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Abstract The Smith-Lemli-Opitz syndrome (SLOS) is a com-
mon birth defect-mental retardation syndrome caused by a
defect in the enzyme that reduces 7-dehydrocholesterol to
cholesterol. Because of this block, patients’ plasma choles-
terol levels are generally low while 7-dehydrocholesterol con-
centrations are markedly elevated. In addition, plasma total
sterols are abnormally low and correlate negatively with the
percent of 7-dehydrocholesterol (r = —0.65, P < 0.0001) sug-
gesting that 7-dehydrocholesterol might inhibit the activity of
HMG-CoA reductase. Cultured skin fibroblasts from SLOS pa-
tients grown in fetal bovine serum or for 1 day in delipidated
medium contain little 7-dehydrocholesterol (3 = 1% of total
sterols) and HMG-CoA reductase activities are indistinguish-
able from that measured in control cells. However, raising the
7-dehydrocholesterol concentration to 20 = 3% of total ste-
rols, equal to the mean proportion in plasma of SLOS pa-
tients, by either growing cells for 1 week in delipidated me-
dium or adding 20 pg/ml 7-dehydrocholesterol directly to
the cells reduced HMG-CoA reductase activities from 74 = 7
to 9 = 2 pmol/min per mg protein, or from 92 = 22to0 16 = 4
pmol/min per mg protein, respectively (P < 0.01). In con-
trast, adding 20 wg/ml cholesterol evoked a 2- to 4-fold lesser
suppression of activity (39 = 8 pmol/min per mg protein, P <
0.05, vs. 7-dehydrocholesterol). HMG-CoA synthase and LDL
binding were inhibited equally by 7-dehydrocholesterol and
cholesterol. Ketaconazole prevented the down-regulation of
HMG-CoA reductase by 7-dehydrocholesterol, suggesting that
an hydroxylated derivative of 7-dehydrocholesterol may be es-
pecially important in suppressing cholesterol synthesis.Hll
These results demonstrate that 7-dehydrocholesterol, perhaps
as an hydroxylated derivative(s), is a very effective feedback
inhibitor of HMG-CoA reductase.—Honda, M., G. S. Tint, A.
Honda, L. B. Nguyen, T. S. Chen, and S. Shefer. 7-Dehydro-
cholesterol down-regulates cholesterol biosynthesis in cul-
tured Smith-Lemli-Opitz syndrome skin fibroblasts. J. Lipid
Res. 1998. 39: 647-657.
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The Smith-Lemli-Opitz syndrome (SLOS) (1) is a
common birth disorder caused by a defect in 7-dehy-
drocholesterol A7-reductase (2, 3), the last enzyme in
the cholesterol biosynthetic pathway. Patients are char-
acterized clinically by severe mental retardation with in-
complete myelination of both brain and peripheral
nerves, failure to thrive, a characteristic facial dysmor-
phism, limb abnormalities, endocrine hypofunction,
ambiguous genitalia in severely affected males, cata-
racts, and cardiac, hepatic, lung, digestive system and
renal malformations (1, 4-7). The syndrome is inher-
ited in an autosomal recessive manner and the preva-
lence is estimated to be about 1 in 20,000 births with a
carrier frequency between 1 and 2% in North Ameri-
can Caucasian populations.

The unusually low activity of 7-dehydrocholesterol A’-
reductase causes plasma and tissue cholesterol levels to
be abnormally reduced and leads to the accumulation of
the cholesterol precursor, 7-dehydrocholesterol (cholesta-
5,7-dien-3p-ol), and its isomer, 8-dehydrocholesterol
(cholesta-5,8-dien-3p-ol) (8, 9). Because cholesterol is
essential for the functioning of every mammalian cell
and is required for normal embryonic growth (10), it is
not surprising that developmental abnormalities could
be caused by markedly inhibiting its synthesis or by sub-
stituting another sterol.

