
Cholesterol has long been known to function as both a
structural lipid and a precursor molecule for bile acid
and steroid hormone synthesis. In addition, this ubiq-
uitous lipid is now known to contribute fundamental-
ly to the development and function of the CNS and the
bones, and, as detailed in other articles in this Perspec-
tive series, it plays major roles in signal transduction,
sperm development, and embryonic morphogenesis.
Over the past decade, the identification of multiple
congenital anomaly/mental retardation syndromes
due to inborn errors of cholesterol synthesis has under-
scored the importance of cholesterol synthesis in nor-
mal development.

The prototypical example of a human malformation
syndrome that results from a defect in cholesterol syn-
thesis is the RSH/Smith-Lemli-Opitz syndrome
(SLOS). To date, five additional human syndromes
resulting from impaired cholesterol synthesis have
been described. These include desmosterolosis,
X-linked dominant chondrodysplasia punctata type 2
(CDPX2), CHILD syndrome (congenital hemidyspla-
sia with ichthyosiform erythroderma/nevus and limb
defects), Greenberg dysplasia, and, most recently,
Antley-Bixler syndrome. Natural mouse mutations
corresponding to CDPX2 (tattered) and CHILD syn-
drome (bare patches and striated) have been identified,
and mouse models corresponding to SLOS and lath-
osterolosis have been produced by gene disruption.
Identification of the biochemical defects present in
these disorders has given insight into the role that cho-
lesterol plays in normal embryonic development, has

provided the initial step in understanding the patho-
physiological processes underlying these malforma-
tion syndromes, and has given rise to treatment pro-
tocols for patients with SLOS.

Cholesterol is synthesized from lanosterol, the first
sterol in the cholesterol synthesis pathway, via a series
of enzymatic reactions shown in Figure 1. These
include the demethylation at C4α, C4β, and C14,
which converts the C30 molecule lanosterol to C27
cholesterol; isomerization of the ∆8(9) double bond to a
∆7 double bond; desaturation to form a ∆5 double
bond; and finally, reduction of ∆14, ∆24, and ∆7 double
bonds (Figure 1). Analyses of human and murine syn-
dromes resulting from cholesterol synthetic defects
have helped illuminate both the normal functions of
cholesterol and a range of normal and teratogenic
functions of the various precursor sterols that accu-
mulate in these disorders. Here, I consider the clinical,
molecular, biochemical, and developmental aspects of
these disorders, focusing on the five malformation syn-
dromes presented in Table 1.

Inborn errors of cholesterol metabolism
Smith-Lemli-Opitz syndrome. The Smith-Lemli-Opitz syn-
drome (SLOS; MIM no. 270400; see refs. 1–3 for
detailed reviews), the prototypical example of a human
malformation syndrome resulting from an inborn error
of cholesterol synthesis, was first described in 1964.
Smith, Lemli, and Opitz initially described three male
patients with similar facial features, mental retardation,
microcephaly, developmental delay, and hypospadias,
and they designated the novel disorder as the RSH syn-
drome, referring to the names of the first three patients.
In various populations, the clinical incidence of this
condition has been reported to range from 1 in 10,000
to 1 in 60,000, although SLOS is thought to be more
common in individuals of Northern European descent.

SLOS, along with a severe variant (type II SLOS, or
Rutledge lethal multiple congenital anomaly syndrome;
MIM no. 268670), is now known to represent a single,
clinically heterogeneous genetic disorder. Infants at the
severe end of the SLOS phenotypic spectrum often die
due to multiple major congenital anomalies. Converse-
ly, individuals at the mild end of the spectrum show
only minor physical stigmata, coupled with behavioral
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problems that can include aspects of autism (4) and self-
injurious behavior. Although near-normal intelligence
has been reported, moderate to severe mental retarda-
tion is typical. The classical SLOS face is distinctive (Fig-
ure 2, a–c): Typical craniofacial features include micro-
cephaly, metopic prominence, ptosis, a small upturned
nose, cleft palate, broad alveolar ridges, and microg-
nathia, with cataracts developing pre- or postnatally.
Limb abnormalities are frequent in SLOS, and syn-
dactyly of the second and third toes is the most frequent
single physical finding (Figure 2e). Because the SLOS
phenotypic spectrum is so broad, the presence of sec-
ond-third toe syndactyly in a child with significant men-
tal or behavioral problems should prompt considera-
tion of SLOS. Other limb anomalies include short and
proximally placed thumbs, single palmar creases, and
postaxial polydactyly of either the upper or lower
extremities (Figure 2d). Congenital heart defects are
common. Slow growth and poor weight gain are typical.
Most SLOS infants are poor feeders, and gastrostomy
tube placement is required in many cases. Gastroin-
testinal anomalies include colonic aganglionosis,
pyloric stenosis, and malrotation. Genital malforma-
tions are common in male patients. Hypospadius is a
typical finding, and more severely affected patients may
have ambiguous genitalia (Figure 2f).

