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Proper cholesterol homeostasis is crucial in mammalian development.  Currently, 

there are 8 known human malformation syndromes due to genetic defects in 

cholesterol biosynthesis.  Patients with these syndromes present with a 

constellation of developmental defects, ranging from skeletal and craniofacial 

dysmorphologies to skin and cardiovascular anomalies.  In each of these diseases, 

there is a block at a specific enzymatic step leading to a deficiency in cholesterol 

and a concomitant buildup in sterol intermediates proximal to the block; however, 

 vii



it is unclear whether cholesterol deficiency or sterol intermediate accumulation 

causes the observed abnormalities.  In this work, we generated mice lacking Insig-

1 and Insig-2.  These proteins regulate cholesterol biosynthesis by both inhibiting 

the proteolytic activation of SREBPs, transcription factors for cholesterol 

biosynthetic genes, and enhancing the degradation of HMG-CoA reductase, the 

rate-limiting enzyme of cholesterol biosynthesis.  We first created Insig-double-

knockout (Insig-DKO) mice homozygous for null mutations in Insig-1 and Insig-2.  

Insig-DKO mice exhibited defects in midline facial fusion, ranging from cleft 

palate to complete cleft face, and overproduced sterols, creating a significant 

buildup of cholesterol and sterol intermediates.  When Insig-DKO mice were 

treated with lovastatin, an HMG-CoA reductase inhibitor, sterol intermediate 

levels were significantly reduced and the craniofacial defects were ameliorated.  

Next, we generated mice lacking Insigs in the epidermis (Epi-Insig-DKO).  All 

Epi-Insig-DKO mice failed to grow body hair, had decreased body weights, and 

died 6 weeks after birth.  Early hair follicle development was normal while later 

development was disrupted and led to hair cycle arrest in these mice.  Skin from 

these mutant mice showed a significant buildup of both cholesterol and sterol 

intermediates.  Topical treatment of Epi-Insig-DKO mice with the HMG-CoA 

reductase inhibitor simvastatin during the first two postnatal weeks lowered sterol 

intermediate levels in the skin and completely corrected the hairless and low body 

weight phenotypes.  We conclude that the accumulation of sterol intermediates, 

 viii



not a deficiency of cholesterol, interferes with both the fusion of facial structures 

and the proper development of hair follicles in mice.  Our findings have 

implications for the pathogenesis of the palate and skin/hair follicle defects 

observed in human malformation syndromes due to aberrant cholesterol 

biosynthesis. 
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CHAPTER ONE 
 

INTRODUCTION 
 
 

Cholesterol homeostasis in mammals 

Though cholesterol has been much maligned in today’s society, it plays a variety 

of essential roles in mammals from embryonic development to proper neural 

functioning.  Therefore, levels of cholesterol must be tightly regulated since either 

a deficiency or an excess of cholesterol cause disease.  Namely, there are a 

number of congenital inborn errors in cholesterol metabolism due to enzymatic 

defects in cholesterol biosynthesis that lead to decreased levels of cholesterol in 

utero causing a plethora of developmental abnormalities (Moebius et al., 2000; 

Porter, 2002; Herman, 2003; Porter and Herman, 2011).  Conversely, excess 

plasma cholesterol precipitates the formation of atherosclerotic plaques which are 

the cause for the majority of sudden cardiac deaths in Western society. 

 

Human malformation syndromes due to defects in cholesterol biosynthesis 

As stated above, cholesterol is essential for proper mammalian development.  To 

date, there are at least eight human malformation syndromes due to enzymatic 

defects in the cholesterol biosynthetic pathway, which consists of at least 20 

enzymatic steps (Kelley and Herman, 2001; Porter, 2002; Herman, 2003; Porter 

and Herman, 2011).  Five of these human diseases have mouse counterparts 
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which were generated through either random mutagenesis or targeted gene 

recombination (Derry et al., 1999; Liu et al., 1999; Nwokoro et al., 2001; Wassif 

et al., 2001; Krakowiak et al., 2003; Wechsler et al., 2003).  The enzymatic 

defects in these mouse models reside in the latter part of the cholesterol 

biosynthetic pathway where lanosterol is converted to cholesterol.  In both human 

patients and mouse models of these malformation syndromes, the enzymatic 

block in the cholesterol biosynthetic pathway leads to a deficiency in the 

production of cholesterol with a concomitant accumulation of pre-cholesterol 

sterol intermediates proximal to the enzymatic block (Moebius et al., 2000; Porter 

and Herman, 2011).  Since each malformation syndrome is caused by a specific 

block in the cholesterol biosynthetic pathway, it is not surprising that human 

patients and mouse models of these malformation syndromes present with a 

unique constellation of developmental defects, ranging from skeletal and 

craniofacial dysmorphologies to skin and cardiovascular anomalies (Porter, 2002; 

Porter and Herman, 2011).  For example, Smith-Lemli-Opitz syndrome (SLOS), 

which is the best characterized and most extensively studied of these 

malformation syndromes, is due to a defect in 3β-hydroxysterol Δ7-reductase 

(Kelley and Hennekam, 2000).  SLOS patients have low plasma cholesterol and 

elevated 7-dehydrocholesterol levels and exhibit a multitude of developmental 

malformations including mental retardation; sex reversal; digit syndactylyl; and a 

diversity of craniofacial abnormalities, such as, microcephaly, holoprosencephaly 
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in severe forms, and cleft palate in approximately 50% of cases (Opitz, 1999; 

Kelley and Hennekam, 2000; Porter, 2000).     

The developmental abnormalities in the aforementioned diseases are 

thought to be caused, either singly or in combination, by cholesterol deficiency or 

the accumulation of intermediate sterols.  To this end, some investigators have 

attempted treat SLOS patients with dietary cholesterol supplements in order to 

correct the cholesterol deficiency and to suppress the endogenous synthesis of 7-

dehydrocholesterol (Elias et al., 1997; Irons et al., 1997; Merkens et al., 2004; 

Sikora et al., 2004).  Still others have treated these patients with simvastatin, an 

HMG-CoA reductase inhibitor that reduces the synthesis of cholesterol and all 

intermediate sterols and concomitantly increases the expression of the genes 

encoding the enzymes of the cholesterol biosynthetic pathway (Jira et al., 2000; 

Starck et al., 2002a, 2002b).  The degree of clinical improvement in terms of 

developmental progress has ranged from slight to none in the various reports. 

Studies of human patients with defects in cholesterol biosynthesis and of 

the mutant mouse models generated to recapitulate these diseases have aided in 

the elucidation of the pathophysiology underlying these malformation syndromes.  

However, it has not been ascertained that the developmental and morphological 

abnormalities arising from the enzymatic defects are due to a deficiency of 

cholesterol or to the accumulation of the sterol intermediates.  The diversity of 

developmental anomalies displayed by both human patients and their 
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corresponding mouse models suggests that the deficiency of cholesterol may not 

be the primary cause of these abnormalities but may be due to the teratogenic 

effects of the sterol intermediates that accumulate in these diseases.   

   

Insig-mediated cholesterol homeostatsis  

The two major sources of cholesterol in mammalian cells are either through the de 

novo synthesis of cholesterol from acetyl-CoA or through receptor-mediated 

uptake of plasma lipoproteins rich in cholesterol.  To maintain cholesterol 

homeostasis, cells sense their intracellular cholesterol content and modulate the 

expression of genes required for receptor-mediated lipoprotein uptake and de 

novo cholesterol biosynthesis accordingly (Brown and Goldstein, 2009).  Namely, 

when cholesterol levels rise within cells, the transcription of these genes decreases 

and the rate of cholesterol synthesis falls.  This end-product feedback inhibition 

by cholesterol, first observed by Rudolph Schoenheimer 76 years ago, is mediated 

through the regulatory proteins Insig-1 and Insig-2 (Brown and Goldstein, 2009).   

Insig-1 and Insig-2 are redundant ER-residing integral membrane proteins 

that are predicted to contain 6 membrane-spanning regions (Feramisco et al., 

2004).  Mouse Insig-1 and Insig-2 are 259 and 225 amino acids, respectively, and 

are encoded on two separate chromosomal loci (Yabe et al., 2002).  Insigs act as 

the key modulators of cholesterol homeostasis both by regulating the activation of 

sterol regulatory element binding proteins (SREBPs), transcription factors 
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necessary for the transcription of genes required for lipoprotein uptake and all 

known cholesterol biosynthetic enzymes, and by regulating the ubiquitination and 

degradation of HMG-CoA reductase, the rate-limiting enzyme of cholesterol 

biosynthesis.   

SREBPs are synthesized as transcriptionally inactive precursor molecules 

(pSREBP) and are hairpin-like structures composed of two major cytosolic 

domains separated by a membrane anchor of 2 transmembrane spanning helices 

and a short loop facing the ER lumen.  The N-terminal domain contains a 

transcription factor of the basic helix loop helix leucine-zipper family (bHLH-

Zip); whereas, the C-terminal domain houses motifs responsible for protein-

protein interactions required for the activation of the bHLH-Zip (Sato et al., 

1994).  In mammals, there are three SREBP proteins, denoted SREBP-1a, -1c, 

and -2, that are encoded by two chromosomal genes (Hua et al., 1995).  SREBP-

1a and -1c are produced from a single SREBP-1 gene through the use of different 

promoters and alternative splicing (Yokoyama et al., 1993; Shimomura et al., 

1997).  SREBPs are unique members of the bHLH-Zip transcription factor family 

in that a tyrosine is substituted for a highly conserved arginine in the basic DNA-

binding region.  This substitution allows for binding to nonpalindromic sterol 

regulatory elements (SREs), such as ATCACCCCAC, the canonical binding site 

defined in the LDLR promoter.  Additionally, SREBPs bind to palindromic E-

Boxes, namely CANNTG, which are the typical binding elements for bHLH 
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transcription factors (Kim et al., 1995).  Although all three SREBPs bind SREs 

with high affinity, each preferentially activates a different set of functionally 

related genes.  Namely, SREBP-2 preferentially activates genes involved in 

cholesterol biosynthesis and uptake; whereas, SREBP-1c preferentially activates 

genes involved in fatty acid and triglyceride biosynthesis (Shimano et al., 1997; 

Horton et al., 1998).  SREBP-1a potently activates both classes of genes 

(Shimano et al., 1996). 

After pSREBPs are synthesized on the ER membrane, they bind to Scap, 

which acts as an escort protein that transport pSREBPs to the Golgi apparatus.  

Scap is another ER-embedded protein containing 8 transmembrane helices 

separated by hydrophilic loops; furthermore, transmembrane helices 2-6 compose 

the sterol-sensing domain of Scap, a feature shared with other proteins including 

HMG-CoA reductase, Patched, and Niemann-Pick type C1 (NPC1) (Hua et al., 

1996; Nohturfft et al., 2000; Kuwabara and Labouesse, 2002).  During times of 

low intracellular cholesterol levels, the Scap-pSREBP complex is targeted to 

COPII-coated vesicles by the interaction of Scap’s hexapeptide MELADL 

sequence with COPII coat proteins (Sun et al., 2005).  The sequestration of the 

Scap-pSREBP complex within these COPII-coated vesicles allows for the 

complex to translocate to the Golgi apparatus for further processing (Espenshade 

et al., 2002).  Once there, pSREBP is proteolytically cleaved to its active nuclear 

form (nuclear SREBP, nSREBP) through the action of two membrane-bound 
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proteases, termed the site-1 and site-2 proteases (S1P, S2P).  The first cleavage 

event occurs in the lumen of the Golgi apparatus where the leucine-serine bond in 

the sequence RXXLS, contained in the luminal loop between the transmembrane 

spanning regions that separates the N and C terminal domains of SREBP, is 

cleaved by S1P, a subtilisin family serine protease (Sakai et al., 1998).  Though 

the pSREBP has been cleaved, it remains tethered to the Golgi membrane by 

virtue of its first transmembrane spanning region; therefore, a second cleavage is 

required to release the active nSREBP.  This second cleavage occurs within this 

transmembrane spanning region in the Golgi membrane, when S2P, a zinc 

metalloprotease, cleaves the leucine-cysteine bond in the sequence DRSRILLC 

(Rawson et al., 1997).  These two sequential proteolytic cleavages release the 

bHLH-Zip portion of the pSREBP, this portion being the activated nSREBP, from 

the Golgi membrane and allow this transcription factor to move to the nucleus 

where it activates the transcription of lipogenic genes. 

During times of intracellular cholesterol excess, cholesterol binds to the 

sterol-sensing domain of Scap causing a conformational change that triggers 

Insigs to bind to Scap (Brown et al., 2002; Adams et al., 2003, 2004).  Insig-

binding to the Scap-pSREBP complex in the presence of high intracellular 

cholesterol levels precludes the movement of the Scap-pSREBP complex to the 

Golgi apparatus by preventing MELADL from binding to COPII coat proteins, 

thus causing this complex to be retained within the ER (Sun et al., 2005; Brown 
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and Goldstein, 2009).  This Insig-mediated retention of the Scap-pSREBP 

complex in the ER during cholesterol excess thereby prevents the proteolytic 

cleavage and ultimate activation of SREBPs, thus preventing the transcription of 

lipogenic genes (Wang et al., 1994; Goldstein et al., 2006; Brown and Goldstein, 

2009).  Cell culture studies illustrate the essential role that Insigs play in 

regulating cholesterol homeostasis.  Treatment of Insig-deficient cultured cells 

with sterols did not prevent SREBP processing (Adams et al., 2004; Lee et al., 

2005).  On the other hand, overexpression of Insigs in cultured cells increased the 

sensitivity of cells to sterol-mediated inhibition of SREBP processing (Yang et 

al., 2002). 

As stated above, Insigs also regulate cholesterol homeostasis through 

mediating the degradation of HMG-CoA reductase, which catalyzes the 

converstion 3-hydroxy-3-methylglutaryl-CoA to mevalonate—the first committed 

step of cholesterol synthesis.  Previous studies have shown that treatment of 

cultured cells with statins, inhibitors of HMG-CoA reductase, cause HMG-CoA 

reductase to overaccumulate many fold compared to that of untreated cells 

(Nakanishi et al., 1988).  Furthermore, the sterol-mediated regulation of HMG-

CoA reductase degradation requires the sterol-sensing domain of HMG-CoA 

reductase (Gil et al., 1985).  Studies in Insig-deficient Chinese hamster ovary 

(CHO) cells showed a stabilization of HMG-CoA reductase enzyme in the face of 

high levels of sterols, thus establishing the requirement for Insigs in mediating 
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sterol feedback regulation on HMG-CoA reductase degradation in cultured cells 

(Lee et al., 2005).  Additionally, the ubiquitination and degradation of HMG-CoA 

reductase is primarily induced by an excess of either oxysterol or 

dihydrolanosterol, a sterol intermediate in the cholesterol biosynthetic pathway 

(Lange et al., 2008; Brown and Goldstein, 2009).    

 

Role of Insigs in adult hepatic lipid synthesis 

In order to elucidate the role of Insigs in mammalian physiology, genetically 

engineered mouse lines with either a liver-specific gain-of-function or a liver-

specific loss-of-function in Insigs were generated.  To obtain a gain-of-function in 

Insigs, transgenic mice (TgInsig-1 mice) containing the human Insig-1 transgene 

driven by the liver-specific apoE promoter were generated (Engelking et al., 

2004).  The livers of TgInsig-1 mice overproduced human Insig-1 leading to a 

reduction in the nSREBP levels.  Furthermore, SREBP processing was 

hypersensitive to cholesterol-mediated inhibition upon feeding high-cholesterol 

diets.  Consequently, the transcription of lipogenic genes was reduced due to the 

inhibition of SREBP processing in the livers of TgInsig-1 mice.  Additionally, the 

levels of HMG-CoA reductase were significantly reduced and declined further 

upon cholesterol feeding.  Next, mutant mice with a germline deletion of Insig-2 

and a Cre-mediated disruption of the Insig-1 in liver were generated (Engelking et 

al., 2005).  Cholesterol and triglycerides overaccumulated in the livers of these 
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Insig double knockout mice.  Furthermore, nSREBPs and the mRNAs of SREBP 

target genes were not reduced despite the accumulation of cholesterol.  

Additionally, when these mice were fed diets high in cholesterol, SREBP 

processing was not inhibited.  Not surprisingly, HMG-CoA reductase levels were 

increased in the livers of these Insig-deficient mice and failed to decline with 

dietary cholesterol feeding.  These studies indicate that Insigs are essential 

regulators of hepatic lipid synthesis in mammals since Insig overexpression or 

deficiency alters hepatic lipid synthesis through modulation of SREBP processing 

and HMG-CoA reductase degradation.   

 

Insig-mediated cholesterol homeostasis in mammalian development   

As stated previously, the constellation of phenotypic abnormalities observed in 

patients and mouse models of malformation syndromes due to inherited defects in 

cholesterol biosynthesis are thought to be caused, either singly or in combination, 

by cholesterol deficiency or the buildup of teratogenic sterol intermediates.  In 

this work, we will demonstrate that the accumulation of sterol intermediates and 

not cholesterol deficiency underlies the cause of the developmental abnormalities 

seen in the palate and skin of patients with these malformation syndromes due to 

defects in cholesterol biosynthesis. 

 



 

CHAPTER TWO 
 

SEVERE FACIAL CLEFTING INSIG-DEFICIENT 
MOUSE EMBRYOS CAUSED BY STEROL ACCUMULATION AND 

REVERSED BY LOVASTATIN 
 
 

Abstract 

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 create Insig double knockout 

(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 skeleton were 

normal.  The animals were lethargic and runted; they died within one day of birth.  

