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Abstract

There are 8 different human syndromes caused by mutations in the cholesterol synthesis
pathway. A subset of these disorders such as Smith-Lemli-Opitz disorder, are associated
with facial dysmorphia. However, the molecular and cellular mechanisms underlying such
facial deficits are not fully understood, primarily because of the diverse functions associated
with the cholesterol synthesis pathway. Recent evidence has demonstrated that mutation of
the zebrafish ortholog of HMGCR results in orofacial clefts. Here we sought to expand upon
these data, by deciphering the cholesterol dependent functions of the cholesterol synthesis
pathway from the cholesterol independent functions. Moreover, we utilized loss of function
analysis and pharmacological inhibition to determine the extent of sonic hedgehog (Shh)
signaling in animals with aberrant cholesterol and/or isoprenoid synthesis. Our analysis con-
firmed that mutation of hmgcs1, which encodes the first enzyme in the cholesterol synthesis
pathway, results in craniofacial abnormalities via defects in cranial neural crest cell differen-
tiation. Furthermore targeted pharmacological inhibition of the cholesterol synthesis path-
way revealed a novel function for isoprenoid synthesis during vertebrate craniofacial
development. Mutation of hmges1 had no effect on Shh signaling at 2 and 3 days post fertili-
zation (dpf), but did result in a decrease in the expression of gli1, a known Shh target gene,
at 4 dpf, after morphological deficits in craniofacial development and chondrocyte differenti-
ation were observed in hmgces1 mutants. These data raise the possibility that deficiencies in
cholesterol modulate chondrocyte differentiation by a combination of Shh independent and
Shh dependent mechanisms. Moreover, our results describe a novel function for isopren-
oids in facial development and collectively suggest that cholesterol regulates craniofacial
development through versatile mechanisms.
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Introduction

Craniofacial malformations are a group of heterogeneous disorders that describe developmental
defects of the head and facial bones. The most common forms of craniofacial abnormalities
include cleft lip/palate, craniosynostosis, and facial dysostoses. The prevalence of such disorders
encompasses over 1/3 of all congenital malformations [1]. The elements of the face are derived
primarily from neural crest cells (NCC), a pluripotent stem cell population formed at the dorsal
end of the neural tube upon neural tube closure [2]. While many factors have been shown to
modulate NCC function and craniofacial development, the presence of dysmorphic features in
Smith-Lemli-Opitz syndrome (SLOS) and other known disorders of cholesterol [3,4] metabo-
lism strongly suggests that the cholesterol synthesis pathway regulates NCC development.

The cholesterol synthesis pathway produces two separate, but equally important molecules:
cholesterol, a common membrane component, and isoprenoids, molecules important for pro-
tein prenylation and cell signaling. The first step of the pathway is mediated by HMGCS]I, the
gene that encodes HMG-CoA synthase, which converts acetyl CoA and acetoacetyl-CoA into
3-hydroxy-3-methylglutaryl CoA (HMG-CoA). HMG-CoA is then reduced by HMG-CoA
reductase (encoded by HMGCR) into mevalonate in the rate limiting step of the reaction. The
subsequent production of farnesyl pyrophosphate represents a branch point in the pathway,
serving as a substrate for either cholesterol or isoprenoid synthesis.

Recently the presence of craniofacial abnormalities was documented in a zebrafish mutant
of hmgcrb, the ortholog of HMGCR [5]. Zebrafish are uniquely powerful in this context as
equivalent mutations in mice are embryonically lethal [6]. Mutation of hmgcrb in zebrafish
resulted in a shortening of the ethmoid plate and/or the complete loss of specific cartilage ele-
ments. However, mutation or inhibition of HMGCR inhibits the synthesis of not only choles-
terol, but also isoprenoids. Thus, despite significant functional analysis in hmgcrb mutations,
we still do not understand if the mechanisms underlying the facial phenotype in hmgcrb
mutants are cholesterol dependent, cholesterol independent, or a combination of both.

Isoprenoids represent a large class of sterol molecules whose functions span the electron trans-
port chain, hormone synthesis, and protein prenylation/signal transduction [7]. Furthermore, inhi-
bition of the cholesterol synthesis with statins, which interfere with the activity of HMGCR, cause
pleiotropic effects, many of which are thought to be a consequence of defective isoprenoid synthe-
sis [8]. Despite the heterogeneous functions associated with isoprenoids, the relationship between
their synthesis and craniofacial development has been largely unexplored. Importantly, recent evi-
dence utilizing a zebrafish mutant of hmgcs1 in combination with pharmacological inhibition was
used to demonstrate discrete functions for isoprenoids and cholesterol during central nervous sys-
tem myelination [9]. Together these data provide strong evidence that zebrafish are a powerful
model to understand the independent functions of isoprenoids and cholesterol.

Many of the mechanisms underlying facial dysmorphia in SLOS and related disorders have
been attributed to either defects in cholesterol or the accumulation of sterols [10]. It has been
proposed that those mechanisms related to cholesterol deficiency are primarily mediated
through the sonic hedgehog (Shh) signaling pathway because disorders of cholesterol metabo-
lism share phenotypic features with genetic disorders of Shh signaling [11-13]. Moreover, the
post-translational modification of Shh by cholesterol is essential for appropriate Shh activation
[14,15]. However, a direct link between deficiencies in cholesterol, Shh inactivation, and facial
defects has not been completely elucidated in vivo.

In this study we sought to determine the independent functions of cholesterol and isopren-
oids by combining genetic loss of function assays with pharmacological inhibition. We found
that mutation of hmgcsl results in craniofacial abnormalities, including a distinct truncation of
the Meckel’s cartilage and the absence of ceratobranchial cartilages, a finding that is consistent
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with previously published reports [5]. Since mutations in hmgcs1 inhibit the synthesis of iso-
prenoids as well as cholesterol, we further sought to understand the unique contributions of
each lipid molecule using pharmacological inhibition. Our data confirm that deficiencies in
cholesterol biosynthesis interfere with vertebrate craniofacial development, but in addition, we
demonstrate a novel function for isoprenoids in NCC differentiation and facial development.
Moreover, we analyzed the activity of Shh in hmgcsI mutants and embryos with pharmacologi-
cally induced deficiencies in cholesterol or isoprenoids. Shh activity was normal for the first 3
days of development in hmgcsI mutants and/or drug treatment groups, yet morphological
defects in craniofacial development were evident by 3 days post fertilization (dpf). These data
provide strong evidence that the facial deficits present in hmgesl mutant larvae are not entirely
Shh dependent. Taken together our data suggest that both cholesterol and isoprenoids play
complex roles in the regulation of craniofacial development.

Material and methods
Zebrafish maintenance and genotyping

For all experiments, embryos were obtained by crossing adult Tupfel long fin, AB, hmgcs1"">

[9], Tg(sox10:memRFP) [16], or Tg(sox10:tagRFP) [17,18]. Embryos were maintained in embryo
medium at 28.5°C. This study was approved by the Institutional Animal Care and Use Commit-
tees at the University of Colorado Anschutz Medical Campus and The University of Texas El
Paso according to the Institutional Animal Care and Use Committee (IACUC) guidelines (proto-
cols #B-85411(08)1D or 811689-5). Genotyping of hmgcs1""> was performed according to

PCR amplification and restriction digest. Briefly, single nucleotide variant specific primers were
designed using the dCAPS Finder 2.0 program (http://helix.wustl.edu/dcaps/dcaps.html) as previ-
ously described [9,19]. For all assays, the total number of embryos obtained from a heterozygous
V7 allele were subjected to each individual assay and
then imaged as described below. Imaged individual embryos were lysed in DNA extraction buffer
(10mM Tris pH 8.2, 10mM EDTA, 200mM NaCl, 0.5% SDS, and 200ug/ml proteinase K) for 3
hours at 55°C. DNA was isolated using phenol: chloroform and ethanol precipitation. A nested
PCR approach was utilized to amplify appropriate products (Outer Primers: ttacgctctggttgttgctg
and gccatccaccactggatact; Inner Primers including dCAPS designed restriction site (HindIII)
gatgctctgtatttatgaagatgctt and atgtccggcttataaaaatcataage). Each PCR product was then digested
with HindIIT according to manufacturer’s protocol overnight at 37°C. This approach was used to
identify homozygous and heterozygous siblings at all time points examined, before and after mor-
phological phenotypes were observed. For PCR quantification of mRNA, individual embryos
were anesthetized and the tail was clipped from each embryo. DNA was isolated from the tail of

cross of individuals carrying the hmgcs1

each individual embryo for genotyping and the head of each embryo was lysed in Trizol for RNA
isolation and cDNA synthesis.