In 1993, Irons and coworkers (5) reported decreased
serum levels of cholesterol and elevated levels of 
7-dehydrocholesterol (7-DHC) in two SLOS patients.
The conversion of 7-DHC to cholesterol, the last enzy-
matic reaction in the Kandutsch-Russel cholesterol
synthetic pathway, is catalyzed by the 3β-hydroxysterol
∆7-reductase (Figure 1). In 1998, three groups, includ-
ing ours (6), independently cloned the human 
3β-hydroxysterol ∆7-reductase gene (DHCR7), which
encodes this enzyme, and identified DHCR7 mutations
in SLOS patients. The DHCR7 protein is predicted to
be a 475–amino acid polypeptide integral membrane
protein with up to nine transmembrane domains. To
date, 79 SLOS disease alleles have been identified in
DHCR7, the most frequent of which is IVS8-1G→C
(32%). This splice acceptor mutation, which results in
the inclusion of 134 bp of intronic sequence in the
DHCR7 mRNA, is a null allele, and IVS8-1G→C
homozygotes typically have a severe phenotype. Other
relatively common alleles include T93M (9%), W151X
(7%), V326L (6%), R404C (5%), and R352W (3%). Estab-
lishing a genotype/phenotype correlation for SLOS has
been confounded by the large number of different alle-
les and the fact that most patients are compound het-
erozygotes. The observation that patients with the
same DHCR7 genotype may have markedly different
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Figure 1
Cholesterol synthesis pathway and human malforma-
tion syndromes. The sterol ring structure and carbon
position numbering are shown at the top of the figure.
Human malformation syndromes are in boldface type.
Cholesterol is synthesized from squalene in a series of
enzymatic reactions denoted by numbers: 1, squalene
monooxygenase and squalene cyclase; 2, lanosterol
14-α-demethylase; 3, 3β-hydroxysterol ∆14-reductase;
4, C4 demethylation complex (C4-sterol methyloxi-
dase, C4-sterol decarboxylase [NSDHL], and 3-ketore-
ductase); 5, 3β-hydroxysterol ∆8,∆7-isomerase; 6, lath-
osterol 5-desaturase; 7, 3β-hydroxysterol ∆7-reduct-
ase; 8, 3β-hydroxysterol ∆24-reductase.



phenotypic severity suggests that other genetic, devel-
opmental, or maternal factors, perhaps affecting cho-
lesterol biosynthesis or homeostasis, significantly
influence a given patient’s phenotype.

The IVS8-1G→C allele has been reported to have a
carrier frequency of 1.06% (16 in 1,503) in an Oregon
population (7). A 1% carrier frequency for the IVS8-
1G→C mutation predicts an IVS8-1G→C homozygos-
ity incidence of 1 in 40,000. Since the IVS8-1G→C
mutation accounts for a third of the ascertained
mutant DHCR7 alleles, this finding has been used to
predict carrier frequencies of 1 in 30 and disease inci-
dences on the order of 1 in 1,590 to 1 in 13,500 (7). This
predicted disease incidence is much higher than clini-
cal data would indicate, suggesting that a substantial
number of severely affected fetuses with two severe alle-
les may be lost prenatally. An alternative explanation,
that not all SLOS patients are currently being ascer-
tained, could be addressed in a newborn screening trial.
Indeed, given the availability of a therapeutic interven-
tion, such a screen should be considered.

The high carrier frequency of the IVS8-1G→C muta-
tion has led to speculation that heterozygotes are at a
competitive advantage. Decreased cardiac or throm-
boembolic disease has been proposed as a possible
advantage but seems unlikely, since these disorders
usually affect individuals after their reproductive years.
However, since many viruses rely on a membrane
fusion event to infect cells, it is plausible that the pres-
ence of low levels of 7-DHC in the plasma membrane
could protect the host from some viral diseases, a pos-
sibility that has yet to be tested in mouse models or
human cell lines. In addition, since 7-DHC in the skin
is the precursor for vitamin D synthesis, increased 7-
DHC levels in heterozygotes could be adaptive in a
Northern European population at risk of vitamin
D–deficient rickets.

Dietary cholesterol supplementation has been
attempted in SLOS, but the efficacy of this approach is
probably limited by inefficient cholesterol transport
across the blood-brain barrier and by the inability to
reverse prior developmental effects of cholesterol dep-
rivation. Biochemically, cholesterol supplementation
leads to an improved plasma cholesterol/total sterol
ratio, and prolonged therapy can even decrease plasma
7-DHC levels. Observational studies have reported mul-
tiple benefits of dietary cholesterol supplementation,
including improved nutrition and growth, improved

muscle tone and strength, decreased photosensitivity,
decreased irritability, decreased tactile defensiveness,
increased sociability and alertness, decreased self-inju-
rious behavior, and decreased aggressiveness. To date, a
controlled, blinded trial of dietary cholesterol supple-
mentation confirming these observations has not been
published. In a preliminary statement on one blinded
trial, Kelley (3) reported that he found no difference
between supplementation with 50 mg/kg/d and with
150 mg/kg/d. Since 50 mg/kg/d exceeds daily choles-
terol needs in children, the clinical effect may already be
maximal at this dose. Although dietary cholesterol sup-
plementation has no effect on fixed developmental mal-
formations, it does appear to improve the overall health
status of these patients and to lessen the behavioral
problems associated with this disorder.
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Table 1
Human malformation syndromes due to inborn errors of cholesterol synthesis

SLOS Desmosterolosis CDPX2 CHILD Greenberg dysplasia Antley-Bixler syndrome

Inheritance AR AR XLD XLD AR AR
Enzyme defect 3β-Hydroxysterol 3β-Hydroxysterol 3β-Hydroxysterol 3β-Hydroxysterol 3β-Hydroxysterol Lanosterol 14-

∆7-reductase ∆24-reductase ∆8∆7-isomerase 4-decarboxylase ∆14-reductase α-demethylase
Chromosomal location 11q12-13 1p31.1-p33 Xp11.22-11.23 Xq28 NR NR
Gene symbol DHCR7 DHCR24 EBP NSDHL NR NR
Mouse model Dhcr7–/– NR Td Bpa, Str NR NR

AR, autosomal recessive; XLD, X-Linked dominant; NR, not reported, Td, tattered; Bpa, bare patches; Str, striated.

