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Smith-Lemli-Opitz  syndrome (SLOS) is an autosomal
recessive disease initially caused by mutations in the DHCR7 gene
(OMIM# 602858); this gene encodes the penultimate enzyme in the
cholesterol biosynthetic pathway, 7-dehydrocholesterol reductase
(3B-hydroxysterol-A7-reductase; EC 1.3.1.21) [1,2]. Such mutations
give rise to a catalytically defective enzyme, resulting in an inefficient
conversion of 7-dehydrocholesterol (7DHC), the immediate
biogenic precursor of cholesterol, to cholesterol. This causes aberrant
accumulation of 7DHC (and, typically to a far lesser extent, its isomer,
8-dehydrocholesterol (8DHC)) and reduced levels of cholesterol
in bodily tissues and fluids [3]. [Notably, there are no reports of an
“all-or-none” effect, where cells or tissues from affected individuals
or unborn fetuses contain no detectable residual cholesterol. More
typically, the cholesterol levels are far below normal, while the
dehydrosterol precursors are the dominant sterol species present.]
The biological consequences of this biochemical defect, unlike many
other monogenic diseases, can vary dramatically, with the severity of
phenotypic abnormalities ranging from relatively mild to severe, even
including embryonic or early neonatal lethality [1]. SLOS is considered
a pediatric disorder, since the disease manifests in early childhood and
few affected individuals survive beyond the teenage years.

There has been considerable speculation over the years about exactly
why this congenital enzymatic defect could lead to such a profound
disease. One obvious culprit that has been widely considered is a lack
of sufficient cholesterol during early embryogenesis, particularly during
the formation of the nervous system [1,4]. However, this presupposes
that the level of total sterols is significantly less, particularly in nervous
tissue, than normal and that the biological function(s) of cholesterol
cannot be replaced adequately by the aberrant dehydrosterols that
accumulate in this disease. With regard to the first aspect, while blood
total sterol levels typically are far less than normal in SLOS patients,
as well as in animal models of the disease, this is not usually the case
for the brain or other tissues, e.g., when total sterols are normalized to
tissue wet weight [1-3]. However, there is little comparable information
available regarding human or animal embryos.

With regard to the second aspect, this begs the question: why not?
For the purposes of this brief editorial, and considering the topical
scope of this particular journal, I will restrict my remarks to the
chemistry of sterols and the role sterols play as structural components
of biological membranes. However, the reader should appreciate that
cholesterol serves many biological functions in addition to its role as a
membrane constituent, including as an obligatory precursor for steroid
hormones and bile acids, and as an essential covalent adduct requisite
for the biological activity of the hedgehog family of morphogens [5-7].

Cholesterol and its immediate biogenic precursor, 7DHC, are both
27-carbon, 3p-monohydroxy sterols, differing from one another by just
one double bond: 7DHC contains two double bonds, i.e., A5 (between
C5-C6 in ring B) and A7 (between C7-C8 in ring B) in the sterol
nucleus, whereas cholesterol has only one, the A5 double bond. On first
principles, despite a slight “pucker” in the otherwise planar fused sterol
ring structure, the extra double bond in 7DHC would not be expected to

represent a significant physical perturbation compared to the structure
of cholesterol. Indeed, both have comparable melting temperatures
(cholesterol, 148.5°C; 7DHC, 151-152°C) and densities (cholesterol,
1.07 g/cm? 7DHC, 1.00 g/cm®) [8]. Furthermore, studies employing
model membranes, e.g., Langmuir monolayer films composed of sterol-
glycerophospholipid mixtures spread on an aqueous interface, also
have shown that 7DHC and cholesterol exhibit very similar physical
properties, including film compressibility and molecular areas [9-11].