Drug treatment

For drug treatments, Atorvastatin (Sigma, pharmaceutical grade, St. Louis MO), Lonafarnib
(Sigma, St. Louis MO), and Ro 48 8071 (Santa Cruz Biotechnology, Santa Cruz, CA) were each
dissolved in 100% DMSO. Drugs were diluted in embryo medium to make working solutions
at the following concentrations: 2.5 uM atorvastatin, 8 uM lonafarnib, 10uM GGTI 2133, and
a dose response curve from 1.5-4uM for Ro 48 8071. Final concentration of DMSO was less
than 0.01% in all samples and vehicle control treatment. Drugs were added to embryos at 5
hours post fertilization (hpf) and media was changed every 18-24 hours until experimental
procedure was performed. For temporal regulation studies, each drug was added at 24 hpf and
removed after 24 hours of treatment.
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Cartilage staining, in situ hybridization, quantitative real time PCR
(QPCR), and imaging

For cartilage staining, larvae were collected at 4 or 5 dpf and fixed for 1 hour in 2% paraformal-
dehyde (VWR, Radnor, PA) at room temperature (RT). Alcian blue was utilized to detect carti-
lage and performed as previously described [20] except we did not perform additional bone
staining with alizarin red. The length of the Meckel’s cartilage was measured in a subset of
stained fish. Quantified images were captured at equivalent magnification with a Zeiss stereo
microscope and measurements were taken using the distance tool from Zen software. The dis-
tance between the top of the Meckel’s cartilage to the top of the ceratohyal was measured
across all samples. Statistical significance was analyzed using a T-test. In situ hybridization was
performed with probes and methods previously described [20-23]. Images were collected with
appropriate filters using a Zeiss Discovery Stereo Microscope with Zen software. For QPCR,
RNA was isolated from genotyped embryos at 2, 3, or 4 dpf. Samples for each condition were
collected in duplicate. Reverse transcription was performed using iScript (Bio-Rad, Redmond,
WA). QPCR was performed in triplicate for each sample using an Applied Biosystems Ste-
pOne Plus machine and associated software. Tagman assays were used to detect patched2
(Dr03118687_m1) and rpl13a (Dr03101115_g1) and Sybr green was used to detect glil (prim-
ers: 5’ggaggcgcatataacgaaaa3’ and 5’tcggctgagatttcagtgtg3’). Statistical analysis of mRNA
expression was performed using a T-test. Fluorescent images of transgenic animals were cap-
tured using Zeiss Axiovert 200 microscope equipped with a Perkin Elmer spinning disk confo-
cal system with Volocity software.

Results
Mutation of hmgcs1 causes craniofacial abnormalities

Mutation of the zebrafish hmgcrb gene is associated with orofacial clefts [5] and therefore, we
hypothesized that mutations in hmgcsI result in craniofacial defects. To test this hypothesis,
we analyzed the facial phenotype in zebrafish harboring the hmges1¥"*” allele [9]. The Vu57
allele results in a p.H189Q single missense mutation in the homodimerization domain of
Hmgcs1 [9]. The Vu57 allele replaces a single amino acid and is not a genetic null mutation. In
order to visualize the developing cartilage structures of the face, we stained 4 dpf embryos with
Alcian blue, which stains developing cartilage structures. Dissection of the viscerocranium
confirmed that hmgces] mutants had a truncated Meckel’s cartilage, an abnormal ceratohyal,
loss of the basihyal, and malformation of ceratobranchial cartilages {Fig 1A & 1B, 8/38 wild-
type siblings (WT), 6/38 homozygous mutant (MT), 24/38 heterozygous mutants (HT)}. In
contrast, wildtype and heterozygous siblings had a normal Meckel’s cartilage, ceratohyal,
basihyal, and the appropriate number of ceratobranchial cartilages (Figs 1A and S1). Despite
these significant deficits in the developing viscerocranium, the neurocranium appeared rela-
tively normal in hmgcs] mutants, including an intact ethmoid plate with appropriate forma-
tion of the trabeculae and parachordal (Fig 1A’ & 1B’). Collectively, our results are consistent
with the orofacial clefts observed in hmgcrb mutants [5].

Neural crest cells are produced and migrate normally in the absence
hmgcs1

Defects in the number or migration of NCCs are possible mechanisms by which craniofacial
deficits may arise. Therefore, we hypothesized that mutation of hmgcsI results in defects in
NCC specification and/or migration. To test this hypothesis, we analyzed the expression of
sox10, a transcription factor expressed in differentiating cranial NCCs [24], in animals
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Sibling

Mutant

Viscerocranium Neurocranium

Fig 1. Mutation of hmgcs1 causes craniofacial abnormalities. Alcian staining was performed to visualize the
developing cartilage in hmges1 wildtype or heterozygous (Sibling) or homozygous hmgcs 1 mutant larvae (Mutant).
Embryos were stained at 4 days post fertilization and manual dissection of the viscerocranium and neurocranium was
performed. Viscerocranium is depicted in (A) and (B) and neurocranium is depicted in (A’) and (B’). Asterisk denotes
basihyal. n = 38 including 8 wildtype embryos, 6 homozygous mutants, and 24 heterozygous mutants. No significant
defects were present in heterozygous carriers (S1 Fig).

https://doi.org/10.1371/journal.pone.0180856.9001

harboring the Vu57 hmges1 allele and their wildtype siblings at the 18 somite stage. I situ
hybridization revealed two streams of sox10 positive cells along the dorsal side of mutants and
their wildtype siblings (Fig 2, n = 15 8/15 WT/HT and 7/15 MT). Thus, we concluded that the
specification of cranial NCCs was normal in hmgcs] mutant embryos. We next asked whether
hmgcs1 expression is necessary for migration of NCCs into the developing pharyngeal arches.
To test this hypothesis, we measured the expression of RFP in Tg(sox10:TagRFP) [16,18] in
mutant hmgcs1 embryos or their siblings at 1 dpf between Prim-5 and Prim-15 stages. We con-
sistently observed the formation of the pharyngeal arches in both siblings and homozygous
mutants (Fig 2C & 2D, n = 20 15/20 WT/HT and 5/20 MT). Taken together these data suggest
that specification and migration occur normally in the absence of complete hmgcsI function.

hmgcs 1 modulates the differentiation of cranial neural crest cells

Previous studies suggest that the cholesterol synthesis pathway modulates post-migratory
NCC differentiation [5]. We therefore hypothesized that mutation of hmgcsI might interfere
with cranial NCC differentiation. To test this, we performed in situ hybridization to detect the
expression of dlx2a and col2ala in wildtype siblings and hmgcs] mutant animals. DIx2a is a
transcription factor needed to produce and maintain cranial NCCs [25] and col2ala encodes a
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18 Somite 1dpf

Sibling

Tg(sox10:TagRFP)

Mutant

sox10 Tg(sox10:TagRFP)

Fig 2. hmgcs1 does not regulate neural crest cell specification or migration. (A&B) /n situ hybridization to detect sox70 expression was
performed in hmges 1 homozygous mutants or siblings at the 18 somite stage. Dorsal view with anterior to the left. (n = 15 including 8 wildtype/
heterozygous siblings and 7 homozygous mutants). Wildtype Sibling is depicted in A, but no significant differences were observed between
wildtype and heterozygous carriers. Arrowheads indicated two positive streams of Sox10+ positive cells. (C&D) Sagittal view of wildtype
hmgces1 siblings (hmges1 Sibling) or hmges 1 homozygous mutant larvae (hmges1 MT). Larvae were maintained in a Tg(sox10:tagRFP)
background and RFP was visualized using traditional microscopy at 1 day post fertilization (dpf) between Prim-5 and Prim-15. n = 20 including
15 wildtype and heterozygous individuals and 5 homozygous mutant individuals. Sibling depicted is a wildtype individual. No significant
difference between wildtype embryos was detected.

https://doi.org/10.1371/journal.pone.0180856.9002

component of type II collagen [26], both of which are markers of cranial NCC differentiation.
In situ hybridization revealed normal staining of dlx2a in siblings and hmgcs1 homozygous
mutant animals in the pharyngeal arches and the developing forebrain at 1 dpf between Prim-
5 and Prim-15. These data suggest that early cranial neural crest migration and development
are normal in hmgcs] mutants (Fig 3A & 3B, n = 20, 16/20 WT/HT, 4/20 MT).