The cholesterol biosynthetic pathway involves many

Abbreviations: cholesterol, cholest-5-en-33-0l; 7-dehydrocholes-
terol, cholesta-5,7-dien-3B-ol; 8-dehydrocholesterol, cholesta-5,8-dien-
3B-ol; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine
serum; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; LDL, low
density lipoprotein; PBS, phosphate-buffered saline; SLOS, Smith-
Lemli-Opitz syndrome.
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Fig. 1. Cholesterol biosynthetic pathway. The rate-controlling enzyme is HMG-CoA reductase; the de-
fective enzyme in the SLOS is 7-dehydrocholesterol A’-reductase (3p-hydroxysterol A7-reductase).

steps (Fig. 1), but the rate-controlling enzyme is 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase.
One is tempted to predict that, in SLOS patients,
HMG-CoA reductase activities should be stimulated be-
cause plasma and tissue concentrations of cholesterol are
reduced. However, it seems unlikely that up-regulation
takes place because the concentration of plasma total
sterols, including the unusual sterols, in 90-95% of
SLOS patients is abnormally low compared to choles-
terol levels in age-matched control subjects (11, 12).
Consistent with this latter observation, we recently as-
sayed HMG-CoA reductase activity in cultured skin fi-
broblasts from several patients with the syndrome (13)
and found that they were not increased. These findings
suggested to us that cholesterol might not be the only
sterol that could down-regulate cholesterogenesis.

The present investigation was undertaken to deter-
mine the ability of 7-dehydrocholesterol to inhibit choles-
terol biosynthesis. Although both 7-dehydrocholesterol
and 8-dehydrocholesterol accumulate in the syndrome,
7-dehydrocholesterol is more abundant and its origin
has been clarified. Furthermore, patients’ skin fibro-
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blasts make very little 8-dehydrocholesterol (14). We re-
port here the results of a study in which we compare
the effects of 7-dehydrocholesterol and cholesterol on
HMG-CoA reductase, HMG-CoA synthase, and LDL re-
ceptor binding activities in cultured skin fibroblasts.
The results provide ample evidence that accumulated
7-dehydrocholesterol could readily inhibit sterol bio-
synthesis in the Smith-Lemli-Opitz syndrome.

MATERIALS AND METHODS

Chemicals

BM 15.766 and ketoconazole were gifts from Boeh-
ringer Mannheim GmbH (Mannheim, Germany) and
The Janssen Research Foundation (Beerse, Belgium),
respectively. Cholesterol and 7-dehydrocholesterol were
purchased from Sigma Chemical Co. (St. Louis, MO)
and Aldrich Chemical Company, Inc. (Milwaukee, WI),
respectively, and purified three times by recrystalliza-
tion. Purities were checked by high-performance liquid
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chromatography (HPLC), and each of them gave only
a single peak. Coprostanol (5B-cholestan-33-ol) was
obtained from Steraloids (Wilton, NH), tetrabutyl-
ammonium hydroxide (40% aqueous solution) and phos-
phoric acid were from Aldrich, and acetyl-CoA and ace-
toacetyl-CoA were from Sigma. [3-C]JHMG-CoA, [1-1C]
acetyl-CoA, and Na!?’l were purchased from Amer-
sham Co. (Arlington Heights, IL), and [1,2-3H]7-dehy-
drocholesterol was synthesized as described previously
(15, 16).

Plasma sterol analysis

Plasma sterols from 83 patients with the Smith-Lemli-
Opitz syndrome (39 females and 44 males, ages 1 day to
34 years) were determined as described previously (11,
12). After addition of coprostanol as an internal recov-
ery standard, plasma was hydrolyzed in 1 N ethanolic
NaOH, extracted with n-hexane, converted to trimeth-
ylsilyl (TMS) ether derivatives, and analyzed by capil-
lary gas chromatography.

Fibroblast culture

Skin biopsies were obtained from twelve patients.
Seven of the patients were among the less clinically and
biochemically affected phenotypes (type 1), while the
other five were among the most profoundly affected
phenotypes which, traditionally, have been designated
SLOS type Il (2, 5). Controls were patients from other
metabolic studies without abnormalities in cholesterol
metabolism. Fibroblasts were grown and maintained as
monolayers in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, Inc., Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS) (14).
All cells were used before the 20th passage. To study
the effects of cholesterol or 7-dehydrocholesterol on
HMG-CoA reductase, HMG-CoA synthase, and LDL re-
ceptor binding activities, the following procedures were
used. On day 1, 12.5 cm? tissue culture flasks were seeded
with 1 X 105 cells/flask. On day 7 when the cells were
nearly confluent (approximately 5 X 10° cells/flask), the
original growth medium was removed, the attached cells
were washed twice with phosphate-buffered saline
(PBS), and the medium was replaced with 2 ml of fresh
DMEM supplemented with 20% FBS or 2.5 mg/ml of
delipidated serum prepared from FBS (17). In some
experiments, cholesterol, 7-dehydrocholesterol, and/
or ketoconazole were then added in 18 pl of ethanol to
the medium, and cells were incubated for 24 h at 37°C
in a humidified incubator containing 5% CO,, 95% air.