Figure 2
Phenotypic features of SLOS. (a–c) Facial appearance including micro-
cephaly, ptosis, a small upturned nose, and micrognathia. (d) Hand mal-
formations including postaxial polydactyly and a short thumb. (e) Sec-
ond-third toe syndactyly. (f) Ambiguous genitalia in a 46, XY patient.



Other treatment modalities have been considered as
well. Bile acid supplementation has not shown a clear
benefit. Fresh frozen plasma, a source of lipoproteins
containing cholesterol, has been used for prenatal
therapy and appears to be efficacious in the acute
management of ill SLOS patients. Inhibition of HMG-
CoA reductase, the rate-limiting enzyme in cholesterol
synthesis, has been suggested as a means to reduce any
toxic effects of 7-DHC. However, in a teratogenic rat
model of SLOS, one inhibitor of this enzyme
decreased cholesterol levels without decreasing 7-DHC
levels (8). This animal study, combined with prior evi-
dence that these drugs can precipitate an acute meta-
bolic crisis in mevalonic aciduria patients and with
anecdotal reports of poor outcomes in SLOS patients
treated with HMG-CoA reductase inhibitors, led to the
concern that inhibition of endogenous cholesterol
synthesis in SLOS could be detrimental.

Nevertheless, one small trial of simvastatin therapy in
SLOS has been reported. Jira et al. (9) treated two SLOS
patients with simvastatin, and they reported decreased
dehydrocholesterol levels, improved serum dehydroc-
holesterol/cholesterol ratios in serum and cerebral
spinal fluid (CSF), and improved growth. Curiously,
they also observed a paradoxical increase in plasma
cholesterol levels. This surprising finding might be
explained by upregulation of the mutant DHCR7.
Because statins induce transcription of HMG-CoA
reductase and many genes involved in cholesterol syn-
thesis are coordinately regulated, simvastatin treat-
ment may well have induced the synthesis of the 
3β-hydroxysterol ∆7-reductase protein in these
patients. If a mutant allele encodes a protein with resid-
ual enzymatic function, such an increase in protein lev-
els could result in increased conversion of 7-DHC to
cholesterol. Conversely, simvastatin upregulation of a
null allele would clearly not increase the conversion of
7-DHC to cholesterol, but it could inhibit the endoge-
nous sterol synthesis. Since 7-DHC appears to substi-
tute for cholesterol in some cellular functions, the net
effect of this situation may be detrimental.

Defining the mechanism of action of the HMG-CoA
reductase inhibitors in SLOS will be important for safe-
ly designing a clinical trial. If upregulation of a partial-
ly functioning enzyme is the mechanism of the
observed effect, initial trials should be limited to
patients who can be demonstrated to have significant
residual enzymatic function. Since simvastatin crosses
the blood-brain barrier, it may directly affect the bio-
chemical defect in the CNS and thus, perhaps, the
behavioral phenotype of the disease.

Several pharmacological inhibitors of 3β-hydroxys-
terol ∆7-reductase have been used in studies of SLOS
teratogenesis (reviewed in ref. 10). However, these stud-
ies are confounded by the effects of these drugs on
maternal cholesterol synthesis and on other enzymes
involved in cholesterol biosynthesis. Wassif et al. (10)
produced a genetic mouse model of SLOS by disrup-
tion of Dhcr7. As found in human patients, Dhcr7–/–

pups have markedly reduced tissue cholesterol levels
and increased 7-DHC levels. Phenotypic overlap

between this mouse model and the human syndrome
includes intrauterine growth retardation; variable cran-
iofacial malformations, including cleft palate; poor
feeding with an abnormal suck; and neurological
abnormalities, including apparent hypotonia, apparent
weakness, and decreased movement.

Desmosterolosis. As shown in Figure 1, two major path-
ways of cholesterol synthesis operate in parallel. The
first uses 7-DHC as the immediate precursor of cho-
lesterol. In the second, the enzyme 3β-hydroxysterol
∆24-reductase reduces the ∆24 double bond in desmos-
terol to yield cholesterol. Desmosterolosis (MIM no.
602398; see refs. 3, 11 for extensive reviews), an auto-
somal recessive malformation syndrome resulting
from a deficiency of this enzyme, was the second
human malformation syndrome shown to arise from
an inborn error of cholesterol synthesis.

Since only two cases have been identified, the
desmosterolosis phenotype has yet to be fully delin-
eated. The initial patient, identified by Clayton et al.
(12), was an infant who died soon after birth. This
patient had macrocephaly, craniofacial malforma-
tions including cleft palate and a thick alveolar ridge,
a congenital heart malformation, hypoplastic lungs,
renal hypoplasia, ambiguous genitalia, short limbs,
and osteosclerosis. The second patient was a 4-year-
old male with marked developmental delay, micro-
cephaly, dysmorphic facial features, and limb malfor-
mations (13). Sterol analysis by liquid gas
chromatography-mass spectrometry (LGC-MS)
showed marked elevations of desmosterol in serum
and tissues from both of these patients.

