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The function of cholesterol
in embryogenesis
George Wolf

Department of Nutritional Sciences, University of California, Berkeley, CA USA

Cholesterol is critical in embryonic development. Inhibition of cholesterol synthesis in experimental animals has
caused a birth defect called holoprosencephaly (HPE), which is evidenced by cyclopia (one eye in the middle of
the face), monorhinia (protruding single nose above the eye), absence of the pituitary gland, and central nervous
system (CNS) abnormalities. In humans, an inherited defect in the cholesterol-synthesizing enzyme 7-dehydro-
cholesterol reductase depletes cholesterol and results in human HPE, termed Smith-Lemli-Opitz syndrome. In its
most severe form, the syndrome leads to cyclopia, monorhinia, and lack of separation of cerebral hemispheres.
The cause of the syndrome is a defect in a protein coded by the geneSonic hedgehog(SHH). The protein SHH
is expressed in the notochord of the CNS in the early embryo and is activated by being cleaved autocatalytically,
with simultaneous covalent attachment of cholesterol to the N-terminal fragment, which is secreted by cells of the
mesoderm layer, signaling the establishment of the neural midline cells. Thus, cholesterol is essential for proper
signaling in the development of the normal embryo.(J. Nutr. Biochem. 10:188–192, 1999)© Elsevier Science
Inc. 1999. All rights reserved.
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Introduction

A high level of serum cholesterol is a high risk factor in
cardiovascular disease.1 Dietary intervention can reduce
plasma cholesterol. If this method fails, drugs can lower
cholesterol levels, generally by suppressing cholesterol
synthesis. The commonest drugs are those that inhibit the
enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase (e.g., Mevinolin, Pravachol). Others are
inhibitors of 7-dehydrocholesterol reductase (e.g., AY9944,
BM15.766). Both enzymes are on the pathway of choles-
terol synthesis. Another drug, triparanol, inhibits the con-
version of desmosterol to cholesterol.

Cholesterol and teratogenesis

As long ago as 1964, Roux and coworkers2,3 discovered that
the cholesterol synthesis inhibitory drugs AY9944 and

triparanol, when given to rats early in pregnancy (second,
third, or fourth day of gestation), caused fetal abnormalities,
with varying degrees of severity: The most severe cases
(25%) demonstrated cyclopia (one eye in the middle of the
face) and monorhinia (protruding single nasal structure
situated above the eye). Almost 100% of cases lacked the
pituitary gland and displayed brain abnormalities that were
detected histologically. This syndrome is called holoprosen-
cephaly (HPE). Roux4 could prevent HPE completely by
feeding the animals high doses of cholesterol simulta-
neously with AY9944. In further support of the hypothesis
that hypocholesterolemia was the cause of the teratogenesis
of the drug, Roux et al.5 compared the effect on the action
of AY9944 of a hypercholestrolemic diet (33% lard plus 2%
cholesterol) with that of a normal diet (4% vegetable oil) fed
for 3 weeks before conception and throughout gestation:
The hypercholesterolemic diet completely prevented induc-
tion of HPE by the drug. In a later study, Roux et al.6 found
that the frequency of malformations in fetuses of rats
correlated with maternal plasma levels of cholesterol, which
was an expected result because 60 to 70% of embryo
cholesterol is derived from the mother.7 The incidence of
malformations was correlated positively to the dose of
AY9944. Cholesterol precursors, mainly 7-dehydrocholes-
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terol, accumulated.8 In the laboratory of Roux, Barbu et al.9

studied the prevention of HPE by feeding cholesterol
simultaneously with or after AY9944 administration. When
cholesterol was given simultaneously with the drug, preven-
tion was 100%; when given 2 days later, malformations
were seen in 7 to 10% of fetuses and were higher (20%)
with higher doses of AY9944.

In an extensive study of HPE in the fetuses of rats, Salen
et al.10 fed the dams the 7-dehydrocholesterol reductase
inhibitor BM15.76611. Plasma cholesterol levels dropped
67% and 7-dehydrocholesterol concentration rose from
almost zero to 17 mg/dL. When these dams were dosed with
cholesterol, their plasma cholesterol levels rose 3.7-fold and
7-dehydrocholesterol declined by 88%. In similar experi-
ments, Dehart et al.11 described the midline facial abnor-
malities that appeared in embryos on gestational day 12 and
the neural defects of the cell populations of the forebrain,
lower midbrain, and hind brain in HPE as a result of
stomach-tube administration of BM15.7661 to the preg-
nant rats.