We next compared the expression of col2ala in mutants and their wildtype siblings at 3dpf,
the protruding mouth stage. At 3 dpf, hmgcs] mutants demonstrate with clear morphological
deficits including cardiac edema, a smaller jaw, and an opaque brain [9]. Mutation of hmgcs1
disrupted the expression of col2ala in a spatially restricted manner causing an absence of
defined col2ala expression in the pharyngeal endoderm (Fig 3C & 3D, n = 36, 29/36 WT/HT,
7/36 MT). However, expression of col2ala was still present in the oral ectoderm and ventral
brain, although the oral region in mutant embryos was slightly truncated (Fig 3C & 3D).
Finally, we measured the expression of RFP in the Tg(sox10:memRFP) reporter animal at 3 dpf
at the protruding mouth stage to determine whether Sox10 expression was perturbed in
regions lacking expression of col2ala. Consistent with col2ala expression patterns, RFP was
expressed in the developing facial structures of siblings including regions that give rise to the
Meckel’s cartilage, ceratohyal, and the ceratobranchial cartilages. However, hmgcsl mutants
did not express the appropriate level of RFP in the regions which give rise to the ceratobran-
chial cartilages, the ceratohyal, and the basihyal (Fig 3E & 3F, n = 20, 14/20 WT/HT, 6/20
MT), indicating that late stage cranial NCCs fail to fully differentiate.
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Fig 3. hmgces1 modulates cranial neural crest cell differentiation. (A&B) Whole mount in situ hybridization (ISH) was performed at 1 day post
fertilization (dpf) between Prim-5 and Prim- 15 on wildtype/heterozyous hmgcs1 siblings (Sibling) or hmgcs 1 homozygous mutant larvae (Mutant) using a
riboprobe specific to dix2a. n = 20 including 16/20 wildtype and heterozygous siblings and 4/20 homozygous mutants. Panel A depicts a wildtype sibling
and no significant difference between wildtype embryos was detected. (C&D) ISH was performed at 3 dpf (protruding mouth stage) on hmgcs1 siblings
(wildtype and heterozygous individuals) or hmgcs 1 homozygous mutant larvae with a riboprobe specifically detecting col2a1a expression. Numbers
denote the pharyngeal arch patterns present a 3dpf. Arrowhead denotes a loss of defined expression of col2aiain hmges1 mutant larvae. n = 36 including
29 wildtype and heterozygous individuals with 7 homozygous mutants. Panel C depicts a wildtype sibling with no significant differences observed between
wildtype and heterozygous carriers. (E&F) Tg(sox10:memRFP) hmgcs1 siblings or homozygous hmges 1 mutant larvae were imaged for RFP expression
at 3dpf at the protruding mouth stage. Numbers indicate structures that will give rise to the putative ceratobranchial cartilages. n = 20 including 14/20
wildtype and heterozygous siblings and 6/20 homozygous mutants. Panel E depicts a wildtype sibling with no significant differences observed in

heterozygous carriers.
https://doi.org/10.1371/journal.pone.0180856.9003

Hmgcs1 modulates facial development by cholesterol dependent and
independent mechanisms

Given the presence of facial abnormalities in genetic disorders of cholesterol metabolism, we
sought to determine if the facial deficits in hmgesl mutants were cholesterol dependent. We
first treated embryos with 2.5uM atorvastatin, which inhibits the rate limiting step of choles-
terol synthesis pathway, abolishing both cholesterol and isoprenoids, effectively mimicking the
biochemical phenotypes associated with mutation of hmgcs1 and then analyzed the developing
facial features at 4dpf with alcian blue. Animals treated with vehicle control (DMSO) did not
exhibit any facial dysmorphia (Fig 4A), however treatment with atorvastatin resulted in the
loss of ceratobranchial cartilages and the basihyal, a finding consistent with previously
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Fig 4. hmgcs1regulates facial development by a cholesterol independent mechanism. (A-C) Wildtype AB embryos were treated with 0.01% DMSO
(vehicle), 8uM lonafarnib (Lona) or 3 uM Ro 48 8071 (Ro-48) beginning at 5 hours post fertilization and for a period of 4 days post fertilization (dpf). Alcian
blue was used to analyze the cartilage structures of the developing zebrafish head and neck. (A-C) demonstrate the dissected viscerocranium of 4 day old
larvae. (DMSO n = 30, Ro-48 n = 14, and Lona n = 8) (D-F) Whole mount in situ hybridization (ISH) was performed at 3 days post fertilization (protruding
mouth stage) with embryos treated with 0.01% DMSO (vehicle), 8uM lonafarnib (Lona) or 2.5 uM Ro 48 8071 (Ro-48) (DMSO n =20, Ro 48 n =27, and
Lona n = 30) (G) Schematic representation of viscerocranium. The extension of the Meckel’s cartilage (mandible) was measured as a detection for the
presence of a facial cleft phenotype. Distance is indicated by the red line. (G’) Average was normalized and represented relative to the vehicle control
group. Asterisk denotes statistical significance of p<0.001. Statistical analysis was performed using a T-test.

https://doi.org/10.1371/journal.pone.0180856.9004

published work [5] (Table 1, n = 30, p-value<0.0001). Next, we inhibited cholesterol synthesis
by treating embryos with varied concentrations of Ro 48 8071, which specifically inhibits
cholesterol synthesis and not isoprenoid synthesis, in a dose dependent manner [9,27,28].
Embryos treated with 2uM or less Ro 48 8071 did not exhibit with craniofacial abnormalities
(Table 1). However, at 2.5uM or higher, a significant percentage of embryos exhibited cranial
facial abnormalities (Table 1). Inhibition of cholesterol with Ro 48 8071 also resulted in a trun-
cation of the Meckel’s cartilage, stunted ceratobranchial cartilages or missing posterior cerato-
branchial cartilage structures (Fig 4A & 4B, p<0.0001). The degree to which the Meckel’s
cartilage is truncated has not been previously quantified. Therefore, we measured the exten-
sion of the Meckel’s cartilage from the base of the ceratohyal (Fig 4G). Embryos treated with a
minimum of 2.5uM Ro 48 8071 (n = 14) had a mandible that was truncated by approximately
20% when compared to vehicle control (Fig 4G & 4G’). Importantly, concentrations that
exceeded 3uM Ro 48 8071 resulted in embryonic lethality (Table 1). Defects observed in all Ro
48 8071 sub-groups were mild when compared with the defects present in hmgcs] mutant lar-
vae (Fig 1).
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Table 1. Inhibition of cholesterol and isoprenoids results in dose dependent craniofacial abnormalities.