Sterols in biological membranes are not distributed uniformly;
rather, they tend to aggregate in “lipid rafts”: transient, highly-ordered
microdomains enriched in sterols and sphingolipids, compared
to the bulk phase, which are known to serve as platforms for signal
transduction [12,13]. So, the question arises: maybe 7DHC is not able
to form lipid rafts as well as does cholesterol? However, as independent
studies have clearly demonstrated, this is not the case; in fact, if
anything, 7DHC promotes lipid raft formation even slightly better
than does cholesterol [14-16]. A subsequent study by Kavarova et al.
[17], using mast cells derived from Dhcr7-knockout mice, suggested
that 7DHC might actually disrupt lipid raft organization and function.
It should be noted, however, that the latter is based upon interpretation
of the primary data; the authors did not directly measure lipid raft
lifetimes, nor do reciprocal experiments systematically removing and
then replacing the endogenous membrane sterols with exogenous,
highly purified 7DHC, in addition to the comparable experiments they
did perform using methyl-B-cyclodextrin and cholesterol. Also, 7DHC
represented, at most, about 30 mol% of total sterols in the Dhcr7-
knockout cells, and viability in culture over a 120-hour duration was
only modestly (ca. 7%) decreased, compared to wild type controls.
Hence, it’s not clear that the presence of 7DHC, per se, in the lipid raft
domains caused the observed effects. Tulenko and colleagues [18], using
skin fibroblasts from SLOS patients, showed that those cells contained
elevated 7DHC and reduced cholesterol levels (although total sterols
were only modestly reduced, and 7DHC was only about 20% of total),
as well as altered (reduced) membrane fluidity, and dramatically altered
ion permeability, enzymatic, and signal transduction capacities, relative
to normal control cells. They interpreted their results to signify that
“disturbance in membrane sterol content in SLOS, likely at the level
of membrane caveolae, directly contributes to the widespread tissue
abnormalities in this disease” [18]. However, additional changes in
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lipid composition other than sterols, which may have had a significant
impact on the measurements, were not assessed in either of those two
studies. This is important, since studies using the AY9944 rat model of
SLOS have demonstrated marked alterations in fatty acid composition
of whole retina and isolated rod outer segment membranes, particularly
a dramatic reduction in the mol% of their major fatty acyl constituent,
docosahexaenoic acid (DHA), with concomitant changes in membrane
fluidity [19,20]. A more recent study from Ren and colleagues [21],
again using skin fibroblasts from SLOS patients as well as model
membranes, has provided evidence suggesting that altered membrane
sterol composition can provoke associated protein changes in caveolae
that, in turn, can significantly impact caveolae-dependent signaling
(although the authors did point out that caveolar ultrastructure, per
se, was not altered, relative to controls). Again, no assessment of other
(non-sterol) lipid compositional changes was performed, and the
authors conceded that “additional cellular alterations beyond mere
changes associated with abnormal sterols in the membrane likely
contribute to the pathogenesis of SLOS” [21].

Studies on the chemistry of 7DHC have shown that it is potentially
the most highly oxidizable organic molecule known to date [22],
remarkably nearly seven times more so than DHA (which has six double
bonds, compared to 7DHC’s two). In fact, oxidation of 7DHC can give
rise to more than a dozen, chemically distinct oxysterol derivatives,
some of which are horrendously toxic to cells [23,24]. Such compounds
have been detected readily in cells, tissues, and biological fluids from
SLOS patients and from animal models of SLOS [25-29]. It is well known
that oxysterols, in general, do not integrate into membrane bilayers in a
manner comparable to that of cholesterol; in fact, they tend to disrupt
the packing order of the glycerophospholipids that constitute the bulk
phase of the bilayer [30,31]. Given these findings, it is possible that at
least some of the biological and biophysical effects observed in prior
investigations relevant to SLOS were due to in situ formation of 7DHC-
derived oxysterols. In fact, cytotoxic, 7DHC-derived oxysterols may
be key players underlying the pathobiology of SLOS [32,33]. Hence,
in addition to cholesterol supplementation or interventions that target
the aberrant formation and accumulation of 7DHC, which to date have
not been shown to be reliably or substantially efficacious in minimizing
SLOS-associated phenotypic or functional abnormalities (for a
review, see [1,34]), an improved therapeutic approach might include
antioxidants (in addition to cholesterol) to suppress the formation of
7DHC-derived oxysterols [32,33,35]. Such an approach is currently
ongoing in a limited clinical trial at Children’s Hospital Denver, and the
initial results are showing promise (R. Braverman and E. Elias, personal
communication).
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