The occurrence of craniofacial malformations in lambs
newborn to ewes feeding on the range plantVeratrum
californicum (corn lily) in the western states of the United
States, led to the identification in these plants of two
steroidal alkaloids that had structures resembling cholester-
ol.12 These compounds—jervine and cyclopamine—pro-
duce malformations in lambs that closely resemble HPE,
with craniofacial abnormalities of varying degrees of sever-
ity. The most severely affected lamb displayed a single
median eye (cyclopia), a nose consisting of a tubular
proboscis above the eye, and a brain severely reduced in
size with a collapsed cortex. Beachy et al.13 found that,
when treated with jervine, COS-7 cells in culture metabol-
ically labeled by3H-mevalonic acid synthesized much less
labeled cholesterol and instead increased levels of labeled
zymosterol. Other compounds structurally resembling cho-
lesterol, which were isolated from potato sprouts, were
found to be teratogenic, inducing craniofacial abnormalities
in fetuses of Syrian hamsters.14 These compounds were the
steroidal alkaloidsa-solanine anda-chaconine. It is possi-
ble that these plant toxins inhibit cholesterol synthesis
because of their structural similarity to cholesterol: They
may compete with cholesterol for covalent binding to
protein (see below).

Not only can inhibition of cholesterol synthesis cause
HPE, but inhibition of the transport of cholesterol into
embryonic cells also can cause HPE. A family of receptors
for low-density lipoprotein (LDL), called megalin, is ex-
pressed in embryonic neuroectoderm, among other tissues.
These receptors take up LDL-bound cholesterol into
cells. Mouse embryos deficient in megalin suffer from
HPE, presumably because of a defect in the supply of
cholesterol.15

Other inhibitors of cholesterol synthesis (e.g., drugs such
as Pravacol or Mevinolin) that inhibit the synthesis of
mevalonate, an early compound on the pathway from
acetate to cholesterol, also produced fetal abnormalities in
rats.16 These can be prevented by the administration of
mevalonate to the mother. However, these malformations
were of an entirely different nature from HPE and could not
be prevented by cholesterol supplementation. Newer cho-

lesterol-lowering drugs such as Atorvastatin, another HMG-
CoA reductase inhibitor, produced no fetal defects in either
rats or rabbits.17

Smith-Lemli-Opitz syndrome

A birth defect first described by Smith, Lemli, and Opitz in
1964,18 termed Smith-Lemli-Opitz syndrome (SLOS), is an
inherited autosomal recessive disorder, with normal het-
erozygotes.19 The clinical phenotype, HPE, appears in
approximately 1 in 20,000 births. An estimated 1 to 2% of
the North American caucasian population carries the gene.20

The disorder presents with craniofacial abnormalities: mi-
crocephaly, anteverted nares, cleft palate, and micrognathia.
In some cases, incomplete development and septation of
midline structures of the central nervous system (CNS),
limb and urogenital abnormalities, and heart defects may be
present. HPE in SLOS can occur with widely differing
clinical severity. Kelley et al.21 described the most severe
form (usually stillborn), as alobar HPE, with cyclopia, a
primitive nasal structure above the eye (proboscis) and lack
of separation of the cerebral hemispheres; intermediate HPE
is described as semilobar, with partial separation of the
hemispheres; the least severe form presents as microforms,
with microcephaly, midfacial clefting, and median cleft lip.
Thus, the clinical phenotype corresponds closely to HPE
described in animals dosed with cholesterol synthesis inhib-
itors.6 Indeed, some (but not all) SLOS homozygotes show
an inherited deficiency of the enzyme 7-dehydrocholesterol
reductase,10 which results in low levels of plasma choles-
terol and accumulation of the cholesterol precursor 7-dehy-
drocholesterol. Tint et al.22 reported that in 33 SLOS
patients, plasma cholesterol concentrations were very low
(below the fifth percentile for age- and gender-matched
control children). 7-Dehydrocholesterol levels in plasma
had risen several thousand-fold. There was an inverse
correlation between plasma concentration of cholesterol and
the number of malformations.23 In a subsequent report, Tint
et al.24 observed that, although total tissue sterol concentra-
tion in a homozygous fetus was comparable to that of
normal matched fetuses, tissue cholesterol concentrations
were approximately1⁄10 to 1⁄20 of normal. Cerebral cortex
cholesterol concentrations were 2.2 mg/g in normal fetuses
(20 weeks’ gestation) versus 0.09 mg/g in the homozygote.
7-Dehydrocholesterol, which was undetectable in tissues of
normal fetuses, rose so much in the homozygote that total
tissue sterol concentrations were nearly normal. These
authors24 concluded that the malformations were a result of
not only low maternal plasma cholesterol but, because of the
low tissue cholesterol, defective local tissue cholesterol
synthesis in the fetuses also must have been responsible for
the SLOS.

