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Abstract

Our recent studies have focused on cholesterol synthesis in mouse models for 7-
dehydrosterolreductase (DHCR7) deficiency, also known as Smith-Lemli-Opitz syndrome.
Investigations of such mutants have relied on tissue and blood levels of the cholesterol precursor 7-
dehydrocholesterol (7DHC) and its 8-dehydro isomer. In this investigation by gas chromatography/
mass spectrometry (GC/MS) we have identified and quantified cholesterol and its precursors (7DHC,
desmosterol, lathosterol, lanosterol and cholest-7,24-dien-3p-ol) in mouse hair. The components
were characterized and their concentrations were compared to those found in mouse skin and serum.
Hair appeared unique in that desmosterol was a major sterol component, almost matching in
concentration cholesterol itself. In DHCR7 deficient mice, dehydrodesmosterol (DHD) was the
dominant hair A’ sterol.

Mutant mouse hair had much higher concentrations of 7-dehydrosterols relative to cholesterol than
did serum or tissue at all ages studied. The 7DHC/C ratio in hair was typically about sevenfold the
value in serum or skin and the DHD/D ratio was 100X that of the serum 7DHC/C ratio. Mutant mice
compensate for their DHCR7 deficiency with maturity, and the tissue and blood 7DHC/C become
close to normal. That hair retains high relative concentrations of the dehydro precursors suggests that
the apparent up-regulation of Dhcr7 seen in liver is slower to develop at the site of hair cholesterol
synthesis.
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1. INTRODUCTION

Sterols and steroid levels in mice with mutations in 7-dehydrocholesterol reductase (DHCR7),
the enzyme responsible for the human cholesterol deficiency syndrome Smith-Lemli-Opitz
syndrome (SLOS) [1-4] have been studied by several groups. Predominantly, these studies
have relied on serum and tissue for measurements of cholesterol and its precursors, primarily
7-dehydrocholesterol (7DHC). We have recently investigated the possibility of utilizing an
alternative biological medium, hair, to develop in vivo, non-invasive assessments of enzyme
activity.

Sterols have been previously found in human and animal hair [5-9] and are clearly the result
of active cholesterol synthesis in the skin, hair follicle or adjacent sebaceous glands [10,11].
Skin has long been known to be a major sterologenic tissue responsible for 25% of rat
cholesterol synthesis [12]. Skin is also responsible for producing the 7DHC necessary for
vitamin D synthesis [13,14].

Cholesterol synthesis in the skin has been the focus of several recent studies. A mouse model
of the human condition desmosterolosis, which is deficient in the enzyme that converts
desmosterol to cholesterol (DHCR?24), has been shown to have impaired epidermal
development and a diminished number of hair follicles [15,16]. Certain skin developmental
disorders have also been demonstrated to be caused by buildup of apparently toxic precursors
rather than deficiency of cholesterol itself [17].

In this paper we describe the analysis of hair and skin sterols and their levels in normal and
Dhcr7 affected mice. The data reported suggest that the sterologenic synthetic pathway utilized
for hair sterols is unique and independent of serum levels of cholesterol and it’s precursors.

2. MATERIALS AND METHODS

2.1. Materials. Origin of reference steroids used

The following reference compounds were obtained from Sigma Aldrich (sigmaaldrich.com):
stigmasterol, cholesterol, 7-dehydrocholesterol, 5a-cholest-7-en-3p-ol (lathosterol), 5,24-
cholestadien-3p-ol (desmosterol) and lanosterol.