The livers and heads of Insig-DKO embryos overproduce 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 
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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 eight human malformation syndromes are caused by 

inherited enzyme defects in this pathway (Kelley and Herman, 2001; Nwokoro et 

al., 2001; Herman, 2003; Porter, 2003).  Five of these human defects have mouse 

counterparts that arose through random mutagenesis or were generated by 

targeted recombination.  The defective enzymes in these five human diseases and 

the corresponding mouse mutants are listed in Figure 2-1.  All five enzymes 

catalyze steps in the conversion of lanosterol to cholesterol.  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-irradiated 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 (Liu et al., 1999).  The Td mouse harbors an X-irradiation-induced 

mutation in sterol ∆8,∆7-isomerase, the same gene mutated in human CDPX2 

syndrome.  Mouse mutants Sc5d-/- (Krakowiak et al., 2003), Dhcr7 -/- (Fitzky et al., 

2001; Wassif et al., 2001), and Dhcr24-/- (Wechsler et al., 2003) were generated 
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by targeted disruption to delete lathosterol 5-desaturase, sterol ∆7-reductase, and 

sterol ∆24-reductase, respectively.  These defects correspond to human 

lathosterolosis, Smith-Lemli-Opitz syndrome (SLOS), and desmosterolosis, 

respectively.  Deficiency in each of these five 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.  

For example, in human SLOS patients (Irons et al., 1993; Tint et al., 1995; Porter, 

2000) and in Dhcr7-/- mice (Fitzky et al., 2001; Wassif et al., 2001), the plasma 

and tissue content of cholesterol decreases, whereas that of 7-dehydrocholesterol 

increases.  Humans and mice with these deficiencies have multiple developmental 

anomalies.  In four of five of these syndromes, the anomalies include cleft palate 

(Figure 2-1b). 

 The prototype of the five cholesterol synthesis syndromes and the one that 

has been most extensively studied is SLOS.  Human SLOS patients manifest 

growth retardation, limb defects, and craniofacial dysmorphias as well as mental 

retardation (Opitz, 1999; Kelley and Hennekam, 2000; Porter, 2000).  About 50% 

of SLOS patients (Kelley and Hennekam, 2000) and 9% of the corresponding 

Dhcr7-/- mice have cleft palate (Wassif et al., 2001).  Cleft palate also occurs in 

humans and/or mice with mutations in sterol ∆8,∆7-isomerase, lathosterol 5-

desaturase, and sterol ∆24-reductase (Figure 2-1b). 
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 The phenotypic abnormalities in the aforementioned diseases are believed 

to be caused, either singly or in combination, by cholesterol 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 (Elias 

et al., 1997; Irons et al., 1997; Starck et al., 2002a; Merkens et al., 2004; Sikora et 

al., 2004).  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 DHCR7 alleles encoding 

mutant proteins with residual enzymatic activity (Jira et al., 2000; Starck et al., 

2002b).  According to published reports, more than 70 patients with SLOS in 10 

different studies have been fed a high cholesterol diet (cited in references (Elias et 

al., 1997; Irons et al., 1997; Starck et al., 2002a; Merkens et al., 2004; Sikora et 

al., 2004)), and 4 children in 2 studies have been treated with simvastatin (Jira et 

al., 2000; Starck et al., 2002b).  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 biosynthetic intermediates.  The key is a 

pair of ER membrane proteins designated Insig-1 and Insig-2, which are essential 

for end-product mediated feedback inhibition of cholesterol synthesis (Goldstein 

et al., 2006).  When cellular cholesterol rises, the Insigs bind and retain Scap in 



15
 

the ER (Yabe et al., 2002; Yang et al., 2002).  Scap is an escort protein for sterol 

regulatory element-binding proteins (SREBPs), transcription factors required for 

transcription of all of the known genes encoding enzymes of the cholesterol 

biosynthetic pathway (Horton et al., 2002).  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 (Brown and Goldstein, 

1997).  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 (Sever et al., 2003a, 2003b). 

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 (Engelking et al., 2005).  

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-1-/-;Insig-2-/-, hereafter 

referred to as Insig-DKO mice) failed to survive beyond the neonatal period 
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(Engelking et al., 2005).  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 

(Engelking et al., 2005). 

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 overaccumulate sterol intermediates 

in the cholesterol biosynthetic pathway, but they have normal amounts of 

cholesterol.  The clefting syndrome is largely alleviated by feeding pregnant 

females lovastatin, an HMG-CoA reductase inhibitor that lowers the levels of 

nearly all of the sterol intermediates in the heads of the Insig-DKO embryos.  The 

data suggest that the clefting syndrome is caused by the accumulation of one or 

more sterol intermediates rather than by a deficiency of cholesterol itself. 

 

Results 

Generation of Insig-DKO mice. 

Mice with germline deletion in Insig-1 (Insig-1-/-) or Insig-2 (Insig-2-/-) were 

generated as described previously (Engelking et al., 2005).  Insig-1-/- or Insig-2-/- 

mice were first mated to generate Insig-1+/-;Insig-2+/- mice, which were then 

interbred in an attempt to produce Insig-1-/-;Insig-2-/- (Insig-DKO) mice.  
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However, no Insig-DKO mice survived beyond the first day after birth.  Careful 

observation revealed that 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 gasping.  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-2-/- or Insig-1+/-;Insig-2-/- littermates, which were indistinguishable 

phenotypically from wild-type embryos (Engelking et al., 2005), were used as 

controls.  For studies described in this paper, mated females were identified by the 

presence of a post-copulatory vaginal plug at the beginning of the next light cycle, 

which is denoted as 0.5 dpc (days post coitum).  Unless otherwise stated, embryos 

were collected by caesarean section at 18.5 dpc, examined for defects, and then 

genotyped. 

Table 2-1 shows the genotypes and phenotypes of 341 embryos from 50 

litters of intercrosses of Insig-1+/-;Insig-2-/- mice.  At 18.5-dpc, the observed ratio 

of Insig-1+/+;Insig-2-/-, Insig-1+/-;Insig-2-/-, and Insig-1-/-;Insig-2-/- (Insig-DKO) 

was 85:178:78, which is consistent with the expected Mendelian ratio of 1:2:1.  

Compared to control littermates, the Insig-DKO embryos were smaller (Figure 2-
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2a) and weighed about 45% less (0.67 g versus 1.23 g or 1.19 g) (Table 2-1).  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 out of 78) had obvious craniofacial defects.  

The degree of the craniofacial defects ranged from cleft palate with an intact face 

(hereafter referred to as “cleft palate”) (middle panel of Figure 2-2b) to cleft 

palate 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 2-2b).  

Grossly, about 10% (8 out of 78) of the Insig-DKO embryos exhibited unilateral 

or bilateral 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. 

 

Histological analyses of Insig-DKO mouse embryos. 

Figure 2-3 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 to 15.5 dpc (Ferguson, 1988; Bush and 

Jiang, 2012).  The palatal shelves start as an outgrowth of the maxillary 
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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 control embryos at 18.5 dpc (Figure 2-3a and 2-3d) had fused palates, 

the “cleft palate” (Figure 2-3b and e) and “cleft face” (Figure 2-3c and f) Insig-

DKO embryos had only rudimentary palatal shelves with little medial growth and 

no fusion.  In the “cleft face” Insig-DKO embryo (Figure 2-3c and f), the nasal 

septum was split and the brain was displaced rostrally, producing exencephaly.  

Compared to control embryos (Figure 2-3g and j), Insig-DKO embryos also 

displayed aberrant middle and inner ear morphology (Figure 2-3h, i, k, and l).  In 

the “cleft palate” Insig-DKO embryo (Figure 2-3h and k), the malleus was normal 

and properly articulated with Meckel’s cartilage.  However, in the “cleft face” 

Insig-DKO embryos (Figure 2-3i), the malleus was rudimentary.  The stapes was 

absent in both the “cleft palate” and “cleft face” embryos (compare Figure 2-3k 

and l to control embryo in Figure 2-3j).  As compared to the control (Figure 2-3j), 

the otic capsule was abnormal in the Insig-DKO embryos (Figure 2-3k and l).  

The pars canalicularis of the otic capsule migrated rostral-ventrally, covering the 

pars cochlearis (Figure 2-3k and l).  The stapedial arteries did not develop in 

either the “cleft palate” or “cleft face” Insig-DKO embryos (compare Figure 2-3k 

and l with Figure 2-3j).  One other abnormality was the absence or 

underdevelopment of the trigeminal, facial, and vestibulocochlear ganglia.   
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The following structures were identified, but were variably displaced from 

their normal anatomical location: thymus, thyroid, hippocampus, cerebral cortex, 

hypothalamus, and pituitary.  Other major organs of the body, including the heart, 

lung, kidney, intestines, pancreas, testis, and adrenal medulla and cortex, had 

normal morphologies and locations.  The teeth and skeleton (axial and 

appendicular) 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 prominences 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 2-4, early palatogenesis (12.5 to 13.5 dpc) occurs normally in 

Insig-DKO embryos, i.e. the palatal shelves grow and descend vertically (Figure 

2-4a-d).  Starting at 14.5 dpc, the palatal shelves elevate, appose, and begin to 

fuse in the control embryo (Figure 2-4e).  By 15.5 dpc, the palatal shelves of the 

control embryo (Figure 2-4g) were completely fused with the loss of the epithelial 

seam.  In the Insig-DKO embryo, the palatal shelves partially elevate (Figure 2-

4f), but they fail to appose and fuse (Figure 2-4f 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 
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with Alizarin Red and Alcian Blue to examine bone and cartilage structures, 

respectively.  As shown in Figure 2-5, 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 2-5b) 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 2-5d), the palatine bone was absent and 

the basisphenoid and hyoid were poorly developed.  In addition, Meckel’s 

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. 

 

Sterol analysis of tissues from Insig-DKO embryos.   

Inasmuch as Insig proteins play crucial roles in feedback inhibition of cholesterol 

synthesis, we next explored the possibility 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 

intraperitoneally with 3H-labeled water, a tracer whose incorporation into sterols 

reflects the relative rate of cholesterol synthesis (Dietschy and Spady, 1984).  

After 1 hour, the embryos were removed 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 
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precipitated with digitonin, and the radioactivity was measured.  One group of 

pregnant females was maintained on normal chow.  Beginning on 5.5 dpc, another 

group was fed normal chow supplemented with 0.2% lovastatin, an inhibitor of 

HMG-CoA reductase (Kita et al., 1980).  When the mothers were fed normal 

chow, the livers of the Insig-DKO embryos exhibited a 9-fold increase in sterol 

synthesis as compared with the control littermates (Figure 2-6a).  The lovastatin 

diet had no effect on sterol synthesis in livers of the control embryos, but it did 

reduce the elevated sterol synthesis in livers of the Insig-DKO embryos.  Sterol 

synthesis was also elevated 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 2-6b).  The remainder of the carcass (“other tissues” in 

Figure 2-6c) also showed an increased synthesis of 3H-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 (Tables 2-2 and 2-3).  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 control littermates (compare columns c and a in 

Table 2-2).  This increase was largely, but not completely abolished when the 
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mothers were fed lovastatin (column d).  In the Insig-DKO embryonic livers, the 

measured content of sterol intermediates in the cholesterol biosynthetic pathway 

was elevated even more than cholesterol on a relative basis.  The fold elevations 

ranged from 7.8-fold for lathosterol to 105-fold for desmosterol (compare 

columns c and a).  Lovastatin decreased the levels of sterol intermediates in the 

livers of the control as well as the Insig-DKO embryos.  On a relative basis, the 

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, but they did show clear elevations in the intermediates 

(Table 2-3, compare columns g and e).  The range was 1.4-fold for 7-

dehydrocholesterol to 4-fold for lanosterol.  The total of all the measured sterol 

intermediates 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 f and e).  An even greater relative reduction was observed in 

the heads of the Insig-DKO embryos with the exception of 7-dehydrocholesterol, 

which rose slightly after lovastatin treatment (compare columns h and g).  Similar 

results were observed in two other experiments.  

The measurements in Tables 2-2 and 2-3 were made at 18.5 dpc, which is 

after palatal fusion has occurred in wildtype embryos.  To confirm that sterol 

intermediates accumulate in Insig-DKO embryos prior to palatal fusion and to 

localize the accumulation to palatal structures, we dissected the palate and 
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maxillas from 13.5 dpc control and Insig-DKO embryos (Ferguson, 1988).  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 2-4).  

The fold increases ranged from 1.2-fold for 24-dihydrolanosterol to 22-fold for 

desmosterol.  In the dissected palate/maxilla (which includes the palate, maxilla, 

and eyes, but not the brain), the sterol intermediates were elevated from 1.3-fold 

for 7-dehydrocholesterol to 20-fold for lanosterol.  The total of all measured sterol 

intermediates 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 2-4). 

 

Treatment with lovastatin reversed the craniofacial abnormalities in Insig-DKO 

mice.  

Figure 2-7a 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 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 2-1 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% 
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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 of 78 (43.6%) from the chow-fed group 

had cleft face.  The percentage 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 versus 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 feeding 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 three Insig-DKO embryos from the 

lovastatin-fed group in Figure 2-7a.  Two had normal facial structures.  We 

designate these as “corrected.”  One had a “not-corrected” cleft palate.  Shown in 

Figure 2-7 is a histological analysis of one of the two “corrected” embryos 

(Figure 2-7c and e).  For comparison, the “not corrected” Insig-DKO embryo with 

cleft palate from a lovastatin-fed female is also shown (Figure 2-7b and d).  
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Compared to the “not corrected” Insig-DKO embryo (Figure 2-7b), the 

“corrected” Insig-DKO embryo had an intact palate (Figure 2-7c).  Moreover, the 

“corrected” Insig-DKO embryo showed normal middle and inner ear structures 

(compare Figure 2-7e and d).  The stapes and the stapedial artery formed in their 

correct anatomical positions, and the otic capsule, consisting of the pars 

canalicularis and the pars cochlearis, had normal structure and morphology.    

 Lovastatin feeding in utero also corrected the ocular abnormalities 

observed in the Insig-DKO embryos.  In the chow-fed group, 8 out of 78 Insig-

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 intermediates 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 abnormalities of the middle and inner ear.  Accumulation 

of sterol 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 (Engelking et 

al., 2005).  The teratogenic role of sterol intermediates was supported by the 

observation that clefting decreased when the pregnant mothers were treated with 
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lovastatin, an inhibitor of sterol synthesis that lowers the levels of the sterol 

intermediates.  Unlike previous studies of cleft palate in animals with blocks in 

the cholesterol biosynthetic pathway (Figure 2-1b), 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 normal or elevated in the Insig-DKO embryos (Tables 2-2, 2-3, and 2-4).  If 

the current model applies to clefting defects arising from enzymatic 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 (Douarin and Kalcheim, 1999).  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 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. 

The effect of lovastatin treatment on facial clefting in the Insig-DKO 

embryos was clear-cut, but incomplete.  In a total of 76 Insig-DKO embryos 

exposed in utero to lovastatin (Figure 2-7), the number of mice with normal faces 
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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 embryos 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 

midline 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 animals remained runted, moved sluggishly, 

and did not feed.  All of them died within 24 hours after birth.  The failure of 

these characteristics to improve with statins may be attributable to the fact that 

lovastatin did not reduce the levels of these intermediates sufficiently to avoid 

these consequences (Tables 2-2 and 2-3).  Alternatively, it is possible that the 

non-corrected abnormalities are not caused by the accumulation of sterol 

intermediates per se, but reflect an unidentified action of Insig that is disrupted in 

these mice. 
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In mouse embryos, the palate develops between 11.5 to 15.5 dpc 

(Ferguson, 1988).  This complex process involves the outgrowth of the maxillary 

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 2-4f).  Growth and fusion of the palate 

can be studied in vitro using palatal shelves dissected from 13.5 dpc mouse 

embryos (Taya et al., 1999).  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 intermediates 

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 

(Murray, 2002; Stanier and Moore, 2004).  Despite this uncertainty, it is tempting 

to postulate that sterol intermediates alter the pathway regulated by Sonic 

Hedgehog (Shh), a morphogenic protein that possesses a covalently attached 

cholesterol moiety (Porter et al., 1996).  Shh plays a major role in development of 

the face and brain (Tabin and McMahon, 1997).  Shh binds to its receptor, 

Patched, on cell surfaces, thereby relieving inhibition of Smoothened, a 

heptahelical protein that resembles G protein-coupled receptors.  Patched contains 
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a sterol-sensing domain similar to the domains in Scap and HMG-CoA reductase 

that bind to Insigs (Nohturfft et al., 1998), but Patched has not been shown in 

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 (Chiang et al., 1996).  The differences between these effects 

raises the possibility that the sterol buildup in Insig-DKO mice leads not to Shh 

deficiency, but rather to Shh overactivity, 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.  

Against this notion is the observation that the clefting syndrome in Insig-DKO 

mice is ameliorated when 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. 

 As a first step to analyze the Shh signaling pathway in 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, 
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Patched-1, and Gli-1 were measured by quantitative real-time PCR.  The latter 

two genes are positively regulated by the Shh pathway, and their mRNAs would 

be expected to be increased if Smoothened were overactive (Villavicencio et al., 

2000).  We observed no differences in mRNA levels for any of these genes 

between the control and Insig-DKO embryos in two 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 temporal 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 emerges from the experiment in which sterol synthesis was 

measured in embryonic liver after injection of the mothers with 3H-water (Figure 

2-6a).  In this experiment lovastatin failed to inhibit cholesterol synthesis in livers 

of the wildtype embryos, whereas the drug caused a 70% reduction in the Insig-

DKO mice.  An explanation emerges from previous studies of the response to 

HMG-CoA reductase inhibitors in cultured cells (Brown et al., 1978) and in 

mouse liver (Kita et al., 1980).  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 (Goldstein et al., 2006).  The increased nuclear SREBP activates the 

gene for reductase.  In addition, reductase protein becomes more stable because 



32
 

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 maintained as long as cellular sterol levels remain 

sufficiently low to maintain the accumulation of reductase.  Both of these 

homeostatic responses are dependent on Insigs (Engelking et al., 2005).  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 suppose 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 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 

incorporation of 3H-water into sterols is not reduced by lovastatin.  The Insig-

deficient embryo begins with a maximum activity (let’s say 100 units).  