Treatment Total Embryos Percent Survival (%) Craniofacial abnormalities
DMSO 90 100 1
Atorvastatin-2.5uM 30 100 23
Lonafarnib-8uM 40 95 35
Ro 48 8071—-1.0uM 18 92 1
Ro 48 8071-2.0uM 42 100 5
Ro 48 8071-3.0uM 15 100 14
Ro 48 8071—4.0uM 25 0 N/A

p-value

<0.0001
<0.0001
0.3069
0.0125
<0.0001
N/A

Abnormal Phenotype includes truncated Meckel’s cartilage, presence or absence of an inverted ceratohyal, and the loss of the posterior ceratobranchial

cartilages. Statistical analysis was performed with a Fisher’'s Exact T-test.

https://doi.org/10.1371/journal.pone.0180856.t001

The moderate nature of the phenotype associated with inhibition of cholesterol only,
prompted us to ask whether isoprenoids have a function during craniofacial development. To
address this hypothesis, we treated embryos with 8uM lonafarnib, which specifically inhibits
the synthesis of farnesylated isoprenoids. Notably, concentrations exceeding 8uM resulted in
embryonic lethality by 5 dpf. Treatment with 8uM lonafarnib (n = 8) resulted in a truncated
Meckel’s cartilage, a linear ceratohyal, a missing basihyal, and diminished cartilage staining in
the ceratobranchial cartilages (Fig 4A & 4C, p<0.0001). Inhibition of isoprenoid synthesis
resulted in a comparable phenotype as was observed in hmgcsI mutant larvae and larvae
treated with atorvastatin (Figs 1 & 4). Moreover, we quantified the degree of truncation of the
Meckel’s cartilage structure in lonafarnib treated animals and found that treatment resulted in
a near 20% truncation, similar to what was observed when embryos were treated with Ro 48
8071 (Fig 4G & 4G’ p<0.001). Additionally the severity of the phenotype was dose dependent,
demonstrating more severe phenotypes at the highest concentrations (data not shown). Nota-
bly, the severity of the Meckel’s cartilage truncation was not associated with length of treat-
ment, because 24 hours of treatment at the indicated concentrations was sufficient to truncate
the structure by approximately 20%, an equivalent truncation compared with 4 days of contin-
uous treatment (Figs 4 and S2). These data suggest that the cholesterol synthesis pathway regu-
lates facial development by both cholesterol dependent and independent mechanisms.

Cholesterol and isoprenoids regulate the differentiation of cranial NCCs

Our analysis has demonstrated that mutations in hmgcs1 interfere with proper facial develop-
ment by inhibiting the differentiation of cranial NCCs. Moreover, we have shown that facial
development occurs via cholesterol dependent and cholesterol independent mechanisms.
However, whether both branches of the pathway regulate the same step of development, cra-
nial NCC differentiation, is not clear. To understand the function of cholesterol and isopren-
oids during cranial NCC differentiation, we measured the expression of col2ala in animals

treated with 8uM lonafarnib, 2.5uM Ro 48 8071, or vehicle control at 3dpf, the protruding

mouth stage. Embryos treated with vehicle control (DMSO) (n = 20), produced all structures
of the viscerocranium appropriately (Fig 4A), expressed col2ala in the ventral brain, oral ecto-
derm, and pharyngeal endoderm (Fig 4D). In contrast treatment with 8uM lonafarnib (n = 30)
resulted in the loss of col2ala in the pharyngeal endoderm, although expression remained con-
sistent in the brain and oral ectoderm (Fig 4F). The loss of col2ala in lonafarnib treated
embryos was marked, however the loss of expression was more moderate in the Ro 48 8071
treatment group (n = 27), where expression was present in the in the pharyngeal endoderm,
albeit with less definition (Fig 4E). These data are consistent with the alcian blue results
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observed in embryos undergoing pharmacological inhibition (Fig 4A-4C) and suggest that
cholesterol and isoprenoids have overlapping functions during cranial NCC differentiation.

hmgcs 1 mutants exhibit temporal restricted changes in Shh activity

Shh signaling is an important component of proper craniofacial development [13,29]. Further-
more, Shh signaling is mediated by post translational cholesterol modifications [30] and muta-
tions in the proteins that facilitate these modifications have been associated with craniofacial
abnormalities [31-33]. Given these results, we hypothesized that the cholesterol mediated cra-
niofacial defects observed in hmgcs1 mutants are Shh dependent. To test this hypothesis, we
measured the expression of ptch2, a Shh receptor whose expression is activated upon Shh activ-
ity [34], in embryos treated with 8uM lonafarnib, 2.5uM at Ro 48 8071, or vehicle control at 3
dpf, the protruding mouth stage. ptch2 RNA increases with active Shh signaling, therefore the
expression of ptch2 can be used as a marker of Shh activity [35]. ptch2 expression was localized
specifically to the facial region; present in the pharyngeal endoderm, oral ectoderm, and the
brain of vehicle control embryos (Fig 5A, n = 10). Importantly, the localization of ptch2 expres-
sion did not change significantly in embryos treated with either lonafarnib (Fig 5B, n = 16) or
Ro 48 8071 (Fig 5C, n = 13) at the protruding mouth stage. These data are supported by similar
experiments hmgcs] mutant larvae, as we did not observe a decrease in ptch2 expression in
mutant larvae at the protruding mouth stage by either in situ hybridization or quantitative real
time PCR at 4 dpf (QPCR) (S3 Fig).

Decreased levels of glil mRNA, the downstream effector of Shh, have been reported in a
zebrafish mutant of hmgcrb at 52 hpf [5]. Increased glil expression is a hallmark of active Shh
signaling and ptch is a downstream target gene of the glil transcription factor [36]. Thus, we
performed QPCR at 2, 3, and 4 dpf to measure the level of gli] in hmgcsI mutants and their
wildtype siblings. We did not detect a statistically significant difference in the expression of
glil in mutants or their wildtype siblings at 2 (long-pec) or 3 dpf (protruding mouth stage)
(Fig 5D). However, we did detect an approximate 40% decrease in glil expression at 4 dpf, a
time point when maternal cholesterol level declines [9] (Fig 5D). Importantly, the decrease in
glil expression we detected occurred after the onset of craniofacial defects, as we observed
defects in col2ala expression at 3 dpf (protruding mouth stage) in hmgcsI mutants and
embryos treated with Ro 48 8071 (Figs 3 and 4). These data strongly suggest that deficiencies
in cholesterol synthesis cause craniofacial abnormalities prior to the onset of deficiencies in
Shh signaling. Moreover, maternal cholesterol is sufficient to sustain Shh activity for up to 3
dpf in hmgesI mutants.

Discussion

NCCs develop into the cartilaginous structures of the neck and face. In order to accomplish
this task, cells undergo a precisely controlled series of steps including specification, migration,
proliferation, and differentiation [2]. Both positive and negative regulators of this process have
been identified [37], but many mechanisms underlying this process have not yet been completely
described. Cholesterol homeostasis has been implicated in the regulation of NCC development
and vertebrate craniofacial development. Here we expand upon previously published work, by
identifying the independent functions of cholesterol and isoprenoids during craniofacial devel-
opment. Further, we confirm in vivo, that cholesterol plays a diverse and temporally regulated
function during craniofacial development.

Mutation or inhibition of the cholesterol synthesis pathway in zebrafish causes multiple
phenotypes including defects in central nervous system development, abnormal oligodendro-
cyte migration, cardiac edema, pigment defects, and craniofacial abnormalities [9]. Here we
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focus specifically on cranial NCCs, yet the presence of both cardiac and pigment deficits in
zebrafish harboring mutations in this pathway provides strong evidence for a more global role
of this pathway in NCC development. The function of the cholesterol synthesis pathway in
NCC development must be subject to precise control because we found limited evidence that
early neural crest specification or migration were defective in animals with mutation of
hmgcs1. These data are strongly supported by a recent report characterizing the function of
hmgcrb, the zebrafish ortholog of HMGCR in post migratory crest differentiation [5]. Despite
the normality of early NCC function in hmges] mutant animals, we cannot completely rule out
the possibility that the cholesterol synthesis pathway modulates early NCC development
because there is significant maternal contribution of cholesterol in zebrafish until 4dpf [9], as
observed when assaying for Shh activity in hmgcsl mutants. Moreover, hmgcsl mutants have
documented pigment disorders and the mechanisms underlying such deficits are yet to be
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explored. Furthermore, the presence of several neural crest related human disorders such as
Treacher Collins syndrome, Hirschsprung disease, and 22q11.2 deletion syndromes [38-41]
suggests that there are inherent pathways that modulate the differentiation of numerous NCC
lineages, perhaps in a time dependent manner.

