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Abstract: Increasing evidence implicates chromatin structure and epigenetic regulation in various human develop-
mental disorders, including facial abnormalities and intellectual disability. Mutations in CCCTC-binding factor (CTCF)
demonstrate its role in craniofacial development, but early lethality precludes the use of Ctcf mutant mice for pheno-
typic investigations. In this study, we deleted Ctcf specifically in neural crest cells, the multipotent cells that give rise
to many structures of the skeleton and connective tissues in the developing head. Although the pharyngeal arches
were initially morphologically normal, many of the neural crest cell-derived skeletal and non-skeletal components
were truncated in the Wnt1-Cre; Ctcf”" mutant mice. The expression level of chondrogenic and osteogenic-related
genes were significantly decreased. Our results implicate CTCF in two distinct events in craniofacial development;
first, in the regulation of outgrowth and morphogenesis by cell survival and proliferation, and second, in the differ-
entiation of the facial skeleton. Our findings highlight the important contribution of CTCF to craniofacial pathologies.
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Introduction

The craniofacial architecture comprises inter-
connected bones, cartilage, and connective tis-
sues, the correct formation of which is neces-
sary for the proper encasement of the brain
and sensory organs [1]. Craniofacial develop-
ment in vertebrates involves a complex series
of molecular and morphogenetic processes,
beginning with the ventrolateral migration of
multipotent cranial neural crest cells from the
dorsal brain as the mesenchymal source for
the facial primordia [2]. Specifically, distinct
populations of cranial neural crest cells from
the diencephalon, midbrain, and hindbrain
form the skull vault and facial and pharyngeal
skeletons [3]. Whereas rostral cranial neural
crest cells give rise to the frontonasal promi-
nence that becomes the mid- and upper face,
the more posterior cells fill the pharyngeal arch-
es that develop into the maxilla, mandible, and
lateral skull. The second pharyngeal arch con-
tributes to the ear and neck skeleton [1, 4]. A
clearer understanding of neural crest develop-
ment is important, as neural crest cells are

involved in a variety of craniofacial birth defects,
including cleft lip and palate.

Craniofacial formation requires precise regula-
tion of the genes important for developmental
specification, migration, and differentiation [2].
Increasing numbers of genes involved in chro-
matin structure and epigenetic regulation are
implicated in a variety of developmental pro-
cess and developmental disorders [5]. However,
recent studies have mainly focused on factors
related to DNA methylation and histone modifi-
cation [5]. CCCTC-binding factor (CTCF), an epi-
genetic component essential for regulating the
three-dimensional organization of the genome,
is a zinc finger DNA binding protein that has
been associated with various cellular process-
es, including transcriptional regulation and
insulation, X chromosome inactivation, and
RNA splicing [6]. CTCF plays roles in tissue
development and the differentiation of various
cell types, ranging from embryonic stem cells to
neural, cardiac, and muscle cells [7]. Moreover,
Ctcf is expressed in the developing vertebrate
cranial neural crest [8]. Mutations in CTCF are
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responsible for specific phenotypes in hu-
mans, such as syndromic craniofacial deformi-
ties and growth retardation related to micro-
cephaly, cleft palate, and dental anomalies
[9-11]. However, the role of CTCF in regulating
external and internal structures during cranio-
facial development is not known. Therefore, we
utilized transgenic mice with conditional knock-
out (cKO) of Ctcf in neural crest cells to docu-
ment the role of CTCF in craniofacial develop-
ment. Our results demonstrate that the es-
sential association between CTCF and neural
crest cells-derived as a crucial regulator of the
head document.

Materials and methods
Mice generation and breeding

The mice utilized in this study carried a condi-
tional Ctcf allele (Ctcf"™) described in our previ-
ous study. Ctcf”™ and Ctcf"* mice were crossed
with Tg (Wnt1-Cre) 11Rth/MileJ mice to obtain
neural crest-specific conditional knockout mu-
tants and controls, respectively [12, 13]. All ani-
mal protocols were approved by the Institution-
al Animal Care and Use Committee at Yonsei
University College of Medicine.

