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Abstract

Smith-Lemli-Opitz syndrome (RSH/SLOS) is an autosomal recessive, malformation syndrome caused by mutations in the 3B-
hydroxysterol A’-reductase gene (DHCR?7). DHCR7 catalyzes the reduction of 7-dehydrocholesterol (7DHC) to cholesterol. We report
the mutation analysis and determination of residual cholesterol synthesis in 47 SLOS patients, and the effects of treatment of SLOS skin
fibroblasts with simvastatin. Using deuterium labeling we have quantified the amount of synthesized cholesterol and 7DHC in homo-
zygote, heterozygote, and control fibroblast cell lines. In SLOS fibroblasts, the fraction of synthesized cholesterol to total sterol synthesis
ranged from undetectable to over 50%. This establishes that different mutant alleles encode enzymes with varying degrees of residual
activity. There was a correlation between increased phenotypic severity and decreased residual cholesterol synthesis (% = 0.45,
p <0.0001). Simvastatin treatment of SLOS fibroblasts with residual DHCR 7 enzymatic activity decreased 7TDHC levels and increased
cholesterol synthesis. This increase in cholesterol synthesis is due to increased expression of a mutant allele with residual function. Deter-
mination of residual enzymatic activity for specific DHCR7 mutant alleles will help in understanding the processes underlying the broad
phenotypic spectrum found in this disorder and will be useful in identifying patients who may benefit from simvastatin therapy.
Published by Elsevier Inc.
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Introduction

Smith—Lemli-Opitz syndrome (SLOS) is a malforma-
tion syndrome due to mutations of the 33-hydroxysterol
A’-reductase gene (DHCR7). DHCR7 (EC 1.3.1.21) re-
duces 7-dehydrocholesterol (7DHC) to cholesterol in
the last step of cholesterol biosynthesis. SLOS was first
recognized as an inborn error of cholesterol synthesis
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in 1993 by Irons et al. [1,2]. In 1998, DHCR7 was cloned
and the first mutations of DHCR7 were identified in
SLOS patients [3—6]. Currently over 100 different muta-
tions of DHCR7 have been reported in SLOS patients
[7]. The estimated clinical incidence of this disorder in
populations of northern and central European heritage
is 1/25,000-1/60,000 [8—10]. The SLOS phenotypic spec-
trum is extremely variable; however, typical manifesta-
tions include growth failure, microcephaly, cleft palate,
heart malformations, colonic aganglionosis, hypospa-
dias or ambiguous genitalia, limb anomalies including
syndactyly of the second and third toes, mental retarda-
tion, and autism [11-14].
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Phenotypic severity in SLOS patients can vary signif-
icantly among patients with the same genotype [12,15].
This variability suggests that factors other than geno-
type significantly influence phenotypic expressivity of
this disorder. These epigenetic factors could include
maternal factors [16], altered expression of different al-
leles, modifier genes that influence cholesterol homeosta-
sis, modifier genes that influence phenotypic expression,
or variable residual enzymatic activity. For many inborn
errors of metabolism, residual enzymatic activity often
significantly influences severity. To date, a systematic
evaluation of residual cholesterol synthesis in SLOS
has not been performed.

Measurement of cholesterol synthesis in cell lines is
confounded by the large amounts of preexisting choles-
terol in cells prior to induction of cholesterol biosynthe-
sis. Due to the slow turnover of cholesterol, this
preexisting cholesterol persists even after cholesterol syn-
thesis is induced in growing fibroblasts. Deuterium oxide
has been used to measure fractional cholesterol synthesis
both in vitro and in vivo [17-22]. One advantage of deu-
terium labeling is that it is non-radioactive. Thus, this
method will be applicable to future in vivo studies.

Current therapy of SLOS consists of dietary choles-
terol supplementation. Observational studies suggest
that dietary cholesterol supplementation is beneficial
[23-27]; however, dietary cholesterol supplementation
has three major limitations. First, significant amounts
of cholesterol do not appear to cross the blood-brain
barrier [28-32]. Second, the clinical efficacy of dietary
cholesterol supplementation is limited by fixed develop-
mental problems. Third, 7DHC levels are not com-
pletely suppressed; therefore, potential toxic effects of
7DHC persist. 7DHC, or a metabolite of 7DHC, ap-
pears to inhibit normal intracellular metabolism of
LDL derived cholesterol [33] and increases the degrada-
tion of HMG-CoA reductase [34]. 7DHC can be incor-
porated into biologically active aberrant oxysterols [35],
can lead to aberrant bile acid synthesis [36,37], and enter
the steroid biosynthetic pathway [38]. The biological
consequences of these abnormal sterol metabolites have
not yet been elucidated. The use of HMG-CoA reduc-
tase inhibitors to reduce 7DHC levels in SLOS has also
been proposed and tested in two small trials with diver-
gent outcomes [39-41].

This report presents genotypic analysis and residual
enzyme activity determination in fibroblasts from 47
SLOS patients, 4 DHCR?7 heterozygotes, and 3 controls.
The correlations between measured residual cholesterol
synthesis, clinical severity, diagnostic sterol levels, and
genotype are analyzed. We also show that simvastatin
induces DHCR7 mRNA expression and can increase
fractional cholesterol synthesis in SLOS fibroblasts.
Determination of residual DHCR7 enzymatic activity
will be useful for selecting patients who may have a ben-
eficial response to simvastatin therapy.