Mutation of 7-dehydrocholesterol delta 7-reductase, the last enzyme in the cholesterol syn-
thesis pathway causes SLOS [42]. Patients diagnosed with SLOS have reduced serum choles-
terol which results in multiple congenital defects including intellectual disability, facial
dysmorphism, and organ and limb anomalies [43]. SLOS is the result of a mutations in a gene,
whose function is limited to cholesterol synthesis and to date has not been associated with
defects in isoprenoid synthesis [44]. Thus, we hypothesized that the facial deficits present in
animals harboring mutations in hmgcsI were a consequence of defects in cholesterol synthesis
and independent of isoprenoid synthesis. We tested this hypothesis using pharmacological
inhibition, which demonstrated that reduced cholesterol synthesis induced mild to moderate
craniofacial deficits in a dose responsive manner. These data demonstrate that craniofacial
development is in part mediated by cholesterol dependent mechanisms, however the severity
of the craniofacial defects associated with cholesterol inhibition were moderate when com-
pared to embryos with mutations in hmgcsI. These data raise the possibility that there are cho-
lesterol independent mechanisms underlying the craniofacial deficits observed in hmgcs1
mutant animals. We tested this hypothesis by specifically inhibiting isoprenoid synthesis,
which demonstrated a novel and previously underappreciated role for isoprenoids during cra-
niofacial development. We suspect that the moderate nature of the facial dysmorphia present
in Ro 48 8071 treated embryos is a consequence of either maternal contributions of cholesterol
[9].

Isoprenoids are essential for protein prenylation [45] and protein prenylation is a major
component of cell signaling, specifically the activity of cdc42, Rho kinase, and Ras [46]. Aber-
rant signaling could affect a myriad of downstream pathways including the MAP kinase ERK
signaling pathway, Wnt signaling, and PI3 kinase signaling. Some of which have recently been
implicated in cholesterol regulation of oligodendrocytes [47]. Importantly, both Wnt and ERK
signaling are associated with craniofacial development [48,49]. Furthermore, germline muta-
tions in RAS, which result in RASopathies, are associated with craniofacial abnormalities
[50,51]. Importantly, our data suggests that defects in isoprenoid synthesis have the potential
to impact development on a global scale, including craniofacial development.

Our pharmacological studies confirm that craniofacial development is indeed regulated, at
least in part, by cholesterol synthesis and these effects are dose dependent (Table 1). One possi-
ble mechanism by which cholesterol could exert such effects is by modulating Shh signaling.
During lipid modification of hedgehog (Hh) ligands, cholesterol is linked to Hh by dispatched
1 (Disp1) [14]. Mutations in either the murine or telost Displ genes result in craniofacial
abnormalities [31,33]. Moreover, human mutations in the Shh pathway cause overlapping
phenotypes when compared with mutations that interfere with the cholesterol synthesis path-
way [29,52]. In vitro experiments also suggest that deficiencies in the cholesterol synthesis
pathway reduce Shh signaling by interfering with smoothened activation, but very few studies
have linked these two pathways in vivo [11]. Therefore, we sought to confirm the interaction
between the cholesterol synthesis pathway and Shh signaling in zebrafish with mutations in
hmgcsl. We analyzed the expression of ptch2, the receptor of Shh, whose expression provides
an indication of active Shh signaling, but did not observe significant defects in ptch2 expres-
sion at 3dpf (protruding mouth stage) or 4 dpf suggesting that Shh activity is relatively normal
at these developmental time points in hmgcs] mutants. Moreover, we measured the expression
of glil mRNA at 2 (long-pec), 3 (protruding mouth stage), and 4 dpf. glil expression was nor-
mal at 2 and 3 dpf, but was decreased at 4 dpf, a time point when the vast majority of the
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maternal cholesterol has been depleted [9]. This temporal contribution of maternal cholesterol
is highly significant because maternal cholesterol appears to be sufficient to promote effective
Shh signaling at 2 and 3 dpf and is able to prevent significant morphological abnormalities
from occurring very early in development. However, despite maternal contribution, our analy-
sis revealed defects in chondrocyte differentiation at 3 dpf in hmgcs] mutants and in Ro 48
8071 treated embryos. Both glil and ptch2 expression was normal at 3dpf, according to QPCR
and in situ hybridization, suggesting that the cholesterol related deficiencies we observed in
facial development occur prior to the onset of defects in Shh signaling. Thus, cholesterol most
likely regulates facial development through a combination of Shh dependent and independent
mechanisms. One possible Shh independent mechanism includes the accumulation of sterols,
which has been documented in Insig knockout mice [10]. Future experiments that decipher
the pathways affected by cholesterol deficiency are needed to fully understand the function of
cholesterol in facial development.

Our data analyzing Shh activity are strongly supported by previously published work except
that mutations in hmgcrb are associated with minor glil abnormalities at 52 hpf [5]. There are
several putative explanations for the differences observed in our data sets. For example, the
mutations in both hmgcs1 or hmgerb, are single missense mutations and could encode proteins
with some degree of residual activity [5,9]. Moreover, each protein may be associated with dif-
ferent phenotypic penetrance or perhaps the maternal contribution from each zebrafish line
are slightly variable, all of which could account for the differences observed in glil expression.
Future studies that quantitate the degree of Shh activity in different disorders of post-squalene
cholesterol biosynthesis are needed to fully understand the interplay between Shh and the cho-
lesterol synthesis pathway.

Here we formally demonstrate a function for the cholesterol synthesis pathway in facial
development, specifically we demonstrate that facial deficits are the consequence of not only
deficiencies in cholesterol, but also isoprenoid synthesis. Further, we find Shh signaling is
intact in hmgcs] mutants at 2 and 3 dpf, although craniofacial abnormalities are evident by 3
dpf. These data provide some degree of evidence that there are Shh independent mechanisms
downstream of cholesterol, which are critically important for craniofacial development
between the long-pec and protruding mouth stage of zebrafish development. Future studies
deciphering the downstream pathways modulated by cholesterol and isoprenoids will be nec-
essary to gain a more comprehensive understanding of neural crest associated human diseases.

Supporting information

S1 Fig. Vu57 Siblings do not demonstrate with orofacial clefts. Wildtype and heterozygous
Vu57 siblings were subjected to alcian blue staining at 4 days post fertilization. The distance
between Meckel’s cartilage and the ceratohyal were measured to detect potential mandible
cleft phenotype. Error bars indicate standard deviation. No significant difference was detected
between wildtype and heterozygous individuals. Samples were compared using a standard T-
test.

(TIF)

S2 Fig. Orofacial development is temporally regulated by the products of the cholesterol
synthesis pathway. Wildtype embryos were treated with Vehicle control (DMSO), 8uM lona-
farnib, or 2.5uM Ro-48-8071 to inhibit farnesylated isoprenoids and cholesterol, respectively.
Drugs were administered at 24 hours post fertilization and removed after 24 hours of treat-
ment. Orofacial clefts were apparent based upon the distance between Meckel’s cartilage and
the developing ceratohyal at 4 days post fertilization. Distance was measured in embryos
stained with alcian blue. Each treatment resulted in a statistically significant orofacial cleft (p-
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value<0.001) using a standard T-test. Error bars indicate standard deviation.
(TIF)

S3 Fig. Mutations in hmgcs1 do not affect sonic hedgehog signaling. A-B. Whole mount in
situ hybridization was performed on wildtype and mutant siblings at 3 days post fertilization/
protruding mouth stage to detect the expression of ptch2. n = 47 including 17 wildtype, 7
homozygous mutants, and 23 heterozygous mutants. C. Real time PCR was performed on a
pool (n = 20) of siblings or hmgcs] mutant embryos at 4 days post fertilization to detect ptch2
expression (ptc2). Error bars demonstrate the standard error of the mean across two biological
replicates each with 20 embryos per pool.