Lovastatin inhibits 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 
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instead of 100 units.  As a result, the synthesis of sterols from 3H-water in liver 

falls by 70% as seen in Figure 2-6a. 

The current results give further emphasis to the emerging concept that 

Insig proteins are central to sterol homeostasis, and they indicate that this role 

extends to embryonic development as well as to adult physiology. 

 

Materials and Methods 

Generation of Insig-deficient mice.   

Mice with germline deletion in Insig-1 (Insig-1-/-) or Insig-2 (Insig-2-/-) were 

generated as described previously (Engelking et al., 2005).  Insig-1-/- mice and 

Insig-2-/- mice were first mated to each other to generate Insig-1+/-;Insig-2+/- mice, 

which were then interbred to produce Insig-1-/-;Insig-2-/- mice.  Inasmuch as no 

Insig-1-/-;Insig-2-/- offspring survived beyond the first day after birth, we mated 

Insig-1+/-;Insig-2-/- mice with each other to produce Insig-1-/-;Insig-2-/- embryos, 

hereafter referred to as Insig double-knockout (DKO) embryos.  Insig-1+/-;Insig-2-

/- or Insig-1+/+;Insig-2-/- littermates, which were indistinguishable from wild-type 

embryos, were used as controls.  Mated females were identified by the presence 

of a post-copulatory vaginal plug at the beginning of the next light cycle, which is 

denoted as 0.5 dpc (days post coitum).  Unless otherwise stated, embryos were 

collected by caesarean section at 18.5 dpc.  Genomic DNA was prepared from 
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embryonic tissues and used for genotyping by PCR as previously described 

(Engelking et al., 2005).  

All mice were housed in colony cages with a 12-hour light/12-hour dark 

cycle and fed Teklad Mouse/Rat Diet #7002 (Harlan Teklad, Indianapolis, IN).  

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 Committee 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 containing 0.2% (w/w) lovastatin (obtained from Merck Research 

Laboratories).  The diet was prepared by grinding the drug in a small amount of 

Teklad Mouse/Rat Diet #7001 (powder form) with a mortar and pestle, and then 

mixing this fine powder with the appropriate amount of Diet #7001 to obtain a 

final lovastatin concentration of 0.2%. 

 

Determination of tissue sterol composition.  

Sterol levels in mouse tissues were measured by gas chromatography-mass 

spectrometry (GC-MS) as described previously (Xu et al., 2005).  Livers or heads 
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from three embryos were pooled, weighed, and placed into the sample tube.  An 

aliquot of ethanol containing the internal standards 5α-cholestane (50 μg) and 

epicoprostanol (2.5 μg) was added to each sample tube, and tissues 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 hexamethyldisilazane (HMDS)-

trimethylchlorosilane (TMCS).  GC-MS analysis was performed using an Agilent 

6890N gas-chromatograph coupled to an Agilent 5973 mass selective detector.  

The trimethylsilyl-derived sterols were separated on an HP-5MS (5%-phenyl)-

methylpolysiloxane capillary column (30-m × 0.25-mm ID × 0.25-μm film) 

(Agilent Technologies, Santa Clara, CA) with carrier gas helium at the rate 1 

ml/min.  The temperature program was 150°C for 2 minutes, followed by an 

increase of 20°C/min up to 280°C and then held for 13 minutes.  For cholesterol, 

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 spectrometer was operated at 

selective ion monitoring mode.  The extracted ions were m/z 393.4 (lanosterol), 

395.0 (24-dihydrolanosterol), 456.4 (zymosterol), 458.4 (lathosterol), 350.4 (7-

dehydrocholesterol), 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-dihydrolanosterol, 
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1 to 800 ng; zymosterol, 2.5 to 2000 ng; lathosterol, 2.5 to 1500 ng; 7-

dehydrocholesterol, 1 to 2000 ng; desmosterol, 2 to 10,000ng; and cholesterol, 0.1 

to 100 µg. 

 

Histology and skeletal analysis.   

For histological analysis, 18.5 dpc embryos were skinned, fixed in 10% neutral 

buffered formalin (Cat. No. HT50-1-320, Sigma Diagnostics, St. Louis, MO), 

embedded in paraffin, and sectioned at 5 µm. Paraffin-embedded sections were 

stained with Hematoxylin and Eosin.  The 12.5 to 15.5 dpc embryos used in 

Figure 2-4 were not skinned prior to fixation.  For skeletal analysis, 18.5 dpc 

embryos were collected, prepared, and stained with Alizarin Red and Alcian Blue 

to examine bone and cartilage structure, 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% 

(w/v) Alcian Blue 8GX (Cat. No. A5268-10G, Sigma-Aldrich, St. Louis, MO), 

and 20% (v/v) glacial acetic acid.  The stained embryos were washed in 100% 

ethanol for 3 hours and transferred to a 2% (w/v) KOH solution for 24 hours.  The 

bone was then stained for 4-5 hours with an Alizarin Red solution containing 

0.005% (w/v) Alizarin Red (Cat. No. A5533-25G, Sigma-Aldrich), and 1% KOH.  
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The stained skeletons were cleared in a solution containing 1% KOH and 20% 

glycerol for two days with daily change of fresh solution.  Thereafter, the stained 

skeletons were stored in a solution containing 50% glycerol and 50% ethanol. 

 

Sterol synthesis rates in vivo.   

Rates of sterol synthesis were measured in 18.5 dpc embryos using 3H-labeled 

water as previously described with slight modification (Belknap and Dietschy, 

1988; Shimano et al., 1996).  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 tissues”) were used for 

measurement of sterol synthesis, which was calculated as µmoles of 3H-labeled 

water incorporated into digitonin-precipitable sterols per hour per gram of tissue.   
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Figure 2-1.  Cholesterol biosynthetic pathway and its relationship to five 
human diseases that result from deficiencies of enzymes in the conversion of 
lanosterol to cholesterol.  For simplicity, the early steps from acetyl-CoA to 
HMG-CoA are not shown (a).  The clinical features of the genetic diseases (b) are 
reviewed here (Moebius et al., 2000; Herman, 2003; Porter, 2003).  CHILD 
syndrome, congenital hemidysplasia with ichthyosiform nevus and limb defects; 
CDPX2 syndrome, X-linked dominant chondrodysplasia punctata type 2. 
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Figure 2-2. Craniofacial abnormalities of Insig-DKO embryos.  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 (b) 
views 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 (a-b). 
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Figure 2-3.  Histology of control and Insig-DKO embryos with cleft palate or 
cleft face at 18.5 dpc.  (a-f) Palate phenotype.  The secondary palate (pa) is intact 
in control (a, d), but absent in Insig-DKO embryos (b, c, e, f).  The lateral 
margins of the palatal shelves are indicated 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 phenotype.  Meckel’s cartilage (mc) and 
malleus (m) were normal in the “cleft palate” Insig-DKO embryo (h), but 
rudimentary in the “cleft face” embryo (i).  Stapes (s) and the stapedial artery (sa) 
were absent or vestigial in Insig-DKO embryos (k, l).  Compared to that of 
control embryos (j), the pars canalicularis (pca) of the otic capsule in the Insig-
DKO embryos migrated rostral-ventrally (k, l).  pco, pars cochlearis; tg, tongue.  
Scale bars = 0.5 mm (a-l). 
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Figure 2-4.  Developmental study of palate formation in control and Insig-
DKO embryos.  Insig-1+/-;Insig-2+/- mice were mated, and the resultant embryos 
were collected 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 (a-h). 
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Figure 2-5.  Alizarin Red- and Alcian Blue-stained skull preparations of 
control embryo and Insig-DKO embryo with cleft face.  (a, b) Dorsal view; (c, 
d) ventral view.  Compared to control embryo (a, c), the median facial cleft in 
Insig-DKO embryo was clearly visible (b, d).  The palatine (pa), basisphenoid 
(bs), hyoid (h), Meckel’s cartilage (mc), and tympanic ring (ty) all showed 
various degrees of abnormality in the Insig-DKO embryo (c, d).  oc, otic capsule; 
tc, thyroid cartilage.  Asterisk (*) denotes a breakpoint in Meckel’s cartilage.  
Scale bars = 1 mm (a-d). 
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Figure 2-6.  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% (w/w) 
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 measurement 
of sterol synthesis, which was calculated as µmoles of 3H-labeled water 
incorporated into digitonin-precipitable sterols per hour per gram of tissue.  
“Other tissues” refers to the whole body minus the liver and head.  Each bar 
represents mean ± SEM of values from 16 to 18 embryos.   
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Figure 2-7. Prevention of craniofacial defects in Insig-DKO embryos after 
feeding lovastatin to pregnant females.  Insig-1+/−;Insig-2−/− mice were mated 
with each other, and mated females were identified by the presence of a post-
copulatory vaginal plug.  Mated females were fed ad libitum a regular chow diet 
(red bars) or a chow diet containing 0.2% (w/w) 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 two 
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 2-1).  The 50 litters in the lovastatin-fed 
group contained a total of 361 embryos, of which 76 had the Insig-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 
Insig-DKO embryos was 0.69 ± 0.01 g as compared to 1.08 ± 0.01 g for 
lovastatin-treated control embryos.  (b-e) Three Insig-DKO embryos from 
lovastatin-fed females in a were processed for histological analysis.  One embryo 
(b, d) showed a cleft palate phenotype (“not corrected”) with middle and inner ear 
abnormalities, and two embryos showed normal craniofacial phenotype 
(“corrected”, one of which is shown in c and e).  Arrows denote the lateral 
margins of the palatal shelves.  pa, palate; pca, pars canalicularis; pco, pars 
cochlearis; s, stapes; sa, stapedial artery.  Scale bars = 0.5 mm (b-e). 
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Table 2-1.  Genotype and phenotype of embryos from intercross of  
Insig-1+/-;Insig-2-/- mice. 
 

Genotype Number 
of embryos 

Weight 
(g) 

Number 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-1-/-;Insig-2-/- 

(Insig-DKO) 
78 (23%) 0.67 ± 0.01B 3 41 34 

 
Insig-1+/-;Insig-2-/- mice were mated with each other, and the mated females were 
identified by the presence of a post-copulatory 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 (Engelking et al., 2005).  The mean ± SEM of weights from 
the indicated number of embryos are shown.   
APercentage of total offspring. 
BLevel of statistical significance (2-tailed Student’s t test) between Insig-1-/-;Insig-
2-/- (Insig-DKO) and Insig-1+/+;Insig-2-/- embryos, p<0.0001.  
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Table 2-2.  Sterol content of livers of Insig-DKO embryos (18.5 dpc) from 
pregnant females fed a diet with or without lovastatin. 
 

 Liver 
 Control Embryo Insig-DKO Embryo 

Sterol Chow Statin Chow Statin 
(μg/g tissue) (a) (b) (c) (d) 
Lanosterol 3.4 ± 0.7     0.9 ± 0.1     118 ± 27    4.0 ± 0.1 
24-Dihydrolanosterol 3.5 ± 0.7     1.3 ± 0.1     30 ± 9.1    1.7 ± 0.4 
Zymosterol 6.3 ± 0.5     2.4 ± 0.4     259 ± 9.3   33 ± 2.4 
Lathosterol 8.1 ± 1.0     2.7 ± 0.3     63 ± 3.7    17 ± 1.0 
7-Dehydrocholesterol 4.3 ± 0.3     1.9 ± 0.3     55 ± 6.4    21 ± 3.9 
Desmosterol 7.0 ± 0.4     2.5 ± 0.3     732 ± 65    37 ± 1.9 
Total Sterol 
Intermediates 

32.6         11.7         1257 114 

Cholesterol 2365 ± 148   1638 ± 192   14703 ± 
771      

6413 ± 
364 

 
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% (w/w) lovastatin as indicated.  Embryos were collected as described in 
Figure 2-7.  Each group contains 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 the Materials 
and Methods.  Each value represents the mean ± SEM of 3 pools (3 embryos per 
pool).  Mean values for liver weights in control (−statin), control (+ statin), DKO 
(− statin), and DKO (+ statin) embryos were as follows: 57, 45, 31, and 29 mg, 
respectively.  The level of statistical significance (2-tailed Student’s t test) 
between control (− statin) and DKO (− statin) values was p<0.05 for each sterol.  
The level of statistical significance between DKO (− statin) and DKO (+ statin) 
values was p<0.05 for each sterol. 
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Table 2-3.  Sterol content of heads of Insig-DKO embryos (18.5 dpc) from 
pregnant females fed a diet with or without lovastatin. 
 

 Head 
 Control Embryo Insig-DKO Embryo 

Sterol Chow Statin Chow Statin 
(μg/g tissue) (e) (f) (g) (h) 
Lanosterol 6.4 ± 0.5     1.6 ± 0.2     26 ± 3    3.2 ± 0.2 
24-Dihydrolanosterol 2.4 ± 0.1     0.2 ± 0.02    3.8 ± 0.7  0.3 ± 0.02 
Zymosterol 42 ± 1.7      23 ± 1.9     98 ± 2.4   31 ± 1.1 
Lathosterol 15 ± 0.5      8.4 ± 0.6     22 ± 1.9   5.4 ± 0.2 
7-Dehydrocholesterol 4.4 ± 0.1     3.5 ± 0.1     6.3 ± 0.5  9.1 ± 1.3 
Desmosterol 144 ± 4.9     73 ± 2.0     512 ± 7   199 ± 10 
Total Sterol 
Intermediates 

214          110   668    248 

Cholesterol 2112 ± 24    2166 ± 16    2264 ± 
69      

2477 ± 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% (w/w) lovastatin as indicated.  Embryos were collected as described in 
Figure 2-7.  Each group contains a total of 9 embryos.  Within each group, heads 
from 3 embryos were pooled (3 pools per group), and sterol contents were 
determined by duplicate GC-MS measurements as described in the Materials and 
Methods.  Each value represents the mean ± SEM of 3 pools (3 embryos per pool).  
Mean values for head weights in control (−statin), control (+ statin), DKO (− 
statin), and DKO (+ statin) embryos were as follows: 309, 268, 152, and 184 mg, 
respectively.  The level of statistical significance (2-tailed Student’s t test) 
between control (− statin) and DKO (− statin) values was p<0.05 for each sterol 
except for the cholesterol and 24-dihydrolanosterol content (not statistically 
significant).  The level of statistical significance between DKO (− statin) and 
DKO (+ statin) values was p<0.05 except for the content of 7-dehydrocholesterol 
and cholesterol (not significantly different). 
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Table 2-4.  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  
(μg/g tissue) 

     

Lanosterol 25 181 (7.2)A  12 236 (20) 
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 1840 2149 (1.2)  1651 1794 (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 palate, maxilla, and eyes, 
and were isolated using three consecutive incisions as described by Abbott 
(Abbott, 2000).  The first incision was made horizontally just above the eyes to 
remove the brain and cranial tissues; the second incision 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 triplicate GC-MS measurements as described in the Materials 
and Methods.  The pooled tissue weights in control and Insig-DKO embryos were 
83 and 64 mg, respectively, for liver and 165 and 82 mg, respectively, for 
palate/maxilla.  
AFold increase in Insig-DKO embryos compared to that of control embryos. 
 
 
 
 
 
 
 
 
 



 

CHAPTER THREE 
 

PATHOGENESIS OF CLEFTING DEFECTS IN INSIG-DEFICIENT 
MOUSE EMBRYOS 

 
 

Abstract 

The development of the mammalian palate is a complex process involving the 

formation, elevation, apposition, and fusion of the palatal shelves.  Previously, we 

generated mice Insig-double-knockout (Insig-DKO) mice that are homozygous 

for germline null mutations in Insig-1 and Insig-2, genes encoding regulatory 

proteins that inhibit cholesterol biosynthesis by preventing SREBP processing and 

by enhancing the degradation of HMG-CoA reductase.  Nearly all Insig-DKO 

mice had midline craniofacial abnormalities resulting from an arrest of palatal 

development at 14.5 embryonic days due to the accumulation of pre-cholesterol 

sterol intermediates.  Here, we explore the pathogenesis of the clefting defects 

observed in Insig-DKO mice by assessing each step of palatal development.  We 

have found that there is no defect in the migration of cranial neural crest cells into 

the palatal shelves of Insig-DKO mice nor in the innate ability of the palatal 

shelves to fuse in vitro.  However, there is increased apoptosis in the lateral 

epithelium in the anterior portion of palatal shelves of these mice at 14.0 dpc with 

no concomitant increase in cell proliferation.  Using Cre-loxP technology to 

generate mice lacking Insigs in either the oral epithelium or the underlying palatal 

mesenchyme, we have demonstrated that Insig loss in both of these tissues 
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doubles the incidence of cleft palate than in mice lacking Insigs only in palatal 

mesenchyme.  These data suggest that the clefting defects seen in Insig-DKO 

animals are partially restricted to Insig-deficiency in the both the palatal 

mesenchyme, which is derived from neural crest cells, and the overlying palatal 

epithelium and are possibly due to an increase in apoptotic events within the 

palatal shelves. 

 

Introduction 

In mammals, the development of the palate is a complex process involving the 

growth, elevation, apposition, and fusion of the palatal shelves (Ferguson, 1988; 

Bush and Jiang, 2012).  In early embryogenesis, cranial neural crest cells migrate 

from the dorsal neural tube to populate the pharyngeal arches, which give rise to 

the structures of the head and neck.  At 11.5 days post coitum (dpc), the palatal 

shelves of mice begin as outgrowths of the maxillary prominences of the first 

pharyngeal arch (Douarin and Kalcheim, 1999; Santagati and Rijli, 2003).  

Between 12.5 and 13.5 dpc, the palatal shelves grow, elongate, and descend 

ventrally down the sides of the tongue.  They then elevate, appose, and start to 

fuse at 14.5 dpc.  By 15.5 dpc, the palatal shelves fuse completely with loss of the 

epithelial seam between the palatal shelves.  As detailed in numerous studies, 

defects in any one of these steps can lead to cleft palate (Taya et al., 1999; 
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Tallquist and Soriano, 2003; Murray and Schutte, 2004; Rice et al., 2004; Gritli-

Linde, 2007, 2008). 