Cell sterol analysis

Cell sterols were quantitated as previously described
(14). Cells were harvested by trypsinization and
washed twice with PBS. The cells plus coprostanol

added as an internal recovery standard were hydro-
lyzed in 1 N ethanolic NaOH, and free neutral sterols
were extracted with n-hexane. After conversion into
trimethylsilyl ether derivatives, sterols were deter-
mined by gas chromatography—-mass spectrometry
(GC-MS) with selected-ion monitoring (SIM).

Assay of HMG-CoA reductase activity

HMG-CoA reductase activities in fibroblasts were
measured according to the method described by Gold-
stein, Basu, and Brown (18) with minor modifications.
Medium from each flask was discarded and the flask
was rinsed twice with 2 ml of PBS. Cells were then har-
vested by use of a cell scraper and washed twice with
PBS. Cell-free extracts were prepared by adding 65 pl
of phosphate buffer containing 0.25% (v/v) Brij 96 to
the cell pellets, and aliquots were used for determina-
tion of protein concentration (19). [**C]HMG-CoA was
incubated in a final volume of 100 wl of 100 mm potas-
sium phosphate buffer (pH 7.4) containing a NADPH
generating system. The reaction was started with the
addition of 50 wl of the cell extract and stopped after
30 min at 37°C with the addition of 10 pl of 6 N HCI.
After adding unlabeled mevalonolactone (1 mg) as a
marker for visualization on thin-layer plates, [?BH]meva-
lonolactone (40,000 dpm) as an internal recovery stan-
dard, 200 pl of ethanol, 0.2 g of anhydrous Na,SO,,
and 100 wl of water, mevalonolactone was extracted
twice with 1 ml of diethyl ether, separated by thin-layer
chromatography, and measured by dual-label liquid
scintillation counting.

Assay of HMG-CoA synthase activity

The harvested cell pellet from a 25 cm? flask was ho-
mogenized in 0.2 ml of 10 mm Tris-HCI buffer (pH 7.3)
containing 0.2 m sucrose, 0.1 mm dithiothreitol, and
0.1 mm EDTA. The cytosolic fractions were prepared by
ultracentrifugation (100,000 g supernatant) and dia-
lyzed for 24 h at 4°C against a 1000-fold excess of 20
mm potassium phosphate buffer (pH 7.7) containing
0.1 mm EDTA and 0.5 mm dithiothreitol to inhibit
HMG-CoA lyase activity (20). The dialyzed cytosol was
then concentrated to about 40 pl by Centricon-30 (Am-
icon, Inc., Beverly, MA), and an aliquot was used for
measurement of protein concentration (19). The assay
of cytosolic HMG-CoA synthase activity was based on
the methods of Scharnagl et al. (21) with minor modifi-
cations. The composition of the standard reaction mix-
ture (final volume 100 wl) was 100 mm Tris-HCI buffer
(pH 8.0) containing 0.1 mm EDTA, 60 pm acetoacetyl-
CoA, 400 pM [*C]acetyl-CoA (28,000 dpm/nmol),
and 20-50 pg of dialyzed cytosolic protein. The mix-
ture was preincubated for 2 min at 37°C and the reac-
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tion was initiated by the addition of the substrate mix-
ture. After 15 min, the reaction was stopped by adding
200 pl of 200 mm TBAP buffer (pH 5.5) dissolved in
methanol-water 3:2 containing 15 nmol of HMG-CoA.
The incubated mixture was then centrifuged for 1 min
at 10,000 rpm in a Beckman microfuge and was kept on
ice until analyzed. An aliquot (100 wl) of the superna-
tant was injected onto a p-Bondapak C;g column (3.9 X
300 mm, Waters Corp., Milford, MA) equilibrated with
50 mm TBAP buffer (pH 5.5) dissolved in methanol-
water 43:57, and the column was eluted with the same
solvent at a rate of 1.3 ml/min. The HMG-CoA-containing
fraction was collected, evaporated under N, at 90°C,
and the radioactivity was measured.