Gross anatomical and histological analyses

For gross anatomical observation, embryos
were dissected at embryonic day 9.5 (E9.5),
E15.5, and E18.5 and fixed in 4% paraformal-
dehyde overnight. All of the samples were
observed under a stereomicroscope (Leica S8
APO). Fixed E15.5 embryos were paraffin-em-
bedded, sectioned (12 um), and stained with
hematoxylin (Sigma) for 2 min and eosin (Sig-
ma) for 3 min. The tissue sections were obser-
ved under a light microscope (Leica DM2500)
after mounting with Permount mounting medi-
um (Thermo Fisher Scientific).

Alizarin red and alcian blue staining

Embryos were eviscerated and treated with
hot water (65°C) before fixation in 95% ethanol
overnight and then in acetone overnight to
remove fat. The specimens were subsequently
stained with 0.03% alcian blue (Sigma) solution
for cartilage staining and washed with 70% eth-
anol for three h. Next, they were incubated in a
1% potassium hydroxide (KOH; Sigma) solution
until they became transparent. The specimens
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were transferred into 0.05% alizarin red (Sigma)
overnight for bone staining. The specimens
were cleared by placing them in 1% KOH-20%
glycerol for two days and incubated with 1%
KOH in 50% glycerol until image processing.

Real-time quantitative polymerase chain reac-
tion (RT-qPCR)

Skull, maxilla, and mandible tissues from
Wnt1-Cre; Ctcf”* and Wnt1-Cre; Ctcf"" mice
were quickly dissected in cold DEPC-treated
PBS, followed by RNA isolation with the Trizol
reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions. cDNA synthe-
sis was performed using a ImProm-II™ cDNA
Synthesis Kit (Promega) with oligo (dT) primers.
RT-gPCR was performed using the SensiFAST
SYBR Hi-ROX Mix (BIOLINE) and an ABI7500
real-time PCR instrument system (Thermo
Fisher Scientific). The primer sequences of the
genes are as follows: Collal, 5-GCAACAGTC-
GCTTCACCTACA-3’ and 5-CAATGTCCAAGGGA-
GCCACAT-3’; Sox9, 5-CCTTCAACCTTCCTCACT-
ACAGC-3’ and 5-GGTGGAGTAGAGCCCTGAGC-
3’; OPN, 5-TCTGATGAGACCGTCACTGC-3’ and
5-TCTCCTGGCTCTCTTTGGAA-3’; Aggrecan, 5'-
AAGTTCCAGGGTCACTGTTAC-3' and 5-AAGTT-
CCAGGGTCACTGTTAC-3’; ActB, 5-GGCTGTATT-
CCCCTCCATCG-3" and 5’-CCAGTTGGTAACAATG-
CCATGT-3'. Student’s t-tests were used to de-
termine statistical significance. P<0.05 was
considered as significant.

Results

Ctcf deficiency results in defective outgrowth
and morphogenesis of craniofacial organs

To investigate the role of CTCF in neural crest-
derived craniofacial development, we condi-
tionally deleted Ctcf from neural crest cells
using Wnt1-Cre mice [12, 13]. Wnt1-Cre; Ctcf""
embryos were indistinguishable from control
Wnt1-Cre; Ctcf"”* embryos at E9.5, when they
have pharyngeal arches and small maxilla
(Figure 1). The fact that there was no defective
growth of the facial primordia after the migra-
tion of cranial neural crest cells to the maxilla
and pharyngeal arches suggests that the gen-
eration and migration of neural crest cells were
not affected. However, defective growth was
observed at E15.5. Wnt1-Cre; Ctcf"" embryos
exhibited smaller heads with an defective ante-
rior skull, resulting in an exposed brain (Figure
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Wnt1-Cre;Ctcfo*

lateral view

ventral view

Figure 1. Gross morphology of E9.5 Wnt1-Cre; CtcfV* and Wnt1-Cre; Ctcf""
embryos. Lateral (A, B) and ventral (C, D) views of Wnt1-Cre; Ctcf"* (control)
and Wnt1-Cre; Ctcf”" (Ctcf cKO) embryos at E9.5. The overall structure of the
head where the prospective skull will form and the formation of pharyngeal
arches are not different in control and Ctcf cKO. The maxilla primordia, which

Wnt1-Cre;Ctcfoxox

Meckel's cartilage was not
observed under the tooth
germ.

