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Abstract

Smith-Lemli-Opitz syndrome (SLOS) is caused by deficiency in the terminal step of cholesterol
biosynthesis, which is catalyzed by 7-dehydrocholesterol reductase (DHCR7). The disorder
exhibits several phenotypic traits including dysmorphia and mental retardation with a broad range
of severity. Pathogenesis of SLOS is complex due to multiple roles of cholesterol and may be
further complicated by unknown effects of aberrant metabolites that arise when 7-
dehydrocholesterol (7-DHC), the substrate for DHCR7, accumulates. A viable mouse model for
SLOS has recently been developed, and here we characterize cholesterol metabolism in this model
with emphasis on changes during the first few weeks of postnatal development. Cholesterol and 7-
DHC were measured in “SLOS” mice and compared with measurements in normal mice. SLOS
mice had measurable levels of 7-DHC at all ages tested (up to one year), while 7-DHC was below
the threshold for detection in normal mice. In perinatal to weaning age SLOS mice, cholesterol
and 7-DHC levels changed dramatically. Changes in brain and liver were independent; in brain
cholesterol increased several fold while 7-DHC remained relatively constant, but in liver
cholesterol first increased then decreased again while 7-DHC first decreased then increased. In
older SLOS animals the ratio of 7-DHC/cholesterol, which is an index of biochemical severity,
tended to approach, but not reach, normal. While these mice provide the best available genetic
animal model for the study of SLOS pathogenesis and treatment, they probably will be most
useful at early ages when the metabolic effects of the mutations are most dramatic. To correlate
any experimental treatment with improved sterol metabolism will require age-matched controls.
Finally, determining the mechanism by which these “SLOS” mice tend to normalize may provide
insight into the future development of therapy.
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INTRODUCTION

Smith-Lemli-Opitz syndrome (SLOS) is an inherited disorder resulting in dysmorphias and
mental retardation. It is caused by deficient 3p-hydroxysterol-A’-reductase (7-
dehydrocholesterol reductase, DHCR7, EC 1.3.1.21), which catalyzes the last step in
cholesterol synthesis. Thus, SLOS patients have elevated levels of dehydrocholesterol
(DHC) and reduced ability to make cholesterol. The molecular and genetic basis of SLOS
has been well described [1-3]; however, due to the multiple and essential roles of
cholesterol, the pathogenesis of SLOS is complex and not yet well understood. Among
recessive inborn errors of metabolism, SLOS has a relatively high incidence varying from 1
in 10,000 to 1 in 60,000 in different regions of Europe and North America [4-10]. The
carrier frequency for mutant alleles is estimated as high as 1 in 30 for Caucasian populations
and lower for African and Asian populations [3,9,11-14]. It is likely that the condition is
underdiagnosed because patients having mild disorder without distinctive phenotype may be
missed and early fetal demise may be common in the most severely affected [15].
Biochemical diagnosis is based on plasma serum levels of DHC [16], and prenatal diagnosis
is possible by measuring DHC in amniotic fluid [17] or chorionic villus cells [15]. More
recently, it has been shown that noninvasive prenatal diagnosis of SLOS is possible by
measurement of novel steroid metabolites in maternal urine [10,18].

Current treatment for SLOS is dietary cholesterol supplementation. Anecdotal reports show
positive albeit limited effects of exogenous cholesterol on somatic growth and behavior, but
developmental outcome does not appear to be altered [19-22]. An effect of dietary
cholesterol on behavior is somewhat surprising as the brain is believed to be impervious to
external cholesterol [23]. Simvastatin, which inhibits 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase and can cross the blood-brain barrier, is a promising treatment for
lowering DHC levels in SLOS patients [1,24].