Assay of LDL receptor binding activity

Receptor-mediated binding of 125I-labeled LDL in
cultured fibroblasts was assayed by previously pub-
lished methods (18, 22). Cells were washed twice with
2 ml of Tris-buffered saline containing 0.2% (w/v)
bovine serum albumin and incubated for 2 h at 37°C
with 125]-labeled LDL (10 wg/ml; 290 cpm/ng protein)
in the presence and absence of 400 pg/ml of unla-
beled LDL, in 1 ml of RPMI Medium 1640 (Life Tech-
nologies, Inc.) supplemented with 10% delipidated se-
rum and 2% bovine serum albumin. At the end of the
incubation, cells were washed with Tris-buffered saline
with and without 0.2% bovine serum albumin, dis-
solved by incubation in 1 ml of 0.1 N NaOH, and radio-
activity in 0.5 ml of the cell suspension was counted.
LDL receptor binding activity was calculated as the dif-
ference between total binding (without unlabeled
LDL) and nonspecific binding (with 40-fold excess un-
labeled LDL). This method measures the combination
of surface-bound and internalized LDL.

Statistics

Data are reported here as the mean = SEM. The sta-
tistical significance of differences between the results in
the different groups was evaluated with the Student’s
two-tailed t-test and significance was accepted at the
level of P < 0.05.

RESULTS

We measured the concentrations of cholesterol (55 =
5 mg/dl), 7-dehydrocholesterol (16 = 1 mg/dl) and 8-
dehydrocholesterol (14 = 1 mg/dl) in plasma from 83
SLOS patients with a mean age of 6.6 = 0.9 years. Their
total plasma sterol concentration, 85 = 4 mg/dl, was
well below the 5th centile for plasma cholesterol levels
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% 7-Dehydrocholesterol

Fig. 2. Relationship between % 7-dehydrocholesterol and total
sterol levels in plasma from SLOS patients. Total sterol level was
calculated as the sum of cholesterol, 7-dehydrocholesterol, and 8-
dehydrocholesterol, while % 7-dehydrocholesterol was calculated
as 7-dehydrocholesterol concentration divided by total sterol level
X100%. The regression curve satisfies the equation Y = 10lexp
(—0.0515X) + 46.4 (r = —0.65, P < 0.0001, n = 83).

in age-matched controls which increases from about 70
to 90 to 100 mg/dl at 0, 4, and 19 weeks, respectively,
then rises to a value of 150-160 mg/dl for a typical 6-
year-old (23-25). On the average, 7-dehydrocholesterol
represented 18 *+ 2% of total sterols in affected individ-
uals. When we plotted total plasma sterols against the
% of 7-dehydrocholesterol in plasma, we discovered a
highly significant inverse correlation (Fig. 2, r = —0.65,
P < 0.0001). These results suggested that 7-dehydro-
cholesterol might be down-regulating cholesterol bio-
synthesis at the level of HMG-CoA reductase.

When cells are grown with exogenous cholesterol
then exposed to a delipidated medium for 24 h, 7-dehy-
drocholesterol is virtually undetectable in control cells
and represents only 3.0 = 0.6% of total cellular sterols
in SLOS fibroblasts (Table 1 and Fig. 3). However, after
adding 20 pg/ml of 7-dehydrocholesterol to the SLOS
fibroblasts, the proportion of this diunsaturated sterol
increased to 19% becoming similar to its mean propor-
tion in SLOS plasma. When 7-dehydrocholesterol was
added to control cells, 7-dehydrocholesterol increased
to only 6.9% of total sterols because these cells readily
convert this precursor to cholesterol. Total cellular ste-
rol concentrations in SLOS cells after the addition of
20 pg/ml of either cholesterol or 7-dehydrocholes-
terol were identical (103 * 20 vs. 102 * 20 wg/mg pro-
tein, respectively).
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TABLE 1. Sterol concentrations in cultured fibroblasts from controls and from patients with the
Smith-Lemli-Opitz syndrome before and after incubating them with cholesterol or 7-dehydrocholesterol

Treatment 7-Dehydrocholesterol Cholesterol

ng/mg protein (%) ng/mg protein

Controls (n = 4)

DLS? 0.09 *+ 0.04 (0.17 = 0.06) 51+5

DLS + cholesterol® 0.12 = 0.04 (0.18 = 0.04) 629

DLS + 7-dehydrocholesterol® 57*x04(69=1.1) 81+ 9
SLOS (n = 4)

DLS? 2.6 +0.8 (3.0 = 0.6) 86 + 27

DLS + cholesterol® 3.1+1.0(29 = 0.6) 100 =+ 199

DLS + 7-dehydrocholesterol® 19 = 4 (19 = 1)f 83 + 169

a1n parentheses, 7-dehydrocholesterol as % of total sterols (7-dehydrocholesterol + cholesterol).

bCells were exposed for 24 h to DMEM containing 2.5 mg/ml of delipidated protein from fetal bovine serum.