The human 3β-hydroxysterol ∆24-reductase gene
(DHCR24), identified and cloned by Waterham et al.
(13), encodes a 516–amino acid polypeptide with one
predicted transmembrane domain. The first patient
had one missense mutation, Y471S, on one allele, and
two missense mutations, N294T and K306N, on the
second allele. The second patient was homozygous for
an E191K mutation. All four missense mutations inde-
pendently decreased DHCR24 activity, and the combi-
nation of N294T with K306N was more severe than
either mutation by itself.

X-linked dominant chondrodysplasia punctata type 2.
Chondrodysplasia punctata is a defect of endochon-
dral bone formation characterized by abnormal foci
of calcification in cartilaginous elements. In x-rays,
chondrodysplasia punctata appears as epiphyseal
stippling. X-linked dominant chondroplasia puncta-
ta type 2 (CDPX2, also known as Conradi-Hüner-
mann-Happle syndrome or Happle syndrome; MIM
no. 302960) was first delineated by Happle (14) in
1979. This X-linked dominant disorder is typically
lethal in hemizygous males. Heterozygous females
present at birth with generalized congenital ichthyosi-
form erythroderma, a scaly hyperkeratotic rash in lin-
ear and blotchy patterns following the lines of
Blaschko, consistent with the effects of X-inactiva-
tion. Older patients suffer from ichthyosis, atropho-
derma, layered splitting of the nails, trichorrhexis
nodosa, and patchy alopecia. Skeletal abnormalities
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include chondrodysplasia punctata, asymmetrical rhi-
zomelic limb shortening, scoliosis, and hexadactyly.
Craniofacial anomalies include an asymmetrical head
shape, due to unilateral hypoplasia, and a flat nasal
bridge. Asymmetrical and sectorial cataracts are
found in CDPX2. Like the distribution of the derma-
tological findings, the asymmetrical nature of the
craniofacial malformations and the cataracts is likely
due to differential X-inactivation.

Because chondrodysplasia punctata has been
described in SLOS, Kelley et al. (15) investigated the
possibility that abnormal sterol synthesis could cause
other genetic disorders with chondrodysplasia punc-
tata. This group identified five CDPX2 patients with
increased tissue 8-dehydrocholesterol and cholesta-
8(9)-en-3β-ol, consistent with a deficiency of 
3β-hydroxysterol ∆8,∆7-isomerase activity (Figure 1).
This enzyme was first identified as a high-affinity
emopamil-binding protein (EBP) (16), a putative
four–transmembrane domain integral membrane
protein of 230 amino acids. Mutations of the EBP
gene in CDPX2 patients, first reported by Derry et al.
(17) and Braverman et al. (18), include a preponder-
ance of presumed null alleles, suggesting that mild
missense alleles either are less penetrant or yield a dif-
ferent phenotypic presentation.

In the tattered mouse, a missense mutation (G107R)
of Ebp confers an X-linked male-lethality trait (17). Het-
erozygous females are growth-retarded and have a “tat-
tered” appearance due to hyperkeratotic patches of
alopecia. The hemizygous male phenotype includes
intrauterine growth retardation, micrognathia, short
limbs, retarded ossification, and intestinal agenesis.

CHILD syndrome. CHILD syndrome (MIM #
308050), an X-linked dominant disorder which con-
sists of congenital hemidysplasia with ichthyosiform
erythroderma/nevus and limb defects, overlaps both
phenotypically and genetically with CDPX2. This dis-
order is distinguished by the striking unilateral pres-
entation of ichthyosiform and inflammatory nevus in
heterozygous females, although contralateral skin
involvement can be present. In 1980, Happle et al. (19)
reviewed the CHILD phenotype in 20 cases and found
that ipsilateral limb defects range from phalangeal
hypoplasia to limb truncation, and ipsilateral skeletal
defects may include hypoplasia of the calvaria,
mandible, scapula, vertebrae, or ribs. Chondrodyspla-
sia punctata was noted in five of these 20 cases. Con-
genital heart disease has also been described, as well
as ipsilateral renal agenesis and lung hypoplasia.
Unlike CDPX2, cataracts are not reported in CHILD
syndrome, and the patient’s right side is more often
affected than the left. Defects in cholesterol synthesis
in patients with CHILD syndrome were simultane-
ously reported by two groups in 2000. König et al. (20)
reported mutations in the NADPH sterol dehydroge-
nase–like protein gene (NSDHL) in six patients, and
Grange et al. (21) reported mutation of the EBP gene
in a single patient. The NSDHL protein likely func-
tions in concert with a C4-sterol methyloxidase and a
3-ketoreductase to remove the C4 methyl groups of

4,4-dimethylcholesta-8(9)-en-3β-ol or 4,4-dimethylc-
holesta-8,24-dien-3β-ol to yield cholesta-8(9)-en-3β-
ol or zymosterol, respectively (22). This enzymatic
reaction immediately precedes the reaction catalyzed
by EBP (Figure 1).