2.2. Mice used in this study

Animal work conformed to NIH guidelines and was approved by the Institutional Animal Care
and Use Committee. All animals were maintained in an AALAC certified facility and were fed
a normal, cholesterol-free chow (Teklad irradiated rodent diet 2918: Harlan, Madison, W1).
Two strains of Dhcr7 affected mice were originally obtained from F.D.Porter (NIH). A null
mutant contained a partial deletion of Dhcr7 (A)[18] and a hypomorphic mutant contained a
point mutation (T93M) [19]. Mice with genotypes of T93M/T93M, A/T93M and A /A showed
SLOS characteristics of increasing severity with A /A being lethal [18,19]. As shown in Figure
2, the original mutants were backcrossed to C57BL/6 mice for several generations to provide
a defined genetic background. In the C57BL/6 background, however, T93M/T93M and A/
T93M had reduced viability making it very difficult to generate enough age-matched, affected
mice for experiments. To increase mutant animal viability, the FVB/N background was
introduced. FVB/N mice were originally developed for making transgenic mice, and this is a
particularly robust and fertile inbred strain [20]. We reasoned (correctly as it turned out) that
the introduction of FVB/N alleles would make mutant mice more resistant to the effects on
viability caused by compromised cholesterol synthesis. Following the breeding scheme shown
in Figure 2, we were able to generate viable SLOS animals (A/T93M) and phenotypically
normal littermates (+/T93M). These mice, with a mixed C57BL/6 and FVB/N background,
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were used in all experiments. Genotypes of animals carrying A and T93M alleles were
determined by PCR as described previously [18,19].

2.3. Collection of samples

Hair was clipped with scissors close to the skin. For blood collection, mice were anesthetized
with 2.5% (v/v) Isoflurane using a VetEquip Funnel-Fill Vaporizer (www.vetequip.com) and
1 ml of blood was collected by cardiac puncture. The mice were sacrificed by cervical
dislocation and skin was collected from the same area where hair had been clipped. Individual
skin layers were not separated.

2.4. Sample preparation for sterol GC/MS

2.4.1. Hair—Hair (4-6 mg) was transferred to a glass tube; 4 ml methanol:chloroform (2:1)
and 8 pg of stigmasterol were added and the sample was sonicated for 16 hours. The solvent
was decanted and an additional 2 ml of extracting solvent was added. Samples were extracted
again for 2 hours, and the solvent extracts were combined and dried.

2.4.2. Skin—Skin (20-30 mg) was extracted with 4 ml methanol:chloroform (2:1) and 48
ug of stigmasterol were added. The sample was extracted using the same protocol used for hair
sterols, with the exception that only 1 ml of the total extract was analyzed.

2.4.3. Serum—Blood was cooled to 4 C to aid coagulation of red blood cells. Serum was
separated by centrifugation for 3 minutes at 13000 rpm at ambient temperature. 0.8 ug of
internal standard (stigmasterol) were added to 8 ul of serum for analysis.

2.4.4. Derivatization—The samples were then saponified by adding 500 pl of ethanol
together with 300 pl of 33% KOH solution, followed by heating at 55 C for 45 minutes. After
cooling to room temperature, 2 ml of water were added, and the samples were extracted twice
with 2.5 ml of hexane by vortexing for 1 minute. The organic layers were transferred to fresh
tubes, evaporated and derivatized with 50 pl of BSTFA (55° C for 45 minutes) to form the
trimethylsilyl (TMS) derivatives. The derivatives were finally diluted with 500 pl of
cyclohexane and transferred to autosampler vials for analysis by GC/MS. To minimize
conversion of 7DHC to previtamin Ds, all tubes were protected from light with foil covers.
The whole procedure was conducted under minimum lighting conditions.

2.5. Analysis of sterols by GC/MS

The analysis was essentially as previously described for cholesterol and 7DHC [4] using an
Agilent 5975 instrument (www.agilent.com). The sterols were separated on Agilent
(chem.agilent.com) non-polar DB-1 or HP-5MS columns (30 m X 0.25 mm i.d., film thickness
0.25 um). Both methylsilicone columns were similar, the latter additionally having 5% phenyl
groups. The HP-5MS column seemed to have less bleed, but otherwise data obtained from each
one was equivalent. The GC temperature was ramped as follows: initial 100°C held for 1
minute, increased to 230 at 25°C/min, increased to 290°C at 2.5°C/min and finally increased
to 300°C at 11°C/min which was held for 2 minutes. The injector, transfer line, and ion source
were kept at 260, 280 and 230°C, respectively. The mass spectrometer was operated with
electron impact ionization in SCAN mode. Retention indices were determined by co-injection
of samples with a series of n-alkanes.