Materials and methods
Subjects

This study was approved by the National Institute of
Child Health and Human Development Institutional
Review Board and informed consent was obtained.
Clinical diagnosis of SLOS was confirmed in all patients
by biochemical testing. Severity scores presented in this
report were generated as previously described [11,42].
Using severity scores, patients were categorized as mild
(<20), typical (20-35), or severe (>35). These groupings
accurately reflected the clinical status of most SLOS pa-
tients in this cohort.

Mutational analysis

Mutation analysis was performed as previously de-
scribed [43,44]. DNA (Puregene kit, Gentra, Minneapo-
lis, MN) and RNA (RNeasy kit, Qiagen, Valencia, CA)
were isolated from blood and skin fibroblasts as per the
manufacturer’s protocols. Sequencing was performed on
a Beckman—Coulter CEQ2000 automated sequencer
using Beckman—Coulter reagents (Fullerton, CA).

Cell culture

SLOS skin fibroblasts were obtained from patients
with SLOS confirmed by biochemical testing. Control
cell lines were obtained from the National Institute of
General Medical Sciences Human Genetic Mutant Cell
Repository and the American Type Culture Collection.
Sequencing of RT-PCR products from control cell lines
established that they are homozygous wild type at the
DHCRY7 locus. Heterozygous cell lines were obtained
from parents of several patients. Fibroblasts were prop-
agated (37 °C, 5% CO,) in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS, Gemini, Cal-
abasas, CA). Cholesterol-deficient conditions were
accomplished by growing cells in McCoy’s SA medium
(Invitrogen) supplemented with 7.5% lipoprotein-defi-
cient serum (LPDS). LPDS was prepared as previously
described [45] and cholesterol content was 153 ng/ml.
Growth in LPDS supplemented medium induces endog-
enous cholesterol synthesis. All medium were also sup-
plemented with 0.29 mg/ml vr-glutamine, 100 U/ml
penicillin G sodium, and 100 mg/ml streptomycin sul-
fate (Invitrogen).

Determination of cholesterol and 7DHC synthesis

Sterol synthesis in fibroblasts was determined by
using mass isotopomer distribution analysis to measure
deuterium incorporation into cholesterol and 7DHC as
follows. Fibroblasts were grown to confluence in T-75
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flasks in DMEM supplemented with 10% FBS (10%
DMEM), and then plated in triplicate at a density of
350,000 cells in a T-25 flask with 10% DMEM. After
overnight growth, cell cultures were washed once with
phosphate buffered saline (PBS, pH 7.4) containing
25% DO (99.9 at.% D, Sigma-Aldrich, St. Louis,
MO). Medium was changed to McCoy’s 5SA medium
supplemented with 7.5% LPDS and 25% D,O (LPDS/
D,0). After 5 days of culture in LPDS/D,0 medium,
cell pellets were obtained by incubation in 3ml of
0.05% trypsin for 5min at 37 °C, quenched with 6 ml
PBS (25% D,0), and centrifuged for 3% min at
3000 rpm. Cell pellets were washed once with PBS
(25% D30), frozen on dry ice, and stored at —80 °C
prior to analysis. An average cell count of the fibroblasts
was obtained. Sample preparation was as described by
Kelley [46], with minor modification. Two micrograms
of 5B-cholestan-33-o0l (coprostanol, Sigma) was added
to each sample as a surrogate internal standard and cell
pellets were saponified with 4% potassium hydroxide in
ethanol for 1 h at 60 °C. The samples were then extracted
with an equal volume of ethyl acetate and centrifuged for
5 min at 3000 rpm. The organic phase was removed and
blown to dryness under a stream of nitrogen. Extracted
sterols were derivatized with bis-trimethylsilytrifluo-
roacetamide (BSTFA) plus 1% trimethylchlorosilane
(TMCS) (Pierce Biotechnology, Rockford, IL) for 1h
at 60 °C.

Total cholesterol and 7DHC were determined as fol-
lows. The derivatized sterol preparation was injected on
an Agilent 6890 gas chromatogram equipped with a
flame ionization detector (GC/FID) and a ZB-1701
30 m x 0.32 mm X 0.25 pm column (Phenomenex, Tor-
rance, CA). Initial oven temperature was 170 °C. For
elution, the oven temperature was increased at a rate
of 21 °C/min to 250 °C and then increased at a rate of
3 °C/min to 290 °C. For cholesterol and 7DHC, typical
retention times were 13.2 and 13.9 min, respectively.
Retention times were confirmed using standards for cho-
lesterol and 7DHC (Sigma). Peak identification was
based on retention time, comparison to the retention
time of the internal coprostanol standard (typical reten-
tion time 11.6 min), and comparison to an equivalent
sample characterized by gas chromatography/mass
spectroscopy (GC/MS).

