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Insig-1 and Insig-2 are regulatory proteins that restrict the cholesterol biosynthetic pathway by preventing proteolytic
activation of SREBPs and by enhancing degradation of HMG-CoA reductase. Here, we created /nsig—double-knockout
(Insig-DKO) mice that are homozygous for null mutations in/nsig-1 and Insig-2. After 18.5 days of development, 96% of
Insig-DKO embryos had defects in midline facial development, ranging from cleft palate (52%) to complete cleft face
(44%). Middle and inner ear structures were abnormal, but teeth and skeletons were normal. The animals were lethargic
and runted; they died within 1 day of birth. The livers and heads of Insig-DKO embryos overproduced sterols, causing a
marked buildup of sterol intermediates. Treatment of pregnant mice with the HMG-CoA reductase inhibitor lovastatin
reduced sterol synthesis in Insig-DKO embryos and reduced the pre-cholesterol intermediates. This treatment
ameliorated the clefting syndrome so that 54% of Insig-DKO mice had normal faces, and only 7% had cleft faces. We
conclude that buildup of pre-cholesterol sterol intermediates interferes with midline fusion of facial structures in mice.
These findings have implications for the pathogenesis of the cleft palate component of Smith-Lemli-Opitz syndrome and
other human malformation syndromes in which mutations in enzymes catalyzing steps in cholesterol biosynthesis
produce a buildup of sterol intermediates.

Find the latest version:

https://jci.me/28988/pdf



http://www.jci.org
http://www.jci.org/116/9?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI28988
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/19?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/28988/pdf
https://jci.me/28988/pdf?utm_content=qrcode

L~
Related Commentary, page 2322

Research article

Severe facial clefting in Insig-deficient
mouse embryos caused by sterol
accumulation and reversed by lovastatin

Luke J. Engelking,!’ Bret M. Evers,!' James A. Richardson,?
Joseph L. Goldstein," Michael S. Brown,!' and Guosheng Liang'

"Department of Molecular Genetics and 2Department of Pathology, University of Texas Southwestern Medical Center, Dallas, Texas, USA.

Insig-1 and Insig-2 are regulatory proteins that restrict the cholesterol biosynthetic pathway by preventing
proteolytic activation of SREBPs and by enhancing degradation of HMG-CoA reductase. Here, we created
Insig-double-knockout (Insig-DKO) mice that are homozygous for null mutations in Insig-1 and Insig-2. After
18.5 days of development, 96% of Insig-DKO embryos had defects in midline facial development, ranging
from cleft palate (52%) to complete cleft face (44%). Middle and inner ear structures were abnormal, but teeth
and skeletons were normal. The animals were lethargic and runted; they died within 1 day of birth. The livers
and heads of Insig-DKO embryos overproduced sterols, causing a marked buildup of sterol intermediates.
Treatment of pregnant mice with the HMG-CoA reductase inhibitor lovastatin reduced sterol synthesis in
Insig-DKO embryos and reduced the pre-cholesterol intermediates. This treatment ameliorated the clefting
syndrome so that 54% of Insig-DKO mice had normal faces, and only 7% had cleft faces. We conclude that
buildup of pre-cholesterol sterol intermediates interferes with midline fusion of facial structures in mice.
These findings have implications for the pathogenesis of the cleft palate component of Smith-Lemli-Opitz
syndrome and other human malformation syndromes in which mutations in enzymes catalyzing steps in

cholesterol biosynthesis produce a buildup of sterol intermediates.

Introduction

The cholesterol biosynthetic pathway plays an essential role in
mammalian development. At least 8 human malformation syn-
dromes are caused by inherited enzyme defects in this pathway
(1-4). Five of these human defects have mouse counterparts that
arose through random mutagenesis or were generated by targeted
recombination. The defective enzymes in these 5 human diseases
and the corresponding mouse mutants are listed in Figure 1. All
5 enzymes catalyze steps in the conversion of lanosterol to choles-
terol. All of the defects lead to the buildup of sterol intermediates
proximal to the defective enzyme.

Bpa and Str mutant mice, identified from offspring of x-irradi-
ated mice, harbor mutations in the C4 sterol dehydrogenase gene
(a component of the C4 sterol demethylation complex), the same
gene mutated in human CHILD syndrome (congenital hemidys-
plasia with ichthyosiform erythroderma and limb defects) (5). The
Td mouse harbors an x-irradiation-induced mutation in sterol
A8 A7-isomerase, the same gene mutated in human CDPX2 syn-
drome (X-linked dominant chondrodysplasia punctata type 2) (6).
Mouse mutants Sc5d7~ (7), Dher77/- (8, 9), and Dhcr24~/- (10) were
generated by targeted disruption to delete lathosterol 5-desaturase,
sterol A7-reductase, and sterol A?*-reductase, respectively. These
defects correspond to human lathosterolosis, Smith-Lemli-Opitz
syndrome (SLOS), and desmosterolosis, respectively. Deficiency in
each of these 5 enzymes leads to reduced cholesterol synthesis. The
cholesterol content of various tissues is reduced, and the levels of
intermediate sterols upstream of the defective enzyme are elevated.

Nonstandard abbreviations used: DKO, double-knockout; GC-MS, gas chromatog-
raphy-mass spectroscopy; Shh, Sonic hedgehog; SLOS, Smith-Lemli-Opitz syndrome.
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For example, in human SLOS patients (11-13) and in Dher7 /- mice
(8,9), the plasma and tissue content of cholesterol decreases, where-
as that of 7-dehydrocholesterol increases. Humans and mice with
these deficiencies have multiple developmental anomalies. In 4 of 5
of these syndromes, the anomalies include cleft palate (Figure 1B).

The prototype of the 5 cholesterol synthesis syndromes and the
one that has been most extensively studied is SLOS. Human SLOS
patients manifest growth retardation, limb defects, and craniofa-
cial dysmorphias as well as mental retardation (13-15). About 50%
of SLOS patients (15) and 9% of the corresponding Dhcr77/~ mice
have cleft palate (9). Cleft palate also occurs in humans and/or
mice with mutations in sterol A% A7-isomerase, lathosterol 5-desat-
urase, and sterol A?4-reductase (Figure 1B).