¢Cells were exposed for 24 h to DMEM containing 2.5 mg/ml of delipidated protein from fetal bovine se-
rum plus 20 ng/ml of cholesterol or 7-dehydrocholesterol.

4P < 0.005, significantly different from controls treated with DLS alone.

¢P < 0.05, significantly different from controls treated with DLS alone.

fp < 0.01, significantly different from type 1l patients treated with DLS alone and from controls treated
with DLS + 7-dehydrocholesterol.

9Total sterol concentrations of cells incubated in DLS + cholesterol and DLS + 7-dehydrocholesterol are

103 = 20 and 102 + 20 ng/mg protein, respectively.

The 7-dehydrocholesterol concentration in SLOS
cells can also be raised by incubating them in delipi-
dated medium for one week which forces the cells to
synthesize their own sterols. Figure 3 compares sterol
concentrations in fibroblasts after exposure to delipi-
dated medium for 1 day and 7 days in patients’ and
control fibroblasts. Prolonged exposure to delipidated
medium also reproduced in patients’ cells the same rel-
ative accumulation of 7-dehydrocholesterol (20 = 3%

SLOS
% 1 OOT Controls 100 !
5 | |
Q.
80 804 L
=
2 40- 60 -
w
S
8 404 40
cC
8
g 20 20
S
2 =
& 0
@ CH7D ' CH 7D | CH7D ' CH 7D
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Fig. 3. Effects of delipidated medium on sterol concentrations
of fibroblasts from controls and type Il SLOS patients. The cells
were grown for 7 days as described in Methods. On day 7, the orig-
inal growth medium was replaced with fresh delipidated medium.
After 1 day or 7 days of incubation, the cells were harvested for de-
termination of cell sterols. CH, cholesterol; 7D, 7-dehydrocholes-
terol. Error bars represent SEM (data from four different sub-
jects). *P < 0.01.

of total sterols) noted in the plasma of these individu-
als. Cholesterol concentrations were not significantly
different among the four groups.

HMG-CoA reductase activities in cultured skin fibro-
blasts from controls and type | and type 1l (severely af-
fected) patients are summarized in Table 2. When the
cells were exposed to a cholesterol-rich medium (i.e.,
with 20% FBS) enzyme activities were suppressed and,
after incubation in delipidated medium for 24 h, activi-
ties in all cells were up-regulated similarly. It should be
noted that in these SLOS cells, 7-dehydrocholesterol
concentrations were low. In contrast, the enzyme activi-
ties in patients’ fibroblasts were markedly decreased af-
ter exposure to delipidated medium for 7 days when 7-

TABLE 2. HMG-CoA reductase activities in fibroblasts from controls
and from Smith-Lemli-Opitz syndrome type | (less severe) and
type Il (most severe) patients after growth in delipidated medium

HMG-CoA Reductase Activity

Subjects FBS? (n) DLS 1 Day® (n) DLS 7 Days® (n)
pmol/min/mg protein

Controls 12 £ 1 (14) 80 = 12 (14) 42 + 6 (5)

SLOS Type | 13 =3 (7) 77 =15 (7)

SLOS Type Il 17 = 4 (5) 74 =7 (5) 9 +24(7)

aCells were exposed for 1 day to DMEM containing 20% fetal bo-
vine serum.

bCells were exposed for 1 day to DMEM containing 2.5 mg/ml
of delipidated protein from fetal bovine serum.

¢Cells were exposed for 7 days to DMEM containing 2.5 mg/ml
of delipidated protein from fetal bovine serum.

dp < 0.005, significantly different from controls exposed to DLS
for 7 days.
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Fig. 4. Effects of varying concentrations of 7-dehydrocholesterol and cholesterol on HMG-CoA reduc-
tase activity in fibroblasts from a control and a type 11 SLOS patient. The cells were grown for 7 days as de-
scribed in Methods. On day 7, the original growth medium was replaced with fresh delipidated medium
containing the indicated concentrations of cholesterol or 7-dehydrocholesterol, incubated for 24 h, then
harvested for determination of HMG-CoA reductase activity. Data points represent the mean of duplicate
determinations. The absolute activities for control and type Il patient without addition of sterols were 103

and 92 pmol/min per mg protein, respectively.

dehydrocholesterol levels increased to 20% of total ste-
rols (Fig. 3). Only a moderate reduction of activity was
observed in control fibroblasts grown under the same
conditions. In these latter cells 7-dehydrocholesterol
was barely detectable (Fig. 3).