After total cholesterol and 7DHC amounts were
determined, samples were analyzed on a Finnigan Trace
GC/MS using the same column and temperature elution
profile described above. On this instrument, cholesterol
and 7DHC had typical retention times of 14.7 and
15.4 min, respectively (Fig. 1B). For these analyses, the
mass spectrometer was tuned on cholesterol’s Mg ion
at m/z 329. Detection parameters were adjusted until
the natural distribution of the My, (m/z 330) and the
M, ion (m/z 331) of cholesterol could be determined
within a 3% error. Since ion mass increases by one pro-

ton mass for each deuterium atom incorporated, the
GC/MS was programmed to scan m/z 324-340 at
6 scans/s. This mass range incorporated the entire isoto-
pic envelope for both the m/z 329 ion of cholesterol and
the m/z 325 ion of 7DHC (Figs. 1C and D). 8-Dehydro-
cholesterol (8-DHC) is an isomer of 7DHC found in
vivo. Under our chromatographic conditions, 8DHC
has a retention time similar to cholesterol. If 8DHC
were present in the cholesterol peak, it would be recog-
nized by the presence of an m/z 325 peak. The potential
contribution of 8DHC to the cholesterol isotopic enve-
lope could be recognized and accounted for. Neither
8DHC nor desmosterol were present in appreciable
amounts in cultured fibroblasts (data not shown). A
small peak of lathosterol could be detected in some cul-
tures; however, its contribution to total sterols was neg-
ligible. Its retention time allowed for separation from
both cholesterol and 7DHC. Detection limits and a stan-
dard curve were determined using D6-cholesterol
(Cambridge).

The fraction of deuterium labeled cholesterol and
7DHC was determined by analyzing the entire nuclear
envelope Mo—M.o. For cholesterol and 7DHC, these
were m/z 329-338 and m/z 325-334, respectively. '*C
naturally occurs at 1.1% and thus contributes to the iso-
topic envelop. The contribution of naturally occurring
Bc >-(Mcy; +Mcp +Mcsz)) to the observed signal
OC-Mo+My + M+ Mz + My +Mis+ Mg+
M., + M4g + Myg)) can be determined relative to the
intensity of Mg. The contribution to the observed rela-
tive ion intensities arising from naturally occurring '*C
was subtracted from the observed signal for My,
M.,, and M,;. Beyond M,;, the contribution from
the natural background was negligible. The natural
abundance of deuterium is 0.015%, thus its contribution
is negligible. The corrected signal is determined by
the equation: > (Mp; + Mp, + Mp3 + Mpy + Mps +
Mps + Mp7 + Mpg + Mpg) = > (M) + My + Mgz +
Mis+Mys+ Mg+ M+ Mg+ Mig) — > (Mc; +
Mcz+Mc3). Once Z(MDI + MD2 + MD3 + MD4 +
MDS + Mpe + MD7 + MD8 + MDg) is determined, the
fraction of total cholesterol present in the cell pellet
which is deuterium labeled (newly synthesized) can be
determined. The amount of deuterium labeled choles-
terol was determined by the equation (corrected signal/
observed signal) multiplied by the amount of cholesterol
determined by GC/FID analysis. The same method was
used to determine the amount of newly synthesized
7DHC. Because we were interested in measuring both
cholesterol and 7DHC we measured the entire isotopic
envelope rather than measuring the excess mass of a spe-
cific ion [17]. Measuring the entire isotopic envelope
avoids the need to make assumptions as to the number
of hydrogen atoms in cholesterol or 7DHC derived from
H>O0 or D,O, assumptions as to the number and posi-
tion and equivalency of exchangeable hydrogen atoms
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Fig. 1. Gas chromatographic analysis of deuterium labeled cholesterol and 7DHC. (A) Determination of total sterols by gas chromatography/flame
ionization detection. This chromatogram is from an IVS8-1G > C/IVS8-1G > C cell line grown such that both preexisting and newly synthesized
7DHC were present. Two micrograms of coprostanol (peak 1) was added as an internal standard. Cholesterol (peak 2) and 7DHC (peak 3) mass was
determined relative to coprostanol. Note the separation of the 7DHC peak in this figure represents earlier elution of deuterium labeled 7DHC. The
entire 7TDHC peak was analyzed to avoid introducing an error in our mass distribution analysis caused by the earlier elution of deuterium labeled
molecules. A small peak of lathosterol (peak 4) was observed in some samples. (B) Gas chromatography/mass spectrometry of deuterium labeled
cholesterol and 7DHC. The ion tracing for m/z 324-340 is shown. Peak 1 is cholesterol and peak 2 is 7DHC. The dual peak of cholesterol is due to
earlier elution of deuterium labeled ions. (C) The isotopic distribution of cholesterol derived ions from peak one shown in (B). The M ion is m/z 329.
This peak represents unlabeled cholesterol. Deuterium labeled cholesterol ions form an isotopic envelope from m/z 330-338. Natural abundance of
13C and *H contribute to the asymmetric nature of this isotopic envelope at M. (D) The isotopic distribution of 7DHC derived ions from peak 2
shown in (B). The M ion is m/z 325. This peak represents unlabeled 7DHC. Growth conditions for this experiment were such that little preexisting

7DHC was present. Deuterium labeled 7DHC ions form an isotopic envelope that was measured from m/z 326-334.

in cholesterol or 7DHC, errors due to potential differ-
ences in isotope incorporation or fragmentation between
cholesterol and 7DHC, and errors due to variation in
D,0 concentrations during incubation. The mass distri-
bution was determined for the entire cholesterol and
7DHC elution peak in order to avoid introduction of
an error in our mass distribution analysis caused
by the earlier elution of deuterium labeled molecules.
Using this method, we were able to detect 12.95 pmoles
of cholesterol-D6 (Cambridge Isotope) diluted into
518.13 pmoles of cholesterol. All determinations were
done in triplicate. Consistent values were obtained when
individual cell lines were analyzed in separate
experiments.