Although the diagnosis of the patient with the EBP
mutation has been debated, CHILD syndrome as a clin-
ical diagnosis is distinguished by its predominantly uni-
lateral presentation. This presentation may reflect a dis-
turbance of laterality determination induced by the
presence of abnormal sterol metabolites. The function
of Hedgehog proteins is affected by abnormal sterol
metabolites, and both Sonic hedgehog (Shh) and Indian
hedgehog (Ihh) are involved in left-right axis determina-
tion (see ref. 23). Although an epigenetic effect of ran-
dom X-inactivation could lead to a unilateral presenta-
tion, this mechanism would not explain why all patients
with NSDHL mutations appear to present with CHILD
syndrome, whereas only some patients with EBP muta-
tions present with a CHILD phenotype. However,
because of the sequential nature of these two inborn
errors of cholesterol synthesis, the elevated 4,4-dimethyl-
cholesta-8-en-3β-ol and 4,4-dimethylcholesta-8,24-dien-
3β-ol levels that are characteristic of NSDHL mutations
could also occur as a result of mutations in EBP. A sterol-
induced effect on left-right axis determination, perhaps
specific to one of these metabolites, needs to be consid-
ered. Accumulation of different precursor sterols in
patients with NSDHL or EBP mutations may explain the
differences in the dermatological findings between these
two syndromes and the development of cataracts in
CDPX2 but not in CHILD syndrome.

Mutations of the Nsdhl are found in the bare patch-
es (Bpa) and striated (Str) mice. Bpa and Str are allelic
phenotypes with a hypomorphic presentation in Str.
Heterozygous Bpa females demonstrate growth retar-
dation and have patchy hyperkeratotic skin lesions,
short limbs, chondrodysplasia punctata, and asym-
metrical cataracts. The Bpa mutation is a preimplan-
tation lethal for hemizygous male embryos. Liu et al.
(24) showed that Bpa and Str mice carry mutations of
Nsdhl and sterol profiles consistent with impaired
Nsdhl function. The striking unilateral presentation
of CHILD syndrome is not observed in Bpa, Str, or tat-
tered (Td) mice (22).

Greenberg dysplasia. Greenberg dysplasia (MIM no.
215140), also called hydrops–ectopic calcific-
ation–moth-eaten skeletal dysplasia (HEM dyspla-
sia), is a rare autosomal recessive skeletal dysplasia
first described by Greenberg et al. (25). The pheno-
typic findings of this lethal disorder can include dys-
morphic facial features, hydrops fetalis, cystic hygro-
ma, incomplete lung lobation, pulmonary
hypoplasia, extramedullary hematopoiesis, intestin-
al malrotation, polydactyly, and very short limbs.
Radiological findings include a distinctive “moth-
eaten” appearance of the long bones, platyspondyly
with abnormal ossification centers, ectopic ossifica-
tion of both the ribs and the pelvis, and deficient
ossification of the skull. Histological characteriza-
tion showed marked disorganization of cartilage and
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bone, with absence of cartilage column formation,
nodular calcifications in cartilage, and islands of car-
tilage surrounded by bone.

Based on the observation that the ossification abnor-
malities found in HEM dysplasia are similar to the ossi-
fication abnormalities found in CDPX2, Kelley (3) ana-
lyzed sterols from cartilage obtained from four fetuses
with HEM dysplasia. He found increased levels of choles-
ta-8,14-dien-3β-ol and cholesta-8,14,24-trien-3β-ol, con-
sistent with a deficiency of 3β-hydroxysterol ∆14-reduc-
tase activity. To date, the genetic cause of HEM dysplasia
has not been identified.

Antley-Bixler syndrome. Antley-Bixler syndrome (MIM
no. 207410) is one of a large number of craniosynos-
tosis syndromes. Reviewing phenotypic findings in 22
cases, Bottero et al. (26) noted a variety of other mor-
phogenetic defects, including brachycephaly, propto-
sis, midface hypoplasia with choanal atresia or steno-
sis, dysplastic ears, radiohumeral synostosis, femoral
bowing, multiple joint contractures and long bone
fractures, as well as genital anomalies in most subjects,
and imperforate anus and congenital heart defects in
occasional cases.

Antley-Bixler syndrome appears to affect a heteroge-
nous group of patients with multiple genetic and ter-
atogenic etiologies. Mutations of the FGF receptor 2
gene (FGFR2) have been reported in a number of
patients with an Antley-Bixler–like phenotype (27).
Mutations of FGF receptor gene family members
(FGFR1, FGFR2, and FGFR3) are common in craniosyn-
ostosis syndromes. Reardon et al. (27) identified FGFR2
mutations in seven of sixteen Antley-Bixler patients and
described various abnormalities of steroid biogenesis in
a different subset of these patients. Although only one
of the patients exhibited both an abnormality in steroid
biogenesis and an FGFR2 mutation, this group has pro-
posed that some cases of Antley-Bixler syndrome might
be digenic in origin, with abnormal steroid biogenesis
or an alteration of the steroid environment potentiat-
ing the effects of a hypomorphic FGFR2 mutation.

Reardon et al. (27) also reviewed the role of flu-
conazole in the genesis of teratogenic cases of Antley-
Bixler syndrome. This synthetic triazole antifungal
agent appears to be a teratogen, causing a malforma-
tion syndrome with a phenotype similar to that of
Antley-Bixler syndrome. Fluconazole inhibits the
cytochrome P450 enzyme lanosterol 14-α-demethy-
lase, which demethylates lanosterol. Based on this
association with lanosterol 14-α-demethylase inhibi-
tion, Kelley et al. (28) hypothesized that autosomal
recessive cases of Antley-Bixler syndrome might be
due to a deficiency CYP51, which encodes this
enzyme, and they showed that lymphoblasts from one
Antley-Bixler patient who did not have a mutation of
FGFR2 exhibited markedly increased levels of lanos-
terol and dihydrolanosterol. While the subject stud-
ied appeared to be free of pathogenic mutations in
CYP51, these data support the idea that loss of lanos-
terol 14-α-demethylase activity during embryonic
development underlies at least some cases of autoso-
mal recessive Antley-Bixler syndrome.