Real-time qPCR was per-
formed for quantitative analy-
sis of genes important for
chondrogenesis and osteo-
genesis in the E15.5 Wntl-
Cre; Ctcf”* and Wntl-Cre;
Ctef”" mutant head with skull
and craniofacial tissues (Fig-
ure 2N). The expression of
Aggrecan and Sox9, chondro-
genic markers, were signifi-
cantly decreased in Wnt1-Cre;
Ctcf¥", compare to the Wnt1-
Cre; Ctcf"* (Figure 2N). In
addition, it was confirmed
that the expression level of
osteogenic marker Osteopo-
ntin (OPN) and Collal was
down-regulated in the Wntl-
Cre; Ctcf”* than Wntl-Cre;
Ctcf"* (Figure 2N).

is important for craniofacial organ formation, is also well formed in the con-

trol and Ctcf cKO. Abbreviations: fb, forebrain; mb, midbrain; hb, hindbrain;
op.v, optic vesicle; pa, pharyngeal arch; ov, otic vesicle; mx, maxilla. Scale

bars, 250 ym.

2G, 2I; red asterisks) as well as shortened man-
dibles and makxilla; the maxilla did not come in
contact with each other (Figure 2H, 2I; yellow
line).

Histological analyses revealed that the left and
right palatal shelves failed to fuse at the mid-
line in the Wnt1-Cre; Ctcf”™ mice, unlike in the
control mice (Figure 2, compare 2J and 2K
with 2C and 2D), resulting in a complete cleft
palate. The palatal shelves were also not ele-
vated in the mutant (Figure 2J, 2K). The size of
the developing tongue (width and height) was
smaller in the Wnt1-Cre; Ctcf”" mice than in
the Wnt1-Cre; Ctcf”* controls; the upper part
of the tongue was generally wider than the
lower region in the Wnt1-Cre; Ctef"* tongue but
not in the Wnt1-Cre; Ctcf"" tongue (Figure 2C,
2E, 2J, 2K; red lines). Tooth development is
generally at the cap stage at this phase of
development. Whereas the molars of maxilla
and mandibles in control mice had a normal
cap shape, those of the Wnt1-Cre; Ctcf""
mutants exhibited thickening of the dental epi-
thelium (Figure 2F, 2M; green dotted line), and
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Taken together, these results
indicate that CTCF is required
for proper outgrowth and mor-
phogenesis of the skull, pal-
ate, tongue, teeth, and Meckel’s cartilage and
suggest that CTCF regulates craniofacial devel-
opment after neural crest cell migration.

Ctcf deficiency causes extensive loss of the
craniofacial skeleton

At E18.5, Wnt1-Cre; Ctcf"" embryos had dra-
matically smaller heads than Wnt1-Cre; Ctcf"*
controls, with absent anterior skulls and hypo-
plasia of maxilla, mandibles, and ear pinnae
(Figure 3A, 3B). We stained the skeletons of
E18.5 embryos to obtain a detailed under-
standing of these structural defects. The zygo-
matic processes of the maxilla and upper
part of the maxilla were retained in Wnt1-Cre;
Ctef"" mice (Figure 3C-F). More caudally, the
jugal and squamosal bones were reduced, and
the palatine and pterygoid were absent (Fig-
ure 3C, 3D). The cranial base in the Wnt1-Cre;
Ctef"" embryos was also severely affected; the
orbitosphenoid, presphenoid, and rostral half
of the basisphenoid were missing, and the ali-
sphenoid was reduced (Figure 3C, 3D). Rost-
rally, the upper region of the nasal bone in the
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Figure 2. Anatomical and histological analyses of E15.5 Wnt1-Cre; Ctcf”* and Wnt1-Cre; Ctcf”" embryos. Altered
expression level of skeleton-related genes in mutant skull and craniofacial tissues. A, B, G, H, I. Gross images of
Wnt1-Cre; Ctcf”* (control) and Wnt1-Cre; Ctcf”" (Ctcf cKO) embryos at E15.5. The skull vault is defective in the Ctcf
cKO embryo, and hypoplasia of the maxilla and mandible is apparent. Each maxilla part is separated, compare to
the control. C-F, J-M. H&E-stained tissue sections of the head showing the morphology of the palate, tongue, and
tooth at E15.5. The palatal shelves of the Ctcf cKO embryos are not fused and vertically oriented. The width and
height of the tongue in Ctcf cKO are much smaller, the overall shape is more rectangular. The tooth development
in the control embryo is at cap stages, whereas the tooth germ in Ctcf cKO shows dental placode status. Meckel's
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cartilage is not observed in the Ctcf cKO. N. Expression level of Aggrecan, Sox9, Osteopontin (OPN), and Collal in
control and Ctcf cKO. The expression level of chondrogenic-related genes such as Aggrecan and Sox9 was signifi-
cantly decreased in Ctcf cKO. The expression of Opn and Collal, osteogenic-related genes, are lower in Ctcf cKO
than in control. Abbreviations: mx, maxilla; md, mandible; ps, palatal shelves; Mc, Meckel’s cartilage. Horizontal red
lines, upper and lower parts of the tongue; vertical red lines, tongue height; green dotted lines, margin of the dental