The phenotypic abnormalities in the aforementioned diseases
are believed to be caused, either singly or in combination, by cho-
lesterol deficiency or the accumulation of intermediate sterols. In
patients with SLOS, some investigators have attempted to correct
the cholesterol deficiency and to suppress endogenous synthesis
of 7-dehydrocholesterol with dietary cholesterol supplementation
(16-20). Others have treated SLOS patients with simvastatin, an
inhibitor of HMG-CoA reductase that reduces the synthesis of
cholesterol and all intermediate sterols, while at the same time
increasing expression of DHCR? alleles encoding mutant proteins
with residual enzymatic activity (21, 22). According to published
reports, more than 70 patients with SLOS in 10 different studies
have been fed a high-cholesterol diet (cited in refs. 16-20), and 4
children in 2 studies have been treated with simvastatin (21, 22).
The degree of clinical improvement in terms of developmental
progress has ranged from slight to none in the various reports.

Recent studies of cholesterol homeostasis have provided a
new way to alter cellular levels of cholesterol and its biosyn-
thetic intermediates. The key is a pair of ER membrane pro-
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Experiments in gene-targeted mice indicate that Insigs
limit cholesterol synthesis even under basal conditions. In
livers of mice lacking both Insig-1 and Insig-2, the hepatic
content of cholesterol was elevated by 7-fold, even when the
animals were consuming a low-cholesterol chow diet (30).
This increase was caused by increases in all of the measured
mRNAs encoding enzymes of cholesterol synthesis, owing to
unrestrained processing of SREBPs. The livers also exhibited
a massive increase in the amount of HMG-CoA reductase
protein, owing to a failure of its rapid degradation.

In the previous studies, we noted that double-knockout
(DKO) mice with germline deficiencies of both Insig-1 and
Insig-2 (Insig-17/-Insig-27/~; hereafter referred to as Insig-DKO
mice) failed to survive beyond the neonatal period (30). As a
result, the aforementioned experiments were performed by
creating a line of mice that harbored a germline deletion of
Insig-2 plus a postnatal loss of Insig-1 in liver mediated by an
inducible Cre recombinase (30).

In the current studies, we explore the causes of neonatal
lethality in the germline Insig-DKO mice. We found that
these mice manifest a highly selective defect in closure of
facial structures, leading to cleft palate and in extreme cases
to cleft face. The heads of mutant embryos overaccumu-
lated sterol intermediates in the cholesterol biosynthetic
pathway, but they had normal amounts of cholesterol. The
clefting syndrome was largely alleviated by feeding preg-
nant females lovastatin, an HMG-CoA reductase inhibitor
that lowers the levels of nearly all of the sterol intermedi-

5 HO
B Human disease Cleft
Enzyme deficiency (mouse mutant) palate
1 C4 sterol dehydrogenase CHILD (Bpa, Sir) =
2 Sterol A% A’-isomerase CDPX2 (Td) +
3 Lathosterol 5-desaturase Lathosterolosis (Sc5d) -
4 Sterol A’-reductase SLOS (Dher7™) +

5 Sterol A**-reductase Desmosterolosis (Dher24=-) +

Figure 1

Cholesterol biosynthetic pathway (A) and its relationship to 5 human diseas-
es that result from deficiencies of enzymes in the conversion of lanosterol to
cholesterol (B). For simplicity, the early steps from acetyl-CoA to HMG-CoA
are not shown. The clinical features of the genetic diseases are reviewed in
articles by Herman (4), Moebius et al. (47), and Porter (3). CHILD syndrome,
congenital hemidysplasia with ichthyosiform erythroderma and limb defects;
CDPX2 syndrome, X-linked dominant chondrodysplasia punctata type 2.

teins designated Insig-1 and Insig-2, which are essential for end
product-mediated feedback inhibition of cholesterol synthesis
(23). When the cellular cholesterol level rises, the Insigs bind
and retain Scap in the ER (24, 25). Scap is an escort protein for
SREBPs, transcription factors required for transcription of all
of the known genes encoding enzymes of the cholesterol biosyn-
thetic pathway (26). In order to enter the nucleus, the SREBPs
must be transported by Scap to the Golgi apparatus, where they
are processed proteolytically to yield active nuclear fragments
(27). Under conditions of cholesterol excess, Insigs block this
transport and hence reduce cholesterol synthesis. An excess
of lanosterol causes Insigs to bind to HMG-CoA reductase, an
event that leads to the ubiquitination and degradation of the
biosynthetic enzyme (28, 29).
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ates in the heads of the Insig- DKO embryos. The data sug-
gest that the clefting syndrome is caused by the accumu-
lation of 1 or more sterol intermediates rather than by a
deficiency of cholesterol itself.

Results
Mice with germline deletion in Insig-1 (Insig-17/-) or Insig-2
(Insig-2~/~) were generated as described previously (30). Insig-17/~
or Insig-27~ mice were first mated to generate Insig-1""Insig-2"/~
mice, which were then interbred in an attempt to produce
Insig-DKO mice. However, no Insig-DKO mice survived beyond
the first day after birth. The Insig-DKO pups were born alive,
as assessed by their abilities to respond to stimuli, but they
failed to vocalize upon stimulation and appeared to be gasp-
ing. Shortly thereafter, the Insig- DKO pups became cyanotic
and died. Many of the pups had obvious clefting of the face,
and some had exencephaly. Histological examination showed
that the lungs of the Insig-DKO pups were atelectatic.

To study development in Insig-DKO embryos, we mated
Insig-1"-Insig-2~/~ mice with each other and obtained embryos at
18.5 days of development. Insig-1"/*Insig-27/~ or Insig-1""Insig-27/~
lictermates, which were indistinguishable phenotypically from
WT embryos (30), were used as controls. For the studies described
in this article, mated females were identified by the presence
of a postcopulatory vaginal plug at the beginning of the next
light cycle, which is denoted as 0.5 dpc. Unless otherwise stated,
embryos were collected by caesarean section at 18.5 dpc, exam-
ined for defects, and then genotyped.

Table 1 shows the genotypes and phenotypes of 341 embryos
from 50 litters of intercrosses of Insig-1"/-Insig-27/~ mice. At 18.5
dpc, the observed ratio of Insig-1""Insig-27/", Insig-1""Insig-2/, and
Insig-DKO embryos was 85:178:78, which is consistent with the
Volume 116~ Number 9
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Table 1
Genotype and phenotype of embryos from intercross of /nsig-1+-Insig-2-- mice

Genotype No. of embryos Weight (g)  No. with indicated craniofacial morphology
Normal Cleft palate Cleft face
Insig-1++Insig-2-- 85 (25%)A 1.23+0.01 85 0 0
Insig-1+-Insig-2-- 178 (52%) 1.19 £ 0.01 178 0 0
Insig-DKO 78 (23%) 0.67 +0.018 3 41 34

Insig-1+-Insig-2-- mice were mated with each other, and the mated females were identified by the presence
of a postcopulatory vaginal plug. A total of 341 embryos from 50 litters were collected by caesarean section
at 18.5 dpc, and the weight and craniofacial morphology for each embryo were documented. Genotype was
determined by PCR using genomic DNA prepared from embryonic tissues as described previously (30).
Weights are shown as mean + SEM for the indicated number of embryos. APercentage of total offspring.