The recent development of animal models has made the understanding of SLOS and the
possible development of new treatments more feasible. Two mouse models with null
mutations in the Dhcr7 gene have been created by homologous recombination [25,26]. For
both of these knockout mutations, homozygous mutant progeny die within one day of birth,
which limits experimental usefulness. A more recent “knock-in” mutation resulted in a
single amino acid substitution of methionine for threonine in DHCR?7 at the amino acid
position equivalent to threonine 93 in the human protein. The resulting protein has greatly
reduced enzymatic activity [27]. This T93M mutation mimics a known, relatively frequent
human mutation, and provides mice with a mild SLOS phenotype [28]. Compound
heterozygotes containing one null allele and one T93M allele are viable. Since these are the
most severely affected viable SLOS animals available, they have been used in the present
study. Although these mice mimic human SLOS at the molecular level, the dysmorphic
phenotype is less severe. This may be due to efficient utilization of maternal cholesterol by
the mouse fetus [29] in contrast to the human.

Clearly, effective cholesterol biosynthesis is especially critical at certain times during
development and continues to be important throughout life. Cholesterol levels and the
balance between endogenous and exogenous sources of cholesterol can be expected to
change substantially with different stages of development, but patterns of change are
remarkably similar among mammals [30]. Furthermore, because of the blood-brain barrier,
cholesterol metabolism in the brain is independent of systemic (liver) cholesterol
metabolism. In the mouse model for SLOS we can trace these changes with great sensitivity
and accuracy by measuring sterol levels in different tissues at different developmental
stages. This is important for understanding SLOS pathogenesis and for developing potential
therapies. Here we have compared 7-DHC and cholesterol levels in SLOS mice and normal
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mice at different developmental ages from late fetus to mature adult. Our results confirm and
extend previously reported results [28] and show that there were dramatic changes in 7-DHC
and total cholesterol concentrations with developmental age. Also, the pattern of change in
liver was quite distinct from the pattern of change in brain.

EXPERIMENTAL

Reagents and chemicals

Cholesterol was from Sigma-Aldrich (St. Louis, MO, USA), 7-dehydrocholesterol was from
Steraloids (Newport, RI, USA), and cholesterol-26,26,26,27,27,27-dg was from CDN
Isotopes (Pointe-Claire, Canada). Ultrapure water with a resistivity of 18.2 MQcm was
obtained using a MilliQ purification system (Millipore, Molsheim, France). N,O-
bis(trimethylsilyl)-trifluoroacetamida (BSTFA ) was from Pierce (Rockford, IL, USA). All
other chemicals were of reagent grade and purchased from Merck (Darmstadt, Germany).

Preparation of standard solutions

Mice

Ethanolic stock solutions at 1 mg/mL of each sterol were prepared by dissolving 10 mg of
each substance in 10 mL of ethanol in a volumetric flask. Working solutions of different
concentrations were prepared by appropriate ethanolic dilution of stock solutions. All
solutions were stored in the dark at —20°C until used.

Two lines of mutant mice developed at NIH (by author F.D. Porter and colleagues) were
established at the CHORI Animal Facility. The first was a knockout mutation incorporating
a deletion of coding exons 3, 4, and 5 (A3®) into the Dhcr7 gene [26]. Heterozygous
progeny had a completely normal phenotype, which is consistent with the recessive nature
of DHCR7 mutations in humans. Because homozygous A3-5/A3-5 mutants died shortly after
birth, the A3-5 mutation was maintained by crossing heterozygous (+/A3-5, normal
phenotype) with normal C57BL/6 (+/+) mice. Resulting progeny were screened for the +/
A%-5 genotype by PCR [26]. Due to a minimum of 6 generations of backcrossing, mice
carrying the A3-> mutation had a predominantly C57BL/6 genetic background. The second
mutant line contained a point mutation, T93M, in Dhcr7 [28]. Homozygous (T93M/T93M)
mice were viable and could be bred and maintained as homozygotes. These interbred mice
had a mixed genetic background derived from strains 129 and C57BL/6. Compound
heterozygous mice (A3-5/T93M) were generated by crossing +/A3-5 females with T93M/
T93M males. Thus, the fetal environment of compound heterozygotes and their littermates
was always a phenotypically normal mother having a predominantly C57BL/6 background.
Progeny were genotyped by PCR as before [26,28]. Timed pregnancies were based on
evidence of a copulatory plug to establish fetal day one, and pregnant mice were checked
daily for new litters. Mice were weaned 4 weeks after birth and were maintained on normal,
cholesterol-free chow (Teklad irradiated rodent diet 2918; Harlan, Madison, WI). All animal
work conformed to NIH guidelines and was approved by the Institutional Animal Care and
Use Committee.