2.5.1. Preparation of calibration samples—7DHC and cholesterol were measured
against an internal standard stigmasterol and standard curves prepared daily. Calibration
mixtures were prepared by combining increasing amounts of 7DHC and cholesterol with fixed
amount of stigmasterol, followed by derivatization. For hair, five concentration levels of the
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analytes (3-50ng injected) were present with 13 ng stigmasterol internal standard. For blood
and skin with lower amounts of non-cholesterol sterols we used another 5 point calibration
mixture; viz 13ng stigmasterol with 6-50 ng cholesterol and 0.5-10ng 7DHC (amount
injected). The data plotted were the peak areas of fragment ion peaks from scanned data: 368
(for cholesterol), 325 (for 7DHC) and 394 (for stigmasterol). Other sterols were quantified by
integrating peak areas on the TIC chromatograms and relating these to the peak area of the
stigmasterol internal standard, for desmosterol the values were corrected using a measured
response factor of 1.3, the remaining sterols were determined assuming a 1:1 response factor.

2.5.2 Validation of the method—The calibration curves were plotted by equal weighted
least-squares linear regression analysis of the peak ratios of the analyte to the IS, against a
nominal analyte concentration. The limit of detection (LOD) was determined as the lowest
concentration measurable with a signal-to-noise ratio (S/N) >3 being 12 and 60 ug/g in hair
tissue for cholesterol and 7DHC, respectively. The inter-day accuracy of the method was
determined by measuring two standard solutions of different concentration in three separate
analytical runs. Error was also calculated as a percentage; the nominal value was subtracted
from the measured value and the difference was divided by the nominal value. Inter day
variability for cholesterol and 7DHC was less than 6%. There will be systematic consistent
errors in the quantitative values of DHD, lathosterol, lanosterol and cholest-7,24-dien-33-ol
which were quantified relative to stigmasterol from TIC peak integrations. The relative TIC
response of individual sterols against stigmasterol remained constant although the precise
relative response factor was not measured. Due to the similarity of structure of the
monohydroxylated sterols, a working assumption of a response factor of unity is reasonable.
For the steroids where response factors were determined they ranged from a high of 1.35
(cholesterol) to a low of 0.7 (DHC). The lack of absolute quantitative values should make little
difference to the overall results produced from this study (and conclusions reached) where the
same method is used consistently for all samples.

3. RESULTS

Three different experiments were carried out using Dhcr7 deficient mice (A/T93M, termed
mutant or “affected”) and heterozygous +/T93M mice (termed normal or control), from the
same litters. Experiment 1: Identification and quantitation of sterols in hair of 10 week old mice
(Litter 1). Experiment 2: comparison of hair, skin and serum sterols in 7 week old animals
(Litter 2). Experiment 3: comparison of sterol concentrations in hair of 3 week old (Litter 3)
and 12 week old mice (Litter 4) with that of new-growth hair collected 2 weeks later.

3.1. Identification of sterols

The following sections describe the criteria of GC/MS identification (mass spectrum and
retention index) of mammalian sterols in hair from mutant and control animals. The mass
spectra of isolated sterols as their trimethylsilylethers are shown in Figure 3. Two known
phytosterols, campesterol and -sitosterol were also identified but are not included here, neither
was a dehydro methylcholesterol, a presumed phytosterol TMS ether of mass 470 Da.

3.1.1. Cholesterol (Rl 3109)—This isolated sterol (as TMS derivative) had the same mass
spectrum (well known, not illustrated) and retention index as reference cholesterol
trimethylsilyl ether. The molecular ion is at m/z 458 and a prominent ion is formed by loss of
trimethylsilanol m/z 368 (M-90). The base peak was seen at m/z 129, characteristic of 3p-
hydroxy-5-ene steroids, and the corresponding fragment M-129 at m/z 329.

3.1.2. Desmosterol (Rl 3137)—This isolated sterol had a mass spectrum (Fig. 3A) and
retention index identical to available reference desmosterol trimethylsilyl ether. The base peak
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was seen at m/z 129, characteristic of 3p-hydroxy-5-ene steroids, and the corresponding
fragment M-129 was present at m/z 327. Peaks at m/z 343 and 253 represent M-113, and
M-113-90, respectively. These fragmentations are caused by the loss of the side chain together
with two nuclear hydrogens [21]. Other prominent ions are at m/z 441 (M-15), 366 (M-90),
351 (M-15-90), and 372 (M-84).