Sterols in development
The identification of human and murine malforma-
tion syndromes due to inborn errors of cholesterol syn-
thesis has led to a better appreciation of the multiple
functions of sterols during development. To under-
stand the pathophysiological processes underlying the
various malformations and clinical problems found in
this group of malformation syndromes, one needs to
consider the consequences of both the loss of choles-
terol or its products and the teratogenic effects of accu-
mulating precursor sterols.

Because some cholesterol precursors are biological-
ly active, abnormally low or high concentrations of
specific sterols may have functional consequences.
For instance, 7-DHC is the precursor for vitamin D
synthesis. The B-ring of 7-DHC is photolyzed by
ultraviolet light to form cholecalciferol (vitamin D3).
Since serum vitamin D levels are elevated in patients
with SLOS (our unpublished data), calcium home-
ostasis may be altered. Likewise, although functions
for these metabolites have yet to be been determined,
both 7-DHC and 8-DHC are naturally present at high
concentrations in the rat epididymis (29). In addition,
4,4-dimethyl-5α-cholesta-8,24-dien-3β-ol and 4,4-
dimethyl-5α-cholesta-8,14,24-trien-3β-ol are meiosis-
activating sterols that have been shown to activate the
LXRα nuclear receptor (30). Altered gene regulation
by these nuclear receptor transcription factors could
clearly have profound consequences on development.
Another metabolite, desmosterol, is synthesized in the
CNS and accumulates just prior to the onset of myeli-
nation (31). It is not known whether this accumula-
tion of desmosterol is necessary for the normal myeli-
nation process or merely reflects limited DHCR24
activity in this tissue. Desmosterol is also a major
sterol in the testes and spermatozoa, and its concen-
tration in the flagella has led to the hypothesis that it
increases membrane fluidity to allow tail movement
in sperm motility (32). Thus, in addition to being a
precursor for cholesterol, desmosterol likely has inde-
pendent functions. It is likely that the accumulation
of bioactive cholesterol precursors contributes to the
developmental malformations found in the inborn
errors of cholesterol synthesis.

Low levels of cholesterol or the substitution of other
sterols for cholesterol may also have detrimental
effects during development. In particular, the accu-
mulation of 7- and 8-DHC in SLOS can give rise to
aberrant bile acids (33) and steroid hormones (34)
whose biological effects have not been defined. 7-DHC
itself may impair the function of proteins with sterol-
sensing domains, such as HMG-CoA reductase, the
Niemann-Pick type C protein (NPC1; see Maxfield and
Wüstner, this Perspective series, ref. 35), the sterol reg-
ulatory element binding protein cleavage–activating
protein (SCAP; ref. 36), and two proteins, Patched and
Dispatched, that participate in Hedgehog signaling
during development (see Jeong and McMahon, this
series, ref. 37). Fitzky et al. (38) have shown that 
7-DHC inhibits cholesterol synthesis by accelerating
the degradation of HMG-CoA reductase protein, and
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Wassif et al. (39) have shown that 7-DHC impairs LDL
cholesterol metabolism in a manner similar to that
seen in Neimann-Pick type C. 

In addition to its role as a precursor molecule, cho-
lesterol is a structural lipid in cellular membranes.
With their elevated 7-DHC levels, SLOS fibroblasts
are reported to have increased membrane fluidity
(40). Altered 7-DHC/cholesterol ratios may also affect
cellular interactions and morphology during devel-
opment (41), perhaps by perturbing signal transduc-
tion in lipid rafts, ordered lipid microenvironments
in the plasma membrane consisting of cholesterol
and sphingolipids (see Simons and Ehehalt, this Per-
spective series, ref. 42; and ref. 43). Indeed, incorpora-
tion of 7-DHC changes the structural properties of
lipid rafts (44) and may affect local protein structures
or interactions. The effects of other cholesterol syn-
thetic intermediates on the structural properties of
lipid rafts have not yet been thoroughly investigated
in vitro or in the various mouse models of cholesterol
biosynthesis disorders.

The requirement for cholesterol in the maturation of
the Hedgehog family morphogens has now been stud-
ied extensively in vertebrate and invertebrate systems
(see Jeong and McMahon, this Perspective series, ref.
37). There are three vertebrate Hedgehog family mem-
bers. Shh functions in the patterning of the neural
tube and the limbs, Ihh is important in endochondral
bone formation, and Desert hedgehog (Dhh) is neces-
sary for normal testicular development (23). In the
course of autocatalytic cleavage of the Hedgehog pro-
tein, a molecule of cholesterol is added covalently to
the protein’s amino-terminal signaling domain (45),
thus attaching these proteins to the plasma membrane
and altering the secretion and movement of these sig-
naling proteins during development (23). Disturbance
of Hedgehog signaling likely underlies some of the
developmental abnormalities found in the cholesterol
synthetic disorders. Shh signaling appears to be
impaired in SLOS, as well as in model systems treated
with inhibitors of postsqualene cholesterol biosyn-
thesis. Indeed, pharmacologic inhibition of 3β-hydrox-
ysterol ∆7-reductase activity is teratogenic, causing
holoprosencephaly, a phenotype seen in Shh–/– mouse
embryos and in individuals with either SHH muta-
tions (46) or severe SLOS (1, 41). The inhibitor AY9944
has been shown to perturb the normal expression of
Shh, as well as of the developmentally important tran-
scription factors Otx2 and Pax6 in the ventral neural
tube (47). Because Hedgehog and the Hedgehog recep-
tor complex of Patched and Smoothened localize to
lipid raft domains (48, 49), altered physiochemical
properties of lipid rafts incorporating sterols other
than cholesterol (44) may represent a mechanism by
which Hedgehog signaling could be impaired in the
cholesterol synthetic defects.