Tissue collection

Mice were killed at indicated ages, and dissected livers, brains and tails were immediately
frozen in liquid nitrogen. For fetal, newborn and young (up to and including 33 days old)
animals, entire litters were killed at one time. Tail tissue was used for DNA extraction and
genotyping by PCR [26], while livers and brains were used for sterol analysis (see below).
All brains and livers from timed litters were analyzed regardless of genotype so that
phenotypically normal (+/T93M) and SLOS (A3-5/T93M) littermates could be compared.
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For older SLOS animals normal littermates were not available and C57BL/6 mice were used
as normal controls.

Preparation of calibration and quality control samples

Calibration curves were prepared daily for each analytical batch by spiking appropriate
amounts of ethanolic solutions of each compound. The final calibration curve for cholesterol
contained five concentration levels at 1, 5, 10, 17 and 25 pg. For 7-DHC, the calibration
samples were prepared at 0.05, 0.1, 0.5, 1 and 4 ug. The quality control sample used to
check for precision was an aliquot of the brain homogenate corresponding to a 14 days-old
A 3-5/T93M heterozygous mouse.

Sample preparation

Brains and livers were homogenized in a mixture of methanol/chloroform (1:1 v/v). To a
small portion of this homogenate was added 1ug of internal standard (10 ul of a 100 ug/mL
ethanolic solution of cholesterol-d6). Samples were then saponified by adding 500 pl of
ethanol together with 300 pl of a 33% KOH solution, and heating at 55°C for 45 minutes.
After reaching room temperature 1 mL of water was added, and samples were extracted with
5-mL of hexane by vortexing for 1 min. Organic layers were transferred to new tubes,
evaporated and derivatized with 50 pl of BSTFA (55°C for 45 minutes) to form the
corresponding TMS derivatives. Extracts were finally diluted with 500 pl of cyclohexane,
transferred to autosampler vials and analyzed by GC/MS. To avoid conversion of 7-DHC to
previtamin D3, all tubes were covered with foil, and the whole procedure was conducted
under minimum lighting conditions.

GC/MS apparatus and conditions

Gas chromatography/mass spectrometry (GC/MS) was carried out on a PolarisQ ion trap
mass spectrometer (Thermofinnigan, San Jose, CA, US) interfaced with a TraceGC (Carlo
Erba, Milan, Italy) gas chromatograph. Samples were injected with an A13000 autosampler
(Carlo Erba). The sterols were separated on a DB-1 cross-linked methyl-silicone column, 15
m x 0.25 mm i.d., film thickness 0.25 um (J&W Scientific, Folsom, CA, USA). Helium was
used as the carrier gas at a constant flow of 1.8 ml/min. A 2 pl aliquot of the final
derivatized extract was injected into the system operated in splitless mode (valve opened at
2 min). The GC temperature was ramped as follows: initial 50°C, held for 3 min, increased
to 230°C at 30°C min~1, thereafter increased to 285°C at 2°C min~L. The injector, transfer
line, and ion source were kept at 260°C, 280°C and 225°C respectively. The mass
spectrometer was operated in the electron impact mode. The mass range scanned was from
100 to 800 amu.

Method validation

To establish that the procedure was dependable, especially due to the instability of 7-DHC,
intra- and inter-assay validation was carried out. The protocol validated three criteria,
recovery, linearity and precision. For each a calibration curve was prepared at five
concentration levels, each in duplicate. Quality control (QC) samples were added in each
assay.

Recovery was evaluated by analyzing the calibration samples and pure standards. Extraction
of cholesterol with hexane is current practice and recoveries are well established. Recoveries
greater than 80% were obtained both for cholesterol and 7-DHC.