Simvastatin treatment

SLOS fibroblast cell lines were treated with simvasta-
tin at concentrations ranging from 0.1 to 10 mcg/ml as
described in the text and figure legends. Fibroblasts were
grown to confluence in T-185 flasks in 10% DMEM, and
then plated at 650,000 cells in a T-75 flask and grown in

10% DMEM for 24 h. After 24 h, the cells were washed
with PBS and the media changed to LPDS/D,0 with or
without simvastatin as noted in the figure legends. Cells
were harvested after 3 days and fractional cholesterol
synthesis was determined. To test the ability of simva-
statin to decrease accumulated 7DHC, fibroblasts were
first grown in LPDS for 3 days to allow for the accumu-
lation of 7DHC. After 3 days, simvastatin (1.0 mcg/ml)
was added to the cholesterol-deficient media, and cul-
tures were grown for an additional 2 days. Sterol com-
position was analyzed as described above.

Quantitative PCR

RNA was isolated from cultured cells using a Qiagen
RNeasy kit as per the manufacturer’s protocol. Cell cul-
tures were grown as described above except for the omis-
sion of D,O. A cDNA archive was produced from 1 pg
RNA using the Applied Biosystems (Foster City, CA)
high capacity cDNA archive kit. Transcript levels were
then quantified using the AAC; method on an ABI Prism
7000 with On Demand Probes. Standard 50 pl reactions
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with 50 ng cDNA, as per manufacturer’s protocol, were
performed. Validity of the AAC; method, relative to
GAPDH, was established for all probes. The probes used
were DHCR7 (HS00154732), HMGCR (HS00168352),
DHCR24 (HS00207388), SREBP2 (HS00190237), LDLR
(HS00181192), FDFT (HS00189506), and NSDHL
(HS00210873). All determinations were performed in
triplicate.

Results

Clinical severity, diagnostic sterol levels, genotype,
and de novo sterol synthesis of 47 SLOS patients, 4 het-
erozygous cell lines, and 3 control cell lines are presented
in Table 1. Patients in this study had severity scores
ranging from 6 to 80. In this SLOS cohort, 22, 13, and
12 patients had a mild, classical or severe phenotype,
respectively. Correlations between diagnostic plasma
cholesterol levels as a fraction of total sterol levels and
clinical severity have previously been reported [44,47].
For the patients in this study, we found a similar corre-
lation between clinical severity scores and the fraction of
cholesterol at diagnosis (Fig. 2A, r* = 0.36, p < 0.001).

Consistent with previous series, the common splice
acceptor mutation, IVS8-1G > C, was found in 29 of
the patients (62%) and accounted for 32% (30/94) of
the mutant alleles. The T93M (278C > T) mutant allele
was the second most frequent DHCR7 mutation identi-
fied and accounted for 7.4% (7/94) of the mutant alleles.
T93M was only identified in combination with a null al-
lele (IVS8-1G > C or W151X). The R242C allele was
identified in six patients (including one sib pair). Muta-
tions not reported by other groups include Q98X,
S113C, G138V, 1145L, F235S, G344R, W248R,
H405Y, H426P, and 1348delC. Clinical and molecular
details of these mutations are being reported in detail
elsewhere.

Residual cholesterol synthesis was measured in
SLOS, heterozygous, and control fibroblasts by labeling
newly synthesized sterols with deuterium. Total choles-
terol and 7DHC amounts present in cell pellets were
quantified by GC/FID in comparison to a known
amount of coprostanol (Fig. 1A). During sterol synthe-
sis, incorporation of an atom of deuterium from D,O
rather than incorporation of an atom of hydrogen from
H,O increases the molecular weight of either cholesterol
or 7DHC by 1 amu. When skin fibroblasts were grown
in medium containing 25% D,0, we observed an isoto-
pic envelope of deuterium that corresponded to newly
synthesized cholesterol (Figs. 1B and C) or 7DHC (Figs.
1B and D). The maximum relative abundance of deute-
rium labeled cholesterol and 7DHC occurred at M4
and M+5.

Decreased fractional cholesterol synthesis correlated
with increased clinical severity scores in this group of

SLOS patients (Fig. 2B, > = 0.45, p < 0.0001). The rela-
tionship between fractional cholesterol synthesis and
clinical severity is well modeled by a Gaussian distribu-
tion (Fig. 2B, r* = 0.73). Fractional synthesis of choles-
terol was significantly different (ANOVA for linear
trend between columns, p <0.0001) when patients were
grouped according to clinical severity (Fig. 2C). The
relationship between diagnostic cholesterol fraction
and fractional cholesterol synthesis is shown in Fig.
2D (* = 0.27, p <0.0003).