(JPG)

Acknowledgments

This work was initiated at the University of Colorado Anschutz Medical Campus where A.M.
Q. was partially supported by an institutional post-doctoral research training grant
T32MHO015442, but was completed at The University of Texas El Paso where A.M.Q was par-
tially supported by grant no 2G12MD007592 from the National Institute on Minority Health
Disparities to the University of Texas at El Paso. CGG was partially supported by National
Institute of General Medical Sciences linked awards RL5GM118969, TL4GM118971, and
UL1GM118970. Zebrafish harboring mutations in hmgcsI and transgenic reporter animals
were provided by Dr. Bruce Appel at the University of Colorado Anschutz Medical Campus.
We graciously thank Dr. Appel for reagents, time, and willingness to provide necessary
reagents and tools. The content is solely the responsibility of the authors and does not neces-
sarily represent the official views of the National Institutes of Health.

Author Contributions

Conceptualization: Anita M. Quintana.

Data curation: Anita M. Quintana, Jose A. Hernandez, Cesar G. Gonzalez.
Formal analysis: Anita M. Quintana, Jose A. Hernandez, Cesar G. Gonzalez.
Funding acquisition: Anita M. Quintana.

Investigation: Anita M. Quintana, Jose A. Hernandez, Cesar G. Gonzalez.
Methodology: Anita M. Quintana.

Project administration: Anita M. Quintana.

Resources: Anita M. Quintana.

Supervision: Anita M. Quintana.

Validation: Anita M. Quintana.

Visualization: Anita M. Quintana.

Writing - original draft: Anita M. Quintana.

Writing - review & editing: Anita M. Quintana, Jose A. Hernandez, Cesar G. Gonzalez.

References

1. Twigg SRF, Wilkie AOM. New insights into craniofacial malformations. Hum Mol Genet. 2015; 24: R50—
59. https://doi.org/10.1093/hmg/ddv228 PMID: 26085576

PLOS ONE | https://doi.org/10.1371/journal.pone.0180856  July 7, 2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180856.s003
https://doi.org/10.1093/hmg/ddv228
http://www.ncbi.nlm.nih.gov/pubmed/26085576
https://doi.org/10.1371/journal.pone.0180856

@° PLOS | ONE

Function of the cholesterol synthesis pathway during facial development

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Zhang D, Ighaniyan S, Stathopoulos L, Rollo B, Landman K, Hutson J, et al. The neural crest: a versatile
organ system. Birth Defects Res Part C Embryo Today Rev. 2014; 102: 275-298. https://doi.org/10.
1002/bdrc.21081 PMID: 25227568

Herman GE. X-Linked dominant disorders of cholesterol biosynthesis in man and mouse. Biochim Bio-
phys Acta. 2000; 1529: 357-373. PMID: 11111102

Pelluard-Nehmé F, Carles D, Alberti EM, Saura R, Wong C, Wolf C. [Smith-Lemli-Opitz syndrome]. Ann
Pathol. 2005; 25: 318-321. PMID: 16327658

Signore |A, Jerez C, Figueroa D, Suazo J, Marcelain K, Cerda O, et al. Inhibition of the 3-hydroxy-3-
methyl-glutaryl-CoA reductase induces orofacial defects in zebrafish. Birt Defects Res A Clin Mol Tera-
tol. 2016; https://doi.org/10.1002/bdra.23546 PMID: 27488927

Ohashi K, Osuga J, Tozawa R, Kitamine T, Yagyu H, Sekiya M, et al. Early embryonic lethality caused
by targeted disruption of the 3-hydroxy-3-methylglutaryl-CoA reductase gene. J Biol Chem. 2003; 278:
42936—-42941. hitps://doi.org/10.1074/jbc.M307228200 PMID: 12920113

Lange BM, Rujan T, Martin W, Croteau R. Isoprenoid biosynthesis: the evolution of two ancient and dis-
tinct pathways across genomes. Proc Natl Acad Sci U S A. 2000; 97: 13172—13177. https://doi.org/10.
1073/pnas.240454797 PMID: 11078528

Kavalipati N, Shah J, Ramakrishan A, Vasnawala H. Pleiotropic effects of statins. Indian J Endocrinol
Metab. 2015; 19: 554-562. https://doi.org/10.4103/2230-8210.163106 PMID: 26425463

Mathews ES, Mawdsley DJ, Walker M, Hines JH, Pozzoli M, Appel B. Mutation of 3-hydroxy-3-methyl-
glutaryl CoA synthase | reveals requirements for isoprenoid and cholesterol synthesis in oligodendro-
cyte migration arrest, axon wrapping, and myelin gene expression. J Neurosci Off J Soc Neurosci.
2014; 34: 3402-3412. https://doi.org/10.1523/JNEUROSCI.4587-13.2014 PMID: 24573296

Engelking LJ, Evers BM, Richardson JA, Goldstein JL, Brown MS, Liang G. Severe facial clefting in
Insig-deficient mouse embryos caused by sterol accumulation and reversed by lovastatin. J Clin Invest.
2006; 116: 2356—2365. https://doi.org/10.1172/JCI28988 PMID: 16955138

Blassberg R, Macrae JI, Briscoe J, Jacob J. Reduced cholesterol levels impair Smoothened activation
in Smith-Lemli-Opitz syndrome. Hum Mol Genet. 2016; 25: 693-705. https://doi.org/10.1093/hmg/
ddv507 PMID: 26685159

Porter FD. Human malformation syndromes due to inborn errors of cholesterol synthesis. Curr Opin
Pediatr. 2003; 15: 607-613. PMID: 14631207

Ahlgren SC, Bronner-Fraser M. Inhibition of sonic hedgehog signaling in vivo results in craniofacial neu-
ral crest cell death. Curr Biol CB. 1999; 9: 1304-1314. PMID: 10574760

Koleva MV, Rothery S, Spitaler M, Neil MAA, Magee Al. Sonic hedgehog multimerization: a self-orga-
nizing event driven by post-translational modifications? Mol Membr Biol. 2015; 32: 65—74. https://doi.
org/10.3109/09687688.2015.1066895 PMID: 26312641

Kawakami T, Kawcak T, Li Y-J, Zhang W, Hu Y, Chuang P-T. Mouse dispatched mutants fail to distrib-
ute hedgehog proteins and are defective in hedgehog signaling. Dev Camb Engl. 2002; 129: 5753—
5765.

Kucenas S, Takada N, Park H-C, Woodruff E, Broadie K, Appel B. CNS-derived glia ensheath periph-
eral nerves and mediate motor root development. Nat Neurosci. 2008; 11: 143—151. https://doi.org/10.
1038/nn2025 PMID: 18176560

Hudish LI, Blasky AJ, Appel B. miR-219 regulates neural precursor differentiation by direct inhibition of
apical par polarity proteins. Dev Cell. 2013; 27: 387-398. https://doi.org/10.1016/j.devcel.2013.10.015
PMID: 24239515

Blasky AJ, Pan L, Moens CB, Appel B. Pard3 regulates contact between neural crest cells and the tim-
ing of Schwann cell differentiation but is not essential for neural crest migration or myelination. Dev Dyn
Off Publ Am Assoc Anat. 2014; 243: 1511-1523. https://doi.org/10.1002/dvdy.24172 PMID: 25130183

Neff MM, Turk E, Kalishman M. Web-based primer design for single nucleotide polymorphism analysis.
Trends Genet TIG. 2002; 18: 613-615. PMID: 12446140

Quintana AM, Geiger EA, Achilly N, Rosenblatt DS, Maclean KN, Stabler SP, et al. Hcfc1b, a zebrafish
ortholog of HCFCH1, regulates craniofacial development by modulating mmachc expression. Dev Biol.
2014; 396: 94—106. https://doi.org/10.1016/j.ydbio.2014.09.026 PMID: 25281006