Linearity was evaluated over the calibration range in duplicate samples spiked at five
different levels. Peak-area ratios (between each compound and the internal standard) were
used for calculations. Regression analysis was performed using SPSS for Windows. To
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correct for the heteroscedasticity [31] of the data, the model was weighted by the inverse of
the variance (1/x2). A linear correlation was found in all cases with mean determination
coefficients (r2) better than 0.98.

Intra-assay precision (repeatability) as well as inter-assay reproducibility were evaluated at
the concentrations of 7-DHC and cholesterol present in the QC sample. Five replicates were
used for intra-assay comparisons, and three for inter-assay comparisons. Performance results
were expressed as the relative standard deviation (%) of the detector response (i.e., the ratio
between peak areas of the analyte and internal standard for their selected base ions). Values
for intra-assay repeatability and inter-assay reproducibility were 8.3% and 10.5%
respectively for the quantification of cholesterol. For the quantification of 7-DHC the intra-
and inter-assay precisions were 7.4% and 14.5% respectively.

To determine the time course of cholesterol biosynthesis and accumulation during
development, we compared the concentrations of cholesterol and 7-DHC in brains and livers
from SLOS mice (T93M/A3-5) and their non-affected littermates (T93M/+). The youngest
mice were 18-day old fetuses (one day before expected birth) and the oldest were 10 or 12
months old. Emphasis was on development through the age of weaning. The numbers of
animals tested at different time points varied depending on litter size and the number of
SLOS vs. normal pups within the litter. When possible, 2 litters at a given time point were
analyzed. Males and females did not differ noticeably for either cholesterol or 7-DHC, so
data for both sexes were pooled for each time point. 8-DHC, the isomer of 7-DHC, was
always substantially less than 7-DHC and often was not significantly above baseline.
Therefore, rather than include marginal measurements of 8-DHC, only 7-DHC and
cholesterol measurements are reported here.

Cholesterol and 7-DHC in brain

In normal mice cholesterol concentrations in whole brain homogenates increased more than
6 fold from fetus to mature adult with much of the increase occurring within the first 4
weeks (Fig. 1,a). 7-DHC concentrations in normal mice were not detectable under the
conditions used. Cholesterol levels in SLOS mice were lower than in their normal
littermates, but followed a similar increasing curve and reached normal levels by 8 months
to a year. 7-DHC concentrations in SLOS mice followed an entirely different time course
than cholesterol; they were relatively high (equal to cholesterol) at early time points, but did
not increase. Rather, they remained remarkably stable through the first 33 days of age, and
then decreased to low, but measurable, levels in older mice. Summing 7-DHC and
cholesterol in SLOS mice indicated that the increase in the total sterol level with age was not
significantly different between normal and SLOS (P=0.84) (Fig. 1,b). These changes
approximated a linear increase over the first few weeks and appeared to plateau in the
mature adults. Non-parametric regression suggested linearity up to 33 days of age (P=0.02
for normal and P=0.008 for SLOS). Correlation coefficients for sterol concentration versus
age (up to 33 d) were 0.88 and 0.92 for normal and SLOS respectively.

Using the ratio of 7-DHC/cholesterol as an indicator of SLOS severity (normal mice had a
ratio of essentially zero), it was clear that the youngest animals had the most severe
biochemical imbalance (Fig. 2,a). As animals aged, the 7-DHC/cholesterol ratio dropped,
and by one year of age the ratio was only 0.01. Thus, the ratio tended to normalize over
time.
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Cholesterol and 7-DHC in liver

Cholesterol biosynthesis and accumulation in liver was quite different from brain. Firstly, as
expected, concentrations of cholesterol and 7-DHC were generally lower in liver. Secondly,
developmental changes in liver sterols followed a different time course (Fig. 3,a).
Cholesterol levels in both normal and SLOS mice increased rapidly for the first several days
after birth, but then dropped again around 4 weeks of age. Final cholesterol concentrations
(8 months to a year of age) were similar to those in 1-day old mice. In contrast, 7-DHC
concentrations in SLOS mice dropped after birth and increased temporarily around 4 to 5
weeks of age. Eventually, they also reached levels approximating the 7-DHC concentrations
in 1-day old mice. As in brain, the sum of cholesterol and 7-DHC in SLOS mice was nearly
indistinguishable from cholesterol alone in normal mice (Fig. 3,b). However, in liver the
kinetics of accumulation were more complex than in brain.