BP < 0.0001 (2-tailed Student’s t test) between Insig-1--Insig-2-- (DKO) and Insig-1++Insig-2-- embryos.

Kand L). The stapedial arteries did
not develop in either the cleft pal-
ate or cleft face Insig-DKO embryos
(compare Figure 3, K and L, with
Figure 3]). One other abnormality
was the absence or underdevelop-
ment of the trigeminal, facial, and
vestibulocochlear ganglia.

The following structures were
identified but were variably dis-
placed from their normal ana-
tomical location: thymus, thyroid,
hippocampus, cerebral cortex,

expected Mendelian ratio of 1:2:1. Compared with control lit-
termates, the Insig-DKO embryos were smaller (Figure 2A) and
weighed about 45% less (0.67 gvs. 1.23 g or 1.19 g) (Table 1). The
Insig-DKO embryos were lethargic and minimally responsive to
stimuli. Whereas all 263 control embryos had grossly normal
craniofacial morphology, 96% of the Insig-DKO embryos (75 of
78) had obvious craniofacial defects. The degree of the craniofa-
cial defects ranged from cleft palate with an intact face (hereafter
referred to as “cleft palate”) (middle panel of Figure 2B) to cleft pal-
ate with mid-facial cleavage defects (hereafter referred to as “cleft
face”). The mid-facial clefting phenotype included splitting of the
nose and lip with or without exencephaly. Among the 34 cleft face
Insig-DKO embryos, 21 had the severe form of mid-facial cleavage
with exencephaly (right panel of Figure 2B). Grossly, about 10%
(8 of 78) of the Insig-DKO embryos exhibited unilateral or bilat-
eral microphthalmia or anophthalmia. Three of the 78 Insig- DKO
embryos exhibited normal craniofacial features without cleavage
of the palate or face; however, these embryos were still 45% smaller
and moved less than their control littermates.

Figure 3 shows histological sections of control and Insig-DKO
embryos with craniofacial abnormalities at 18.5 dpc. Normal
development of the mouse secondary palate occurs between 11.5
and 15.5 dpc (31). The palatal shelves start as an outgrowth of the
maxillary prominences around 11.5 dpc, and they initially grow
ventrally along the sides of the tongue. With continued growth,
they elevate above the tongue (13.5 dpc), appose (14.5 dpc), and
eventually fuse to form a complete palate (15.5 dpc). Whereas con-
trol embryos at 18.5 dpc (Figure 3, A and D) had fused palates, the
cleft palate (Figure 3, B and E) and cleft face (Figure 3, C and F)
Insig-DKO embryos had only rudimentary palatal shelves (arrows)
with little medial growth and no fusion. In the cleft face Insig- DKO
embryo (Figure 3, C and F), the nasal septum was split, and the
brain was displaced rostrally, producing exencephaly. Compared
with control embryos (Figure 3, G and J), Insig-DKO embryos also
displayed aberrant middle and inner ear morphology (Figure 3, H,
I, K, and L). In the cleft palate Insig- DKO embryo (Figure 3, H and
K), the malleus was normal and properly articulated with Meckel
cartilage. However, in the cleft face Insig-DKO embryos (Figure 31),
the malleus was rudimentary. The stapes was absent in both the
cleft palate and cleft face embryos (compare Figure 3, Kand L, with
control embryo in Figure 3]). As compared with that in the control
(Figure 3J), the otic capsule was abnormal in the Insig-DKO embry-
os (Figure 3, K and L). The pars canalicularis of the otic capsule
migrated rostral-ventrally, covering the pars cochlearis (Figure 3,
2358
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hypothalamus, and pituitary. Other
major organs of the body, including
the heart, lung, kidney, intestines,
pancreas, testis, and adrenal medulla and cortex, had normal mor-
phologies and locations. The teeth and skeleton (axial and appen-
dicular) were also grossly and histologically normal.

As discussed above, development of the mouse secondary palate is
a complex process involving the outgrowth of the maxillary promi-
nences and the elevation, apposition, and fusion of the palatal
shelves. Defects in any one of these steps can lead to cleft palate. To
further examine the defects of palatogenesis in Insig- DKO embryos,
we analyzed palate formation from 12.5 to 15.5 dpc in control and
Insig-DKO embryos that did not have cleft face. As shown in Figure 4,
early palatogenesis (12.5 to 13.5 dpc) occurred normally in Insig- DKO
embryos, i.e. the palatal shelves grew and descended vertically
(Figure 4, A-D). Starting at 14.5 dpc, the palatal shelves elevated,

Insig-DKO
cleft palate

Insig-DKO

Control cleft face

Figure 2
Craniofacial abnormalities of Insig-DKO embryo. Male and female
Insig-1+-Insig-2-- mice were mated, and the resultant embryos were
collected at 18.5 dpc, photographed, and genotyped. Lateral (A) and
palatal views (B) of control (Insig-1++*Insig-2-- littermate) and Insig-DKO
embryos with cleft palate or cleft face. The lower jaw was resected to
reveal the oral cavity. Black arrows indicate cleft palate; white arrows
indicate cleft face. pa, palate; tg, tongue. Scale bars: 2.5 mm.
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Inasmuch as Insig proteins play crucial roles in feedback
inhibition of cholesterol synthesis, we next explored the pos-

sibility that the craniofacial abnormalities in the Insig-DKO
embryos are caused by sterol overproduction. To study sterol
synthesis in the embryos at 18.5 dpc, we injected pregnant
females intravenously with H-labeled water, a tracer whose
incorporation into sterols reflects the relative rate of choles-
terol synthesis (32). After 1 hour, the embryos were removed

Figure 3

Histology of control (A, D, G, and J) and /nsig-DKO embryos with cleft palate (B,
E, H, and K) or cleft face (C, F, I, and L) at 18.5 dpc. (A—F) Palate phenotype.
The secondary palate was intact in control (A and D) but absent in /nsig-DKO
embryos (B, C, E, and F). The lateral margins of the palatal shelves are indicat-
ed by arrows. In Insig-DKO embryos with cleft face (C), the nasal septum was
split, and the brain was displaced rostrally. (G-L) Middle and inner ear phe-
notype. Meckel cartilage (mc) and malleus (m) were normal in the cleft palate
Insig-DKO embryo (H) but rudimentary in the cleft face embryo (1). Stapes (s)
and the stapedial artery (sa) were absent or vestigial in Insig-DKO embryos (K
and L). Compared with that of control embryos (J), the pars canalicularis (pca) of
the otic capsule in the Insig-DKO embryos migrated rostral-ventrally (K and L).

pa, palate; pco, pars cochlearis; tg, tongue. Scale bars: 0.5 mm.

apposed, and began to fuse in the control embryo (Figure 4E). By
15.5 dpc, the palatal shelves of the control embryo (Figure 4G) were
completely fused, with loss of the epithelial seam. In the Insig-DKO
embryo, the palatal shelves partially elevated (Figure 4F), but they
failed to appose and fuse (Figure 4, F and H).

