-Lemli-Opitz patients (23) and found 
cholesterol concentrations in four patients to be more 
than 100 m u d l  and to be within the normal range in 
two of them. It is possible that diets rich in cholesterol, 
especially when used for many years, may raise plasma 
cholesterol levels and reduce plasma 7-dehydro- 
cholesterol concentrations (20, 24), thus masking the 
biochemical indicators of the syndrome. In addition, 
although plasma levels of 7-dehydrocholesterol in 
healthy subjects are normally very low, marked eleva- 
tions can be observed in patients with ileal resection or 
in those undergoing treatment with cholestyramine 
(25),  that is, in patients who are expected to have a 
greatly increased rate of cholesterol biosynthesis (26). 
Therefore, because plasma 7-dehydrocholesterol in pa- 
tient 29, while elevated 40- to 50-fold above controls, was 
within the range found in such patients (25) and because 
his plasma cholesterol concentration was normal, the 
diagnosis of the Smith-Lemli-Opitz syndrome if deter- 
mined solely by plasma sterols might have been missed. 
However, the lathosterol fibroblast conversion assay 
easily detected the biochemical defect (Table 2). 

In addition, it is important to note that because we 
obtained very similar results in both fibroblasts and 
amniocytes from the same fetus, the assay probably can 

also be used for a definitive prenatal diagnosis of the 
syndrome. I 
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