3.1.3. 7-dehydrocholesterol (Rl 3144)—This isolated sterol had the same mass spectrum
(Fig. 3B) and retention index as reference 7DHC trimethylsilyl ether. The molecular ion is at
m/z 456, and base peak at m/z 351 (M-90-15). The ion at m/z 325 represents loss of 131 Da
characteristic of sterols with insaturation in 7 or 8 position. The 8-dehydrocholesterol isomer
was also present in the mutant mice hair at low concentration. It has almost identical mass
spectrum to 7DHC and co-elutes with cholesterol.

3.1.4. Lathosterol (Rl 3155)—The compound illustrated in Figure 3C had the same mass
spectrum and retention time index as the TMS derivative of reference lathosterol. The
molecular ion and base peak is at m/z 458. The ion at m/z 255 probably represents loss of
trimethylsilanol and side chain (M-90-113). The origin of the ions at m/z 303 (M-155) and m/
z 213 (M-155-90) were not determined.

3.1.5. 7-Dehydrodesmosterol (7DHD) (RI 3171)—The mass spectrum illustrated in
Figure 3D would be appropriate for the TMS derivative of 7-dehydrodesmosterol. A reference
steroid was not available. The spectrum is almost identical of that of 7DHC with major ions 2
Da less in mass. The molecular ion is at m/z 454 with base peak at m/z 349 (M-90-15) and a
prominent ion at m/z 323 (M-131). These three ions have approximately the same abundance
as the equivalent (but 2 daltons heavier) ions in 7DHC. Thus it can be assumed that the isolated
steroid has the same ring structure as 7DHC, the mass difference being due to the presence of
the double bond at C-24. Although from the mass spectrum 8DHD would also be a possibility
since it essentially would share the spectrum of 7DHD this sterol would have a lower retention
index, based on the 7 and 8DHC comparison. In addition the peak shape of the isolated sterol
was broad with a frontal slope, a distinctive feature of 7-dehydro but not 8-dehydro sterols and
steroids [22]. Small amounts of similar sterols have been tentatively identified in serum and
feces from SLOS patients [23, 24]. Wolf et al [25] show spectra of sterol trienols (M* 454) in
serum of rats treated with 7-dehydrocholesterol inhibitors. They suggest the spectra are
consistent with 7-and 8-dehydrodesmosterol, but in contrast to our study, the spectra do not
reproduce the characteristic ion pattern seen in 7- and 8-dehydrocholesterol.

3.1.6. Cholest-7,24-dien-3B-ol (RI 3188)—This steroid (Fig. 3E) was identified as
cholest-7,24-dien-3p-ol TMS ether by comparison to the spectrum published by Gerst et al
[22] and the relative retention time published by Ruan and co-workers [26]. The molecular ion
is at m/z 456. The base peak is at m/z 343 (M-113). Other significant ions were at m/z 441
(M-15), m/z 372 (M-84, also present in desmosterol), m/z 213 (M-243), m/z 253 and m/z 255.

3.1.7. Lanosterol (Rl 3277)—This isolated sterol (Fig. 3F) had the same mass spectrum
and retention index as reference lanosterol TMS ether. The molecular ion is at m/z 498 and the
base peak is at m/z 393 (M-90-15). There is a prominent ion at m/z 109.

3.2. Quantitation in Mouse Samples

3.2.1. Experiment 1—In a pilot experiment we analyzed sterols from the hair of 4 affected
mice aged 10 weeks and 4 of their heterozygote (control) littermates. From the chromatogram
(Fig. 4A and B) control animals have a profile dominated by cholesterol and desmosterol with
a lesser amount of lathosterol and other sterols. By contrast, hair from affected animals has a
high relative concentration of sterols with A’ unsaturation including 7DHC, 7DHD and 7,24-
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cholestadien-3p-ol (Fig. 4A). Included in Table 1 are the concentrations, the amount of each
relative to the total of quantified mammalian sterols, and the DHC/C and DHD/D ratios. These
ratios were highly elevated in affected mice compared to their control littermates, particularly
so for 7DHD/DHD. Interestingly, the values for this ratio were sevenfold higher than those of
the DHC/C ratios.