To assess the overall skeletal development and specifically that
of the cranium, control and cleft face Insig-DKO embryos at 18.5
dpc were stained with Alizarin red and Alcian blue for examina-
tion of bone and cartilage structures, respectively. As shown in
Figure 5, the skull of the Insig-DKO embryo was smaller than that
of the control. In the dorsal view, the cleft face Insig-DKO embryo
(Figure 5B) exhibited a median facial defect including a complete
splitting of the frontal and nasal bones along the metopic suture.
In the ventral view of the Insig-DKO embryo (Figure SD), the pala-
tal bone was absent and the basisphenoid and hyoid were poorly
developed. In addition, Meckel cartilage was discontinuous, and
the tympanic ring was absent or rudimentary. No other bone and
cartilage abnormalities were noted in the axial or appendicular
skeletons of the Insig-DKO embryos.
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by caesarean section, tissue was taken for genotyping, and
the livers and heads were dissected separately and hydrolyzed
in ethanolic KOH. The rest of the body was also hydrolyzed.
Total sterols were precipitated with digitonin, and the radio-
activity was measured. One group of pregnant females was
maintained on normal chow. Beginning on 5.5 dpc, anoth-
er group was fed normal chow supplemented with 0.2%
lovastatin, an inhibitor of HMG-CoA reductase (33). When
the mothers were fed normal chow, the livers of the Insig- DKO
embryos exhibited a 9-fold increase in sterol synthesis as com-
pared with the control littermates (Figure 6A). The lovastatin
diet had no effect on sterol synthesis in livers of the control
embryos, but it did reduce the elevated sterol synthesis in liv-
ers of the Insig- DKO embryos. Sterol synthesis was also ele-
vated in the heads of the Insig-DKO embryos, although not as
dramatically as in the liver. Synthesis in the head was reduced
by the lovastatin diet (Figure 6B). The remainder of the car-
cass (“Other tissues” in Figure 6C) also showed an increased
synthesis of [*H]sterols in the Insig-DKO embryos, and again
this was reduced by lovastatin.

To determine whether lovastatin reduced the tissue content
of individual sterols, we sacrificed a group of pregnant females
on 18.5 dpc and measured the sterols in embryonic livers and
heads using coupled gas chromatography-mass spectroscopy
(GC-MS). Half of the pregnant females were fed 0.2% lovastatin
beginning on 5.5 dpc (Table 2). When the mothers were fed
a chow diet, the Insig- DKO embryonic livers had a 6.2-fold
increase in cholesterol content as compared with their con-
trol littermates (compare columns iii and i in Table 2). This
increase was largely, but not completely, abolished when the
mothers were fed lovastatin (column iv). In the Insig- DKO
embryonic livers, the measured content of sterol intermedi-
ates in the cholesterol biosynthetic pathway was elevated even
more than that of cholesterol. The fold elevations ranged from 7.8
for lathosterol to 105 for desmosterol (compare columns iii and i).
Lovastatin decreased the levels of sterol intermediates in the livers of
the control as well as the Insig-DKO embryos. The relative reduction
in the Insig-DKO livers was greater than that in the control livers.

Surprisingly, the heads of the Insig-DKO embryos did not have
an elevation in cholesterol level, but they did show clear eleva-
tions in the levels of intermediates (Table 2; compare columns vii
and v). The range was 1.4-fold for 7-dehydrocholesterol to 4-fold
for lanosterol. The total of all the measured sterol intermedi-
ates increased by 3.1-fold. In the heads of the control embryos,
lovastatin treatment lowered the levels of all of the intermediates
significantly (compare columns vi and v). An even greater relative
reduction was observed in the heads of the Insig- DKO embryos,
with the exception of 7-dehydrocholesterol, the level of which rose
slightly after lovastatin treatment (compare columns viii and vii).
Similar results were observed in 2 other experiments.

The measurements in Table 2 were made at 18.5 dpc, which is
after palatal fusion has occurred in WT embryos. To confirm that
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Control

13.5 dpc 12.5 dpc

14.5 dpc

15.5 dpc

)

sterol intermediates accumulate in Insig-DKO embryos prior to
palatal fusion and to localize the accumulation to palatal struc-
tures, we dissected the palate and maxillas from 13.5-dpc control
and Insig-DKO embryos (31). We also excised the livers of these
embryos. As expected, even at 13.5 dpc, the livers of the Insig: DKO
embryos had elevated levels of sterol intermediates (Table 3). The
fold increases ranged from 1.2 for 24-dihydrolanosterol to 22 for
desmosterol. In the dissected palate/maxilla (which includes the
palate, maxilla, and eyes, but not the brain), the sterol intermedi-
ate levels were elevated from 1.3-fold for 7-dehydrocholesterol to
20-fold for lanosterol. The total of all measured sterol interme-
diates increased by 5.5- and 7.3-fold in the 13.5-dpc Insig-DKO
embryonic liver and palate/maxilla, respectively. The cholesterol
content of liver and palate/maxilla was not dramatically different
between the control and Insig- DKO embryos at 13.5 dpc (Table 3).