Thisse C, Thisse B. High-resolution in situ hybridization to whole-mount zebrafish embryos. Nat Protoc.
2008; 3: 59-69. https://doi.org/10.1038/nprot.2007.514 PMID: 18193022

Quintana AM, Picchione F, Klein Geltink RI, Taylor MR, Grosveld GC. Zebrafish ETV7 regulates red
blood cell development through the cholesterol synthesis pathway. Dis Model Mech. 2014; 7: 265-270.
https://doi.org/10.1242/dmm.012526 PMID: 24357328

PLOS ONE | https://doi.org/10.1371/journal.pone.0180856  July 7, 2017 15/17


https://doi.org/10.1002/bdrc.21081
https://doi.org/10.1002/bdrc.21081
http://www.ncbi.nlm.nih.gov/pubmed/25227568
http://www.ncbi.nlm.nih.gov/pubmed/11111102
http://www.ncbi.nlm.nih.gov/pubmed/16327658
https://doi.org/10.1002/bdra.23546
http://www.ncbi.nlm.nih.gov/pubmed/27488927
https://doi.org/10.1074/jbc.M307228200
http://www.ncbi.nlm.nih.gov/pubmed/12920113
https://doi.org/10.1073/pnas.240454797
https://doi.org/10.1073/pnas.240454797
http://www.ncbi.nlm.nih.gov/pubmed/11078528
https://doi.org/10.4103/2230-8210.163106
http://www.ncbi.nlm.nih.gov/pubmed/26425463
https://doi.org/10.1523/JNEUROSCI.4587-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24573296
https://doi.org/10.1172/JCI28988
http://www.ncbi.nlm.nih.gov/pubmed/16955138
https://doi.org/10.1093/hmg/ddv507
https://doi.org/10.1093/hmg/ddv507
http://www.ncbi.nlm.nih.gov/pubmed/26685159
http://www.ncbi.nlm.nih.gov/pubmed/14631207
http://www.ncbi.nlm.nih.gov/pubmed/10574760
https://doi.org/10.3109/09687688.2015.1066895
https://doi.org/10.3109/09687688.2015.1066895
http://www.ncbi.nlm.nih.gov/pubmed/26312641
https://doi.org/10.1038/nn2025
https://doi.org/10.1038/nn2025
http://www.ncbi.nlm.nih.gov/pubmed/18176560
https://doi.org/10.1016/j.devcel.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24239515
https://doi.org/10.1002/dvdy.24172
http://www.ncbi.nlm.nih.gov/pubmed/25130183
http://www.ncbi.nlm.nih.gov/pubmed/12446140
https://doi.org/10.1016/j.ydbio.2014.09.026
http://www.ncbi.nlm.nih.gov/pubmed/25281006
https://doi.org/10.1038/nprot.2007.514
http://www.ncbi.nlm.nih.gov/pubmed/18193022
https://doi.org/10.1242/dmm.012526
http://www.ncbi.nlm.nih.gov/pubmed/24357328
https://doi.org/10.1371/journal.pone.0180856

@° PLOS | ONE

Function of the cholesterol synthesis pathway during facial development

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Hudish LI, Galati DF, Ravanelli AM, Pearson CG, Huang P, Appel B. miR-219 regulates neural progeni-
tors by dampening apical Par protein-dependent Hedgehog signaling. Dev Camb Engl. 2016; 143:
2292-2304. https://doi.org/10.1242/dev.137844 PMID: 27226318

Kelsh RN. Sorting out Sox10 functions in neural crest development. BioEssays News Rev Mol Cell Dev
Biol. 2006; 28: 788-798. https://doi.org/10.1002/bies.20445 PMID: 16927299

Akimenko MA, Ekker M, Wegner J, Lin W, Westerfield M. Combinatorial expression of three zebrafish
genes related to distal-less: part of a homeobox gene code for the head. J Neurosci Off J Soc Neurosci.
1994; 14: 3475-3486.

Dale RM, Topczewski J. Identification of an evolutionarily conserved regulatory element of the zebrafish
col2ala gene. Dev Biol. 2011; 357: 518-531. https://doi.org/10.1016/j.ydbio.2011.06.020 PMID:
21723274

Morand OH, Aebi JD, Dehmlow H, Ji YH, Gains N, Lengsfeld H, et al. Ro 48-8.071, a new 2,3-oxidos-
qualene:lanosterol cyclase inhibitor lowering plasma cholesterol in hamsters, squirrel monkeys, and
minipigs: comparison to simvastatin. J Lipid Res. 1997; 38: 373-390. PMID: 9162756

Mejia-Pous C, Damiola F, Gandrillon O. Cholesterol synthesis-related enzyme oxidosqualene cyclase
is required to maintain self-renewal in primary erythroid progenitors. Cell Prolif. 2011; 44: 441—-452.
https://doi.org/10.1111/j.1365-2184.2011.00771.x PMID: 21951287

Xavier GM, Seppala M, Barrell W, Birjandi AA, Geoghegan F, Cobourne MT. Hedgehog receptor func-
tion during craniofacial development. Dev Biol. 2016; https://doi.org/10.1016/j.ydbio.2016.02.009
PMID: 26875496

Callahan BP, Wang C. Hedgehog Cholesterolysis: Specialized Gatekeeper to Oncogenic Signaling.
Cancers. 2015; 7: 2037-2053. https://doi.org/10.3390/cancers7040875 PMID: 26473928

Tian H, Jeong J, Harfe BD, Tabin CJ, McMahon AP. Mouse Disp1 is required in sonic hedgehog-
expressing cells for paracrine activity of the cholesterol-modified ligand. Dev Camb Engl. 2005; 132:
133-142. https://doi.org/10.1242/dev.01563 PMID: 15576405

Kawakami T, Kawcak T, Li Y-J, Zhang W, Hu Y, Chuang P-T. Mouse dispatched mutants fail to distrib-
ute hedgehog proteins and are defective in hedgehog signaling. Dev Camb Engl. 2002; 129: 5753—
5765.

Schwend T, Ahlgren SC. Zebrafish con/disp1 reveals multiple spatiotemporal requirements for Hedge-
hog-signaling in craniofacial development. BMC Dev Biol. 2009; 9: 59. https://doi.org/10.1186/1471-
213X-9-59 PMID: 19948063

Hammond KL, Baxendale S, McCauley DW, Ingham PW, Whitfield TT. Expression of patched, prdm1
and engrailed in the lamprey somite reveals conserved responses to Hedgehog signaling. Evol Dev.
2009; 11: 27-40. https://doi.org/10.1111/j.1525-142X.2008.00300.x PMID: 19196331

Concordet JP, Lewis KE, Moore JW, Goodrich LV, Johnson RL, Scott MP, et al. Spatial regulation of a
zebrafish patched homologue reflects the roles of sonic hedgehog and protein kinase A in neural tube
and somite patterning. Dev Camb Engl. 1996; 122: 2835-2846.