Shefer et al.25 developed a method for rapid identifica-
tion of SLOS caused by an inherited defect in the enzyme
7-dehydrocholesterol reductase, both for heterozygotes and
homozygotes. Fibroblasts from SLOS heterozygotes, ho-
mozygotes, and normal subjects were grown in cholesterol-
depleted medium. 7-Dehydrocholesterol reductase activity
was lower in both heterozygotes and homozygotes com-
pared with that from normal control subjects. Homozygotes
showed a 30-fold increase in fibroblast 7-dehydrocholes-
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terol, whereas heterozygotes displayed no such accumula-
tion. By this comparison, SLOS homozygotes and heterozy-
gotes can both be diagnosed.

The Sonic hedgehoggene

Because cholesterol is a precursor of steroids and because
steroids are involved in embryogenesis, investigators pro-
posed that HPE caused by cholesterol synthesis inhibitors or
by a mutated cholesterol synthesis gene that produced low
levels of cholesterol gave rise to “sterol perturbations”9 and
thus to defective embryogenesis. However, a quite unex-
pected finding shifted the focus to a gene that controlled
embryonic development at a deeper level. The gene in
question, termedhedgehog(hh), was first described by
Nusslein-Volhard and Wieschaus26 as a gene that was
required to establish local polarity with respect to the
anterior-posterior axis in each segment in developing Dro-
sophila larvae. The gene was characterized and sequenced
by Lee et al.27 The formation of the segments’ anterior
boundary depends on expression of thewingless(wg) gene,
and of the posterior boundary, on expression of theen-
grailed (en) gene. In order for thewg anden genes to be
continually expressed during embryogenesis,hh also must
be expressed. If the gene product, the Hh protein, does not
function, defective patterning results. The character of Hh
was that of a secreted protein involved in localized extra-
cellular signaling.

In a later paper, Lee et al.28 reported that the Hh protein
was cleaved internally by an autocatalytic proteolysis. The
amino acid sequence of the Hh protein harbored a seven-
residue sequence with similarities to serine proteases, with
a histidine residue that acted as a base catalyst. Induced
mutations in the N-terminal domain had no effect on the
cleavage reaction, whereas mutations in the C-terminal
domain of Hh prevented cleavage, suggesting that the C
domain was the catalyst in the cleaving proteolysis. Func-
tionally, to maintain the expression of thewg gene, the C
domain mutations rendered Hh inactive. Therefore, auto-
proteolysis was deemed essential for function, suggesting
that the N fragment, which was cell associated, was the
active signal. By studying the patterning of larval structures
of Drosophila, studies28,29found that Hh directs morphoge-
netic patterning by induction of expression of other down-
stream genes.

In a later work,29 the Beachy group obtained the purified
Hh protein by means of expressing thehh gene in bacteria.
Cleavage of Hh within Drosophila cells resulted in a 25-kDa
C-terminal fragment and a 19-kDa N-terminal fragment,30

the split being between glycine 257 and cysteine 258. The
group tested the phenotypic expression by transgenic Dro-
sophila embryos expressing the N domain alone, the C
domain alone, or the complete Hh protein with cysteine
replaced by methionine. These experiments proved that the
C domain was the determinant of autocatalytic cleavage and
that the N domain was the active signaling portion of Hh,
but only if derived fromnativeHh by cleavage; a truncated
artificially constructed N domain (Hh-N) exhibited abnor-
mal distribution. This result suggested that some alteration
to the N domain had occurred during cleavage.