Genotype—phenotype correlations in SLOS are com-
plicated by the fact that most patients are compound
heterozygotes and over 100 different mutations have
been described. However, 10 genotypes are represented
by two or more patients in this cohort. Two of the more
common DHCR7 mutations, W151X and IVS8-1G > C,
appear to be null alleles. The 1% fractional cholesterol
synthesis measured in the IVS8-1G > C/IVS8-1G > C
cell line probably reflects non-enzymatic hydrogen—deu-
terium exchange. Thus, in cell lines with either W151X
or IVS8-1G > C alleles, residual DHCR7 enzymatic
activity can be ascribed to the second allele. Seven sub-
jects (clinical severity range: 11-33) had the T93M allele
in combination with either W151X or IVS8-1G>C
(Fig. 2E). Mean fractional cholesterol synthesis was
0.24 + 0.06 for this group (range 0.16-0.31). None of
these patients were sibs. Fig. 2F shows the residual
activity present in seven other alleles found in associa-
tion with the IVS8-1G > C allele for which more than
one patient was available. Patients 18 and 19 are broth-
ers. Fibroblasts from a brother and sister (patients 40
and 41) with R242C/R450L alleles were also studied
and residual cholesterol synthesis was 0.24 4 0.04 and
0.19 + 0.02 for these two patients. In general, except
for S169L (patients 12 and 13) and Y318N (patients
21 and 22), similar results were obtained for fibroblasts
from patients with the same genotype. Of note, the frac-
tional cholesterol synthesis determined for fibroblasts
from patient 21 (IVS8-1G > C/Y318) is lower than ex-
pected given this patient’s phenotypic severity. This dis-
crepancy may be an artifact due to a problem with this
specific fibroblast line.

Witsch-Baumgartner et al. [44] classified DHCR7
mutations into four groups of increasing severity based
on predicted protein structure: carboxy terminus
(CT) < transmembrane (TM) < fourth cytoplasmic loop
(4L) <null (0). Using this classification system, they
showed that both clinical severity and the fraction of
plasma 7DHC correlated with the type of DHCR7
mutation. Because this classification system correlated
with both phenotypic and biochemical parameters, we
analyzed fractional cholesterol synthesis with respect
to these four mutation types. For this analysis, each pa-
tient was classified according to the least severe muta-
tion type present. Although variation between column
means is not significant (ANOVA, p = 0.09) and a large
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Patient Severity Severity Diagnostic plasma sterol levels Genotype Fractional cholesterol synthesis
score category Cholesterol 7DHC  Cholesterol/ Cholesterol/(cholesterol + 7DHC)
(mg/dl) (mg/dl) (cholesterol + 7DHC)
1? 80 Severe 7.6 5.2 0.59 IVS8-1G > C/IVS8-1G > C 0.0l
2° 11 Mild 73 6.2 0.92 1VS8-1G > C/T93M 0.31
3b 22 Mild 43 16 0.73 1VS8-1G > C/T93M 0.21
4° 33 Classical 33 5.4 0.86 1VS8-1G > C/T93M 0.16
5 28 Classical 25 23 0.52 1VS8-1G > C/T93M 0.27
6 33 Classical 51 7.6 0.87 1VS8-1G > C/T93M 0.26
7° 22 Classical 32 14 0.70 WI151X/T93M 0.19
8 22 Classical 57 22.0 0.72 WI151X/T93M 0.30
9 6 Mild 89 12 0.88 1VS8-1G > C/P51S 0.35
10° 56 Severe 28 254 0.53 1VS8-1G > C/L109P 0.23
11° 11 Mild 90 7.8 0.92 1VS8-1G > C/T154M 0.50
12 17 Mild 154 0.3 1.0 1VS8-1G > C/S169L 0.13
13 17 Mild 76 9.4 0.89 1VS8-1G > C/S169L 0.41
14 28 Classical 48 12 0.80 1VS8-1G > C/D175H 0.32
15 28 Classical 41 50 0.45 1VS8-1G > C/F235S 0.25
16° 11 Mild 32 14 0.70 1VS8-1G > C/A247V 0.65
17 6 Mild 36 13 0.74 1VS8-1G > C/A247V 0.49
18 56 Severe N/A¢ N/A N/A IVS8-1G > C/W248R 0.05
19° 6 Mild 89 5.2 0.93 1VS8-1G > C/T2891 0.49
20° 11 Mild 90 7.0 0.93 1VS8-1G > C/T2891 0.47
21° 17 Mild 70 14 0.83 1VS8-1G > C/Y318N 0.08
22 33 Classical 31 14 0.69 1VS8-1G > C/Y318N 0.33
230 28 Classical 15 8.3 0.64 1VS8-1G > C/L341P 0.10
24 22 Classical 79 14 0.85 IVS8-1G > C/R352W 0.11
25 39 Severe 35 47 0.43 1VS8-1G > C/R352W 0.18
26 50 Severe 52 51 0.50 1VS8-1G > C/C380R 0.04
27 11 Mild 72 8.5 0.89 1VS8-1G > C/C380Y 0.38
28 6 Mild 105 14 0.88 1VS8-1G > C/C380Y 0.40
29 44 Severe 9 12 0.43 1VS8-1G > C/R404C 0.04
30 70 Severe N/A N/A N/A 1VS8-1G > C/R404C 0.09
31° 45 Severe 50 17 0.75 1VS8-1G > C/E448K 0.10
32 22 Classical 88 4.9 0.95 P51S/ E448K 0.34
33¢ 6 Mild 114 5.4 0.95 Q98X/R450L 0.33
34° 11 Mild 76 16 0.82 321G > C/C444Y 0.10
35 70 Severe N/A N/A N/A G138V/H405Y 0.02
36 17 Mild 65 13 0.83 1145L/Y408H 0.47
37° 55 Severe 8.3 8.6 0.49 G147D/R242H 0.11
38 22 Classical 63 49 0.93 T154M/R443H 0.51
39 11 Mild 131 2.0 0.98 R242C/S169L 0.58
40 11 Mild 109 2.6 0.98 R242C/R450L 0.24
41 11 Mild 83 34 0.96 R242C/R450L 0.19
42 11 Mild 20 7.8 0.72 R242C/H426P 0.25
43 39 Severe 8 24 0.25 R242C/G344R 0.04
44° 17 Mild 94 4.2 0.96 R242C/W177R 0.48
45 11 Mild 117 5.9 0.95 C380Y/E448K 0.37
46 28 Classical 36 13 0.73 G410S/G410S 0.05
47% 60 Severe 33 31 0.52 C insertion (507/508) 0.07
96 bp deletion (—77 to 19)
48 0 Heterozygote N/A N/A N/A +/S113C 0.85
49 0 Heterozygote N/A N/A N/A +/1VS8-1G > C 0.85
50 0 Heterozygote N/A N/A N/A +/1VS8-1G > C 0.84
51 0 Heterozygote N/A N/A N/A +/1348delC 0.92
52 0 Control N/A N/A N/A +/+ 1.0
53 0 Control N/A N/A N/A +/+ 1.0
54 0 Control N/A N/A N/A +/+ 1.0