With cholesterol and 7-DHC concentrations in SLOS mice following roughly mirror image
time courses, the 7-DHC/cholesterol ratios changed dramatically during development (Fig.
2,b). Severity of the biochemical imbalance was greatest in the fetal mice and in the 33-day
old mice. Ratios temporarily approached normal at 7 and 14 days of age. In mature SLOS
mice, the ratio was again low, but not as low as in 7-14 day old pups.

DISCUSSION

It is reassuring that independent sterol measurements reported here are consistent with
previous measurements reported for SLOS mutant mice [28]. Here, results provide a more
detailed picture of changes in sterol levels during postnatal development. Under the assay
conditions used, all SLOS mice, regardless of age, had measurable concentrations of 7-DHC
in brain and liver. Conversely, none of the phenotypically normal mice (either T93M/+ or +/
+) had measurable levels of 7-DHC. Thus, biochemically, all of the mice with a T93M/A3->
genotype had an abnormal phenotype. However, the extent of this biochemical imbalance
varied greatly with age and whether the tissue was brain or liver. In general, mutant mice
tended to normalize their cholesterol synthesis with age. There are at least three possible
explanations for this. First, the mice might employ an alternative synthetic source of
cholesterol, other than the established biosynthetic pathway from HMG CoA with
intermediate 7-DHC. Cholesterol concentrations in cells are regulated by complicated
feedback mechanisms that work at both transcriptional and posttranslational levels with
HMG CoA reductase playing a key role [32]. Increased cholesterol from an alternate
pathway might reduce HMG CoA reductase and decrease the amount of 7-DHC synthesized.
At this point, however, we have no direct evidence for an alternate pathway that bypasses
the need for DHCRY7. Second, the low level of DHCRY7 activity in mutants might increase
over time through some compensatory mechanism such as increased DHCR7 gene
expression or decreased decay rate of the enzyme. Correa-Cerro et al. [28] suggest that
residual activity of mutant DHCR?7 could be upregulated over time in mice, although this
does not appear to be the case in humans. Third, exogenous cholesterol from the diet might
contribute to the total cholesterol pool, thus contributing to feedback regulation at HMG
CoA reductase.

Dietary cholesterol seems a likely explanation for the contrasting cholesterol and 7-DHC
concentrations in liver as compared to brain. Even animals tested at day 1 were observed to
have milk spots, indicating that they had already been suckling. Since milk contains
cholesterol, this may have contributed to the early rise in liver cholesterol accompanied by
the decline in 7-DHC. Among mammals, circulating cholesterol, which can be taken up by
liver but not by brain, tends to be high in animals that are suckling [30]. By three weeks of
age the mice could eat cholesterol-free solid food, although they could also continue to
suckle until they were weaned. For the experiments conducted, mice were weaned at 28

Steroids. Author manuscript; available in PMC 2010 July 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marcos et al.

Page 7

days. This abruptly ended the source of dietary cholesterol and forced the mice to rely on
endogenously synthesized cholesterol via either residual DHCR-7, or possibly an undefined
alternate pathway. Thus, the apparent peak in 7-DHC at 33 days might reflect a reactivation
of the cholesterol biosynthetic pathway from HMG CoA in the absence of milk cholesterol.
This possibility needs to be tested by further experimentation. In general cholesterol
synthesis and accumulation in the brain is considered to be separated from systemic
cholesterol by the blood-brain barrier [30]. It has been shown elsewhere that adding
cholesterol to the diet of adult SLOS mice decreased DHC in peripheral tissues, but not in
brain [28].