Common clinical findings in the various malforma-
tion syndromes that occur in inborn errors of choles-
terol synthesis include abnormalities of bone forma-
tion and limb patterning (11). Thus, rhizomesomelic
limbs have been reported in SLOS, desmosterolosis,

Greenberg dysplasia, and CDPX2. Postaxial poly-
dactyly is found in SLOS, CDPX2, and Greenberg dys-
plasia. Chondrodysplasia punctata has been reported
in SLOS, CDPX2, and CHILD syndrome. Other abnor-
malities, such as osteosclerosis in desmosterolosis,
limb aplasia in CHILD syndrome, and the dramatic
“moth-eaten” appearance of the skeleton in Greenberg
dysplasia, are unique to a given syndrome. Distur-
bance of SHH, which plays a major role in both proxi-
mal-distal and preaxial-postaxial patterning of the
limb, and of IHH, which is involved in the normal pro-
gression of cartilage to bone during endochondral
bone formation (23), likely underlies some of the
shared developmental abnormalities. However, the
unique aspects of some of the skeletal defects argue for
specific teratogenic effects of the various precursor
sterols during skeletal development.

Sterols in CNS function and disease
Sterols and sterol synthetic enzymes appear to play a
major role in CNS function. The mental retardation
and behavioral phenotype found in SLOS may be due
to developmental abnormalities, or to disturbance of
CNS function arising from a deficit of cholesterol in
this tissue, as suggested by the apparently beneficial
effect of dietary cholesterol supplementation on behav-
ioral aspects of this disorder. Understanding the patho-
physiological processes underlying the clinical prob-
lems found in the inborn errors of cholesterol synthesis
may offer insights into pathophysiological processes in
more common disorders of the CNS.

Epidemiological studies have suggested an associa-
tion between decreased serum cholesterol levels and
problems such as depression, suicide, and increased
impulsivity and aggression. It has been postulated that
decreased cholesterol levels contribute to the seroton-
ergic abnormalities found in these disorders (50).
Indeed, older children and adults with SLOS frequent-
ly have clinical depression (11), and both impulsivity
and aggression are part of the SLOS behavioral pheno-
type (4), consistent with impaired serotonergic func-
tion. Alternatively, the Hedgehog signaling pathway is
involved in the generation of serotonergic neurons in
the developing brain, so an abnormal sterol environ-
ment during development could disturb normal devel-
opment of this neuronal population. Further study of
existing mouse models of SLOS and the development
of viable hypomorphic mouse models will allow some
of these questions to be addressed.

Dietary cholesterol supplementation may also help
prevent the development of autistic behavior in SLOS.
In a retrospective study, Tierney et al. (4) found that the
age of initiation of dietary cholesterol supplementation
appeared to influence the development of autistic
behavioral characteristics. Of nine SLOS patients who
were started on dietary cholesterol supplementation
prior to 5 years of age, two (22%) met the Autism Diag-
nostic Interview-Revised (ADI-R) criteria for autism. In
contrast, seven of eight (88%) SLOS patients started on
dietary cholesterol supplementation after 5 years of 
age met these criteria. In a pilot study by Tierney and 
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Kelley (reported in ref. 3), cholesterol therapy reduced
the mean ADI-R social domain score of five 4- to 5-year-
old SLOS children from 18.2 ± 2.8 to 6.8 ± 1.8, where a
normal score is 0 and scores above 10 are judged to be
consistent with autism. Although SLOS patients likely
represent a small subset of patients with autism, the
characterization of this aspect of the SLOS behavioral
phenotype may provide broader insights into the roles
of sterols in the biology of autism.

The effect of dietary cholesterol supplementation
suggests that the behavioral phenotype of SLOS is, at
least in part, due to a biochemical disturbance, rather
than to irreversible developmental problems arising
during embryogenesis. Because the blood-brain barri-
er excludes significant transfer of dietary cholesterol to
the CNS, it may be that the beneficial effects are medi-
ated by neurosteroids, molecules that appear to modu-
late the activity of a number of neurotransmitter recep-
tors, including NMDA glutamate, GABAA, and
cholinergic receptors (51, 52). Analogs of preg-
nenolone, pregnanetriol, DHEA, and androstenediol
derived from 7-DHC have been identified (34, 53), but
it is not yet known whether any of these compounds
can either substitute for or antagonize the effects of
their normal, 7-hydroxy analogs.

The σ-receptors are a class of receptors thought to
mediate immunosuppressive, antipsychotic, and neu-
roprotective effects of a large number of drugs and
neurosteroids (51, 52, 54). Three σ-receptor family
members have been described, and at least two of these
may have role in cholesterol synthesis (54). At the
amino acid level, the guinea pig σ1-receptor is 30%
identical and 69% similar to the yeast ERG2 protein, a
sterol ∆8,∆7-isomerase involved in ergosterol synthesis.
ERG2 has a predicted secondary structure similar to
that of the σ1-receptor and binds numerous σ1 ligands.
Although the human gene product fails to comple-
ment ERG2 mutant yeast, the σ1-receptor may func-
tion as a sterol isomerase in mammalian neurons, as
suggested by Gibbs and Farb (51). Remarkably, the
mammalian 3β-hydroxysterol ∆8,∆7-isomerase protein
(first identified as a high-affinity EBP, as noted above)
is also a member of the σ-receptor family, although it
is structurally distinct from the σ1-receptor. This par-
allel is very intriguing and suggests that sterol iso-
merase function and σ-receptor function may be
somehow linked. A third member of the σ-receptor
family, σ2, has yet to be purified or cloned. It will be
interesting to determine whether this protein is struc-
turally related to a sterol isomerase or to other
enzymes in cholesterol synthesis.