The essential role of Insigs in normal palatal development and fusion was 

shown by our previous in vivo studies of mice lacking both Insig-1 and Insig-2, a 

pair of ER-bound membrane proteins essential for end product-mediated feedback 

inhibition of cholesterol biosynthesis (Goldstein et al., 2006).  When cholesterol 

levels rise within cells, Insigs bind Scap, thereby retaining it within the ER (Yabe 

et al., 2002; Yang et al., 2002).  Scap transports SREBPs, transcription factors 

necessary for the expression of all cholesterol biosynthetic enzymes, to the Golgi 

apparatus where they are proteolytically cleaved to their active nuclear forms 

(Brown and Goldstein, 1997; Horton et al., 2002).  During times of cholesterol 

excess, Insigs inhibit the proteolytic activation of SREBPs thereby reducing 

cholesterol biosynthesis.  In addition to regulating SREBP activation, Insigs bind 

HMG-CoA reductase, the rate-limiting enzyme of cholesterol biosynthesis, in the 

presence of excess sterols, thus enhancing the ubiquitination and ultimate 

degradation of HMG-CoA reductase (Sever et al., 2003a, 2003b).  

In our studies of Insig double-knockout (Insig-DKO) mice, Insig 

deficiency caused a marked buildup of cholesterol and cholesterol precursors, 

which led to craniofacial abnormalities in structures derived from the pharyngeal 

arches (Engelking et al., 2006).  Furthermore, treating Insig-DKO mice in utero 

with lovastatin, an inhibitor of HMG-CoA reductase, lowered the levels of both 
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cholesterol and its sterol precursors and reversed the observed anatomic defects 

(Engelking et al., 2006).  These findings demonstrated that sterol precursors play 

a role in the development of the craniofacial defects seen in Insig-DKO mice; 

however, the exact pathogenesis of these abnormalities remained to be elucidated.  

Inasmuch as normal palatal development and fusion requires migration of 

cells into the palatal region, growth of the palatal shelves, and proper signaling 

interactions between the palatal mesenchyme and overlying oral epithelium, we 

explored whether Insig loss affected these processes, thereby leading to the 

craniofacial abnormalities observed in Insig-DKO mice.  We found that there was 

no defect in cranial neural crest cell migration into the palatal shelves of these 

mice.  However, an increase in apoptosis was observed in the oral epithelium of 

the anterior palatal shelves in Insig-DKO mice at 14.0 dpc with no concomitant 

increase in cell proliferation.  Additionally, we generated mice lacking Insigs in 

specific tissues to determine if particular cell populations were sensitive to the 

loss of Insigs, thereby leading to facial defects.  We found that mice lacking 

Insigs in both the palatal mesenchyme and overlying oral epithelium exhibited a 

higher incidence of cleft palate compared to Insig loss in only one of these cell 

populations.  Overall, these findings have implications in the pathogenesis of the 

craniofacial abnormalities seen in several inborn errors of cholesterol biosynthesis, 

such as Smith-Lemli-Opitz syndrome (SLOS), in which there is an 

overacummulation of sterol precursors in multiple tissues.         
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Results 

Palatal shelves from Insig-DKO mice fused in vitro.  

Previous studies have shown that cleft palate can result from defects not only in 

the growth of the palatal shelves but also in the signaling pathways that direct the 

epithelial-mesenchymal interactions necessary for loss of the intervening 

epithelial seam and complete fusion (Gritli-Linde, 2007).  Given that palatal 

development in Insig-DKO mice was arrested at 14.5 dpc (Engelking et al., 2006), 

we therefore tested whether the pathways directing epithelial seam loss, and thus 

complete fusion, were intact in palatal shelves from Insig-DKO mice by using an 

in vitro organ culture system.  Briefly, palatal shelves were dissected from 13.5 

dpc control and Insig-DKO embryos as detailed previously (Taya et al., 1999; 

Abbott, 2000).  The palatal shelves were then placed in close apposition in a 

Transwell culture dish containing serumless DMEM/F12 media (Figure 3-1a).  

The palatal shelves were incubated at 37oC in 5% CO2/95% air for 72 hours after 

which time they were fixed, sectioned, and H&E stained.  All (21 out of 21) 

palatal shelves from control embryos (Figure 3-1b) fused completely, whereby, 

the epithelial seam was lost and the palatal mesenchyme was continuous between 

the palatal shelves (black arrow in Figure 3-1b).  Similarly, all (10 out of 10) 

palatal shelves from Insig-DKO embryos (Figure 3-1c) fused completely with 

complete loss of the epithelial seam (black arrow in Figure 3-1c). 
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Insig loss did not disrupt neural crest cell migration. 

Cranial neural crest cells arise from the dorsal neural tube around 8.5 dpc.  These 

cells subsequently migrate into and populate the pharyngeal arch system, which 

later forms the structures of the head and neck (Douarin and Kalcheim, 1999; 

Santagati and Rijli, 2003; Tallquist and Soriano, 2003).  For example, neural crest 

cells of the first pharyngeal arch differentiate to form the maxilla, mandible, 

palate, incus, and malleus.   

As shown previously, Insig-DKO mice exhibited defects in structures 

derived from cranial neural crest cells, namely, those of the palate and middle ear 

ossicles (Engelking et al., 2006).  In order to determine if neural crest cell 

migration was abnormal in Insig-DKO mice, we used a two-component reporter 

system to indelibly label migrating neural crest cells.  This system consisted of the 

Rosa26-LacZ reporter (Rosa26LacZ) and a neural crest cell-specific Cre-

recombinase (Wnt1-Cre) (Danielian et al., 1998; Soriano, 1999; Tallquist and 

Soriano, 2003).  Briefly, transcription of LacZ, which is driven by the Rosa26 

promoter, is prematurely terminated due to a poly-adenylation site flanked by two 

loxP sites (Soriano, 1999).  When Wnt1-Cre is expressed in the neural crest of the 

early embryo, the poly-adenylation site is removed through Cre-mediated 

recombination, thereby, activating LacZ transcription and indelibly staining neural 

crest cells blue when incubated in an X-gal solution. 
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To generate Insig-DKO mice carrying the two-component reporter system, 

we bred Rosa26LacZ/LacZ;Wnt1-Cre mice to Insig-1+/-;Insig-2-/- mice to produce 

both Insig-1+/-;Insig-2-/-;Rosa26LacZ/LacZ;Wnt1-Cre and Insig-1+/-;Insig-2-/-

;Rosa26LacZ/LacZ mice.  These mice were interbred to produce Insig-

DKO;R26R;Wnt1-Cre (Insig-1-/-;Insig-2-/-;Rosa26LacZ/LacZ;Wnt1-Cre) and 

control;R26R;Wnt1-Cre (Insig-1+/+;Insig-2-/-;Rosa26LacZ/LacZ;Wnt1-Cre) mice.  

Embryos were collected at 10.5 dpc, and whole-mount X-gal staining was 

performed.  As shown in Figure 3-2, there were no overt differences in the X-gal 

staining pattern of the pharyngeal arches between control;R26R;Wnt1-Cre (Figure 

3-2a) and Insig-DKO;R26R;Wnt1-Cre (Figure 3-2b) embryos, suggesting that 

there were no gross defects in neural crest cell migration in Insig-DKO mice.  

Histological analyses of the palatal regions in these embryos further confirmed 

these results (data not shown). 

 

Cell proliferation and apoptosis in the palatal shelves of Insig-DKO mice.  

As demonstrated previously, palatal development occurred normally in Insig-

DKO embryos until 14.5 dpc at which point the palatal shelves of Insig-DKO 

embryos failed to elevate and subsequently fuse (Engelking et al., 2006).  We 

hypothesized that this failure to elevate and fuse may be due to differences in cell 

proliferation and/or apoptosis within the palatal region.  In order to assess this 

hypothesis, we measured cell proliferation and apoptosis at various embryonic 
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ages using 5-bromo-2-deoxyuridine (BrdU) incorporation and TdT-mediated 

dUTP Nick-End Labeling (TUNEL), respectively.  Briefly, we interbred Insig-1+/-

;Insig-2-/- mice to obtain control and Insig-DKO embryos.  Prior to sacrifice, 

pregnant females were weighed and then injected intraperitoneally with 375 μg of 

BrdU/g body weight.  After 1 hour, control and Insig-DKO embryos were 

collected by caesarean section, fixed, embedded, and sectioned.  Five sections 

were taken from the anterior palate starting at the caudal primary palate, and five 

sections were taken from the posterior palate starting at the optic nerve.  These 

sections were then assayed for BrdU incorporation.  Sequential sections were 

taken for concurrent TUNEL assays.  In order to obtain a more accurate 

representation of changes in proliferation and death, specific regions within the 

palatal shelves were grouped into separate cell populations, such as the medial 

and lateral oral epithelium and the medial and lateral palatal mesenchyme, as 

detailed previously (Rice et al., 2004).  The BrdU-positive and TUNEL-positive 

cells were then counted.  Cellular proliferation and apoptosis was measured in 

10.5, 13.5, 14.0, and 15.5 dpc control and Insig-DKO embryos with 5 mice per 

group. 

 As shown in Figure 3-3, there were no appreciable differences in the 

number of BrdU-positive cells in the palatal shelves of Insig-DKO embryos 

(Figure 3-3b and d) compared to that of control embryos (Figure 3-3a and c) at 

14.0 dpc.  Furthermore, there was no significant difference in the percentage of 
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BrdU-positive cells between mutant and control embryos when quantified (Figure 

3-3e).   Interestingly, there was a noticeable increase in the number of TUNEL-

positive cells that was seen specifically in the lateral oral epithelium of the 

anterior palatal shelves of Insig-DKO mice (white arrow in Figure 3-4b) 

compared to that observed in controls (Figure 3-4a) at 14.0 dpc.  When quantified, 

a roughly 2.5-fold increase in the number of TUNEL-positive cells was observed 

in the lateral oral epithelium of the anterior palatal shelves of Insig-DKO mice 

compared to that of controls (Figure 3-4e).  No other observable differences in the 

numbers of TUNEL-positive cells were noted in the other palatal shelf areas 

between Insig-DKO (Figure 3-4b and d) and control (Figure 3-4a and c) embryos.  

Lastly, no differences were observed in the number of BrdU-positive or TUNEL-

positive cells between control and Insig-DKO mice at 10.5, 13.5, and 15.5 dpc 

(data not shown).  

             

Generation of tissue-specific Insig-deficient mice. 

In our previous studies of germline Insig-DKO mice, we have shown that Insig 

deficiency caused an overproduction and marked buildup of cholesterol 

precursors which led to craniofacial abnormalities in structures derived from the 

pharyngeal arches (Engelking et al., 2006).  We therefore explored the possibility 

that specific cell populations within the palatal region were particularly sensitive 

to a loss of Insigs through the accumulation of lipids, thereby causing the 
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abnormalities observed in Insig-DKO mice.  To this end, we used oil red O 

staining to determine if there were any localized areas of lipid accumulation 

within the palatal region of Insig-DKO embryos at 13.5 dpc.  As shown in Figure 

5, there was a marked increase in the staining for lipids in both the palatal 

mesenchyme and the oral epithelium in Insig-DKO embryos (Figure 3-5b and d) 

compared to that seen in controls (Figure 3-5a and c). 

Using Cre-loxP technology, we generated lines of mutant mice deficient 

in Insigs in the neural crest and oral epithelium.  We chose to delete Insigs in 

these tissues because neural crest cells constitute the bulk of the palatal 

mesenchyme and because both the neural crest cell-derived palatal mesenchyme 

and the overlying oral epithelium interact for proper palatal fusion.  Briefly, mice 

carrying floxed Insig-1 and null Insig-2 alleles (Insig-1f/f;Insig-2-/-) were bred to 

Wnt1-Cre and Keratin14-Cre (K14-Cre) transgenic mice as detailed in the 

Materials and Methods.  Cre-mediated deletion of Insig-1, in combination with 

the germline deletion of Insig-2, rendered the resulting Insig-1f/f;Insig-2-/-;Cre+ 

transgenic mice deficient in both Insig-1 and Insig-2 in either the neural crest 

(Wnt1-Cre) or the oral epithelium (K14-Cre).  These resultant tissue-specific 

Insig-deficient mice were termed NCC-Insig-DKO for neural crest cell-specific 

Insig loss and Epi-Insig-DKO for oral epithelium-specific Insig loss.  Insig-

1f/f;Insig-2-/- littermates were used as controls in all studies.   

 



 
59

Phenotypes of tissue-specific Insig-deficient mutant mice. 

In order to determine if the loss of Insigs in cell populations recapitulated the 

craniofacial abnormalities observed in germline Insig-DKO mice, embryos were 

collected at 18.5 dpc and scored for clefting of the palate by two independent 

observers prior to genotyping.  As detailed in Table 1, 9% (11 out of 124) of 

NCC-Insig-DKO embryos had cleft palate.  NCC-Insig-DKO mice with cleft 

palate had only rudimentary palatal shelves with little medial growth and no 

fusion upon histologic examination.  Additionally, these mutant mice also 

exhibited mild middle and inner ear defects (data not shown).  91% (113 out of 

124) NCC-Insig-DKO embryos did not exhibit any gross craniofacial 

abnormalities.  These mutant mice with normal palates had intact secondary 

palates histologically identical to that of control embryos upon histologic 

examination (data not shown).  Additionally, there were no dysmorphologies of 

the teeth in NCC-Insig-DKO mice upon histologic analysis, and no gross 

abnormalities were found in the internal organs upon necropsy.  In contrast to 

NCC-Insig-DKO mice, no Epi-Insig-DKO mice (0 out of 78) exhibited cleft 

palate at 18.5 dpc.  Interestingly, as Epi-Insig-DKO mice aged postnatally, they 

exhibited hair follicle and skin abnormalities that have been previously described 

(Evers et al., 2010).  
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Mice lacking Insigs in both the palatal mesenchyme and oral epithelium had an 

increased incidence of cleft palate. 

Disruption of the signaling pathways between the oral epithelium and the neural 

crest cell-derived palatal mesenchyme has been previously shown to cause cleft 

palate in mice (Tallquist and Soriano, 2003; Jeong et al., 2004; Rice et al., 2004).  

In order to determine if Insig loss in both the oral epithelium and the underlying 

palatal mesenchyme leads to cleft palate, we bred Insig-1f/f;Insig-2-/- mice to 

Insig-1f/wt;Insig-2-/-;Wnt1-Cre;K14-Cre mice to produce Insig-1f/f;Insig-2-/-;Wnt1-

Cre;K14-Cre mice (termed NCC-Epi-Insig-DKO) as detailed in the Materials and 

Methods.  Since Cre recombinase was expressed in both the neural crest cells and 

the oral epithelium, the Wnt1- and K14-Cre-mediated deletion of Insig-1, in 

combination with the germline deletion of Insig-2, rendered the NCC-Epi-Insig-

DKO mice deficient in both Insig-1 and Insig-2 in these tissues.  Again, Insig-

1f/f;Insig-2-/- littermates were used as controls in these studies.  

In order to study the development of NCC-Epi-Insig-DKO mice, we 

collected embryos at 18.5 dpc and scored for cleft palate as detailed previously 

prior to genotyping.  Whereas all control embryos had grossly normal craniofacial 

morphology at 18.5 dpc, 20% (12 out of 61) of NCC-Epi-Insig-DKO embryos had 

cleft palate (Table 3-1).  80% (49 out of 61) of NCC-Epi-Insig-DKO embryos did 

not exhibit any gross craniofacial abnormalities.  Figure 6 shows the histology of 

control and NCC-Epi-Insig-DKO embryos with cleft palate at 18.5 dpc.  NCC-



 
61

Epi-Insig-DKO embryos (Figure 3-6b and d) with cleft palates had only 

rudimentary palatal shelves with little medial growth and no fusion (black arrows 

in Figure 3-6d) compared to the fused palates seen in controls (Figure 3-6a and c).  

Additionally, compared to control embryos (Figure 3-6e and g), NCC-Epi-Insig-

DKO embryos (Figure 3-6f and h) exhibited middle and inner ear abnormalities.  

In NCC-Epi-Insig-DKO embryos, the mallei were properly formed and articulated 

with Meckel’s cartilage (Figure 3-6f).  However, compared to that of control 

embryos (black arrowhead in Figure 3-6g), the base of the stapes was abnormally 

connected to the pars cochlearis and pars canalicularis in NCC-Epi-Insig-DKO 

embryos (black arrowhead in Figure 3-6h), thus occluding the fenestra vestibuli 

(oval window).  The stapedial arteries were also absent in NCC-Epi-Insig-DKO 

embryos (Figure 3-6h).  No other gross abnormalities were found in the internal 

organs of NCC-Epi-Insig-DKO embryos upon necropsy.  

 

Discussion 

Proper development of the mammalian palate requires the migration of neural 

crest cells into the pharyngeal arches and the growth, elevation, apposition, and 

fusion of the palatal shelves (Ferguson, 1988; Bush and Jiang, 2012).  

Furthermore, interactions between the various cell populations within the 

craniofacial region, namely the oral epithelium and neural crest cell-derived 

palatal mesenchyme, dictate these processes of normal palatal development and 
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fusion.  A defect in any one of these steps can lead to cleft palate (Gritli-Linde, 

2007, 2008).   