Attachment of sterols to hair: Are hair sterols loosely coated on hair or are they strongly
bonded or internalized? An experiment was under taken to determine if sterols could be
removed by washing. For four mice (two affected and two control), two samples of hair were
analyzed. One sample was extracted as previously described, but the second was washed prior
to extraction. This was carried out with 5 ml of a solution of SDS (sodium dodecyl sulphate,
0.5%) for 10 minutes, vortexing the sample every 3 minutes. Hair was rinsed three times with
water and extracted as previously described. The sterol concentration in hair proved to be
essentially unchanged by prior washing which suggests that sterols may be internalized within
the shaft and/or strongly surface bonded.

3.2.2. Experiment 2: comparison of hair, skin, and serum sterols—At 7 weeks of
age 3 control and 3 affected mice from Litter 2 were sacrificed. Hair was collected from two
different areas of the back, and skin was excised from the same areas. Blood was collected and
serum separated. The results of sterol analysis of these samples are given in Table 2 and show
that the profile of sterols in the hair samples from the contol and affected animals was
essentially the same as in the previous experiment, desmosterol and dehydrodesmosterol being
major constituents in control and affected mice, respectively. In serum, cholesterol was by far
the dominant sterol and 7DHC was not greatly elevated even in mutant animals. The DHC/C
ratio was 0.02-0.03 compared to values in hair of 0.2-0.3. Important hair sterols such as 7DHD,
cholest-7,24-dien-3p-ol, lathosterol and lanosterol were below our detection limit for serum.

In skin, cholesterol was also dominant but lathosterol was present in all samples at low
concentration. Desmosterol was only measurable in a single animal (of 12 studied), and then
only in a trace amount, representing about 0.6% of the amount of cholesterol. Enlarged sections
of skin chromatograms shown in Figure 5 illustrate the trace amount of desmosterol present
as well as the absence of cholest-7,24-en-3p3-ol and DHD which are prominent components of
hair.

3.2.3. Experiment 3: sterols in second growth hair—Sterols bound to, or incorporated
in hair probably have a degree of permanence; once present they are not easily removed, as
illustrated from the washing experiment. Thus, the sterol concentration in hair from the 7 and
10 week old animals (either affected or control) described above is a compaosite of sterols laid-
down in the first days of hair growth (at 1-2 weeks of age in mice) and each week thereafter.
Hair harvested at a single time point would not accurately reflect the amount of individual
sterols just synthesized. For this reason we determined the sterols synthesized in a given period
of time by analyzing new growth hair from a previously shaved area.

In this experiment two sets of mouse litters were studied of age 3 (Litter 3) and 12 weeks
(Litter 4), respectively. At the outset, hair for sterol analysis was cut from one area of the
animals back (baseline values); two weeks later re-grown hair was harvested from the same
area, as well as original growth hair from an adjacent area. Thus, the following samples were
obtained and analyzed: Litter 3: 3-week-old hair, 5-week-old hair, and hair grown between the
3" and 5™ weeks (new growth):; and Litter 4, 12-week-old hair, 14-week-old hair and hair
grown between the 12t and 14™ weeks. Blood was also drawn and serum sterols quantified.

The results are shown in Figure 6. The upper panel shows the DHC/C ratios and the lower
panel shows the corresponding values for the DHD/D ratios, solely obtained for hair because
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desmosterol and dehydrodesmosterol were below our detection limits in serum. The values for
DHC/C and DHD/D in new-growth hair are lower (by about 50%) than that of the first-growth
hair showing that there is a decreasing ratio of hair DHC/C and DHD/D with age, possibly a
result of Dher7 upregulation.

We noted during this experiment that second growth hair grew much slower in affected animals
than in littermate controls.