In brains of both normal and SLOS mice, total sterol concentrations approximated a linear
increase for the first 4 weeks. In normal mouse brain it has been shown that the rate of
cholesterol accumulation is equivalent to the rate of cholesterol synthesis [30]. Thus, the
results suggest that the rate of early cholesterol synthesis is constant and relatively high.
These results also imply a very low turnover rate, which is consistent with an estimated half-
life of at least 5 years for cholesterol in the human brain [33]. Since most of the cholesterol
is incorporated into stable structures (e.g., myelin and cell membranes), it may not be
uniformly available for feedback regulation of HMG CoA reductase. Note that in spite of
high and increasing total cholesterol concentrations, 7-DHC in SLOS brain did not decrease
significantly during the first 4 weeks. In mature SLOS mice, however, 7-DHC was reduced
and the 7-DHC/cholesterol ratio approached normal. This is consistent with a much higher
need for de novo cholesterol synthesis during the period of brain growth and development.

It was also noted that levels of total sterol (cholesterol plus its precursor 7-DHC) in both
liver and brain were indistinguishable between SLOS and normal animals. This implies that
the Dhcr7 mutations did not affect cholesterol metabolism at the level of HMG CoA
reductase. However, using newborn null mutants, Fitzky et al. [25] reported that total sterol
biosynthesis was reduced by approximately 50% (41% in brain, 68% in liver) and that this
appeared to be due to a 7-DHC-mediated decrease in the half-life of HMG CoA reductase.
The apparent difference in the effect on sterol synthesis may be due to the more severe
consequences of homozygous null mutants as compared to the T93M/A3-5 mutants used
here.

Although the T93M/A3-5 mouse model phenotype mimics human SLOS in general, there are
significant differences. First, dysmorphia seems less severe in the mouse. This may be due
to more efficient fetal utilization of maternal cholesterol by rodents [29]. And second, as
demonstrated here and elsewhere [28], SLOS mice tend to normalize their 7-DHC/
cholesterol ratios as they age. A similar biochemical correction has not been observed in
human patients. Defining the mechanism of this correction in the SLOS mice should provide
insight into potential therapies for SLOS. At the biochemical level, younger rather than older
SLOS mice seem to be a closer approximation of the human disease and a superior
experimental model. Because of the demonstrated changes in 7-DHC/cholesterol with age,
experiments testing potential therapeutic interventions will need to be accompanied by age-
matched, preferably littermate, controls. The study described here is a precursor to our major
research goal, increasing cholesterol synthesis in the SLOS mice using a viral vector to
deliver a functional DHCR?7 gene to liver or brain cells. This could be particularly useful in
manipulating the high 7-DHC/cholesterol ratios observed in the brains of pre-weaning SLOS
mice, and in evaluating the postnatal, neurological and behavioral consequences of 7-DHC/
cholesterol imbalance. Thus, we anticipate that T93M/A3-> mutant mice will provide a
valuable tool for studying the complex pathogenesis of SLOS and for developing potential
therapies.
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Figure 1.

Cholesterol and 7-DHC concentrations in whole brain homogenates. Data are expressed as
ug sterol/mg tissue (wet weight). (a) Cholesterol in normal mice (o) and SLOS mice (e),
and 7-DHC in SLOS mice (m) are compared. Bars indicate standard deviations among
animals of the same genotype and age. (b) The sum of cholesterol plus 7-DHC
concentrations for normal (o) and SLOS (A) mice.
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Figure 2.

7-DHC/cholesterol ratios in SLOS mice. (a) Brain. (b) Liver. The number of animals for
each determination is indicated (n), and bars indicate standard deviations. The higher the
ratio, the greater the biochemical imbalance. For normal mice the ratio did not deviate
measurably from zero.
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Figure 3.
Cholesterol and 7-DHC concentrations in liver. Livers from normal and SLOS mice at the

indicated ages were analysed for cholesterol and 7-DHC. Data are expressed as pg sterol/mg
tissue (wet weight). (a) Cholesterol in normal mice (o) and SLOS mice (o), and 7-DHC in
SLOS mice (m) are compared. Bars indicate standard deviations among animals of the same
genotype and age. (b) The sum of cholesterol plus 7-DHC concentrations for normal (o) and
SLOS (A) mice.
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