Figure 4 illustrates the typical effects of adding in-
creasing amounts of cholesterol and 7-dehydrocholes-
terol on HMG-CoA reductase activity in cultured fibro-
blasts from a control and a patient. When either sterol
was added to cells grown in cholesterol-deficient me-
dium, HMG-CoA reductase activity was suppressed in a
dose-dependent manner but the suppression due to 7-
dehydrocholesterol was consistently greater than that
caused by cholesterol at the same concentration. In Ta-
ble 3, the inhibition of HMG-CoA reductase activity by
these two sterols was compared using fibroblasts from
four controls and four patients. The enzyme activity
was decreased to 34% of baseline activity in control and
42 = 9% in patients’ cells when 20 wg/ml of choles-
terol was added to the delipidated medium. Using the
same concentration of added 7-dehydrocholesterol,
the enzyme activity was reduced even further, to 28 =
3% of baseline activity in control cells and to 17 * 4%
in patients’ cells. The suppression by 7-dehydrocholes-
terol in patients’ cells was significantly greater (P <
0.05) than that achieved by equimolar cholesterol.
Note especially (Table 1) that adding either cholesterol

652 Journal of Lipid Research Volume 39, 1998

or 7-dehydrocholesterol to SLOS fibroblasts raised total
cellular sterol concentration equally.

Adding 7-dehydrocholesterol to the medium sig-
nificantly decreased LDL receptor binding activities
to 67% of the baseline value in control cells and to
68% in patients’ cells (Table 3). The same amount of 7-
dehydrocholesterol also tended to inhibit HMG-CoA
synthase activities to 77% of pretreatment levels (P =
0.053) in control cells and to 66% (P = 0.066) in pa-
tients’ cells (Table 3). The suppression of LDL re-
ceptor binding and HMG-CoA synthase activities by
7-dehydrocholesterol was similar to that achieved with
the same concentration of added cholesterol.

To confirm that the suppression of HMG-CoA reduc-
tase activity in patients’ fibroblasts was caused by the
added 7-dehydrocholesterol itself and that these cells
could not make cholesterol from the added 7-dehydro-
cholesterol, cells were exposed to delipidated medium
with 20 wg/ml of 3H-labeled 7-dehydrocholesterol for
24 h. Control cells and patients’ cells took up 6.5 = 2.6%
(n =4)and 5.9 = 1.4% (n = 4) of added 3H-labeled
7-dehydrocholesterol, respectively. No conversion to
cholesterol was observed in patients’ cells, while 23 =
8% of 7-dehydrocholesterol taken up by cells was con-
verted to cholesterol in control fibroblasts.

A variety of oxysterols are known to be very potent
inhibitors of HMG-CoA reductase activity (26, 27). To
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TABLE 3. Effects of cholesterol and 7-dehydrocholesterol on HMG-CoA reductase activity, HMG-CoA
synthase activity, and LDL receptor binding in fibroblasts from controls and from patients with
Smith-Lemli-Opitz syndrome type Il

Relative HMG-CoA

Relative HMG-CoA Relative LDL

Treatment Reductase Activity Synthase Activity Receptor Binding
%
Controls (n = 4)
DLS? 100¢ 1009 100M
DLS + cholesterol® 34 +7 87 +7 52 + 7d
DLS + 7-dehydrocholesterol® 28 + 3d 77 =10 67 = 9d
SLOS (n = 4)
DLS? 100¢ 1009 100M
DLS + cholesterol® 42 + O 72+ 22 81+ 12
DLS + 7-dehydrocholesterol® 17 + 4ef 66 + 15 68 + 11i

aCells were exposed for 24 h to DMEM containing 2.5 mg/ml of delipidated protein from fetal bovine

serum.

bCells were exposed for 24 h to DMEM containing 2.5 mg/ml of delipidated protein from fetal bovine se-
rum plus 20 wg/ml of cholesterol or 7-dehydrocholesterol.
¢Absolute activities for controls and type Il patients were 103 * 19 and 92 + 22 pmol/min per mg protein,

respectively.

dp < 0.01, significantly different from controls treated with DLS alone.

¢P < 0.01, significantly different from type Il patients treated with DLS alone.

fp < 0.05, significantly different from type Il patients treated with DLS + cholesterol.

9Absolute activities for controls and type Il patients were 227 = 49 and 137 = 39 pmol/min per mg pro-

tein, respectively.