In further experiments, the Beachy group30 explored the

autoproteolysis of Hh and the consequent spatial patterning
in Drosophila. They used the GAL4 transcriptional activator
from yeast, which was controlled by theen gene promoter
expressing the full-lengthhh gene or the upstream activat-
ing sequence with the truncatedhh-N gene. Transgenic flies
that expressed these constructs were generated. Homozy-
gotes were mated and the resulting embryos were analyzed
for their phenotypes: Full-lengthhh constructs showed
localized expression of Hh protein and normal phenotype.
The flies with thehh-N construct exhibited multiple defects,
including hh-N defective cuticle and embryo death.

With cultured Drosophila cells (S2),30 immunofluores-
cence in cells expressing full-lengthhh showed cell-surface
localization of Hh-N protein, whereas expression ofhh-N
resulted in diffuse distribution of the protein. The conclu-
sion was that the Hh-N domain formed from expression of
full-length hh construct was distinct from that formed from
the hh-N construct. The investigators30 termed the protein
formed by autoprocessing from full-length Hh Hh-Np; the
truncated protein expressed by thehh-N gene construct was
termed Hh-N. Hh-Np was more hydrophobic upon electro-
phoresis and during solvent extraction than was Hh-N. Mass
spectrometry revealed an extra mass of approximately 400
daltons linked covalently to the C terminal of Hh-Np.

The Hh protein could be cleaved in vitro nonenzymati-
cally by dithiothreitol (DTT). The split was between Gly
257 and Cys 258; thus: Hh3Hh-C 1 Hh-N. The investi-
gators30 proposed that Cys 258 attacks Gly 257, forming a
thioester intermediate (Figure 1). This then could be
cleaved by a nucleophile such as DTT. However, the

Figure 1 Diagrammatic representation of autoprocessing and protein
self-splicing of the Hedgehog protein. (Adapted from Beachy et al.,13

with permission.)
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nucleophilic attack also could be by a hydrophobic mole-
cule, forming a hydrophobic adduct with formation of
Hh-Np. Indeed, when the in vitro reaction was carried out in
the presence of microsomes, the hydrophobic Hh-Np was
obtained instead of Hh-N.

The Beachy laboratory went on to establish that the
nucleophilic adduct to Hh-N was cholesterol.31 When they
added bulk lipid from Drosophila S2 cultured cells to Hh in
the presence of low concentrations of DTT, Hh-Np was
obtained. Fractionation of the bulk lipid and test of the
fractions resulted in identification of cholesterol as the
adduct. Autoprocessing of Hh with pure cholesterol also
formed Hh-Np, and3H-cholesterol formed3H-Hh-Np. The
covalent linking of the cholesterol was demonstrated by
base hydrolysis of Hh-Np, which yielded Hh-N.

Thus, the Beachy laboratory has established the mecha-
nism whereby a cell-to-cell signaling protein is formed in
early embryogenesis. To recapitulate, a two-step process
occurs: (1) the SH of Cys 258 within the Hh protein attacks
the carbonyl of the neighboring peptide bond of Gly 257
and produces a thioester intermediate (Figure 1); (2) the
same carbonyl is then attacked by cholesterol, which results
in cleavage, with formation of the cholesteryl ester Hh-Np
and the Hh-C peptide (Figure 1). The process was shown to
be intramolecular, because its rate was independent of the
concentration of the Hh protein. The Hh-Np is secreted from
the cell and tethered to cell surfaces by the hydrophobic
cholesterol moiety, thus limiting its spatial distribution and
increasing its local concentration.

An important discovery by Echelard et al.32 demon-
strated the occurrence of a gene in vertebrates, calledSonic
hedgehog(Shh) that is closely related to the insecthh gene.
The authors showed that it was expressed in the notochord,
the floorplate, and the zone of polarizing activity of the CNS
of the early mouse embryo. It was a controlling factor in the
regulation of CNS polarity. The Shh protein signal is
secreted by cells of the mesoderm layer of CNS to establish
midline identity of the overlying neural plate. The neural
midline cells then give rise to ventral brain, floor plate, and
motor neurons.33 Mutations in Shh result in defective
midline structures.