Figure 7A shows the distribution of craniofacial abnormalities in
Insig:DKO embryos derived from pregnant females fed a chow diet
or a chow diet containing 0.2% lovastatin. Embryos from 50 litters in

Figure 5

Alizarin red— and Alcian blue—stained skull preparations of control
embryo and /nsig-DKO embryo with cleft face. (A and B) Dorsal view.
(C and D) Ventral view. Compared with that in the control embryo
(A and C), the median facial cleft in Insig-DKO embryo was clearly
visible (B and D). The palatal bone (pb), basisphenoid (bs), hyoid
(h), Meckel cartilage (mc), and tympanic ring (ty) all showed various
degrees of abnormality in the Insig-DKO embryo (C and D). oc, otic
capsule; tc, thyroid cartilage. The asterisk indicates a breakpoint in
Meckel cartilage. Scale bars: 1 mm.
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Figure 4

Developmental study of palate formation in control and Insig-DKO embryos.
Insig-1+-Insig-2-- mice were mated, and the resultant embryos were col-
lected at 12.5, 13.5, 14.5, and 15.5 dpc. The Insig-DKO embryos did not
have cleft face. The embryos were fixed, sectioned, and stained with
H&E. pa, palate; ps, palatal shelves; tg, tongue. Scale bars: 0.5 mm.

both dietary groups were analyzed at 18.5 dpc. The 50 litters in the
control chow-fed group contained a total of 341 embryos, of which
78 were Insig-DKO embryos (see Table 1 for details). Among these 78
Insig- DKO embryos, 75 (96.2%) had craniofacial defects, and only 3
(3.8%) had normal craniofacial morphology. The 50 litters in the 0.2%
lovastatin-fed group contained a total of 361 embryos, of which 76
were Insig-DKO embryos. Among these 76 Insig-DKO embryos, 41
(53.9%) had normal craniofacial morphology. Only 5 of 76 (6.6%)
from the lovastatin-fed group had the severe cleft face defect, whereas
34 0f 78 (43.6%) from the chow-fed group had cleft face. The percent-
age of Insig-DKO embryos with cleft palate was reduced slightly by
lovastatin. Taken together, the data suggest that lovastatin feeding
reduced the severity of the craniofacial defects of Insig- DKO embryos.
It is important to point out that the Insig-DKO embryos (with or
without craniofacial defects) from the lovastatin-fed group were still
36% smaller than their littermate controls (0.69 g vs. 1.08 g). Despite
their normal facial structures, no Insig-DKO mice from lovastatin-fed
mothers survived beyond the first day after birth. Thus, although feed-
ing lovastatin to pregnant females reduced the craniofacial defects in
Insig-DKO embryos, it did not prevent growth retardation or neonatal
lethality even when the facial structures were normal.

To determine whether lovastatin feeding corrected the middle
and inner ear defects, we examined histologically 3 Insig-DKO
embryos from the lovastatin-fed group in Figure 7A. Two had
normal facial structures. We designate these as “corrected.”

Insig-DKO
cleft face

Control
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One had a “not-corrected” cleft palate. Shown in Figure 7,
B-E, is a histological analysis of 1 of the 2 corrected embryos
(Figure 7, C and E). For comparison, the not-corrected Insig-DKO
embryo with cleft palate from a lovastatin-fed female is also shown
(Figure 7, B and D). Compared with the not-corrected Insig-DKO
embryo (Figure 7B), the corrected Insig-DKO embryo had an
intact palate (Figure 7C). Moreover, the corrected Insig-DKO
embryo showed normal middle and inner ear structures (com-
pare Figure 7, E and D). The stapes and the stapedial artery
formed in their correct anatomical positions, and the otic cap-
sule, consisting of the pars canalicularis and the pars cochlearis,
had normal structure and morphology.

Lovastatin feeding in utero also corrected the ocular abnormali-
ties observed in the Insig-DKO embryos. In the chow-fed group,
8 of 78-DKO embryos showed microphthalmia or anophthalmia,
whereas only 1 of the 76 Insig-DKO embryos from the lovastatin-
fed group had any gross eye defects.

Discussion

The current experiments reveal that accumulation of intermedi-
ates in the cholesterol biosynthetic pathway during embryonic
life interferes with normal fusion of midline facial structures,
producing cleft palate, and even cleft face, accompanied by bony

Table 2
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Figure 6

In vivo synthesis rates of sterols in tissues of Insig-DKO embryos
from pregnant females fed a chow diet with or without lovastatin.
Male and female Insig-1+-Insig-2-- mice were mated, and mated
females were identified and fed ad libitum a regular chow diet or a
chow diet containing 0.2% (wt/wt) lovastatin from 5.5 to 18.5 dpc. At
18.5 dpc, pregnant female mice were injected intraperitoneally with
3H-labeled water (50 mCi of in 0.25 ml isotonic saline). One hour
later, the embryos were collected by caesarean section for measure-
ment of sterol synthesis in liver (A), head (B), and other tissues (i.e.,
the whole body minus the liver and head; C). Sterol synthesis was
calculated as umoles of 3H-labeled water incorporated into digitonin-
precipitable sterols per hour per gram of tissue. Each bar represents
mean + SEM of values from 16 to 18 embryos.

abnormalities of the middle and inner ear. Accumulation of ste-
rol intermediates was achieved by germline elimination of the
genes encoding Insig-1 and Insig-2, redundant proteins that are
necessary for end-product feedback repression of the cholesterol
biosynthetic pathway (30). The teratogenic role of sterol interme-
diates was supported by the observation that clefting decreased
when the pregnant mothers were treated with lovastatin, an
inhibitor of sterol synthesis that lowers the levels of the sterol
intermediates. Unlike in previous studies of cleft palate in animals
with blocks in the cholesterol biosynthetic pathway (Figure 1B),
the accumulation of sterol intermediates in the Insig-DKO mice
was not accompanied by cholesterol deficiency. Indeed, at both
13.5 and 18.5 dpc, the tissue cholesterol content was either nor-
mal or elevated in the Insig-DKO embryos (Tables 2 and 3). If
the current model applies to clefting defects arising from enzy-
matic blocks in cholesterol biosynthesis, the evidence indicates
that the clefting defects are caused by accumulation of sterol
intermediates prior to the block rather than to deficiencies of
products following the block.

The defective craniofacial structures in the Insig-DKO embryos
are derived from cranial neural crest cells (34). It is noteworthy that
several other structures derived from cranial neural crest cells, i.e.,
the teeth and certain bones (maxilla and mandible), were grossly

Sterol content of livers and heads of /nsig-DKO embryos (18.5 dpc) from pregnant females fed a diet with or without lovastatin

Liver Head
Sterol (ug/g tissue) Control embryo Insig-DKO embryo Control embryo Insig-DKO embryo
(i) Chow (ii) Lovastatin (iii) Chow  (iv) Lovastatin  (v) Chow (vi) Lovastatin (vii) Chow (viii) Lovastatin