Poor feeding, a major clinical problem encountered
in SLOS infants, is also observed in Dhcr7–/– pups (10).
These pups die during the first day of life due to an
abnormal suck and failure to feed. Neurophysiological
testing shows a decreased NMDA receptor response of
cortical neurons to glutamate stimulation. Given both
that pharmacological blockade of NMDA receptor
function in newborn mice impairs suckling and that
disruption of the NMDAε2 subunit gene results in an
uncoordinated suck similar to what we observe in

Dhcr7–/– newborns, we speculate that impaired NMDA
receptor function underlies the poor feeding and
abnormal suck observed in Dhcr7–/– pups. Impaired
NMDA function in the Dhcr7–/– mice could have sever-
al possible explanations. Decreased cholesterol synthe-
sis by glial cells could disrupt normal synaptogenesis
(55). Alternatively, the substitution of 7-DHC and 
7-dehydrodesmosterol for cholesterol and desmosterol,
respectively, could directly inhibit the NMDA receptor
or impair translocation of the receptor subunits to the
synaptosomal membrane. NMDA function could also
be impaired indirectly by an effect on neurosteroid
function, since NMDA glutamate receptor function is
increased by neurosteroids, and decreased cholesterol
levels might reduce the production of neurosteroids.
Increased 7-DHC levels might also inhibit neurosteroid
formation or lead to synthesis of an inhibitory analog.
The finding of decreased NMDA glutamate receptor
function in Dhcr7–/– cortical neurons may provide
insight into some of the neurological and feeding prob-
lems found in SLOS infants. Further characterization
of neurotransmitter function in these model systems
should help clarify the pathophysiological basis of the
behavioral and mental disturbances found in this
human syndrome and may suggest therapies to ame-
liorate these problems.

One other link that has been proposed between cho-
lesterol and neurological dysfunction concerns
Alzheimer disease (AD). This link was suggested in
part by epidemiological data showing that elevated
serum cholesterol levels are a risk factor for later devel-
opment of AD. In addition, animal studies indicate
that dietary cholesterol supplementation causes 
β-amyloid accumulation, that diet-induced hypercho-
lesterolemia can accelerate the development of AD-like
pathology, and that cholesterol levels may directly
affect the activity of β- and γ-secretases, processing
enzymes that act on the amyloid precursor protein
(reviewed in ref. 56; see also Simons, this Perspective
series, ref. 42). Further evidence comes from genetic
associations of APOE, which encodes a lipoprotein
involved in cholesterol transport in the brain, since
carriers of the ε4 allele of this gene are at markedly
increased risk of developing AD (57). Also consistent
with either a primary or a secondary disturbance of
CNS cholesterol homeostasis in these patients, levels
of 24S-hydroxycholesterol, which plays a major role in
CNS cholesterol homeostasis, are elevated in the cere-
brospinal fluid of AD patients (58). Recent epidemio-
logical studies have shown that the prevalence of AD
is decreased in patients on HMG-CoA inhibitors (59).
Fassbender et al. (60), likewise, have recently reported
that that simvastatin reduces β-amyloid peptide accu-
mulation in vitro and in vivo.

A number of observations link AD to inborn errors of
cholesterol synthesis. First, the 3β-hydroxysterol 
∆7-reductase inhibitor BM15.766, which has been used
to produce teratogenic SLOS rodent models, reduces
plaque formation in a transgenic mouse model of AD
(61). Since the number of adult patients with SLOS is
small, and no pathological analysis has been reported

722 The Journal of Clinical Investigation | September 2002 | Volume 110 | Number 6



from older patients, it is not known whether SLOS
patients or DHCR7 heterozygotes are at increased or
decreased risk for AD. Second, DHCR24 is identical to
a previously identified gene named seladin-1 (selective
Alzheimer disease indicator 1), whose expression is
decreased in neurons from patients with AD. When
overexpressed in cell culture, this gene product appears
to have a protective effect against β-amyloid toxicity
(62). Sterol profiles, including that of desmosterol,
have not been well characterized in AD, but the recog-
nition that seladin-1 is an enzyme involved in choles-
terol synthesis suggests that desmosterol or other 
∆24-sterols contribute to the pathogenesis of AD.

Summary
The inborn errors of cholesterol synthesis are an inter-
esting group of human malformation syndromes for
both basic and clinical science. Cholesterol and pre-
cursor sterols are essential for many normal cellular
and developmental processes. The importance of
sterols in normal embryonic development has been
underscored by the discovery that inborn errors of
cholesterol synthesis cause human and murine mal-
formation syndromes. Defining the clinical problems
found in this group of disorders and studying the
developmental perturbations caused by inborn errors
of cholesterol synthesis continues to yield insights
into the function of cholesterol and its precursors dur-
ing normal development and to suggest potential ther-
apeutic interventions.
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