The Shh gene has since been isolated from tissues of
many species, including frog, fish, chicken, mouse, rat, and
human.34 Chiang et al.34 experimented with mice carrying a
transfectedShhconstruct to study the direct role ofShh in
vertebrate embryonic patterning. They constructed a vector
with deletions that caused the loss of 97 of the 198 residues
of the N-terminal domain of Shh protein and, by inserting it
into their embryonic stem cells, created mice homozygous
for the disrupted gene. Heterozygous mice were normal;
homozygous mice bore embryos that died at or just before
birth. The mutant embryos showed defects in the future
forebrain, smaller brains, absence of lateral eyes, extreme
abnormalities in craniofacial structures, and defects in heart,
lung, kidney, foregut, and skeleton. The authors34 showed
that, though a normal notochord was formed in the mutant
embryos, floorplate cells and motor neurons of the embry-
onic CNS were not induced by the notochord. They suggest
that the autocrine secretion of Shh protein represents a
maintenance function for the notochord. Chiang et al.34

concluded that the expression ofShh in prechordal plate

mesoderm is the “signal to establish the ventral midline of
the brain and eye field.” Thus, the phenotype of theShh2/2

mice closely resembles SLOS and mouse HPE.
The report of Chiang et al.34 was quickly followed by the

discovery of a mutation in the human homologue of theShh
gene by Roessler et al.35 The locus known as HPE3, located
on chromosome 7q36 in humans, had been known to be
linked to the human genetic defect of HPE.36 The human
gene (calledSHH) is one of three genes homologous to
Drosophilahh. Roessler et al.35 pinpointed the mutation in
30 autosomal dominant HPE families, with defined defects
in the SHH protein. This protein normally is cleaved in the
early embryo, with cholesterol required for the cleavage
reaction, which is bound covalently to the mature signaling
peptide. Any events that prevent or retard this process could
give rise to HPE malformations: a defective enzyme in
cholesterol synthesis (7-dehydrocholesterol reductase), ad-
ministration of drugs that limit the supply of cholesterol
(e.g., AY9944), or a mutation in the gene for the signaling
protein itself (SHH).

A question that arises is the following: What is the
downstream recipient of the SHH signal? At least in
Drosophila, the protein expressed by a gene namedPatched
(ptc) is the receptor for the Hh protein. Ptc is a negative
regulator, the activity of which is inhibited by Hh binding.
Only after Hh binding can Ptc signal downstream. The large
number of genes on the pathway of Ptc signaling was
discussed by Tabin and McMahon.37 Recent work by the
Beachy group found a new role for cholesterol in Shh
signaling, possibly involving the Ptc protein.38 Using chick
embryo explants known to respond to added recombinant
Shh, these authors38 showed that some of the teratogens that
block cholesterol synthesis (e.g., jervine, AY9944) inhibited
the normal signaling response of the embryonic tissue even
in presence of purified Shh protein. Therefore, the terato-
gens must function by some mechanism that inhibits not
only cholesterol synthesis, but also the response of the
embryonic target tissues to Shh signaling. Cooper et al.38

speculate that these cholesterol-synthesis inhibiting terato-
gens function by acting through the sterol-sensing domain
of the Ptc protein, thereby influencing the response to the
Shh signal. This process would represent a second role for
cholesterol in embryogenesis, possibly more important than
the activation of Shh by cholesterol attachment.

Summary

In summary, cholesterol is involved in three different, but
related, ways whereby birth defects are produced. The first
is by drugs that inhibit cholesterol synthesis; the second is
by a genetic, heritable defect in the enzyme that synthesizes
cholesterol. In both cases the level of cholesterol that is
available to the cells of the early embryo is lowered at a
critical period of development of the CNS. Both processes
converge on a signaling protein SHH, which is secreted by
the cells of the prechordal mesoderm and requires co-
valently-bound cholesterol for its formation. Therefore, the
third way is in a mutation of the SHH protein itself.
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