"The absolute activities for controls and type Il patients were 104 = 14 and 74 = 17 ng/mg protein,

respectively.

iP < 0.05, significantly different from type 1l patients treated with DLS alone.

determine whether an hydroxylated derivative of 7-
dehydrocholesterol might not be the compound re-
sponsible for the observed down-regulation of sterol
biosynthesis, we repeated the studies after adding the
cytochrome P-450 hydroxylase inhibitor ketoconazole.
The results are illustrated in Fig. 5. Ketoconazole itself
did not inhibit HMG-CoA reductase activity but pre-
vented 7-dehydrocholesterol from affecting HMG-CoA
reductase activity in both control and patients’ cells.

DISCUSSION

HMG-CoA reductase is one of the most highly regu-
lated enzymes in nature and is controlled through a
multivalent feedback mechanism (28). Cholesterol is
thought to repress transcription of HMG-CoA mRNA
while non-sterol isoprenoids appear to suppress the en-
zyme post-transcriptionally (29, 30).

Our results provide strong evidence that 7-dehydro-
cholesterol (or one or more of its oxygenated derivatives)
is an effective feedback inhibitor of HMG-CoA reduc-
tase and that its effect is greater than that of choles-
terol. We could not properly test the inhibition of sterol
synthesis by 7-dehydrocholesterol in normal cells be-
cause much of any added 7-dehydrocholesterol would
be rapidly converted to cholesterol. Moreover, even if
we were to have used a 7-dehydrocholesterol A7-reductase

inhibitor, we could never have excluded the possibility
that the drug itself might have inhibited HMG-CoA re-
ductase. To avoid these problems, we studied the most
severely affected mutant SLOS cells, those that convert
no measurable 7-dehydrocholesterol to cholesterol (2).

The concentration and proportion of 7-dehydrocholes-
terol in SLOS fibroblasts grown in conventional cho-
lesterol-rich medium (10% FBS) are much less than
that found in the plasma of these patients (14) because
cholesterol in the medium markedly suppresses choles-
terol biosynthesis. Because there appear to be no de-
fects in the early steps of cholesterol biosynthesis in the
SLOS, when 7-dehydrocholesterol levels are low, fibro-
blasts from these patients appear normal. Thus, incu-
bating control and SLOS fibroblasts in delipidated
medium for 1 day evokes an equal up-regulation of
HMG-CoA reductase activity (Table 2). However, rais-
ing the 7-dehydrocholesterol concentration until it
equals the average proportion in the plasma of SLOS
patients, by growing cells for 1 week in delipidated me-
dium or by adding 7-dehydrocholesterol directly to the
cells, markedly reduced HMG-CoA reductase activities.
When we added either cholesterol or 7-dehydrocholes-
terol to SLOS cells, total sterol concentrations were
identical (Table 1). However, when 7-dehydrocholes-
terol was added, 7-dehydrocholesterol levels increased
to a level equal to the average proportion in the plasma
of SLOS patients and HMG-CoA reductase activity was
suppressed 2.5-fold more than when equimolar choles-
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Fig. 5. Effects of ketoconazole on the inhibition of HMG-CoA reductase activity by 7-dehydrocholes-
terol in fibroblasts from controls and type 11 SLOS patients. The cells were grown for 7 days as described
in Methods. On day 7, cells were fed fresh delipidated medium with or without ketoconazole (30 pm),
and 7-dehydrocholesterol (10 wg/ml) was then added to the medium. After 24 h of incubation, the cells
were harvested for determination of HMG-CoA reductase activity. None, without ketoconazole or 7-dehy-
drocholesterol; 7D, 7-dehydrocholesterol alone; KC, ketoconazole alone; KC+7D, ketoconazole plus 7-
dehydrocholesterol. Error bars represent SEM (data from four different subjects). *P < 0.005.

terol was added (Table 3). We conclude, therefore, that
it must have been the 7-dehydrocholesterol that pro-
vided the additional inhibition. The reason we observe
no significant difference in the suppressive effects of
cholesterol and 7-dehydrocholesterol when these two
sterols are added to control fibroblasts (Table 3) is that
normal cells can readily convert 7-dehydrocholesterol
to cholesterol.

The regulation of HMG-CoA reductase in the SLOS
is different from that observed in mevalonic aciduria,
an inherited disorder (31, 32) caused by abnormally re-
duced activity of mevalonate kinase, the enzyme that
follows HMG-CoA reductase in the cholesterol biosyn-
thetic pathway. In mevalonic aciduria, mevalonic acid
accumulates but plasma cholesterol concentrations are
frequently normal or only moderately decreased (31,
33, 34). HMG-CoA reductase activities in fibroblasts
from these patients when grown in cholesterol-containing
medium are nearly 6-fold higher than activities noted
in control cells (34). Although levels of mevalonic acid
are greatly elevated in these cells, there does not appear
to be an increase in the concentration of cholesterol or
of any steroidal precursors of cholesterol.