epithelium and mesenchyme. Scale bars, 500 um. *P<0.05.

Wnt1-Cre; Ctcf”" mice was much smaller than
in Wnt1-Cre; Ctcf"* controls (Figure 3E, 3F).
Near the ears, the otic capsules appeared nor-
mal, but the underlying tympanic rings were
absent in the Wnt1-Cre; Ctcf”" mutants (Figure
3E, 3F). By contrast, the three occipital bones,
namely, the basioccipital, interparietal, and
supraoccipital bones, which derive from par-
axial mesoderm, were less affected (Figure
3C-F). The dentary was hypoplastic and short
and the coronoid, condylar, and angular pro-
cesses were not distinguishable in the Wnt1-
Cre; Ctef”" mutants, unlike in the Wnt1-Cre;
Ctcf"* controls (Figure 3G, 3H). To examine the
expression level of chondrogenic and osteo-
genic genes in the E18.5 Wnt1-Cre; Ctcf"* and
Wnt1-Cre; Ctef"" mutant head with skull and
craniofacial tissues, RT-gPCR was performed
at E18.5 (Figure 3I). The expression of Aggre-
can and Sox9, chondrogenic markers, were sig-
nificantly reduced in Wnt1-Cre; Ctcf", com-
pare to the Wnt1-Cre; Ctcf"* (Figure 3l). Also,
the expression level of osteogenic marker Os-
teopontin (OPN) and Collal in the Wnt1-Cre;
Ctef"™ was significantly lower than Wnt1-Cre;
Ctcf"* (Figure 3l).

The defects of the skull vault were limited to
the absence or decrease in the size of the neu-
ral crest-derived frontal bone in the craniofa-
cial region, whereas the parietal and intrapari-
etal bones, which are mesoderm-derived, were
less affected. The reduction in the size of
external ear pinnae, which derive from ecto-
derm, is likely to be a secondary phenotype
resulting from the failure of most of the head
skeleton to form despite the presence of cra-
nial neural crest cells in the facial primordia
(see Figure 1). Thus, the skeletal defects of the
craniofacial region in Wnt1-Cre; Ctef”" mice
reflect the requirement for CTCF in post-migra-
tory cranial neural crest cells within the facial
primordia.

Discussion

Craniofacial morphogenesis appears to result
from reciprocal interactions between intrinsic
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and extrinsic environments and the neural
crest mesenchyme, where timing is an essen-
tial component [1]. Despite advances in the
identification of genes influencing cranial neu-
ral crest cell patterning [5], little is known about
the influence of chromosome organizers. In
particular, the effects of regulators of chroma-
tin conformation, such as CTCF in distinct sub-
populations of neural crest cells, on the pat-
terning programs that give rise to the specific
structure of skeletal elements are poorly
understood.