4. DISCUSSION

This study describes the major sterols present in hair of phenotypically normal mice
(heterozygote for the T93M mutation) and DHCR?7 deficient mice, and compares them,
qualitatively and quantitatively to those present in skin and serum. The results are summarized
in Table 1. The profile of major sterols in hair is more complex than in blood or tissue. We and
other investigators have found that while there are quantitatively low amounts of cholesterol
precursors (<1% of cholesterol) in the livers and brains of normal mice [17,27], hair is a rich
source of such compounds. Of particular interest, in our control mice high levels of desmosterol
were detected and the concentrations were often on par with those of cholesterol. This would
suggest that at the biosynthetic site responsible for hair cholesterol synthesis, CYP51 is a more
successful competitor for lanosterol than 24-reductase (DHCR24). Other 24-dehydro sterols
were also found, including cholest-7,24-dien-3p-ol and lanosterol.

In the skin of normal animals we found that the relative concentrations of sterols were similar
to those in serum and other tissues. As expected, the cholesterol concentration was orders of
magnitude greater than that of precursor sterols. We found the cholesterol/desmosterol ratio
was more than 1000:1. Similarly, little desmosterol was also reported by Mirza et al [15] who
found the cholesterol/desmosterol ratio in skin (epidermis) to be greater than 100:1. By
contrast, Evers and co-workers [17], measured skin sterols in normal mice and reported very
high desmosterol concentrations. Their cholesterol/desmosterol ratio at about 1.2:1 was similar
to the values we found in hair (Fig. 7). Currently we have no explanation for this discrepancy
between studies as the methodology used for sterol characterization and quantitation was
comparable between our laboratories.

Overall, skin is a highly sterologenic organ responsible for a quarter of total cholesterol
synthesis in rats [28]. Both dermal and epidermal layers have high concentrations of sterols,
and have been implicated in their synthesis [28—30]. Exactly where hair sterols are synthesized
has yet to be determined but we suspect it to be in the hair follicle or in the adjacent sebaceous
gland. The process of washing the hair with SDS prior to solvent extraction removed very little
sterol indicating that the sterols are either embedded or strongly attached. This would suggest
that the sterols are incorporated into the hair close to its origin rather than just coating the hair
after it has grown. Sterologenic enzymes such as 3-hydroxy-3-methylglutaryl-CoA reductase
(HMG-CoA) and DHCR24 are strongly expressed in hair follicles [10,15,31]. In contrast to
humans, mice have high cholesterol content in their sebaceous glands so given the close
proximity of these glands to the newly-formed hair shaft they also could be the source of hair
sterol.

The high levels of desmosterol found in hair of control mice would lead one to expect high
levels of 7-dehydrodesmosterol (7DHD) in DHCRY7 deficient mice, and this is indeed the case
(Fig. 4B and Tables 1 and 2). This is our first identification of this sterol as it was not found
in previous studies of the brain or liver of DHCR7 deficient mice (although it is likely to be
present in these tissues in low concentrations). In DHCR7 deficient mice, the hair DHD/D ratio
is remarkably high relative to the DHC/C ratio, which is interesting as it suggests the DHCR7
enzyme has less activity towards 24-dehydrosterols.
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The DHCRY deficient mouse model used for these experiments retains some 7-
dehydrocholesterol reductase activity, which still allows a reduced rate of cholesterol synthesis.
In newborn affected mice the liver DHC/C ratio is about 0.3, but this drops rapidly during
suckling. There is a sharp increase after weaning, but then the ratio gradually diminishes with
ageing. Cholesterol levels at one year of life are normal and DHC levels are low [4]. The brain
DHC/C ratio is higher in newborns (about 1.0), but also decreases with age and eventually
approaches near normal values (0.01) [4].

The sterol synthesis of hair is very different from that of liver, the major source of serum
cholesterol. It was mentioned above that high concentrations of desmosterol in hair indicate
limited desmosterol reductase (DHCR24) activity at the site of hair sterol synthesis, but
DHCRY7 activity within this site is also much reduced compared to liver. This gives rise to high
hair DHC/C and DHD/D ratios which persist for many weeks, and even remain high when
determined for new-growth hair at 12—-14 weeks of age. It may be of clinical interest to measure
sterols in hair from SLOS patients to see if this medium contains 7 and 8DHC (and DHD) and
whether these may be useful for diagnosing the disorder, particularly in mild cases which have
borderline normal serum DHC/C ratios.