Lanosterol 34+07 09=x0.1 118+ 27 4001 6.4+05 16+02 26+3 3.2+0.2
24-Dihydrolanosterol 3507 13zx01 30+91 1.7+04 2.4 +0.1 0.2 +0.02 3.8+0.7 0.3+£0.02
Zymosterol 6.3+05 24+04 259+9.3 3324 42 1.7 23+1.9 9824 31141
Lathosterol 8110 27+03 63+3.7 17+£1.0 15+0.5 8.4+0.6 22+1.9 54+0.2
7-Dehydrocholesterol 4303 1903 55+6.4 21+39 4.4+0.1 35+0.1 6.3+05 9113
Desmosterol 70£04 25+03 732 £ 65 37+1.9 144 £ 4.9 73+2.0 51273 199 £ 10
Total sterol intermediates 32.6 1.7 1,257 114 214 110 668 248
Cholesterol 2,365 + 148 1,638 + 192 14,703+771 6,413+364 2112+24 2166 +16 2,264 +69 2,477 +66

Male and female Insig-1+-Insig-2-- mice were mated, and the identified mated females were fed from 5.5 dpc to 18.5 dpc a regular chow diet with or
without 0.2% (wt/wt) lovastatin as indicated. Embryos were collected as described in Figure 7. Each group contained a total of 9 embryos. Within each
group, livers or heads from 3 embryos were pooled (3 pools per group), and sterol contents were determined by duplicate GC-MS measurements as
described in Methods. Each value represents the mean = SEM of 3 pools (3 embryos per pool). Mean values for tissue weights in control/chow, con-
trol/lovastatin, DKO/chow, and DKO/lovastatin embryos were as follows: liver, 57, 45, 31, and 29 mg, respectively; head, 309, 268, 152, and 184 mg,
respectively. P < 0.05 (2-tailed Student’s t test) between control/chow and DKO/chow values for each sterol except for the cholesterol and 24-dihydro-
lanosterol content of the head (not statistically significant). P < 0.05 between DKO/chow and DKO/lovastatin except for the content of 7-dehydrocholes-

terol in the head and cholesterol in the head (not significantly different).
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Table 3
Sterol content of liver and palate/maxilla tissues of control and
Insig-DKO embryos (13.5 dpc)

Liver Palate/Maxilla

Control /Insig-DKO  Control Insig-DKO
Sterol (ug/g tissue)
Lanosterol 25 181 (7.2 12 236 (20)A
24-Dihydrolanosterol 15 18 (1.2) 1.3 8.0 (6.2)
Zymosterol 6.8 49 (7.2) 11 77 (7.0)
Lathosterol 8.5 14 (1.6) 13 18 (1.4)
7-Dehydrocholesterol 14 31(2.2) 13 17 (1.3)
Desmosterol 5.7 123 (22) 25 194 (7.8)
Total sterol intermediates 75 416 (5.5) 75 550 (7.3)
Cholesterol 1,840 2,194 (1.2) 1,651 1,794 (1.1)

Male and female Insig-1+-Insig-2-- mice were mated, and the resultant
embryos were collected at 13.5 dpc. The liver and palate/maxilla tissues
were harvested under a dissecting microscope, snap-frozen in liquid
nitrogen, and stored at —-80°C. The palate/maxilla tissues include the pal-
ate, maxilla, and eyes and were isolated using 3 consecutive incisions
as described by Abbott (48). The first incision was made horizontally just
above the eyes to remove the brain and cranial tissues; the second inci-
sion was made through the angle of the mouth to remove the mandible
and tongue; and the third was made coronally to remove the posterior
third of the head at the level of the trachea. Tissues from 9 control and 9
Insig-DKO embryos were pooled to determine the sterol content by tripli-
cate GC-MS measurements as described in Methods. The pooled tissue
weights in control and /nsig-DKO embryos were 83 and 64 mg, respec-
tively, for liver and 165 and 82 mg, respectively, for palate/maxilla. AFold
increase in Insig-DKO embryos compared with control embryos.

normal. No gross defects were seen in structures derived from
trunk neural crest cells, such as the adrenal medulla and dorsal
root ganglia. These findings suggest that cranial neural crest cells
may be more sensitive than trunk neural crest cells to excess sterol
intermediates caused by Insig deficiency.

Theeffect oflovastatin treatment on facial clefting in the Insig-DKO
embryos was clear-cut but incomplete. In a total of 76-DKO embry-
os exposed in utero to lovastatin (Figure 6), the number of mice
with normal faces rose from 3.8% without treatment to 54% with
treatment, and there was a corresponding 85% reduction in the
number with cleft face. However, 40% of the statin-treated embry-
os continued to exhibit cleft palate, a proportion that was only
slightly lower than the 53% in the untreated group. We explain
these data by hypothesizing that statins decreased the severity of
the clefting defect in nearly all of the Insig-DKO embryos. Those
that were destined to have cleft face now had cleft palate, whereas
those that were destined to have cleft palate now had normal mid-
line development. Why some Insig-DKO embryos have more severe
clefting defects than others is not known, but such variability is
the rule in genetic developmental defects.

Although statins had a dramatic effect on the clefting syndrome,
they did not ameliorate the other abnormalities in the Insig-DKO
mice. Even though their palates were normal at birth, these ani-
mals remained runted, moved sluggishly, and did not feed. All of
them died within 24 hours after birth. The failure of these char-
acteristics to improve with statins may be attributable to the fact
that lovastatin did not reduce the levels of these intermediates suf-
ficiently to avoid these consequences (Table 2). Alternatively, it is
possible that the noncorrected abnormalities are not caused by the
accumulation of sterol intermediates per se, but reflect an uniden-
tified action of Insig that is disrupted in these mice.
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In mouse embryos, the palate develops between 11.5 and 15.5
dpc (31). This complex process involves the outgrowth of the max-
illary prominences and the elevation, apposition, and fusion of the
palatal shelves. Defects in any one of these steps can lead to cleft
palate. The cleft palate in the Insig-DKO embryos appears to be
caused by the failure of the palatal shelves to grow toward each
other and to fuse (Figure 3F). Growth and fusion of the palate can
be studied in vitro using palatal shelves dissected from 13.5-dpc
mouse embryos (35). In the future, the use of this organ culture
system may permit identification of the intermediate sterol or
combination of sterols that interferes with palatal fusion.

The molecular mechanism by which a buildup of sterol intermedi-
ates causes facial clefting is unknown, in part because the complex
pathway of facial development is incompletely understood and in
part because cleft palate is a component of many developmental
syndromes, genetic as well as environmental (36, 37). Despite this
uncertainty, it is tempting to postulate that sterol intermediates alter
the pathway regulated by Sonic hedgehog (Shh), a morphogenic pro-
tein that possesses a covalently attached cholesterol moiety (38). Shh
plays a major role in development of the face and brain (39). Shh
binds to its receptor, Patched, on cell surfaces, thereby relieving inhi-
bition of Smoothened, a heptahelical protein that resembles G pro-
tein-coupled receptors. Patched contains a sterol-sensing domain
similar to the domains in Scap and HMG-CoA reductase that bind to
Insigs (40), but Patched has not been shown to interact with Insigs.