Our study demonstrates a crucial role for CTCF
in neural crest-derived craniofacial formation
and development. The loss of Ctcf in neural
crest cells eliminated or reduced all of the neu-
ral crest cell-derived craniofacial elements,
whereas the mesoderm-derived structures
were less affected (Figures 2, 3). Specifically,
Ctcf deficiency perturbed the development of
skeletal components in and around the skull
vault, palate, and tympanic ring as well as non-
skeletal parts, such as the tongue and teeth. In
addition, the dentary, Meckel’s cartilage, jugal
bone, and the zygomatic process of the maxilla
were present but reduced, which might reflect
the influence of CTCF on the development of
pharyngeal arch-derived organs (Figure 3). Th-
ese results suggest that CTCF may be involved
in the differentiation of neural crest-derived
structures during embryogenesis.

Neural crest cell specification and migration
from the neural tube largely depend on signal-
ing molecules, such as Wnt, Bmp, and Fgf,
which promote the expression of neural crest
specifier genes, such as Snail2, Foxd3, Sox9,
and Sox10 [14]. However, the normal morphol-
ogy of the facial primordia and pharyngeal arch-
es in Wntl-Cre; Ctcf”" mutants at E9.5 sug-
gests that CTCF does not affect these process-
es. Rather, CTCF may impact processes after
neural crest cell specification during the out-
growth of maxillary and frontonasal skeletal
elements and tooth and pharyngeal arch-de-
rived organ development, which are regulated
by Fgf, Bmp, and Shh signaling [14]. Interest-
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Figure 3. Comparison of gross morphology and skeletal structures in the
heads of E18.5 Wnt1-Cre; CtcfV* and Wnt1-Cre; Ctcf”" embryos. (A-H) An-
atomical whole-mount structure of E18.5 Wnt1-Cre; Ctcf”* (control) and
Wnt1-Cre; Ctef”" (Ctcf cKO) embryos. (A, B) The brain of the Ctcf cKO embryo
is exposed without the skull and shorter maxilla and mandible in the smaller
head; the malformation of the ear pinna is apparent. Dorsal (C, D) and lat-
eral (E, F) views of skeletal elements in control and Ctcf cKO heads at E18.5.
(G, H) The dentary bone is dramatically smaller in the Ctcf cKO embryo than
in the control at E18.5. Coronoid, condylar, and angular processes cannot
be distinguished. (I) Altered expression level of Agreecan, Sox9, OPN, and
Collal in head of the control and Ctcf cKO at E18.5. The expression of
Agreecan and Sox9 in Ctcf cKO, chondrogenic genes, are significantly down-
regulated in the Ctcf cKO than in the mutant. The expression of OPN and
Collal, osteogenic genes, are decreased in the Ctcf cKO, compare to the
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control. Abbreviations: mx, max-
illa; md, mandible; ep, ear pinna;
na, nasal bone; mxzp, zygomatic
process of maxilla; mxpp, palatal
process of makxilla; pl, palatine;
bs, basisphenoid; bo, basioccipi-
tal; ip, interparietal; so, supraoc-
cipital; fn, frontal; oc, otic capsule;
pa, parietal; ty; tympanic ring; crp,
coronoid process; cdp, condylar
process; ap, angular process.
Scale bars, 1 mm. *P<0.05.

ingly, the craniofacial pheno-
type of Wnt1-Cre; CtcfV is
similar to mutants with
a deficiency in smoothened
(Smo), a downstream effector
of Shh signaling [15]. The
facial malformations in these
mice result from increased
death and decreased prolifer-
ation of neural crest cells. The
expression of Shh in Ctcf mu-
tants is strongly decreased in
the limb mesenchyme [16].
Global depletion of Ctcf is
embryonic lethal around the
preimplantation stage (E3.5)
[17, 18] and is associated with
widespread apoptosis mediat-
ed by the downregulation of
p53 and upregulation of Pu-

a (Bbc3), both of which are
the targets of CTCF [7, 16].
Thus, CTCF might be required
for cell survival and cell prolif-
eration in the developing cra-
niofacial region, and dysregu-
lation of the p53-dependent
pathway and restricted Shh
signaling may account for the
aberrant formation of the
head in CTCF mutants.