Recently there has been a renewed interest in cholesterol biosynthesis in skin and its regulation,
particularly in regards to the formation and influence of its precursors. Mirza et al [15,16] have
studied the Dhcr24 knockout mouse, created to study the human disorder desmosterolosis
[32]. They found that newborn pups with this enzyme deficiency had disordered epidermal and
skin follicle development and that the animals died soon after birth. The epidermis of these
animals had high concentrations of cholesterol precursors but essentially no cholesterol. Evers
and co-workers [17] investigated knockout mice for two regulatory proteins, Insig-1 and
Insig-2, which are regulatory proteins for cholesterol biosynthesis. These were tissue specific
knockouts, the epidermis being one of the mutant tissues. The animals exhibited a marked
defect in hair growth and other abnormalities and high levels of cholesterol precursors were
found in skin. The skin and hair abnormalities were completely reversed by topical statin
treatment. Skin cholesterol was plentiful in these animals so its deficiency could not be blamed
for the abnormalities. Evers and colleagues [17] concluded that one or more components of
the precursor sterols present in excess had toxicity to skin development. The mechanism by
which this occurs remains unknown, but interference of these compounds with the sonic
hedgehog (shh) signaling system certainly is a candidate [17,33]. It is known than sonic
hedgehog is involved in skin development [34,35]. These findings clearly have implications
to SLOS and the other cholesterol-biosynthetic-defect malformation syndromes. There is a
continuing debate as to whether its cholesterol deficiency or precursor toxicity that is causative
of the developmental phenotype.
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Figure 1.
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The post-squalene synthesis of cholesterol. Two synthesis pathways are shown, the Kandutsch-
Russel pathway at left and Bloch pathway at right. The sterols marked with an asterisk were
identified and measured in this study.
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Figure 2.

Breeding scheme for the generation of experimental animals. Original mutants with a mixed
genetic background (strain 129 from embryonic stem cells and strain C57BL/6 from cross
breeding) were made congenic in C57BL/6 by backcrossing. Due to an unexpected reduction
of mutant viability in the C57BL/6 background, the FVB/N strain was introduced to provide
viable mutants (A/T93M) and controls (+/T93M) with a mixed C57BL/6 and FVB/N
background.
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Figure 3.
Mass spectra of major sterols found in hair as TMS derivatives. Panel (A) desmosterol; (B)
7DHC; (C) lathosterol; (D) 7DHD; (E) cholest-7,24-dien-3p-ol and (F) lanosterol.
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Figure 4.

Segments of total-ion-current (TIC) chromatograms of sterols in hair (as TMS derivatives).
Panel 4A is of a 10 week old affected animal and 4B corresponds to a control animal from
same litter.
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Figure 5.

Segments of TIC chromatograms of skin sterols targeted to show minor sterols. The small
desmosterol peak was only found in this one control sample and no peaks were seen for 7DHD
or 5,24-cholestadien-3-ol. In the control animal, the peak marked by an asterisk with the
retention time of 7DHC was an unidentified dehydro-methylcholesterol, presumably of plant

origin.
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Ratios of sterol concentrations. Upper panel: hair and serum DHC/C ratios of affected animals
in two separate litters, initially studied at 3 and 12 weeks, respectively, then two to four weeks

later. Lower panel: hair DHD/D ratio.
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Figure 7.

Desmosterol in hair and skin. Histogram of cholesterol and desmosterol levels in skin: A) skin
concentrations in 7 week old mice (our studies), desmosterol concentration below limit of
detection; B) hair concentrations of cholesterol and desmosterol in 7 week old mice (our
studies). Panels C and D shows results reported by Evers et al [17]; panel C are skin
concentrations of cholesterol and desmosterol in control mice at two weeks of age, and panel
D skin concentrations at age six months in animals that had had topical statin treatment prior
to 2 weeks of age.
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