The phenotype of Shh deficiency differs from that seen in the
Insig-DKO mice. Insig deficiency produces midline fission, leading
to cleft palate and cleft face. Shh deficiency produces midline fusion,
leading to cyclopia and holoprosencephaly (41). The differences
between these effects raise the possibility that the sterol buildup in
Insig-DKO mice leads not to Shh deficiency but rather to Shh over-
activity, which would produce excessive activity of Smoothened.
Overactivity of Smoothened might result if the buildup of a sterol
interfered with the inhibitory action of Patched or if it directly
activated Smoothened. In view of the presence of a sterol-sensing
domain in Patched (and the related protein Dispatched), we cannot
rule out the possibility that one of these proteins is regulated by
Insigs and that Insig deficiency directly alters its function. Arguing
against this notion is the observation that the clefting syndrome
in Insig-DKO mice is ameliorated when levels of sterol biosynthetic
intermediates are reduced by lovastatin treatment. This finding
indicates that the clefting syndrome is caused indirectly by sterol
excess rather than directly by Insig deficiency.

Asafirststepinanalyzing the Shhsignaling pathwayin the Insig: DKO
embryos, we isolated total RNA from the palate/maxilla tissues of
13.5-dpc control and Insig- DKO embryos. Expression levels of Shh,
Smoothened, Patched-1, and Gli-1 were measured by quantitative real-
time PCR. The latter 2 genes are positively regulated by the Shh
pathway, and their expression of mRNAs would be expected to be
increased if Smoothened were overactive (42). We observed no dif-
ferences in mRNA levels for any of these genes between the control
and Insig-DKO embryos in 2 independent experiments (data not
shown). Inasmuch as real-time PCR can only quantify the total
amount of mRNA but cannot reveal changes in spatial and tempo-
ral expression patterns, we plan to conduct more detailed analyses
using in situ hybridization to determine whether the Shh signaling
pathway is perturbed in the Insig-DKO embryos.

From the standpoint of cholesterol homeostasis, a fascinating
aspect of the current study emerged in the experiment in which
sterol synthesis was measured in embryonic liver after injection
Volume 116

Number9  September 2006



>
L =
=3
e
@
Q
@
a

Corrected

B - Lovastatin

60 B + Lovastatin —

w
o
=
o
£
@
[&]
(=5
=
w0
[+ o]
ks
2

Normal Cleft Cleft

palate face

Figure 7

Prevention of craniofacial defects in Insig-DKO embryos after feeding of lovastatin to pregnant
females. Insig-1+-Insig-2-- mice were mated with each other, and mated females were identified
by the presence of a postcopulatory vaginal plug. Mated females were fed ad libitum a regular chow
diet (red bars) or a chow diet containing 0.2% (wt/wt) lovastatin (blue bars) from 5.5 to 18.5 dpc. (A)
Embryos from 50 litters in both dietary groups were collected by caesarean section at 18.5 dpc and
analyzed for craniofacial morphology by 2 independent observers prior to genotyping by PCR. The 50
litters in the control chow diet group contained a total of 341 embryos, of which 78 had the Insig-DKO
genotype (same data as in Table 1). The 50 litters in the lovastatin-fed group contained a total of 361
embryos, of which 76 had the DKO genotype. The embryos from both groups were harvested in 5
different experiments over a 6-month period in which 5-19 pregnant females in both dietary groups
were studied concurrently. The mean + SEM for body weights of lovastatin-treated DKO embryos
was 0.69 + 0.01 g as compared with 1.08 + 0.01 g for lovastatin-treated control embryos. (B—E) Three
Insig-DKO embryos from lovastatin-fed females represented in A were processed for histological
analysis. One embryo (B and D) showed a cleft palate phenotype (not corrected) with middle and
inner ear abnormalities, and 2 embryos showed normal craniofacial phenotype (corrected; 1 of which
is shown in C and E). Arrows indicate the lateral margins of the palatal shelves. pa, palate; pca, pars
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reductase. Lovastatin inhibits this
activity by 70%, so the net activity is 9
units, which is nearly the same as the
initial activity. As a result, the incor-
poration of 3H-labeled water into ste-
rols is not reduced by lovastatin. The
Insig-deficient embryo begins with
a maximum activity (let’s say 100
units). Lovastatin inhibits it by 70%.
Since there can be no further increase
in the amount of reductase, the full
inhibition is seen, and the overall
activity falls to 30 units instead of
100 units. As a result, the synthesis of
sterols from 3H-labeled water in liver
falls by 70%, as seen in Figure 6A.
The current results give further
emphasis to the emerging concept
that Insig proteins are central to
sterol homeostasis, and they indi-
cate that this role extends to embry-
onic development as well as to adult

physiology.

Methods

Generation of Insig-deficient mice. Mice with
germline deletion in Insig-1 (Insig-17/")
or Insig-2 (Insig-27/") were generated as
described previously (30). Insig-17/~ mice

canalicularis; pco, pars cochlearis; s, stapes; sa, stapedial artery. Scale bars: 0.5 mm.

of the mothers with H-labeled water (Figure 6A). In this experi-
ment, lovastatin failed to inhibit cholesterol synthesis in livers of
the WT embryos, whereas the drug caused a 70% reduction in the
Insig-DKO mice. An explanation is suggested by previous studies
of the response to HMG-CoA reductase inhibitors in cultured
cells (43) and in mouse liver (33). When normal cells are exposed
to a reductase inhibitor, the level of cholesterol falls initially, and
this decrease releases the partial inhibition of SREBP processing
that is normally mediated by Insigs in the steady state (23). The
increased nuclear SREBP activates the gene for reductase. In addi-
tion, reductase protein becomes more stable because there is less
lanosterol, which is required for rapid degradation. As a result of
these homeostatic responses, the amount of reductase protein
increases. In the new steady state, the rate of cholesterol synthesis
is restored nearly to normal, and this compensation is sustained
as long as cellular sterol levels remain sufficiently low to main-
tain the accumulation of reductase. Both of these homeostatic
responses are dependent on Insigs (30). In the Insig-deficient
embryos, the steady-state inhibitory effects of sterols are lost.
As a result, in the untreated embryos, the amount of HMG-CoA
reductase protein is maximal. When lovastatin is administered,
there is no further increase in the amount of reductase protein,
so the full effect of the inhibitor is seen.