In the current studies, we have found that neural crest cell migration and 

population of the pharyngeal arches were identical between control and Insig-

DKO embryos.  Additionally, the palatal shelves of Insig-DKO mice were 

competent to fuse in vitro with loss of the intervening epithelial seam.  However, 

increased amounts of apoptotic cells were observed in the lateral edges of the oral 

epithelium in the anterior palate of Insig-DKO embryos at 14.0 dpc without a 

concomitant change in cell proliferation.  These findings suggest that the palatal 

shelves in Insig-DKO mice are specifically arrested in their growth and elevation 

phases of palatal development and that this could be due to a loss of critical 

signaling cells within the oral epithelium.  The role that the crosstalk between the 

oral epithelium and the underlying palatal mesenchyme plays is highlighted by 

the finding that when Insigs are deleted in both the oral epithelium and the palatal 

mesenchyme there is a 2-fold increase in the incidence of cleft palate compared to 

when Insigs are deleted in only one of these tissues alone (Table 3-1).  Overall, 

these findings suggest that loss of Insigs, presumably through the accumulation of 

lipids/sterol precursors (Figure 3-5), disrupts the normal signaling interactions 

between the oral epithelium and the underlying palatal mesenchyme, thereby 

leading to cleft palate.  
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Disruption of the signaling pathways between the oral epithelium and the 

neural crest cell-derived palatal mesenchyme has been previously shown to cause 

cleft palate in mice (Tallquist and Soriano, 2003; Jeong et al., 2004; Rice et al., 

2004).  Most notably, Sonic Hedgehog (Shh), a morphogenic protein that 

possesses a covalently attached cholesterol molecule, plays an essential role in the 

development of the palate (Porter et al., 1996; Tabin and McMahon, 1997).  

Within the palate, Shh expression is restricted to the oral epithelium; whereas, the 

expression of its downstream pathway participants, such as Patched, Smoothened, 

and Gli, is restricted to the palatal mesenchyme (Rice et al., 2006).  Alterations in 

the expression of these morphogenic genes within these separate cell populations 

cause defects in the formation of the palate in mice.  Loss of Shh in the oral 

epithelium does not cause cleft palate in mice (Dassule et al., 2000); whereas, its 

overexpression in the palatal epithelium leads to cleft palate (Cobourne et al., 

2009).  Conversely, loss of Smoothened in the palatal mesenchyme prevents the 

formation of the palate and other neural-crest cell derived facial structures but 

does not affect palatal development if deleted in the oral epithelium (Gritli-Linde 

et al., 2002; Jeong et al., 2004).  It is interesting to postulate the cleft palate 

defects observed in Insig-DKO mice are due to an alteration in Shh signaling 

between the oral epithelium and the underlying neural crest-derived mesenchyme, 

presumably due to the accumulation of sterol intermediates within these tissues.  

Preliminary studies using quantitative RT-PCR to measure the fold changes in the 
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Shh pathway members have been unremarkable.  We have also used in situ 

hybridization to determine if the expression patterns of Shh pathway members are 

altered in the palatal regions of Insig-DKO embryos; however, these studies have 

been inconclusive thus far (data not shown).  The findings of the synergistic 

increase in the incidence of cleft palate in mice lacking Insigs in both of these 

tissues lends credence to the hypothesis that signaling pathways are disrupted due 

to loss of Insigs.  However, more studies are needed to fully determine the exact 

molecular mechanisms by which loss of Insig-mediated cholesterol homeostasis 

plays in the pathogenesis of the craniofacial abnormalities seen in malformation 

syndromes due to inborn errors of cholesterol synthesis.   

 

Materials and Methods 

Mouse strains. 

Mice with germline deletions in both Insig-1 and Insig-2 (Insig-1-/-;Insig-2-/-, 

designated Insig-DKO) were described previously (Engelking et al., 2005).  We 

interbred Insig-1+/-;Insig-2-/- mice to produce Insig-DKO embryos.  Insig-

1+/+;Insig-2-/- littermates, which are indistinguishable from wildtype embryos, 

were used as controls.  Mated females were identified by the presence of a 

postcopulatory vaginal plug at the beginning of next light cycle, which was 

denoted as 0.5 dpc.  Genomic DNA was prepared from embryonic tissues and 

used for genotyping by PCR as previously described (Engelking et al., 2005). 
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Neural crest cell-specific Insig-deficient mice.  Insig-1f/f;Insig-2-/- mice were bred 

to Wnt1-Cre transgenic mice (Stock no. 003829, The Jackson Laboratory) to 

generate Insig-1f/f;Insig-2-/-;Wnt1-Cre.  For the purpose of brevity, we designated 

these mice lacking Insig-1 and Insig-2 in neural crest cells as NCC-Insig-DKO 

mice.  We interbred Insig-1f/wt;Insig-2-/-;Wnt1-Cre  male and Insig-1f/f;Insig-2-/- 

female mice to obtain control (Insig-1f/f;Insig-2-/-) and NCC-Insig-DKO 

littermates.  Embryonic age was determined as detailed above.  The mice were 

genotyped by PCR using tail genomic DNA with the primers previously described 

(Danielian et al., 1998; Engelking et al., 2005). 

Epidermal-specific Insig-deficient mice.  Insig-1f/f;Insig-2-/- mice were bred to 

Keratin14-Cre (K14-Cre) transgenic mice (Stock no. 004782, The Jackson 

Laboratory) to generate Insig-1f/f;Insig-2-/-;K14-Cre mice.  For the purpose of 

brevity, we designated these mice lacking Insig-1 and Insig-2 in the oral 

epithelium and epidermis as Epi-Insig-DKO mice.  We bred Insig-1f/wt;Insig-2-/-

;K14-Cre male and Insig-1f/f;Insig-2-/- female mice to obtain control (Insig-

1f/f;Insig-2-/-) and Epi-Insig-DKO littermates.  Embryonic age was determined as 

detailed above.  The mice were genotyped by PCR using tail genomic DNA with 

the primers previously described (Dassule et al., 2000; Engelking et al., 2005).  

All mice were housed in colony cages with a 12-hour light/12-hour dark 

cycle and fed ad libitum Teklad Mouse/Rat Diet 7002 (Harlan Teklad).  All 

animal experiments were performed with the approval of the Institutional Animal 



 
66

Care and Research Advisory Committee at The University of Texas Southwestern 

Medical Center at Dallas.   

 

In vitro palatal shelf organ culture system. 

Palatal shelves were dissected from 13.5 dpc embryos as previously described 

(Abbott, 2000).  They were then placed in close apposition in a Transwell culture 

dish (Corning Incorporated) containing DMEM/F12 serum-free media with 2.5 

mM glutamine, 1% Penicillin/streptomycin, and 50 μg/mL L-ascorbate (Taya et 

al., 1999).  The palatal shelves were then incubated at 37oC in 5% CO2/95% air 

for 72 hours after which time the palatal shelves were fixed, sectioned, H&E 

stained, and scored for palatal fusion by two independent observers prior to 

genotyping.      

 

Neural crest cell migration assay. 

Wnt1-Cre transgenic mice were bred to mice homozygous for the Rosa26-LacZ 

(Rosa26LacZ/LacZ) reporter (Stock no. 003474, The Jackson Laboratory) to produce 

Rosa26LacZ/LacZ;Wnt1-Cre mice (Danielian et al., 1998; Tallquist and Soriano, 

2003).  These mice were then bred to Insig-1+/-;Insig-2-/- to produce both Insig-

1+/-;Insig-2-/-;Rosa26LacZ/LacZ;Wnt1-Cre and Insig-1+/-;Insig-2-/-;Rosa26LacZ/LacZ 

mice.  Lastly, these mice were interbred to produce Insig-DKO;R26R;Wnt1-Cre 

(Insig-1-/-;Insig-2-/-;Rosa26LacZ/LacZ;Wnt1-Cre) and control;R26R;Wnt1-Cre (Insig-
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1+/+;Insig-2-/-;Rosa26LacZ/LacZ;Wnt1-Cre) mice.  Embryonic age was determined as 

detailed above.  Embryos were harvested at 10.5 dpc and fixed in 4% 

paraformaldehyde for 30 minutes at 4oC.  The embryos were then submerged in a 

solution of 2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 0.01% Triton-X, 

and 1 mg/ml X-gal (Invitrogen) in 1XPBS at pH 7.4.  The embryos were 

incubated in this solution for 1.5 hours in the dark at 30oC with agitation.  

Embryos were then scored for differences in X-gal staining patterns prior to 

genotyping.  There were 4 mice per group. 

 

BrdU incorporation and TUNEL assays. 

A 5-bromo-2-deoxyuridine (BrdU) (Roche Applied Science) stock solution of 

was made by dissolving 1 g of BrdU in 0.9% physiologic saline for a final 

concentration of 25 μg/μl.  We interbred Insig-1+/-;Insig-2-/- mice to produce 

control and Insig-DKO embryos.  Prior to sacrifice, pregnant females were 

weighed and then injected intraperitoneally with 375 μg of BrdU/g body weight.  

After 1 hour, embryos were collected by caesarean section and fixed in 4% 

paraformaldehyde (Sigma-Aldrich) for 16 hours at 4oC with agitation.  The 

embryos were then washed with cold 0.9% physiologic saline, embedded in 

paraffin, and sectioned at 5 μm.  Beginning at the caudal end of the primary palate, 

5 sections were taken of the anterior palate.  Additionally, 5 sections of the 

posterior palate were taken beginning at the optic nerve.  Sequential sections were 



 
68

also taken for concurrent TdT-mediated dUTP Nick-End Labeling (TUNEL) 

staining.  Cell proliferation and apoptosis were measured in control and Insig-

DKO embryos at 10.5, 13.5, 14.0, and 15.5 dpc with 5 mice per group.    

BrdU incorporation assay.  Sections for BrdU incorporation were heated at 58oC 

for 30 minutes.  They were then deparaffinized, rehydrated, and denatured in 2 N 

HCl for 1 hour at 37oC.  The sections were then neutralized by incubating them in 

0.1 M pH 8.5 borate buffer for 10 minutes at room temperature.  The sections 

were then permeablized with 0.3% Triton (in PBS) for 10 minutes and then 

incubated in 1.5% normal horse serum in PBS for 30 minutes at room temperature.  

The sections were incubated in a 1:25 dilution (in 0.1% BSA/PBS) of monoclonal 

mouse anti-BrdU IgG (Roche Applied Science) overnight at 4oC.  The sections 

were washed and incubated in horse anti-mouse IgG diluted 1:200 in 1% normal 

horse serum in PBS for 30 minutes at room temperature.  They were then washed 

and incubated in FITC streptavidin diluted 1:50 in PBS for 30 minutes at room 

temperature.  The slides were counterstained with propidium iodide for 1 hour at 

37oC and mounted with Vectashield.  BrdU-positive cells and the total number of 

cells in the palatal shelves were counted using ImageJ (http://rsbweb.nih.gov/ij/). 

TUNEL assay.  The DeadEnd™ Fluorometric TUNEL kit (Promega) was used to 

label apoptotic cells.   Briefly, sections were heated at 58oC for 15 minutes.  They 

were then deparrafinized, rehydrated, and fixed in 4% paraformaldehyde (in PBS) 

for 15 minutes at room temperature.  Sections were permeabilized with a solution 
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of 20 μg/mL of proteinase K, washed, and then fixed again in 4% 

paraformaldehyde for 5 minutes at room temperature.  Sections were incubated in 

the provided Equilibration Buffer (Promega kit) for 10 minutes at room 

temperature and then incubated in the TdT Reaction mixture at 37oC for 1 hour in 

the dark.  The sections were then washed with 2X saline-sodium citrate buffer for 

15 minutes, counterstained with propidium iodide for 1 hour at 37oC, and 

mounted with Vectashield.  Apoptotic cells and the total number of cells in the 

palatal shelves were counted using ImageJ (http://rsbweb.nih.gov/ij/).        

 

Histology and oil red O staining.   

For histological analysis, embryos were collected at various developmental ages.  

The embryos were then fixed in 10% neutral-buffered formalin (Sigma-Aldrich) 

for more than 24 hours.  For H&E staining, embryos were embedded in paraffin 

and sectioned at 5 μm; the sections were then stained with H&E.  For oil red O 

staining, embryos were incubated in a 30% aqueous sucrose solution overnight at 

4oC, embedded in Neg-50 mounting medium (Thermo Fisher Scientific), and 

cryosectioned at 10 μm.  The frozen sections were then stained with a 0.18% oil 

red O solution (Sigma-Aldrich) in 60% (v/v) isopropanol for 10 minutes and were 

not counterstained.      
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Figure 3-1.  Palatal shelves from Insig-DKO embryos were competent to fuse 
in vitro.  Palatal shelves dissected from 13.5 dpc control (b) and Insig-DKO (c) 
embryos were placed in close apposition in a Transwell culture dish containing 
serum-free media (as illustrated by the schematic in a).  After culturing at 37oC in 
5% CO2/95% air for 72 hours, the palatal shelves were fixed, sectioned, and 
stained with H&E.  Palatal shelves from both control (b) and Insig-DKO (c) 
embryos fused normally with complete loss of the epithelial seam (black arrows).  
Scale bars = 0.05 mm. 
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Figure 3-2.  Cranial neural crest cells in Insig-DKO embryos migrated 
normally to populate the pharyngeal arches.  Whole 10.5 dpc 
control;R26R;Wnt1-Cre (a) and Insig-DKO;R26R;Wnt1-Cre (b) embryos were 
stained for β-galactosidase activity to reveal the location of cranial neural crest-
derived cells.  Red arrows indicate the first pharyngeal arch, which will 
differentiate to form the maxilla, mandible, palate, incus, and malleus.  Scale bars 
= 0.5 mm.      
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Figure 3-3.  Comparison of cell proliferation in palatal shelves of control and 
Insig-DKO embryos.  (a-d) Proliferating cells in palatal shelves of 14.0 dpc 
control (a, c) and Insig-DKO (b, d) embryos were detected by the 5-bromo-2-
deoxyuridine (BrdU; green) incorporation assay as described in the Materials and 
Methods.  The same sections were also counterstained with propidium iodide (PI; 
red) to determine the total number of cells in each section.  For quantification, 
both the anterior (a, b) and posterior (c, d) palatal regions were divided into 
specific areas as described previously (Rice et al., 2004):  the medial (areas 1 and 
5) and lateral (areas 2 and 6) oral epithelium and the medial (areas 3 and 7) and 
lateral (areas 4 and 8) palatal mesenchyme.  (e) The level of cell proliferation in 
each area is presented as the percentage of BrdU-positive cells to the total number 
of cells stained with PI.  Each bar represents the mean ± SEM of values from 5 
control (black bar) or 5 Insig-DKO (grey bar) embryos (for each embryo, 5 
sections of each area were analyzed).  Scale bars = 0.1 mm (a-d). 
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Figure 3-4.  Comparison of apoptosis in palatal shelves of control and Insig-
DKO embryos.  (a-d) Apoptotic cells in palatal shelves of 14.0 dpc control (a, c) 
and Insig-DKO (b, d) embryos were detected by the TdT-mediated dUTP Nick-
End Labeling (TUNEL; green) assay as described in the Materials and Methods.  
The same sections were also counterstained with propidium iodide (PI; red) to 
determine the total number of cells in each section.  For quantification, the 
anterior (a, b) and posterior (c, d) palatal regions were divided into specific areas 
as described in Figure 3.  (e) The level of apoptosis in each area is presented as 
the percentage of TUNEL-positive cells to the total number of cells stained with 
PI.  Each bar represents the mean ± SEM of values from 5 control (black bar) or 5 
Insig-DKO (grey bar) embryos (for each embryo, 5 sections of each area were 
analyzed).  The level of statistical significance between control and Insig-DKO 
embryos was calculated using a two-tailed Student’s t-test.  Scale bars = 0.1 mm 
(a-d). 
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Figure 3-5.  Oil red O staining in the palatal region of Insig-DKO and control 
embryos.  (a-d) Control (a, c) and Insig-DKO (b, d) embryos were harvested at 
13.5 dpc and stained with oil red O as described in the Materials and Methods.  
Lipids were shown to accumulate in both the palatal mesenchyme (me) and oral 
epithelium (ep) of Insig-DKO (b, d) mice compared to that of controls (a, c).  ps, 
palatal shelf; tg, tongue.  Scale bars = 0.05 mm (a-d).   
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Figure 3-6.  Mice lacking Insigs in both the neural crest and oral epidermis 
exhibited cleft palate and abnormal middle and inner ear development.  (a-h) 
Histology of control (a, c, e, g) and NCC-Epi-Insig-DKO (b, d, f, h) embryos at 
18.5 dpc are shown.  Roughly, 20% (12 out of 61) of NCC-Epi-Insig-DKO 
embryos had cleft secondary palates (b, d) compared to that of controls (a, c).  
The lateral margins of the palatal shelves are indicated by black arrows.  The 
mallei (m) of NCC-Epi-Insig-DKO embryos (f) were identical to that of controls 
(e).  However, the base of the stapes (s) was connected to the pars cochlearis 
(pco) and pars canalicularis (pca) in NCC-Epi-Insig-DKO embryos (h), thus 
occluding the fenestra vestibuli (oval window, black arrowhead).  Additionally, 
the stapedial arteries (sa) were absent in NCC-Epi-Insig-DKO embryos (h) 
compared to those in controls (g).  mc, Meckel’s cartilage; pa, palate.  Scale bars 
= 0.2 mm (a-h). 
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Table 3-1.  Phenotypes of 18.5 dpc mouse embryos lacking Insigs in various 
tissues. 
 