Cretnik M, Musani V, Oreskovic S, Leovic D, Levanat S. The Patched gene is epigenetically regulated
in ovarian dermoids and fibromas, but not in basocellular carcinomas. Int J Mol Med. 2007; 19: 875—
883. PMID: 17487419

Bhatt S, Diaz R, Trainor PA. Signals and Switches in Mammalian Neural Crest Cell Differentiation. Cold
Spring Harb Perspect Biol. 2013; 5. https://doi.org/10.1101/cshperspect.a008326 PMID: 23378583

Dixon J, Jones NC, Sandell LL, Jayasinghe SM, Crane J, Rey J-P, et al. Tcof1/Treacle is required for
neural crest cell formation and proliferation deficiencies that cause craniofacial abnormalities. Proc Natl
Acad Sci U S A. 2006; 103: 13403—-13408. https://doi.org/10.1073/pnas.0603730103 PMID: 16938878

Kadakia S, Helman SN, Badhey AK, Saman M, Ducic Y. Treacher Collins Syndrome: the genetics of a
craniofacial disease. Int J Pediatr Otorhinolaryngol. 2014; 78: 893-898. https://doi.org/10.1016/j.ijporl.
2014.03.006 PMID: 24690222

Stathopoulou A, Natarajan D, Nikolopoulou P, Patmanidi AL, Lygerou Z, Pachnis V, et al. Inactivation of
Geminin in neural crest cells affects the generation and maintenance of enteric progenitor cells, leading
to enteric aganglionosis. Dev Biol. 2016; 409: 392—-405. https://doi.org/10.1016/].ydbio.2015.11.023
PMID: 26658318

Walker MB, Trainor PA. Craniofacial malformations: intrinsic vs extrinsic neural crest cell defects in
Treacher Collins and 22g11 deletion syndromes. Clin Genet. 2006; 69: 471-479. https://doi.org/10.
1111/j.0009-9163.2006.00615.x PMID: 16712696

Bianconi SE, Cross JL, Wassif CA, Porter FD. Pathogenesis, Epidemiology, Diagnosis and Clinical
Aspects of Smith-Lemli-Opitz Syndrome. Expert Opin Orphan Drugs. 2015; 3: 267-280. https://doi.org/
10.1517/21678707.2015.1014472 PMID: 25734025

PLOS ONE | https://doi.org/10.1371/journal.pone.0180856  July 7, 2017 16/17


https://doi.org/10.1242/dev.137844
http://www.ncbi.nlm.nih.gov/pubmed/27226318
https://doi.org/10.1002/bies.20445
http://www.ncbi.nlm.nih.gov/pubmed/16927299
https://doi.org/10.1016/j.ydbio.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21723274
http://www.ncbi.nlm.nih.gov/pubmed/9162756
https://doi.org/10.1111/j.1365-2184.2011.00771.x
http://www.ncbi.nlm.nih.gov/pubmed/21951287
https://doi.org/10.1016/j.ydbio.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26875496
https://doi.org/10.3390/cancers7040875
http://www.ncbi.nlm.nih.gov/pubmed/26473928
https://doi.org/10.1242/dev.01563
http://www.ncbi.nlm.nih.gov/pubmed/15576405
https://doi.org/10.1186/1471-213X-9-59
https://doi.org/10.1186/1471-213X-9-59
http://www.ncbi.nlm.nih.gov/pubmed/19948063
https://doi.org/10.1111/j.1525-142X.2008.00300.x
http://www.ncbi.nlm.nih.gov/pubmed/19196331
http://www.ncbi.nlm.nih.gov/pubmed/17487419
https://doi.org/10.1101/cshperspect.a008326
http://www.ncbi.nlm.nih.gov/pubmed/23378583
https://doi.org/10.1073/pnas.0603730103
http://www.ncbi.nlm.nih.gov/pubmed/16938878
https://doi.org/10.1016/j.ijporl.2014.03.006
https://doi.org/10.1016/j.ijporl.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24690222
https://doi.org/10.1016/j.ydbio.2015.11.023
http://www.ncbi.nlm.nih.gov/pubmed/26658318
https://doi.org/10.1111/j.0009-9163.2006.00615.x
https://doi.org/10.1111/j.0009-9163.2006.00615.x
http://www.ncbi.nlm.nih.gov/pubmed/16712696
https://doi.org/10.1517/21678707.2015.1014472
https://doi.org/10.1517/21678707.2015.1014472
http://www.ncbi.nlm.nih.gov/pubmed/25734025
https://doi.org/10.1371/journal.pone.0180856

@° PLOS | ONE

Function of the cholesterol synthesis pathway during facial development

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Nowaczyk MJM, Irons MB. Smith-Lemli-Opitz syndrome: phenotype, natural history, and epidemiology.
Am J Med Genet C Semin Med Genet. 2012; 160C: 250—262. https://doi.org/10.1002/ajmg.c.31343
PMID: 23059950

Lanthaler B, Hinderhofer K, Maas B, Haas D, Sawyer H, Burton-Jones S, et al. Characterization of large
deletions in the DHCR7 gene. Clin Genet. 2015; 88: 149—154. https://doi.org/10.1111/cge. 12454 PMID:
25040602

Palsuledesai CC, Distefano MD. Protein prenylation: enzymes, therapeutics, and biotechnology appli-
cations. ACS Chem Biol. 2015; 10: 51-62. https://doi.org/10.1021/cb500791f PMID: 25402849

Berzat AC, Brady DC, Fiordalisi JJ, Cox AD. Using inhibitors of prenylation to block localization and
transforming activity. Methods Enzymol. 2006; 407: 575-597. https://doi.org/10.1016/S0076-6879(05)
07046-1 PMID: 16757354

Mathews ES, Appel B. Cholesterol Biosynthesis Supports Myelin Gene Expression and Axon
Ensheathment through Modulation of P13K/Akt/mTor Signaling. J Neurosci Off J Soc Neurosci. 2016;
36: 7628—7639. https://doi.org/10.1523/JNEUROSCI.0726-16.2016 PMID: 27445141

Kurosaka H, lulianella A, Williams T, Trainor PA. Disrupting hedgehog and WNT signaling interactions
promotes cleft lip pathogenesis. J Clin Invest. 2014; 124: 1660—1671. https://doi.org/10.1172/JCI172688
PMID: 24590292

LiuY,dinY, LiJ, Seto E, Kuo E, YuW, et al. Inactivation of Cdc42 in neural crest cells causes craniofa-
cial and cardiovascular morphogenesis defects. Dev Biol. 2013; 383: 239-252. https://doi.org/10.1016/
j.ydbio.2013.09.013 PMID: 24056078

Jindal GA, Goyal Y, Burdine RD, Rauen KA, Shvartsman SY. RASopathies: unraveling mechanisms
with animal models. Dis Model Mech. 2015; 8: 769-782. https://doi.org/10.1242/dmm.020339 PMID:
26203125

Tidyman WE, Rauen KA. The RASopathies: developmental syndromes of Ras/MAPK pathway dysre-
gulation. Curr Opin Genet Dev. 2009; 19: 230—236. https://doi.org/10.1016/j.gde.2009.04.001 PMID:
19467855

Villavicencio EH, Walterhouse DO, lannaccone PM. The Sonic Hedgehog—Patched-Gli Pathway in
Human Development and Disease. Am J Hum Genet. 2000; 67: 1047—1054. https://doi.org/10.1016/
S0002-9297(07)62934-6 PMID: 11001584

PLOS ONE | https://doi.org/10.1371/journal.pone.0180856  July 7, 2017 17/17


https://doi.org/10.1002/ajmg.c.31343
http://www.ncbi.nlm.nih.gov/pubmed/23059950
https://doi.org/10.1111/cge.12454
http://www.ncbi.nlm.nih.gov/pubmed/25040602
https://doi.org/10.1021/cb500791f
http://www.ncbi.nlm.nih.gov/pubmed/25402849
https://doi.org/10.1016/S0076-6879(05)07046-1
https://doi.org/10.1016/S0076-6879(05)07046-1
http://www.ncbi.nlm.nih.gov/pubmed/16757354
https://doi.org/10.1523/JNEUROSCI.0726-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27445141
https://doi.org/10.1172/JCI72688
http://www.ncbi.nlm.nih.gov/pubmed/24590292
https://doi.org/10.1016/j.ydbio.2013.09.013
https://doi.org/10.1016/j.ydbio.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24056078
https://doi.org/10.1242/dmm.020339
http://www.ncbi.nlm.nih.gov/pubmed/26203125
https://doi.org/10.1016/j.gde.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19467855
https://doi.org/10.1016/S0002-9297(07)62934-6
https://doi.org/10.1016/S0002-9297(07)62934-6
http://www.ncbi.nlm.nih.gov/pubmed/11001584
https://doi.org/10.1371/journal.pone.0180856