We can illustrate this point with arbitrary numbers. Let us sup-
pose that normal cells in the steady state have 10 units of reductase
activity. A certain dose of lovastatin inhibits the enzyme by 70%.
Through the homeostatic mechanism described above, the amount
of reductase protein increases 3-fold. There are now 30 units of
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and Insig-27/~ mice were first mated to each
other to generate Insig-1"-Insig-2”/~ mice,
which were then interbred to produce
Insig-17/"Insig-27~ mice. Inasmuch as no Insig-1/"Insig-2~/~ offspring survived
beyond the first day after birth, we mated Insig-1/-Insig-27/~ mice with each
other to produce Insig-DKO embryos. Insig-1"/-Insig-27/~ or Insig-1"*Insig-27/~
littermates, which were indistinguishable from WT embryos, were used as
controls. Mated females were identified by the presence of a postcopula-
tory vaginal plug at the beginning of the next light cycle, which is denoted
as 0.5 dpc. Unless otherwise stated, embryos were collected by caesarean
section at 18.5 dpc. Genomic DNA was prepared from embryonic tissues
and used for genotyping by PCR as previously described (30).

All mice were housed in colony cages with a 12-hour light/12-hour dark
cycle and fed Teklad Mouse/Rat Diet no. 7002 (Harlan Teklad Global Lab-
oratory Diets; Harlan Teklad). Unless otherwise stated, adult mice were fed
a chow diet ad libitum. All animal experiments were performed with the
approval of the Institutional Animal Care and Research Advisory Commit-
tee at University of Texas Southwestern Medical Center at Dallas.

Feeding lovastatin to pregnant female mice. To examine the effects of statins
on the developmental defects of Insig-DKO embryos, pregnant female
mice were fed ad libitum from 5.5 to 18.5 dpc with a chow diet contain-
ing 0.2% (wt/wt) lovastatin (obtained from Merck). The diet was prepared
by grinding the drug in a small amount of Teklad Mouse/Rat Diet no.
7001 (powder form) with a mortar and pestle and then mixing this fine
powder with the appropriate amount of Diet no. 7001 to obtain a final
lovastatin concentration of 0.2%.

Determination of tissue sterol composition. Sterol levels in mouse tissues were
measured by GC-MS as described previously (44). Livers or heads from 3
embryos were pooled, weighed, and placed into the sample tube. An ali-
quot of ethanol containing the internal standards Sa-cholestane (50 pg)
and epicoprostanol (2.5 pug) was added to each sample tube, and tissues
Volume 116 2363
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were hydrolyzed by heating (100°C) in ethanolic KOH (100 mM) for 2
hours. Lipids were extracted in petroleum ether (final volume, 6 ml), 1/30
of which (0.2 ml) was dried under nitrogen, and derivatized with hexa-
methyldisilazane-trimethylchlorosilane (HMDS-TMCS). GC-MS analysis
was performed using an Agilent 6890N gas chromatograph coupled to an
Agilent 5973 mass selective detector (Agilent Technologies). The trimeth-
ylsilyl-derived sterols were separated on an HP-5MS (5%-phenyl)-methylpo-
lysiloxane capillary column (30 m x 0.25 mm internal diameter x 0.25 pm
film) (Agilent Technologies) with carrier gas helium at the rate of 1 ml/min.
The temperature program was 150°C for 2 minutes, followed by increases
of 20°C/min up to 280°C, which was then held for 13 minutes. For cho-
lesterol, the injector was operated in a 1:10 split mode. For all other sterols,
the injector was operated in splitless mode at 280°C. The mass spectrom-
eter was operated in selective ion monitoring mode. The mass to charge
ratios for the extracted ions were: 393.4 (lanosterol), 395.0 (24-dihydrola-
nosterol), 456.4 (zymosterol), 458.4 (lathosterol), 350.4 (7-dehydrocholes-
terol), 343.3 (desmosterol), and 458.4 (cholesterol).

Standard curves were generated by MS analysis of various amounts of each
sterol in the following ranges: lanosterol, 0.5 to 800 ng; 24-dihydrolanos-
terol, 1 to 800 ng; zymosterol, 2.5 to 2,000 ng; lathosterol, 2.5 to 1,500 ng;
7-dehydrocholesterol, 1 to 2,000 ng; desmosterol, 2 to 10,000 ng; and cho-
lesterol, 0.1 to 100 ug.

Histology and skeletal analysis. For histological analysis, 18.5-dpc embryos
were skinned, fixed in 10% neutral buffered formalin (catalog HT50-1-320;
Sigma-Aldrich), embedded in paraffin, and sectioned at 5 um. Paraffin-
embedded sections were stained with H&E. The 12.5- to 15.5-dpc embryos
represented in Figure 4 were not skinned prior to fixation. For skeletal
analysis, 18.5-dpc embryos were collected, prepared, and stained with
Alizarin red and Alcian blue for examination of bone and cartilage struc-
ture, respectively. Briefly, embryos were partially skinned (the skins were
used to prepare genomic DNA for genotyping by PCR) and fixed in 100%
ethanol overnight. The following day, embryos were completely skinned
and fixed again in 100% ethanol overnight. The cartilage was stained for
40 hours with an Alcian blue/ethanol solution containing 0.015% (wt/vol)
Alcian Blue 8GX (catalog A5268-10G; Sigma-Aldrich) and 20% (vol/vol)
glacial acetic acid. The stained embryos were washed in 100% ethanol for
3 hours and transferred to a 2% (wt/vol) KOH solution for 24 hours. The
bone was then stained for 4-5 hours with an Alizarin red solution con-

taining 0.005% (wt/vol) Alizarin red (catalog A5533-25G; Sigma-Aldrich)
and 1% KOH. The stained skeletons were cleared for 2 days in a solution
containing 1% KOH and 20% glycerol that was replaced daily with fresh
solution. Thereafter, the stained skeletons were stored in a solution con-
taining 50% glycerol and 50% ethanol.

Sterol synthesis rates in vivo. Rates of sterol synthesis were measured in 18.5-dpc
embryos using H-labeled water as previously described, with slight modi-
fication (45, 46). Mated female mice were injected intraperitoneally with
3H-labeled water (50 mCi in 0.25 ml isotonic saline), and 1 hour later
embryos were collected by caesarean section. The maternal blood and
embryonic head, liver, and all remaining tissues (referred to as “other tis-
sues”) were used for measurement of sterol synthesis, which was calculated
as micromoles of 3H-labeled water incorporated into digitonin-precipitable
sterols per hour per gram of tissue.
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