Mouse strain Tissues lacking 
Insigs 

Number with indicated 
craniofacial morphology 

  Normal Cleft palate 
    

Control  
(Insig-1f/f;Insig-2-/-) 

NA 124 0 

    
NCC-Insig-DKO Neural crest cells 124 11 (9%) 

 
Epi-Insig-DKO Oral epithelium, 

epidermis 
 

78 0 

NCC-Epi-Insig-
DKO 

Neural crest cells, 
oral epithelium, 

epidermis 

61 12 (20%) 

* Insig-1f/f;Insig-2-/-; NA, not applicable 
 

 
 

 
 

 

 

 

 

 

 

 

 



 

CHAPTER FOUR 
 

HAIR GROWTH DEFECTS IN INSIG-DEFICIENT MICE CAUSED BY 
CHOLESTEROL PRECURSOR ACCUMULATION AND REVERSED BY 

SIMVASTATIN 
 
 
Abstract 
 
Insig-1 and Insig-2, two closely related proteins, are essential for feedback 

inhibition of cholesterol biosynthesis. Here, we characterized a line of epidermal-

specific, Insig-double knockout (Epi-Insig-DKO) mice lacking both Insigs in 

epidermis. At birth, Epi-Insig-DKO mice were indistinguishable from control 

littermates, but thereafter they failed to thrive and died before 6 weeks of age. By 

14 days of age, 100% of Epi-Insig-DKO mice exhibited defects in hair growth 

along with other skin abnormalities, including hyperkeratosis. Hair follicles in 

Epi-Insig-DKO mice developed normally through postnatal day 7, but they failed 

to progress to later stages and thus exhibited defects in postnatal hair cycling. 

Insig deficiency caused a marked buildup of cholesterol precursors in skin 

associated with a marked increase in 3-hydroxy-3-methylglutaryl coenzyme A 

reductase protein. Topical treatment of Epi-Insig-DKO mice with simvastatin, an 

inhibitor of reductase, reduced sterol precursors in skin and corrected the hair and 

skin defects. We conclude that Insig deficiency in skin causes accumulation of 

cholesterol precursors, and this impairs normal hair development. These findings 

have implications for several human genetic diseases in which mutations in 
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cholesterol biosynthetic enzymes lead to accumulation of sterol precursors and 

multiple cutaneous abnormalities. 

 

Introduction 

Cholesterol has an essential role in mammalian development, and its 

concentration is tightly regulated by a feedback system that senses the level of 

cholesterol in cell membranes and modulates the rates of cholesterol synthesis 

(Brown and Goldstein, 2009). At the core of this feedback regulation are Insig-1 

and Insig-2, two closely related endoplasmic reticulum membrane proteins. Under 

conditions of sterol excess, Insigs limit cholesterol synthesis by enhancing the 

ubiquitination and degradation of 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMG-CoA reductase), the rate-limiting enzyme of cholesterol 

biosynthesis.  In addition, excess sterols cause Insigs to inhibit the action of Scap, 

a polytopic membrane protein that transports sterol regulatory element-binding 

proteins (SREBPs) from the endoplasmic reticulum to the Golgi apparatus 

(Goldstein et al., 2006). 

Sterol regulatory element-binding proteins are membrane-bound 

transcription factors required for transcription of all of the known genes encoding 

enzymes of the cholesterol biosynthetic pathway (Horton et al., 2002).  To enter 

the nucleus, inactive SREBP precursors must be transported by Scap to the Golgi, 

where they are processed proteolytically to yield active nuclear fragments 
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(nSREBPs).  When sterols accumulate to high levels within cells, Insigs bind and 

retain the Scap/SREBP complex in the endoplasmic reticulum, preventing the 

generation of active nSREBPs and thereby reducing transcription of cholesterol 

biosynthetic genes.  By controlling both the stability of HMG-CoA reductase 

protein and the generation of active nSREBPs, the net result of Insig action is to 

decrease cholesterol synthesis whenever sterol levels are high (Brown and 

Goldstein, 2009). 

The essential role of Insig-mediated regulation of cholesterol homeostasis 

in vivo was shown by our previous studies of mice lacking both Insig-1 and Insig-

2 (Engelking et al., 2005, 2006).  In these Insig double knockout (Insig-DKO) 

mice, Insig deficiency caused an overproduction of cholesterol and a marked 

buildup of cholesterol precursors, which led to craniofacial abnormalities.  The 

teratogenic role of sterol intermediates in causing the craniofacial defects was 

supported by the observation that facial clefting in Insig-DKO mice decreased 

when pregnant females were treated with lovastatin, an inhibitor of HMG-CoA 

reductase that lowers the level of cholesterol and its sterol precursors (Engelking 

et al., 2006).  We postulated that the teratogenic effects were caused by the 

accumulation of sterol precursors, but the mechanism remained unknown.  The 

neonatal lethality of the Insig-DKO mice precluded us from examining whether 

excess sterol precursors impair developmental processes that occur after birth. 
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Inasmuch as palatal development requires the interaction between 

epithelial and mesenchymal cells (Gritli-Linde, 2007), we set out to examine 

whether the clefting defects in Insig-DKO mice are caused by excess sterol 

precursors in epithelial and/or mesenchymal cells of the palate.  Accordingly, in 

this study we generated a tissue-specific line of knockout mice lacking both Insig-

1 and Insig-2 in the oral epithelium. These mice also lacked Insigs in the 

epidermis of the skin (termed Epi-Insig-DKO mice).  Epi-Insig-DKO mice did not 

manifest any craniofacial abnormalities, indicating that loss of Insigs in the oral 

epithelium is not sufficient to produce cleft palate.  Instead, Epi-Insig-DKO mice 

exhibited defects in hair growth and other skin abnormalities, associated with a 

marked accumulation of sterol precursors in the skin. The causal role of sterol 

precursors is supported by the observation that the hair and skin defects were 

completely corrected by topical application of a statin inhibitor of HMG-CoA 

reductase that lowered the elevated sterol precursors in the skin.  These findings 

have implications for the pathogenesis of skin abnormalities seen in several 

inborn errors of cholesterol synthesis, such as the CHILD syndrome (congenital 

hemidysplasia with ichthyosiform nevus and limb defects) and the CDPX2 

syndrome (X-linked dominant chondrodysplasia punctata type 2), both of which 

exhibit a buildup of sterol precursors in skin. 
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Results 

Generation of mice lacking Insig-1 and Insig-2 in the epidermis. 

Mice carrying floxed Insig-1 and null Insig-2 alleles (Insig-1f/f;Insig-2-/-) were 

bred to Keratin14-Cre (K14-Cre) transgenic mice in which Cre recombinase 

driven by the human Keratin14 promoter was expressed in the oral epithelium, 

epidermis, and hair follicles (Dassule et al., 2000; Gritli-Linde et al., 2007).  The 

K14-Cre mediated deletion of Insig-1 (Figure 4-1a), in combination with the 

germline deletion of Insig-2, rendered the resulting Insig-1f/f;Insig-2-/-;K14-Cre 

mice deficient in both Insig-1 and Insig-2 in these tissues.  For simplicity, we 

designated these Insig-1f/f;Insig-2-/-;K14-Cre mice as epidermal-specific Insig-

double knockout (Epi-Insig-DKO) mice.  For all experiments described here, we 

bred Insig-1f/wt;Insig-2-/-;K14-Cre male and Insig-1f/f;Insig-2-/- female mice to 

obtain control Insig-1f/f;Insig-2-/- and Epi-Insig-DKO littermates.  At 18.5 days 

post coitum (dpc), Epi-Insig-DKO mice were observed in the expected 1:1:1:1 

Mendelian ratio (based on 42 litters).  At birth, mutant mice were grossly 

indistinguishable from wild-type littermates. 

In Figure 4-1b, we used real-time PCR to quantify the relative amount of 

Insig-1 mRNA in the skin and liver from postnatal day 14 (PND 14) control and 

Epi-Insig-DKO mice.  Compared with control mice, the amount of Insig-1 mRNA 

in the skin of Epi-Insig-DKO mice was reduced by 93%.  Liver Insig-1 mRNA 

levels were comparable between control and Epi-Insig-DKO mice.  Therefore, the 
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K14-Cre-mediated recombination led to an efficient and skin-specific ablation of 

Insig-1 in Epi-Insig-DKO mice, consistent with previous studies in which the 

same K14-Cre was used to delete other floxed genes in the skin (Wang et al., 

2006; Gritli-Linde et al., 2007). 

Although Epi-Insig-DKO mice were grossly indistinguishable from 

control littermates at birth, they failed to thrive, and none survived beyond 6 

weeks after birth.  The cause of death remains to be determined, but did not 

appear to result from any detectable gross abnormality in the oral epithelium.  

Figure 4-1c shows the body weights of control and Epi-Insig-DKO mice at 

various ages before death.  At 18.5 dpc, Epi-Insig-DKO embryos weighed the 

same (1.21 g; mean of 99 embryos) as control littermates (1.22 g; mean of 101 

embryos).  In experiments not shown, both control and mutant 18.5 dpc embryos 

exhibited an intact epidermal barrier as measured by the X-gal staining assay 

(Hardman et al., 1998).  At PND 4, the mutant mice (1.77 g) were 27% smaller 

than controls (2.44 g) (Figure 4-1c).  As the mice aged, this difference became 

more dramatic such that by PND 28 mutant mice (5.93 g) were 63% smaller than 

controls (15.83 g) (Figure 4-1c). 

Most strikingly, Epi-Insig-DKO mice failed to grow body hair.  At PND 

14, all of the control mice (44 out of 44) had a full coat of body hair, whereas 

none of the Epi-Insig-DKO mice (0 out of 48) had any body hair (Figure 4-2a).  

Other gross abnormalities in the mutant mice included hyperkeratosis, kinking of 
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the vibrissae (whiskers), and exophthalmos (compare Figure 4-2c and b).  

Histological examination revealed abnormalities in the eyes and the meibomian 

glands.  In the former, three out of five Epi-Insig-DKO mice had keratitis; in the 

latter, five out of five showed gland enlargement.  No gross abnormalities were 

found in the teeth, nails, and internal organs on necropsy. 

 

Histological analyses of skin from control and Epi-Insig-DKO mice. 

Figure 4-3 shows histological sections of skin from control and Epi-Insig-DKO 

mice at PND 14.  Whereas the hair follicles of control mice were aligned 

normally (Figure 4-3a and inset), those of Epi-Insig-DKO mice were misaligned, 

unevenly distributed, ectatic, plugged with keratin, and contained distorted hair 

shafts (Figure 4-3b and inset).  Epi-Insig-DKO mice also showed a loss of 

hypodermal adipocytes (Figure 4-3b) and exhibited epidermal hyperplasia and 

orthokeratotic hyperkeratosis with hypergranulosis (Figure 4-3d).  The 

hyperplastic epidermis of Epi-Insig-DKO mice was 5- to 7-cell layers thick, 

whereas the epidermis of control mice was only 2- to 3-cell layers thick.  In 

controls, the dermal papillae were enveloped by follicular epithelial cells to form 

normal hair bulbs (Figure 4-3e).  In contrast, the dermal papillae of Epi-Insig-

DKO mice were condensed and separated from the follicular epithelial cells, 

associated with degeneration of the hair bulbs (Figure 4-3f).  A slight infiltration 

of neutrophils was noted in the dermis, but not in the hair follicles. 
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Growth of hair follicles is divided into two distinct stages: (1) follicular 

morphogenesis in which the hair follicle develops and grows from embryonic 

precursors, and (2) the follicular cycle (or hair cycle) whereby hair follicles grow 

(anagen), regress (catagen), and rest (telogen), producing new hairs throughout 

the mammalian lifetime (Alonso and Fuchs, 2006; Schneider et al., 2009).  In 

mice, follicular morphogenesis begins on the upper back at 14.5 dpc.  The 

ectoderm elongates and invaginates, and mesenchymal cells beneath the 

invaginated ectoderm condense to form the hair placode.  The invaginated 

ectoderm will differentiate into the hair follicle and adjacent epidermis, whereas 

the mesenchymal cell condensation will become the dermal papilla.  After birth, 

between PNDs 6 and 8, the hair follicles of the back become fully mature, and the 

cells within the hair bulb continue to proliferate and differentiate, causing the hair 

shaft to erupt from the skin surface.  Around PND 16, when follicular 

morphogenesis is complete, hair follicles enter the catagen phase of the first 

follicular cycle and begin to regress.  By PND 19, the hair follicles progress to 

telogen that lasts for 1–2 days.  At the end of telogen, the hair follicles enter the 

first anagen phase of the follicular cycle and remain in this phase until catagen 

begins again roughly 6 weeks after birth, after which the follicular cycle repeats 

anew. 

To further characterize the hair follicle defects of Epi-Insig-DKO mice, 

we compared hair follicle development between control and Epi-Insig-DKO mice 
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at PNDs 4, 7, 14, 21, and 28 (Figure 4-4).  At PND 4, hair follicles were 

histologically similar in control (Figure 4-4a) and Epi-Insig-DKO (Figure 4f) 

mice. At PND 7, some hair shafts in Epi-Insig-DKO mice had become kinked 

(Figure 4-4g and inset).  Near the completion of follicular morphogenesis at PND 

14, the hair follicles of control mice were aligned (Figure 4-4c), whereas the hair 

follicles of Epi-Insig-DKO had become misaligned and unevenly dispersed 

(Figure 4-4h).  The hair follicles from these mutant mice also exhibited ectasia, 

kinked hair shafts, dermal papillae condensation, and hair bulb degeneration. Epi-

Insig-DKO mice also showed a loss of hypodermal adipocytes compared with 

control mice.  At PND 21, when hair follicles of control mice were in the telogen 

phase of the follicular cycle (Figure 4-4d), those of Epi-Insig-DKO mice were 

arrested and exhibited progressive ectasia, with keratin accumulation within the 

follicles (Figure 4-4i).  This arrest of hair follicle cycling persisted in the Epi-

Insig-DKO mice at PND 28 with further enlargement of the hair follicles along 

with minimally detectable scarring (Figure 4-4j).  Because the hair follicles were 

extremely ectatic at this stage, it was difficult to determine whether follicular drop 

out had occurred.  In control mice at PND 28, hair follicles proceeded into the 

anagen phase normally (Figure 4-4e). 
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Elevation in cholesterol precursors in skin of Epi-Insig-DKO mice and reduction 

by simvastatin treatment. 

In our previous studies of germ-line Insig-DKO mice, we showed that Insig 

deficiency caused an overproduction and marked buildup of sterol precursors of 

cholesterol that led to craniofacial abnormalities (Engelking et al., 2006).  We 

therefore explored the possibility that the skin abnormalities in Epi-Insig-DKO 

mice were also due to the accumulation of sterol precursors.  As a first step to test 

this hypothesis, we used oil red O to stain the neutral lipids in skin sections from 

control and Epi-Insig-DKO mice (Figure 4-5).  At PND 14, sebaceous glands 

were enlarged and filled with lipids in Epi-Insig-DKO (Figure 4-5c) compared 

with those of control (Figure 4-5a) mice.  Quantification of sebaceous gland area 

revealed that the sebaceous glands of Epi-Insig-DKO mice were 1.7-fold larger in 

cross-section than those of control mice (2,045 ± 101 vs. 1,236 ± 35 μm2, 

p<0.001).  Lipids also accumulated in the epidermal compartment of the hair 

bulbs in Epi-Insig-DKO mice (Figure 4-5d), but not in those of control mice 

(Figure 4-5b). 

We next carried out immunoblot analysis to determine the protein levels 

of HMG-CoA reductase in the skin of PND 14 control and Epi-Insig-DKO mice.  

As shown in Figure 5e, the relative amount of HMG-CoA reductase protein in the 

skin of Epi-Insig DKO mice was 10-fold higher than that in control mice (mean of 

four values in each group).  These relative values were determined by 
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densitometric quantification of the reductase protein band relative to that of the 

transferrin protein band (loading control).  Figure 4-5g shows the marked 

overabundance of reductase protein in the sebaceous glands of the mutant mice, 

as revealed by immunohistochemistry. 

Figure 4-6a shows an abridged diagram of the cholesterol biosynthetic 

pathway, depicting the major sterol precursors.  Also shown is the enzyme HMG-

CoA reductase, which converts HMG-CoA to mevalonate and is the target for the 

statin class of drugs that inhibit cholesterol synthesis (Goldstein and Brown, 

1990).  We determined the levels of cholesterol and its precursors in skin from 

control and Epi-Insig-DKO mice using gas chromatography-mass spectroscopy 

(GC-MS).  In the experiments shown in Figure 4-6b–g, we treated entire litters of 

mice daily from PND 2 to PND 13 with topical applications of vehicle or the 

cholesterol synthesis inhibitor simvastatin.  We used a protocol in which acetone 

is rubbed on the skin to disrupt the permeability barrier before application of the 

vehicle or simvastatin (Feingold et al., 1990).  The drug was applied to a patch of 

skin 0.5–1 cm2 located between the shoulder blades.  At PND 14, after the mice 

were photographed, skin from the upper back was harvested for sterol 

measurements, and tail tissues were used for genotyping.  The skin of vehicle-

treated Epi-Insig-DKO mice had elevated levels of cholesterol and its precursors 

compared with that of vehicle-treated control mice. As indicated by the black bars 

in Figure 4-6, the fold increases ranged from 1.7-fold for desmosterol (Figure 4-
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6f) to 7.1-fold for lathosterol (Figure 4-6e).  When treated with simvastatin, the 

cholesterol content in the skin of control mice was not reduced, whereas the 

cholesterol content in the skin of Epi-Insig-DKO mice was reduced to a level 

close to that of control mice (gray bars in Figure 4-6g).  In the skin of control 

mice, simvastatin treatment significantly reduced the levels of all of the sterol 

precursors (gray bars in Figure 4-6b-f).  An even greater relative reduction was 

observed in the skin of the Epi-Insig-DKO mice with the exception of 

desmosterol, which was not affected by simvastatin treatment (Figure 4-6f). 

 

Simvastatin-mediated correction of hair defects in Epi-Insig-DKO mice. 