& Patient described in [5].
® Patient described in [43].
¢ Patient described in [15].

4 Not available.
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Fig. 2. Cholesterol synthesis in SLOS skin fibroblasts. (A) Increased clinical severity scores correlate (¥ = 0.36, p < 0.001) with a decreased fraction
of cholesterol at diagnosis in the cohort of patients reported in this study. (B) Decreased fractional cholesterol synthesis (cholesterol/
cholesterol + 7DHC) in SLOS fibroblasts correlate (> = 0.45, p < 0.0001) with increased clinical severity scores. This relationship can be modeled by
a Gaussian distribution (solid line). (C) Fractional cholesterol synthesis in control and heterozygous cell lines compared to SLOS patients separated
into mild, typical and severe phenotypes. Significant differences are indicated. Error bars represent standard deviation. (D) The correlation between
the fraction of cholesterol present in plasma at diagnosis and the fractional cholesterol synthesis determined in patient fibroblasts is shown. (E)
Fractional cholesterol synthesis in skin fibroblasts from patients with T93M/IVS8-1G > C (black bars) or T93M/W151X (gray bars) genotypes.
IVS8-1G > C and W151X are null mutations. Mean fractional cholesterol synthesis for DH CR7™M/Ml fiproblasts was 24 + 6 %. ( F) Fractional
cholesterol synthesis from patients with the same genotype. In all cases, the second allele is IVS8-1G > C. *Patients 18 and 19 are siblings.

range is observed in each category, a significant linear
trend (p = 0.03) of decreased fractional cholesterol syn-
thesis with increasing mutational severity group was ob-
served (Fig. 3). The large range of residual cholesterol
synthesis observed for the TM category (0.04-0.65) pre-
cludes its use as a predictive structural element. Other
mutations clearly do not behave as predicted by this
model. E448K is a CT mutation and predicted to be a
mild mutation; however, in combination with IVS8-
1G > C, E448K is associated with a severe phenotype

(patient 31 and data not shown) and relatively low frac-
tional cholesterol synthesis (Fig. 3, gray circle). This par-
ticular mutation falls in the sterol reductase family
signature 2 motif and this residue is conserved as a neg-
atively charged amino acid (aspartate or glutamate) in
most family members (http://us.expasy.org/prosite/).
C380Y is a 4L mutation predicted by this model to be
relatively severe; however, in patients 27 and 28 the
IVS8-1G > C/C380Y genotype is associated with both
a mild phenotype and relatively high residual DHCR7
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Fig. 3. Fractional cholesterol synthesis as a function of predicted
mutation type. DHCR mutations have been classified into four groups
of increasing severity based on predicted protein structure: carboxy
terminus (CT) < transmembrane (TM) < fourth cytoplasmic loop
(4L) < null [44]. For this figure, patients were classified as to the least
severe allele type. Insufficient patients were available to categorize
patients with respect to both alleles. Individual values, mean, and
standard deviation for each category are shown. Variation between
means is not significant; however, there is a trend toward decreased
fractional cholesterol synthesis with increased severity group
(p =0.03). Closed gray circle indicates IVS8-1G > C/E448K genotype.
Bold open circles indicate TVS8-1G > C/C380Y genotype and the light
open circle indicates IVS8-1G > C/C380R.

activity (Fig. 3, bold open circles). It is of interest to note
that while C380Y results in a mild phenotype with rela-
tively high residual activity, C380R appears to cause a
severe phenotype with significantly reduced residual
cholesterol synthesis (Fig. 3, open circle). It is possible
that the substitution of a charged amino acid in this po-
sition severely disrupts the function of this protein
domain.