The anteroposterior identities
of neural crest cell subpopula-
tions influence the develop-
ment and assembly of the
craniofacial skeleton. In early
embryogenesis, the pattern of
Hox expression is an essen-
tial molecular distinguishing
characteristic of these sub-
populations along the antero-

Am J Transl Res 2019;11(9):6102-6109



CTCF is required for craniofacial formations in mouse embryos

Wnt1-Cre;Ctcf 'o*
g A 3
g
25 ]
@ £
Ss O
n <
Q ©
5> a
= O
£3 -
= D
3
a

outgrowth and
morphogenesis

craniofacial skeleton

Figure 4. Schematic summary for the effects of Ctcf during neural crest-
derived craniofacial development. A. Effect of Ctcf-deficiency during the neu-
ral crest migration. Morphologically, morphology of embryo with maxilla and
pharyngeal arches is normal in both Wnt1-Cre; Ctcf”* (control) and Wnt1-
Cre; Ctef” (Ctcf cKO). B, C. The phenotype of Ctcf cKO in developing cra-
niofacial region at E15.5. Ctcf cKO demonstrates disrupted morphogenesis,
including the defective skull, cleft palate, hypoplasia tongue, dental placode,
and Meckel’s cartilage at E15.5. D, E. The neural crest cells-derived cranio-
facial skeleton of control and Ctcf cKO at E18.5 At E18.5, Ctcf cKO shows
smaller head with the hypoplasia of anterior skulls and hypoplasia of man-

dibles and makxilla.

posterior axis and determines the rostrocaudal
orientation of the pharyngeal arches [1]. CTCF
regulates the transcriptional activation of Hox
clusters by establishing an inheritable domain
[19, 20]. However, Hox genes are not expressed
in pharyngeal arch 1 or (dien-, mesen-) cephalic
neural crest cells that contribute to the forma-
tion of the craniofacial region. Therefore, we
speculate that CTCF does not regulate Hox
genes during craniofacial development. How-
ever, neural crest cells of the frontonasal region
and in the first arch that originate in the mid-
brain express Otx2, a homeodomain transcrip-
tion factor. Mutation of Otx2 affects the devel-
opment of the frontonasal and distal mandibu-
lar elements [1]. CTCF is composed of multiple
domains that bind to different motifs and vari-
ous regulatory proteins [6, 20]. Thus, CTCF may
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Wnt1-Cre;Ctcf 'ox/iox

be associated with inhibition
of Hox as an insulator and
activation of Otx2 in neural

NCC from(di-, mes-)cephalon

NCC from mesencephlon,
rhombomeremere 1, 2

NCC from rhombomere 4

maxilla

pharyngeal arch 1
pharyngeal arch 2
pharyngeal arch 3

palate

tongue

crest cells during the deve-
lopment of the craniofacial
structures.

In summary, our study de-
monstrates crucial informa-
tion supporting a role for CTCF
in neural crest-derived cranio-
facial formation and develop-
ment. The fact that there was
no defective growth of the
facial primordia after the mig-
ration of cranial neural crest
cells to the maxilla and pha-
ryngeal arches suggests that
the generation and migration
of neural crest cells were not
affected. The removal of the
Wnt1-Cre; Ctcf"" head struc-
ture reveals that the neural
crest-derived skeletal compo-
nents in and around the pal-
ate (pterygoid, palatine, pre-
sphenoid, palatal process of
maxilla, vomer) and tympanic
ring in the ear region, as well
as the non-skeletal parts su-
ch as the tongue and tooth,
are perturbed. In addition,
the dentary, Meckel's carti-
lage, jugal bone, and zygomat-
ic process of the maxilla are
present but reduced (Figure
4), which might reflect the influence of CTCF on
the development of pharyngeal arch-derived
organs. Therefore, we conclude that CTCF is
dispensable for the generation and migration
of neural crest cells but is essential for later
steps of craniofacial development. Further
studies are needed to explore the underlying
genome-wide molecular mechanisms of how
CTCF modulates the craniofacial skeleton by
epigenetic regulation. Such studies will help
to understand the fundamental mechanisms
of CTCF-associated craniofacial defects in
humans.

tooth
germ
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