Figure 4-7 shows the overall appearances and histological analyses of control and 

Epi-Insig-DKO mice treated with either vehicle or 1 mg simvastatin.  As 

described earlier, entire litters of mice were treated daily from PND 2 to PND 13 

with topical applications of either vehicle or simvastatin.  At PND 14, the mice 

were photographed and scored for hair growth by two independent observers 

before genotyping.  The hair growth and body weights of control mice were not 

affected by simvastatin treatment (20 out of 20, Figure 4-7b).  All (11 out of 11) 

of the vehicle-treated Epi-Insig-DKO mice were hairless, the same phenotype 

exhibited by untreated Epi-Insig-DKO mice (Figure 4-2).  Simvastatin treatment 

completely corrected the hairless phenotype such that 100% (16 out of 16) of the 

treated mutant mice had normal hair growth (Figure 4-7d), no meibomian gland 
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enlargement, and no keratitis.  Normalization of hair was observed throughout the 

body, and not just in the region where the drug was applied.  Simvastatin 

treatment also corrected the low body weight phenotype of Epi-Insig-DKO mice, 

consistent with a widespread systemic effect.  Whereas vehicle-treated Epi-Insig-

DKO mice weighed 39% less than vehicle-treated control littermates (4.84 vs. 

7.97 g), simvastatin-treated Epi-Insig-DKO and control mice had similar body 

weights (6.11 vs. 6.90 g).  A lower dose of simvastatin (30 μg per day from PND 

2 to PND 13) only partially corrected the phenotype; the coat was frizzled and 

tattered (100% of mutant mice) and the number of hair follicles was markedly 

reduced and showed abnormalities of the type seen in Figure 4-3b, d, and f. 

To further evaluate the effect of simvastatin treatment on hair growth, we 

carried out histological analyses of skin from all four groups of mice described 

above (Figure 4-7e–p).  Neither vehicle nor simvastatin treatment had any effect 

on the hair and skin histology of control mice (Figure 4-7e, f, i, and j).  Vehicle-

treated Epi-Insig-DKO mice (Figure 4-7g and k) showed the same gross and 

histological defects in hair and skin observed in untreated Epi-Insig-DKO mice 

(Figure 4-3).  All these defects were corrected in simvastatin-treated Epi-Insig-

DKO mice (Figure 4-7h and l).  Furthermore, the accumulation of oil red O-

stained lipids seen in the epidermal compartment of the hair bulbs of Epi-Insig-

DKO mice (Figure 4-7o) was prevented by simvastatin treatment (Figure 4-7p). 
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Sebaceous gland hyperplasia seen in Epi-Insig-DKO mice was also ameliorated 

by simvastatin treatment (data not shown). 

 

Analyses of control and Epi-Insig-DKO mice at different times after stopping 

simvastatin treatment. 

In the experiments shown in Figure 4-7, the mice were treated daily with 

simvastatin from PND 2 to PND 13 and analyzed at PND 14.  To determine 

whether the mice would regress after cessation of statin treatment, we carried out 

another study in which control and Epi-Insig-DKO mice were first treated with 

vehicle or 1 mg simvastatin from PND 2 to PND 13 and then left untreated for the 

next 5.5 months.  The mice were monitored weekly by two independent observers.  

None (0 out of 4) of the vehicle-treated Epi-Insig-DKO mice survived beyond 6 

weeks of age.  In contrast, simvastatin-treated Epi-Insig-DKO mice lived to the 6-

month end point.  Strikingly, though they were only treated with simvastatin from 

PND 2 to PND 13, the Epi-Insig-DKO mice maintained a full coat of body hair, 

normal body weight, and normal claws for ~3.5 months (Figure 4-8a).  After 3.5 

months, the mutant mice began to lose hair, and body weight decreased.  By 6 

months of age, the mutant mice showed a near-total loss of body hair (Figure 4-

8b), and their body weight was severely reduced (23.4 ± 0.82 vs. 32.1 ± 1 g in 

controls, p<0.001).  The claws of these mice were deformed and the vibrissae 

were shortened and kinked.  Histological analysis of the skin from Epi-Insig-DKO 
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mice at 6 months of age revealed abnormalities similar to those in Figure 4-3.   

Figure 4-8c-h shows the sterol content of the skin from 6-month old control and 

Epi-Insig-DKO mice that were treated with simvastatin only from PND 2 to PND 

13 and left untreated thereafter.  The levels of 24-dihydrolanosterol, zymosterol, 

lathosterol, and cholesterol were all significantly elevated in the Epi-Insig-DKO 

mice (Figure 4-8d–f and h).  Lanosterol and desmosterol levels did not differ 

significantly between control and Epi-Insig-DKO mice (Figure 4-8c and g). 

 

Discussion 

The present studies show that epidermal-specific ablation of the genes encoding 

Insig-1 and Insig-2, two proteins required for the feedback inhibition of 

cholesterol synthesis, leads to accumulation of sterol precursors in the skin. The 

excess sterol precursors impair normal hair development, producing a hairless 

phenotype along with other skin abnormalities. The causal role of sterol 

precursors is supported by the observation that the hair and skin defects in the 

mutant mice were completely corrected by topical application of a statin inhibitor 

of cholesterol synthesis that lowered the levels of sterol precursors in the skin. 

Cholesterol has an essential role in the formation and maintenance of the 

epidermal permeability barrier (Feingold et al., 1990; Feingold, 2009, 2011).  To 

date, four human malformation syndromes caused by inherited enzyme defects in 

the cholesterol biosynthetic pathway exhibit skin defects (Porter, 2003)(Elias et 
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al., 1997).  These syndromes are CHILD, CDPX2, SLOS, and desmosterolosis.  

Inasmuch as the enzymes defective in these syndromes catalyze different steps in 

the conversion of lanosterol to cholesterol (see Figure 4-6a), each of these defects 

leads to a deficiency in cholesterol with a concomitant buildup of various sterol 

precursors proximal to the defective enzyme.  Roughly two-thirds of all SLOS 

patients suffer from eczema and/or a severe photosensitivity that results in a 

sunburn-like erythema upon exposure to UV light (Elias et al., 1997).  CHILD 

and CDPX2 patients as well as the corresponding Bpa/Str and Td mice exhibit 

similar skin defects, including ichthyosis, patchy hyperkeratosis, and alopecia 

(Liu et al., 1999).  Among the two reported cases of human desmosterolosis, one 

exhibited cutis aplasia (Andersson et al., 2002).  The corresponding Dhcr24− −/  

mice showed wrinkleless taut skin and an impaired epidermal permeability 

barrier; as a result, the mice died within a few hours after birth (Mirza et al., 

2006).  The skin defects in these three syndromes are caused, either singly or in 

combination, by cholesterol deficiency or the accumulation of sterol precursors. 

Epi-Insig-DKO mice differ from the aforementioned syndromes in that the 

accumulation of sterol precursors is not accompanied by cholesterol deficiency.  

Instead, at PND 14, the skin cholesterol content is elevated 2.2-fold in the Epi-

Insig-DKO mice (Figure 4-6g).  Furthermore, the Epi-Insig-DKO mice maintain 

an intact epidermal barrier at 18.5 dpc and do not die until about 6 weeks after 

birth, suggesting that skin barrier abnormalities associated with cholesterol 
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deficiency do not underlie the skin and hair defects in Epi-Insig-DKO mice.  

Together, these results suggest that the defects in the Epi-Insig-DKO mice are 

caused by a buildup of sterol precursors and not by a deficiency of cholesterol.  It 

is unclear, however, whether these defects are caused by one specific sterol 

precursor or a combination of sterol precursors. 

Hair follicle growth is characterized by two distinct stages: (1) follicular 

morphogenesis in which the hair follicle develops and grows from embryonic 

precursors, and (2) the follicular cycle (or hair cycle) whereby hair follicles grow 

(anagen), regress (catagen), and rest (telogen) to produce new hairs throughout 

the mammalian lifetime (Alonso and Fuchs, 2006; Schneider et al., 2009).  

Defects in any one of these steps can lead to anomalies in hair development and 

growth.  The buildup of sterol precursors in the skin of Epi-Insig-DKO mice does 

not affect the initial stages of follicular morphogenesis (up to PND 7); rather, it 

appears to interfere with later stages of follicular morphogenesis and the hair 

cycle (Figure 4-4). 

The mouse mutant, hairless, which is deficient in a transcriptional co-

repressor for several genes that regulate keratinocyte differentiation (Benavides et 

al., 2009), has a hair growth phenotype similar to that of Epi-Insig-DKO mice.  

However, there are two main phenotypic differences between these two mutants: 

(1) the defects in hairless appear during the first catagen (after PND 16), whereas 
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those in Epi-Insig-DKO appear during follicular morphogenesis (at PND 7); and 

(2) hairless mice exhibit dermal cysts, whereas Epi-Insig-DKO mice do not. 

The molecular mechanism by which a buildup of sterol precursors 

interferes with hair follicle growth in the Epi-Insig-DKO mice is unknown.  One 

possible target is the Sonic Hedgehog (Shh) signaling pathway, which has been 

shown to be important in both follicular morphogenesis and follicular cycling (St-

Jacques et al., 1998; Chiang et al., 1999).  As shown in Figure 4-4, Epi-Insig-

DKO mice undergo normal follicular morphogenesis up to PND 7, but fail to 

progress to later stages.  These abnormalities are similar but not identical to those 

in Shh-deficient (Shh− −/ ) mice that undergo normal follicular morphogenesis up to 

15.5 dpc (St-Jacques et al., 1998; Chiang et al., 1999).  Whether the accumulation 

of one or more sterol precursors in Epi-Insig-DKO mice is associated with an 

inhibition of Shh signaling remains to be determined. 

The response of Epi-Insig-DKO mice to topical simvastatin treatment was 

dramatic.  Unfortunately, we were unable to find conditions in which the response 

was limited exclusively to the region of application, even when we reduced the 

volume of simvastatin and the surface area to which it was applied.  Inasmuch as 

the drug was applied to skin of suckling pups, the mothers licked the fur of the 

treated pups, possibly distributing the drug to other regions of the skin.  It is likely 

that the drug was absorbed from the skin, released into the circulation, and taken 
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up by the epidermis where it reduced the synthesis of sterol precursors in the 

epidermis. 

Although further studies of this model are clearly indicated, the current 

data are sufficient to provide insight into the cutaneous abnormalities that 

accompany genetic diseases in which sterol precursors accumulate, because of the 

blocks in the cholesterol biosynthetic pathway.  Some of these studies are 

currently underway in our laboratory. 

 

Materials and Methods 
 
Generation of mice lacking Insigs in the epidermis. 

Mice carrying floxed Insig-1 and null Insig-2 alleles (Insig-1f f/ ;Insig-2− −/ ) were 

generated as described (Engelking et al., 2005). These mice were bred to K14-Cre 

transgenic mice (stock no. 004782; The Jackson Laboratory, Bar Harbor, ME) to 

generate Insig-1f f/ ;Insig-2− −/ ;K14-Cre mice. For simplicity, we designated these 

DKO mice lacking Insig-1 and Insig-2 in the epidermis as Epi-Insig-DKO mice. 

For all experiments described in this paper, we bred Insig-1f wt/ ;Insig-2− −/ ;K14-Cre 

male and Insig-1f f/ ;Insig-2− −/  female mice to obtain control (Insig-1f f/ ;Insig-2− −/ ) 

and Epi-Insig-DKO littermates. Pregnant females were allowed to pup, and the 

date of birth was denoted as PND 1. Mice were genotyped by PCR using tail 

genomic DNA with primers described previously (Dassule et al., 2000; Engelking 
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et al., 2005).  The genetic background of the studied mice was 

C57BL6/129SvEv/CBA. 

All mice were housed in colony cages with a 12h light/12h dark cycle and 

fed ad libitum Teklad Mouse/Rat Diet 7002 (Harlan Teklad, Indianapolis, IN). All 

animal experiments were performed with the approval of the Institutional Animal 

Care and Research Advisory Committee at The University of Texas Southwestern 

Medical Center at Dallas. 

 

Histology and oil red O staining. 

For histological analysis, skin from the upper back was collected from mice at 

PNDs 4, 7, 14, 21, and 28. The skin was fixed in 10% neutral-buffered formalin 

(catalog no. HT50-1-320; Sigma-Aldrich, St Louis, MO) for 24–72hours. For 

hematoxylin and eosin (H&E) staining, skin was embedded in paraffin, sectioned 

parallel or perpendicular to the hair shaft at 5 μm, and stained with H&E. For oil 

red O staining, skin was incubated in a 30% aqueous sucrose solution overnight at 

4°C and embedded in Neg-50 mounting medium (catalog no. 6506; Thermo 

Fisher Scientific, Waltham, MA) and cryosectioned at 10 μm, parallel to the hair 

shaft. The frozen sections were stained with a 0.18% oil red O solution (catalog 

no. O0625; Sigma-Aldrich) in 60% (v/v) isopropanol for 10 minutes and 

counterstained with hematoxylin for 1 second. 
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Determination of tissue sterol composition. 

Skin from the upper back was harvested from mice at PND 14, weighed, and 

placed individually in Folch's buffer (5 ml) containing 5α-cholestane (4 μg) and 

epicoprostanol (4 μg) as internal standards. The skins were then homogenized and 

centrifuged at 260 × g for 5 minutes at room temperature to remove debris. The 

supernatants were transferred to new glass tubes and then saponified by heating 

(100°C) in ethanolic KOH (100 mM) for 2 hours. Lipids were extracted with 

petroleum ether (final volume of 6 ml), 1/10th of which (0.6 ml) was dried under 

nitrogen and derivatized with hexamethyldisilazane-trimethylchlorosilane. GC-

MS analysis was performed using an Agilent 6890N gas chromatograph coupled 

to an Agilent 5973 mass selective detector (Agilent Technologies, Santa Clara, 

CA). The trimethylsilyl-derivatized sterols were separated on a DB-35 (35%-

phenyl)-methylpolysiloxane capillary column (30 m × 0.25 mm internal diameter 

× 0.25 μm film) (catalog no. 122-1932; 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 per min up to 280°C, which was then held for 22 

minutes. For cholesterol, 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 

spectrometer was operated in the selective ion-monitoring mode. The mass to 

charge ratios for the extracted ions were 343.3 (desmosterol), 350.4 (7-

dehydrocholesterol), 393.4 (lanosterol), 395.0 (24-dihydrolanosterol), 456.4 
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(zymosterol), 458.4 (lathosterol), and 458.4 (cholesterol). The retention time for 

lathosterol and cholesterol differed by 2 minutes. 

 

Immunoblot analysis and immunohistochemistry of HMG-CoA reductase. 

A polyclonal antibody against the C-terminal region (amino acids 426 to 887) of 

mouse HMG-CoA reductase (GenBank accession no. BC085083) was prepared 

by immunizing rabbits with purified bacterially expressed (His)6-tagged protein. 

Immunoblot analysis of mouse reductase was carried out as described (Engelking 

et al., 2005) except that whole-cell lysates were used. Aliquots of the lysates 

(30μg) were subjected to 8% SDS–PAGE and immunoblot analysis with 0.3 

μg/ml anti-reductase (purified IgG fraction). For loading control, identical filters 

were incubated with 0.25 μg/ml monoclonal mouse anti-human transferrin 

receptor (catalog no. 13-6800; Invitrogen Corp, Camarillo, CA). 

For immunohistochemistry, skin sections (prepared as described for H&E 

staining) were heated at 58°C for 15 minutes, deparaffinized, and quenched in 

0.3% hydrogen peroxide for 30 minutes at room temperature. After incubating 

overnight at 4°C with 3 μg/ml anti-reductase antibody, sections were stained with 

ImmPRESS Reagent and Peroxidase Substrate kits (catalog nos. MP-7401 and 

SK-4100) from Vector Laboratories (Burlingame, CA). 
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Simvastatin treatment of neonatal mice. 

A simvastatin stock solution of 6.4 mg/ml in propylene glycol/ethanol (PG/E) was 

prepared in the following manner. Simvastatin (800mg) (Merck, Whitehouse 

Station, NJ) was first dissolved in ethanol (16 ml) at 70°C and converted to its 

active hydroxyl acid form by the addition of 0.6 N NaOH (4 ml). The resulting 

solution was titrated to pH 7.4, and propylene glycol (catalog no. P-1009; Sigma-

Aldrich) was added to give a final PG/E ratio of 7:3 (v/v). Topical treatments of 

mice with simvastatin were carried out as described (Feingold et al., 1990). 

Briefly, the back skin of each mouse (0.5–1 cm2) was rubbed for 30 seconds with 

an acetone-soaked cotton swab to make the skin permeable. Immediately 

thereafter, 156 μl of PG/E with or without 1mg simvastatin was applied to the 

acetone-treated interscapular area.  These treatments were carried out daily from 

PND 2 to PND 13, and the mice were genotyped and photographed at PND 14. 

 

Quantification of sebaceous gland area. 

Skin from the upper back of PND 14 mice was fixed, cryosectioned, and stained 

with oil red O as described above. Photographs of all of the sebaceous glands in a 

section were taken, and their area was quantified using ImageJ 

(http://rsbweb.nih.gov/ij/). To gain an accurate quantification, we measured the 

areas of all sebaceous glands (more than 150) from 18 individual skin sections 

(three mice per group, 6 sections per mouse). 
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Epidermal barrier assay. 

The epidermal barrier assay was carried out as described (Hardman et al., 1998). 

Briefly, embryos were submerged overnight at 30°C in a solution of 2 mM MgCl2, 

5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 0.01% (v/v) Triton X, and 1 mg/ml X-gal in 

phosphate-buffered saline. The solution was adjusted to pH 4.5 using HCl. In the 

absence of an intact epidermal barrier, this acidic solution penetrates the 

epidermal barrier and activates endogenous β-galactosidase to produce a blue 

precipitate. 

 

Quantitative real-time PCR. 

Total RNA was prepared from mouse tissues using RNA STAT-60 (Tel-Test, 

Friendswood, TX). Equal amounts of RNA were pooled from the tissues of five 

mice and subjected to quantitative real-time PCR as described (Liang et al., 2002). 