Effect of simvastatin on residual cholesterol synthesis in
SLOS fibroblasts

Simvastatin use in SLOS patients has resulted in a
paradoxical increase in serum and cerebral spinal fluid
cholesterol levels [40]. It has been postulated that simva-
statin, an HMG-CoA reductase inhibitor, may increase
DHCRY7 activity by increasing DHCR?7 expression. We
tested the effects of simvastatin on both DHCR?7 expres-
sion and fractional cholesterol synthesis in fibroblasts.
Treatment of fibroblasts with simvastatin significantly
increased DHCRY7 expression in both control and SLOS
cell lines (Fig. 4A). A simvastatin induced increase in
DHCR?7 expression was observed when cells were cul-
tured in either cholesterol containing or cholesterol-defi-
cient medium. Simvastatin also increased expression of
other SREBP2 regulated genes involved in cholesterol
synthesis and uptake in both control and SLOS fibro-
blasts. These include HMG-CoA reductase (HMGR),
the low-density lipoprotein receptor (LDLR), squalene
synthase (FDFT), 3p-hydroxysterol A®*-reductase
(DHCR24), and NAD(P)H dependent steroid dehydro-
genase-like (NSDHL) (Figs. 4B and C, and data not
shown).

We determined the effect of simvastatin on residual
cholesterol synthesis in SLOS fibroblasts. Initial experi-
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Fig. 4. Simvastatin induction of DHCRY7 expression. (A) Simvastatin
(5 mcg/ml) significantly increased DHCR7 expression in both control
and SLOS fibroblasts. Increased expression occurred in both choles-
terol containing medium (FBS) and cholesterol-deficient medium
(LPDS). Similarly, simvastatin also induced expression of both
HMGCR (B) and LDLR (C) in both control and SLOS fibroblasts.
Expression levels were normalized for each cell line to the gene
expression level found in non-treated cells grown in cholesterol
containing medium. Each determination is the average of 6-9 replicate
cultures for DHCRY7, and 4-6 replicate cultures for both HMGCR and
LDLR. Error bars indicate standard deviation.

ments were performed using fibroblasts from patient
number 2 (IVS8-1G > C/T93M). Fig. 5A shows a dose
dependent increase in fractional cholesterol synthesis
in response to simvastatin treatment. Maximal residual
cholesterol synthesis was observed using 2.5-5.0 mcg/
ml of simvastatin. A similar experiment was attempted
in fibroblast lines with two null alleles (IVS8-1G > C/
IVS8-1G > C and IVS8-1G > C/W151X). Simvastatin
was toxic in these cell lines as evidenced by rapid cell
death (data not shown). We also studied the ability of
simvastatin to facilitate the removal of 7DHC. For these
experiments, fibroblasts were grown in LPDS supple-
mented medium for 3 days and allowed to accumulate
7DHC. After 3 days, the cultures were either treated
or not treated with 1.0 mcg/ml of simvastatin. Sterol
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Fig. 5. Simvastatin induction of cholesterol synthesis in SLOS fibroblasts. (A) A dose dependent increase in fractional cholesterol synthesis was
observed in an IVS8-1G > C/T93M SLOS cell line treated with simvastatin up to 5 mcg/ml. This increase in fractional cholesterol synthesis was lost
when cells were treated with 10 mcg/ml simvastatin. (B) IVS8-1G > C/T93M fibroblasts were grown for three days in LPDS supplemented medium.
The expected accumulation of 7DHC at this time point is indicated by the gray bar. On day three, parallel cultures were treated or not treated with
1 mcg/ml of simvastatin. After five days of culture, the fraction of 7DHC continued to increase in untreated cells (black bar) but decreased in
simvastatin treated cell (open bar). Similar results were observed for both IVS8-1G > C/T154M (C) and C380Y/E448K (D) cell lines.

composition was determined 2 days later on experimen-
tal day five. Untreated IVS8-1G > C/T93M cultures
continued to accumulate 7DHC; whereas, the 7DHC
fraction in simvastatin treated cultures was reduced
(Fig. 5B). Similar results were obtained for fibroblasts
from patient 11 (IVS8-1G > C/T154M, Fig. 5C), and
patient 45 (C380Y/E448K, Fig. 5D).

Discussion

SLOS is the prototypical example of a human mal-
formation syndrome due to an inborn error of choles-
terol synthesis, and represents the first classical human
multiple malformation syndrome shown to have a bio-
chemical cause. Establishing a genotype—phenotype
correlation to explain the diverse clinical spectrum
found in SLOS has been complicated by a number
of factors. First, over 100 different DHCR7 mutations
have been identified in SLOS patients [7], and the most
common mutation (IVS8-1G > C) only accounts for
approximately a third of the identified alleles. Thus,
most patients are compound heterozygote and few pa-
tients have the same genotype. Second, even patients
with the same genotype can have markedly discordant
phenotypes [12,15]. To gain insight into the influence
of cellular cholesterol synthesis on the SLOS pheno-

type, we measured residual cholesterol synthesis in skin
fibroblasts from SLOS patients with known genotype
and phenotype.