Furthermore, in a Chinese hamster ovary mutant cell
line (35) with a defect in the enzyme that demethylates
lanosterol, HMG-CoA reductase activity was found to
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be down-regulated by the accumulated lanosterols
(36). Similar observations of potent inhibition of
HMG-CoA reductase have also been made for a series
of non-metabolizable derivatives of lanosterol (37).
The above reports combined with our own data suggest
that it is very likely that many sterols, including choles-
terol precursors, are able to reduce the function of
HMG-CoA reductase.

Many hydroxylated sterol derivatives (oxysterols) are
also efficient suppressors of HMG-CoA reductase activ-
ity (26, 27), and it has been suggested that one of the
oxygenated derivatives of cholesterol, rather than cho-
lesterol itself, is the actual inhibitor of cellular choles-
terol biosynthesis (38-41). If this hypothesis is correct,
then the suppression of HMG-CoA reductase by 7-
dehydrocholesterol might be mediated by the forma-
tion of oxygenated 7-dehydrocholesterol. To test the
possibility, we studied the effects of ketoconazole on
the inhibition. Ketoconazole is an inhibitor of lanos-
terol l4a-demethylase and other cytochrome P450-
linked reactions (42, 43) that are also involved in the
formation of oxysterols from endogenously or exoge-
nously supplied cholesterol. It is probably for this rea-
son that ketoconazole abolishes inhibition of HMG-
CoA reductase activity by LDL cholesterol (39). In the
present study, ketoconazole also prevented the inhibi-
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tion of HMG-CoA reductase activity by 7-dehydrocho-
lesterol (Fig. 5), suggesting that down-regulation of
HMG-CoA reductase by 7-dehydrocholesterol may
require that 7-dehydrocholesterol be hydroxylated.
Vitamin D3 and its hydroxylated derivatives also in-
hibit HMG-CoA reductase activity (44) and ultraviolet
light easily converts 7-dehydrocholesterol into vitamin
D, but we did not detect vitamin D3 in cells treated
with 7-dehydrocholesterol or in the media from our
experiments.

The effects of 7-dehydrocholesterol on HMG-CoA
synthase activity and LDL receptor function are intrigu-
ing. The promoter regions of the HMG-CoA reductase,
HMG-CoA synthase, and LDL receptor genes contain
the sterol regulatory element 1 sequence (30) so that
synthesis of these two enzymes and the receptor are co-
ordinately regulated via transcription by sterol regula-
tory element-binding protein 1 (SREBP1) (45, 46). Our
data demonstrated that adding 7-dehydrocholesterol
down-regulated LDL receptor binding, HMG-CoA syn-
thase, and HMG-CoA reductase activities but that the
degree of inhibition of HMG-CoA reductase by 7-dehy-
drocholesterol was much greater than that of the other
two. Thus, it may be that the particular effect of 7-dehy-
drocholesterol on HMG-CoA reductase activity may not
be completely explicable by a transcriptional mecha-
nism alone.

7-Dehydrocholesterol that accumulates in plasma
and tissue may well exacerbate the cholesterol defi-
ciency in patients with the SLOS by suppressing sterol
synthesis at its source. On the other hand, elevated levels
of 7-dehydrocholesterol may prevent a much greater ac-
cumulation of this abnormal and potentially toxic in-
termediate. Whether either effect might be better or
worse for the patient is unknown. In normal subjects,
the effect of 7-dehydrocholesterol on cholesterol bio-
synthesis is negligible because plasma (47) and tissue
(8) concentrations are extremely low. In patients, how-
ever, when the proportion of 7-dehydrocholesterol in
plasma is highest, the total sterol concentration is
lowest (Fig. 2). This observation again suggests that 7-
dehydrocholesterol is an effective suppressor of sterol
synthesis in vivo at the level of HMG-CoA reductase. Re-
cently, Steiner et al. (48) reported in a preliminary
study that sterol synthesis in SLOS patients as measured
by sterol balance was not stimulated as might be ex-
pected. This result also lends support to the idea that in
SLOS patients up-regulation of HMG-CoA reductase
activity may be difficult to attain.

In summary, our studies demonstrate that 7-dehydro-
cholesterol, perhaps as an hydroxylated derivative(s), is
an effective feedback inhibitor of HMG-CoA reductase
and may serve to unnaturally limit sterol synthesis in
the SLOS. Bz
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