A threshold line of 0.15 was set at the exponential phase of the PCR amplification 

to determine the number of PCR cycles required (cycle threshold, Ct) for the 

sample to reach the threshold level. The relative amount of all mRNAs was 

calculated using the comparative Ct method with cyclophilin as the invariant 

control. Primers used for real-time PCR have been described previously (Liang et 

al., 2002; Yabe et al., 2003). 
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Figure 4-1.  Generation of mice lacking Insigs in the epidermis.  (a) Schematic 
of epidermal-specific deletion of Insig-1.  The Cre-mediated deletion of Insig-1, 
in combination with the germ-line deletion of Insig-2, generated mice that lacked 
both Insig-1 and Insig-2 in the oral epithelium, epidermis, and hair follicles.  
Because the epidermis was the major tissue in which Insigs were ablated, we 
designated these mutant mice as epidermal-specific Insig-double knockout (Epi-
Insig-DKO) mice.  (b) Total RNA was isolated from back skins and livers of 
postnatal day 14 (PND 14) littermate control (Insig-1 f f/ ;Insig-2 − −/ ) and Epi-Insig-
DKO mice.  Relative amount of Insig-1 mRNA was determined by quantitative 
real-time PCR using the comparative Ct method.  Each bar represents the mean ± 
SEM of data from five mice.  The Ct (cycle threshold) numbers are shown inside 
the bars.  (c) Body weights of littermate control and Epi-Insig-DKO mice were 
measured at various ages.  Each bar represents the mean ± SEM of data from the 
indicated number of mice.  Statistical analysis was performed with the two-tailed 
Student's t-test. 
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Figure 4-2.  Gross morphology of control and Epi-Insig-DKO mice.   
Representative photographs of control and Epi-Insig-DKO littermates at postnatal 
day (PND) 14.  Compared with control mice (a, left), all mutant mice (a, right) 
were smaller in size, exhibited thickening and flaking of the skin, and failed to 
grow body hair.  Epi-Insig-DKO mice (c) also exhibited exophthalmos and short, 
kinked vibrissae compared with control mice (b).  Scale bars = 1.0 cm (a–c). 
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Figure 4-3.  Histology of skin from control and Epi-Insig-DKO mice.  Skin 
from the upper back of postnatal day (PND) 14 littermate control and Epi-Insig-
DKO mice was fixed, sectioned parallel (a, b, e, f) or perpendicular (c, d) to the 
hair shaft, and stained with hematoxylin and eosin.  Shown here are sections 
representative of five mice in each group.  (a, b) Images from control and mutant 
mice of all three skin layers: epidermis, dermis, and hypodermis.  (c, d) Images 
taken at a higher magnification focusing on the epidermal layer.  The dashed line 
represents the border between the epidermis and dermis.  (e, f) Images taken at a 
higher magnification to focus on the hair bulb.  Scale bars = 0.1 mm (a, b) and 
0.05 mm (c–f, insets of a and b). 
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Figure 4-4.  Hair follicle morphogenesis and cycling in control and Epi-Insig-
DKO mice.  Skin from the upper back of postnatal days (PNDs) 4, 7, 14, 21, and 
28 littermate mice was fixed, sectioned parallel to the hair shaft, and stained with 
hematoxylin and eosin.  (a–j) Shown here are sections representative of five mice 
in each group.  Scale bars = 0.1 mm (a–j) and 0.05 mm (insets of b, c, g, h). 
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Figure 4-5.  Staining of lipids and immunological visualization of 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase in skin from control 
and Epi-Insig-DKO mice.  (a–d) Skin from the upper back of postnatal day 
(PND) 14 control and Epi-Insig-DKO mice was fixed, cryosectioned, and stained 
with oil red O.  Shown here are representative sections from four mice per group.  
(e) Immunoblot analysis of HMG-CoA reductase in skin from the upper back of 
PND 14 control and Epi-Insig-DKO mice.  Aliquots of whole-cell lysates (30 μg) 
were subjected to 8% SDS–PAGE and immunoblot analysis with a rabbit 
polyclonal antibody against mouse HMG-CoA reductase.  Transferrin receptor 
was used as loading control.  Shown are results from four control (lanes 1–4) and 
four Epi-Insig-DKO (lanes 5–8) mice.  (f, g) Immunohistochemical analysis of 
HMG-CoA reductase in skin from upper back of PND 14 control (f) and Epi-
Insig-DKO (g) mice.  Shown are sections representative of five mice in each 
group.  Scale bars = 0.1 mm (a, c), 0.01 mm (b, d), and 0.02 mm (f, g). 
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Figure 4-6.  Sterol content in the skin of control and Epi-Insig-DKO mice 
treated with or without simvastatin.  (a) Pathway for cholesterol biosynthesis, 
showing site of inhibition by simvastatin.  (b–g) Littermate control and mutant 
mice were treated daily with either 1 mg simvastatin or vehicle from postnatal day 
(PND) 2 to PND 13.  At PND 14, skin from the upper back was harvested and 
subjected to gas chromatography–mass spectroscopy analysis to measure the 
levels of various sterols.  Each bar represents the mean ± SEM of data from five 
mice.  Statistical analysis was performed with the two-tailed Student's t-test. 
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Figure 4-7.  Gross morphology and histology of control and Epi-Insig-DKO 
mice treated with or without simvastatin.  Littermate control and Epi-Insig-
DKO mice were treated daily with either 1 mg simvastatin or vehicle from 
postnatal day (PND) 2 to PND 13.  (a–d) At PND 14, animals were photographed 
and analyzed for hair growth by two independent observers before genotyping.  
(e–p) Mice were killed at PND 14, and skin from the upper back was fixed and 
either sectioned for hematoxylin and eosin staining (e-l) or cryosectioned for oil 
red O staining (m–p). Shown here are sections representative of three mice (m–p) 
or five mice (e–l) per group.  Scale bars = 1.0 cm (a–d), 0.1 mm (e–p). 
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Figure 4-8.  Morphology and skin sterol content of control and Epi-Insig-
DKO mice at 3 and 5.5 months after stopping simvastatin.  (a, b) Five Epi-
Insig-DKO mice were treated daily with 1 mg simvastatin from postnatal day 
(PND) 2 to PND 13.  Thereafter, the mice were left untreated for 5.5 months.  
These photographs show the same Epi-Insig-DKO mouse at 3.5 months (a) and 6 
months (b) of age.  The mouse shown here is representative of all five mutant 
mice studied in this experiment.  (c–h) The sterol content in the back skin from 
control and Epi-Insig-DKO mice at 6 months was measured by gas 
chromatography–mass spectroscopy.  Each bar represents the mean ± SEM of 
data from five mice.  Statistical analysis was performed with the two-tailed 
Student's t-test. 
 
 



 

CHAPTER FIVE 
 

CONCLUSION 
 
 

Currently, there are eight human malformation syndromes due to inherited defects 

in cholesterol biosynthesis (Moebius et al., 2000; Kelley and Herman, 2001; 

Herman, 2003; Porter, 2003; Porter and Herman, 2011).  Furthermore, five mutant 

mouse strains have been generated to recapitulate these diseases (Derry et al., 

1999; Liu et al., 1999; Nwokoro et al., 2001; Wassif et al., 2001; Krakowiak et 

al., 2003; Wechsler et al., 2003).  In each of these syndromes, there is a specific 

enzymatic block in the cholesterol biosynthetic pathway leading to a deficiency of 

cholesterol and an accumulation of the sterol precursors proximal to the block.  

Moreover, human patients and mouse models of these malformation syndromes 

present with a unique constellation of developmental defects, ranging from 

skeletal and craniofacial dysmorphologies to skin and cardiovascular anomalies.  

The developmental abnormalities in the aforementioned diseases are thought to be 

caused, either singly or in combination, by cholesterol deficiency or the 

accumulation of intermediate sterols; however, it has not been ascertained as to 

which is the primary cause of these developmental and morphological 

abnormalities.  The diversity of developmental anomalies displayed by both 

human patients and their corresponding mouse models suggests that the 

deficiency of cholesterol may not be the primary cause of these abnormalities but 

 109



 
110

may instead be due to the teratogenic effects of the sterol intermediates that 

accumulate in these diseases.  In the previous chapters, we have demonstrated that 

the palate and skin abnormalities seen in some of these human malformation 

syndromes are due to the accumulation of sterol intermediates and not to a 

deficiency of cholesterol.  

 The key to solving this dilemma was the generation of mice lacking Insig-

1 and Insig-2, proteins that negatively regulate cholesterol biosynthesis, in 

specific tissues, causing these tissues to overproduce cholesterol and its precursor 

sterol intermediates (Engelking et al., 2005, 2006; Evers et al., 2010).  These 

Insig-deficient mice exhibited a variety of developmental abnormalities.  Namely, 

mice with germline deletions of both Insig-1 and Insig-2 (Insig-DKO mice) 

exhibited a high incidence of craniofacial abnormalities, ranging from cleft palate 

to clefting of the midline facial structures (Engelking et al., 2006).  Insig-DKO 

mice also had abnormalities of the middle and inner ear.  A timecourse of palatal 

development revealed that the palatal shelves of these mice were arrested at 14.5 

dpc and failed to grow, elevate, and fuse.  When Insigs were ablated in the 

epidermis of mice (Epi-Insig-DKO), these mice failed to grow body hair and 

displayed abnormal hair follicle histology, including kinking of the hair shafts, 

hair follicle ectasia, degeneration of the hair bulbs, sebaceous gland enlargement, 

and epidermal hyperplasia (Evers et al., 2010).  Furthermore, a timecourse of hair 

follicle development and growth showed that the hair follicles of Epi-Insig-DKO 
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mice were blocked at late follicular morphogenesis and were prevented from 

entering the hair cycle.   

 As stated in the Chapter 1, loss of Insigs causes a marked elevation in 

cholesterol synthesis due to the activation of SREBP processing, thereby 

increasing the transcription of all of the genes encoding enzymes of the 

cholesterol biosynthetic pathway, and to the stabilization of HMG-CoA reductase, 

the rate-limiting enzyme of cholesterol biosynthesis.  It is not surprising, therefore, 

that the tissues of both Insig-DKO and Epi-Insig-DKO mice overproduced both 

cholesterol and its precursor sterol intermediates.  At 18.5 dpc, both the livers and 

heads of Insig-DKO embryos had elevated rates of cholesterol synthesis 

compared to that of control embryos.  Furthermore, the levels of precursor sterol 

intermediates were elevated 7-fold in the palatal tissues of Insig-DKO embryos at 

13.5 dpc compared to those of control embryos; however, the cholesterol content 

of the palatal tissues was identical between control and Insig-DKO embryos.  

When the palatal shelves of 13.5 dpc control and Insig-DKO embryos were 

stained with oil red O, neutral lipids were observed to accumulate within the 

palatal epithelium and its underlying mesenchyme.  Similar results were observed 

in the skin of Epi-Insig-DKO mice in that the levels of both cholesterol and its 

sterol intermediates were elevated in the skin of these mutant mice compared to 

those of control mice.  Oil red O staining of the skin of Epi-Insig-DKO at PND 14 
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showed an accumulation of lipid droplets within the epidermal cells of the hair 

bulbs and within the sebaceous glands.   

 The HMG-CoA reductase inhibitors lovastatin and simvastatin were used 

to lower cholesterol and sterol intermediate production in these mutant mouse 

lines.  Treatment of Insig-DKO embryos with lovastatin in utero lowered the rate 

of cholesterol synthesis in both the heads and livers of these mice.  Interestingly, 

the rate of cholesterol synthesis in control embryos was not reduced; this finding 

can be explained by the ability of Insigs to modulate cholesterol homeostasis 

through regulation of both SREBP processing and HMG-CoA reductase 

degradation.  As measured by GC-MS, in utero lovastatin treatment lowered the 

sterol intermediate levels in the tissues of Insig-DKO embryos except that of 7-

dehydrocholesterol in the head.  Cholesterol levels in the heads of Insig-DKO 

embryos were also reduced to values nearly identical to those of control embryos.  

Similar results were observed when Epi-Insig-DKO mice were treated with 

topical simvastatin.  This treatment lowered the levels of all sterol intermediates, 

except that of desmosterol, in the skin of Epi-Insig-DKO.  Furthermore, 

cholesterol levels in the skin of these mutant mice decreased to nearly those 

observed in skin from control mice.   

 Most strikingly, treatment of these two Insig-deficient mouse lines with 

statins either partially corrected, in the case of Insig-DKO mice, or fully corrected, 

in the case of Epi-Insig-DKO mice, the observed developmental abnormalities.  
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Without lovastatin treatment, 96% of Insig-DKO mice exhibited either cleft palate 

(52%) or cleft face (44%).  However, when these mice were treated with 

lovastatin in utero, 54% of Insig-DKO mice had normal craniofacial morphology 

with no clefting of the face or palate; and only 7% of these mice had cleft face.  

Similarly, all Epi-Insig-DKO mice that were not treated with topical simvastatin 

exhibited hair and skin abnormalities, such that they failed to grow body hair and 

displayed abnormal hair follicle histology.  When these mice were treated with 

simvastatin, the hairless phenotype was completely rescued such that these mutant 

mice looked identical to their control littermates.  Interestingly, Epi-Insig-DKO 

mice treated with simvastatin from PND 2 to PND 13 lost their hair starting 3 

months after stopping simvastatin treatment.  By 5.5 months after simvastatin 

treatment was terminated, Epi-Insig-DKO mice had large patches of hair loss and 

exhibited similar hair follicle abnormalities observed in untreated Epi-Insig-DKO 

animals.  When the sterol content from the skin of these mice was measured, the 

levels of cholesterol and all sterol intermediates, except for lanosterol and 

desmosterol, were elevated.   

 The above findings demonstrate that the accumulation of sterol 

intermediates—and not a deficiency of cholesterol—during embryonic and 

neonatal life interferes with formation of both the palate and the hair follicle in 

mice, thereby producing cleft palate or hair and skin dysmorphologies.  The 

teratogenic role of sterol intermediates was supported by the observation that both 
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the clefting defects in Insig-DKO mice and the hair follicle abnormalities in Epi-

Insig-DKO mice were ameliorated when these mice were treated with statins.  

Moreover, the increase in sterol intermediate levels in the skin of Epi-Insig-DKO 

mice 5.5 months after simvastatin treatment was stopped—and the concurrent 

reappearance of the hair loss phenotype in these mice—lends further credence 

that the accumulation of sterol intermediates is responsible for these 

developmental abnormalities.  Unlike previous studies of mutant mice with 

malformation syndromes due to blocks in the cholesterol biosynthetic pathway 

(Wassif et al., 2001; Krakowiak et al., 2003), the accumulation of sterol 

intermediates in both Insig-DKO and Epi-Insig-DKO mice was not accompanied 

by cholesterol deficiency (Engelking et al., 2006; Evers et al., 2010).  Indeed, the 

tissue cholesterol content was either normal or elevated in these mutant mice.  If 

the current model applies to the clefting defects and skin/hair abnormalities 

observed in aforementioned human malformation syndromes, the evidence 

indicates that these defects are caused by an accumulation of sterol intermediates 

rather than a deficiency of cholesterol. 

As described previously, the development of both the palate and hair 

follicle requires specific interactions between the epithelium and underlying 

mesenchyme, two developmentally distinct tissues (Gritli-Linde, 2007, 2008).  

Lipids were shown to accumulate in these tissues in both Insig-DKO and Epi-

Insig-DKO mice as measured by oil red O.  Furthermore, when Insigs were 
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ablated in both the neural crest-derive palatal mesenchyme and the palatal 

epithelium, 20% of the resulting mice (NCC-Epi-Insig-DKO mice) had cleft 

palate.  However, only 9% of mice lacking Insigs in the neural crest-derive palatal 

mesenchyme (NCC-Insig-DKO mice) exhibited cleft palate, and no mice lacking 

Insigs in the palatal epithelium (Epi-Insig-DKO mice) had cleft palate.  These 

data suggest that Inigs are required in both the palatal mesenchyme and the 

epithelium for proper palatal development.  Taken as a whole, the findings 

presented in these chapters suggest that the accumulation of sterol intermediates 

due to Insig-deficiency interferes with epithelial-mesenchymal signaling in the 

palate and the hair follicle.  However, the exact mechanism by which the 

accumulation of sterol intermediates precipitates these developmental defects 

remains unknown.  Despite this uncertainty, it is tempting to postulate that sterol 

intermediates alter the pathway regulated by Sonic Hedgehog (Shh), a 

morphogenic protein that possesses a covalently attached cholesterol moiety 

(Porter et al., 1996).  Shh plays a major role in development of both the palate and 

the hair follicle and is produced in the palatal epithelium and in the epidermal 

cells of the hair follicle (Tabin and McMahon, 1997; Schneider et al., 2009).  Shh 

binds to its receptor, Patched, on cell surfaces, thereby relieving inhibition of 

Smoothened.  Patched contains a sterol-sensing domain similar to the domains in 

Scap and HMG-CoA reductase that bind to Insigs (Nohturfft et al., 1998), but 

Patched has not been shown to interact with Insigs.   
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Alterations in Shh signaling within the craniofacial region have been 

demonstrated to cause either holoprosencephaly when Shh is deficient (Chiang et 

al., 1996) or cleft palate and facial duplication when Shh is overexpressed 

(Cobourne et al., 2009).  Similarly, alteration of Shh singaling within the hair 

follicle causes either a disruption of late-stage follicular morphogenesis and hair 

cycle progression when deficient (Chiang et al., 1996; St-Jacques et al., 1998) or 

basal cell carcinomas when overactive (Oro et al., 1997; Xie et al., 1998; 

Grachtchouk et al., 2000; Nilsson et al., 2000).  As a first attempt in assessing Shh 

signaling in both Insig-DKO and Epi-Insig-DKO mice, we have measured the 

expression levels of Shh, Smoothened, Patched-1, and Gli-1 in the palatal shelves 

and the skin, respectively, by quantitative real-time PCR.  We observed no 

differences in mRNA levels for any of these genes between the control and Insig-

DKO embryos; however, there appears to be more than a 50% reduction in the 

expression of these genes in the skin of PND 14 Epi-Insig-DKO mice as 

compared to that of control mice.  More studies are needed to determine whether 

the Shh signaling pathway is perturbed in these Insig-deficient mice. 
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