Sterol synthesis in SLOS fibroblasts was evaluated
using mass isotopomer distribution analysis to measure
deuterium incorporation into both cholesterol and
7DHC. Use of deuterium labeling is a well-established,
non-radioactive technique to study cholesterol synthe-
sis [17-22]. The DHCR?7 genotype and residual choles-
terol synthesis was determined for all fibroblast cell
lines used in this study. For this population of SLOS
patients, fractional cholesterol synthesis correlates with
clinical severity and is well modeled by a Gaussian dis-
tribution (Fig. 2B). If the assumption that cholesterol
synthesis in skin fibroblasts reflects cholesterol synthe-
sis in embryonic tissues is accepted, then the results in
this study argue that clinical severity is related to the
amount of residual DHCRY7 activity present. This is ex-
pected. However, at the individual level we still find a
significant amount of variation in fractional cholesterol
synthesis for patients with the same clinical severity
score. Some of this variation may be due to differences
in determination of residual cholesterol synthesis as
measured in skin fibroblasts, and residual cholesterol
synthesis present in different cell types during embry-
onic development. Some of this variation may be due
to limitations of the severity score. The severity score,
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initially developed by Bialer et al. [48] to separate type
I and type II SLOS, was subsequently modified by
Kelly and Hennekam [11] to evaluate severity of phys-
ical malformations. With continued expansion of the
SLOS phenotypic spectrum, limitations of this scoring
system to differentiate among cases have become
apparent. Although, in general, cell lines from patients
with the same genotype had similar fractional choles-
terol synthesis, we observed approximately a twofold
range (0.16-0.31) in fibroblasts from null/T93M pa-
tients. This result suggests that some of the clinical
variation in SLOS may be due to factors, other than
DHCRY7 genotype, that influence cholesterol synthesis
and homeostasis at the cellular level. Clinical variabil-
ity is also influenced by maternal factors that would
not be a factor in these in vitro experiments. Witsch-
Baumgartner et al. [16] have reported that maternal,
but not patient, apoE genotype is significantly corre-
lated with phenotypic severity.

Dietary cholesterol supplementation has become the
standard therapy for SLOS; however, it has several lim-
itations including inability to treat the central nervous
system. Because of these limitations, use of simvastatin
in SLOS has been proposed [39-41]. Simvastatin is an
inhibitor of 3-hydroxy-3 methylglutaryl-coenzyme A
reductase (HMG-CoA reductase, HMGCR). HMG-
CoA reductase catalyzes the conversion of HMG-CoA
to mevalonate and is the rate-limiting step in cholesterol
biosynthesis. Simvastatin crosses the blood-brain bar-
rier [49], thus simvastatin therapy may provide a means
to treat the biochemical defect present in the central ner-
vous system of SLOS patients.

With prolonged simvastatin therapy, Jira et al. [40]
reported decreased serum dehydrocholesterol levels
and increased plasma cholesterol levels. Consistent with
distribution into the central nervous system, this group
also reported an improved 7DHC/cholesterol ratio in
cerebral spinal fluid. It is hypothesized that the paradox-
ical increase in plasma cholesterol levels results from in-
creased expression of a mutant enzyme with residual
DHCR?7 activity.

The data presented in this manuscript support this
hypothesis. Specifically, we showed that simvastatin in-
creases DHCR?7 expression and increases residual cho-
lesterol synthesis in SLOS fibroblasts. Quantitative
PCR analysis showed that simvastatin treatment signif-
icantly increases the expression of DHCR?7 in both con-
trol and SLOS fibroblasts (Fig. 4A). Increased
expression of DHCR?7 is likely mediated by SREBP2.
In HepG2 cells, HMG-CoA reductase inhibitors in-
crease levels of activated SREBP2 in nuclear extracts
[50], and SREBP2 has been shown to regulate DHCR7
expression [51,52]. Consistent with an SREBP2 medi-
ated process, we observed increased expression of
LDLR, HMGCR, FDFT, DHCR24, and NSDHL in
both control and SLOS fibroblasts treated with simva-

statin. Expression of this group of genes is regulated
by SREBP2 [52,53].

We also analyzed the biochemical effects of simvasta-
tin treatment of SLOS fibroblasts. A dose dependent in-
crease in fractional cholesterol synthesis that peaked at
5 mcg/ml was observed (Fig. 5A), and simvastatin treat-
ment reduced 7DHC levels in SLOS fibroblasts (Figs.
5B and C). These results are consistent with the hypoth-
esis that increased expression of a hypomorphic DHCR7
allele results in increased conversion of 7DHC to choles-
terol, and is a potential explanation of the paradoxical
increase in serum cholesterol reported by Jira et al. [40].

If the benefits of simvastatin therapy in SLOS were
due to increased expression of an allele with residual
DHCRY7 activity, then one would predict that simvasta-
tin would not be beneficial in severely affected patients
with low residual DHCR7 enzymatic activity. Starck
[41] reported clinical problems in two SLOS patients
treated with simvastatin. These authors questioned the
safety of simvastatin in severely affected SLOS patients
and the usefulness of the clinical severity score as a
method to predict patients who might have an adverse
reaction to simvastatin therapy. One of these patients
was reported to have less than 5% DHCR?7 activity
[54]. This is supported by our observation of increased
toxicity of simvastatin in cell lines with two null DHCR7
alleles.

A major issue confronting the treatment of SLOS pa-
tients is whether the mental and behavioral problems
represent fixed developmental problems or a conse-
quence of disturbed CNS function due to the presence
of abnormal sterols. In the latter case, therapeutic inter-
ventions that improve CNS sterol composition may
have beneficial effects. Larger, controlled, and blinded
studies are needed to evaluate both the safety and effi-
cacy of simvastatin therapy in SLOS patients. The meth-
ods and data presented in this paper can be used to help
identify patients who may benefit from simvastatin ther-
apy, and similarly identify patients for whom simvasta-
tin may be detrimental. Caution should be used in
treating patients with low residual DHCR7 activity or
a DHCR?7 genotype associated with low activity until
more information on mechanism, safety, and efficacy
is available.
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