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What Do Animal Models Teach Us
About Congenital Craniofacial

Defects?

Beatriz A. Ibarra and Radhika Atit

6.1 Overview

The formation of the head and face is a complex
process which involves many different signaling
cues regulating the migration, differentiation,
and proliferation of the neural crest. This highly
complex process is very error-prone, resulting in
craniofacial defects in nearly 10,000 births in the
United States annually. Due to the highly con-
served mechanisms of craniofacial development,
animal models are widely used to understand the
pathogenesis of various human diseases and
assist in the diagnosis and generation of preven-
tative therapies and treatments. Here, we provide
a brief background of craniofacial development
and discuss several rare diseases affecting cranio-
facial bone development. We focus on rare con-
genital diseases of the cranial bone, facial jaw
bones, and two classes of diseases, ciliopathies
and RASopathies. Studying the animal models of
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these rare diseases sheds light not only on the eti-
ology and pathology of each disease, but also
provides meaningful insights towards the mecha-
nisms which regulate normal development of the
head and face.

6.2  Significance

Craniofacial defects are complex and often impact
multiple structures of the head and face. One of the
most severe craniofacial defects is craniosynosto-
sis, or premature fusion of the skull bones, that
occurs in 1/2500 births with detrimental conse-
quences for brain and sensory organ development
[1, 2]. The only current treatment for craniosynos-
tosis is surgical separation of the sutures, and in
some cases, the sutures become fused again over
time requiring additional surgeries [1]. Similar sur-
vival treatments are available for many craniofacial
disorders; however, these treatments are often lim-
ited to repeated surgical intervention and can result
in lifelong economic burden to the patient’s family
or community. One example of such a financial
burden stems from analysis of the treatment cost
for the repair of cleft lip and/or cleft palate, esti-
mated to be nearly $700 million dollars just within
the United States each year [3]. Rare genetic dis-
eases affect a smaller proportion of the population
occurring in less than 1 in 2000 births annually [4].
For example, only 1 in 500,000 individuals have
been diagnosed with Robinow syndrome, described
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below [5]. Over 700 rare craniofacial disorders
have been categorized and thus encompass a large
percentage of the patients born each year with cra-
niofacial defects [3, 4, 6]. Mouse models are valu-
able to understand rare human craniofacial defects
because they have comparative anatomy and physi-
ology and a complex assortment of genetic tools to
study the function of genes in spatiotemporal man-
ner. Animal models of rare diseases improve our
understanding of disease etiology and pathology
and oftentimes can result in the identification of
novel treatment options, as we discuss below.

6.3 Introduction into
Craniofacial Development
6.3.1 Conservation of Craniofacial

Development

During embryonic development across many
species, the regulatory mechanisms that govern
pattern formation and mechanisms of develop-
ment are highly conserved [7]. An example of
this highly conserved phenomenon can be
observed when analyzing embryo patterning
across highly diverse organisms. The Hox gene
cluster, originally identified for its role in
Drosophila body patterning, is also required for
vertebrate patterning of the axial skeleton [8].
Across vertebrate model organisms, craniofacial
development is highly conserved at the molecular
and morphological levels [9, 10]. For this reason,
animal models are critical for our understanding
of many aspects of human biology. Much of our
understanding of human craniofacial develop-
ment came from studying various embryonic
models of mouse, frog, and chick [11]. Here we
focus on the insights obtained from genetic
mouse models of rare craniofacial defects affect-
ing craniofacial bone development.

6.3.2 Craniofacial Development Is
Highly Error-Prone

Craniofacial development begins with the migra-
tion of cranial neural crest cells (CNCC), a cell
population unique to vertebrates [12, 13], from

the neural tube to the frontonasal process (FNP),
first branchial arch, and supraorbital arch (SOA)
[1, 3,4, 13, 14] (Fig. 6.1, and described in detail
below). Many signaling pathways are vital for
maintaining cellular and tissue movements and
cell fate specification. These processes are depen-
dent on specific signaling cues at specific spatial
and temporal intervals to properly form the vari-
ous structures of the head and face. For this rea-
son, normal craniofacial development culminates
from a series of events, beginning with initiation
and migration and ending with differentiation of
specialized cell types dependent on crucial spa-
tiotemporal signaling [15]. If any of the steps of
these events are altered, the result would be detri-
mental for normal development; thus, the process
of craniofacial development is highly error-
prone. In fact, one-third of all congenital defects
result in craniofacial anomalies [3]. The precise
timing of these various cellular mechanisms is
not fully understood. However, the mechanisms
that regulate the morphogenesis of various facial
and cranial structures are still being investigated
and our understanding of these pathways is rap-
idly expanding as new animal models emerge.

6.3.3 The Need for Animal Models
of Craniofacial Defects

Due to the high prevalence of congenital cranio-
facial defects, there is a demand for an improved
understanding of their etiology to enable proper
diagnosis and discovery of therapeutic or preven-
tative treatments [16, 17]. To this end, research-
ers rely on the use of animal models for a variety
of reasons. First, testing various treatments and
therapies is not ethically feasible in humans in
most cases. Second, we are able to genetically
and chemically model human diseases effectively
and affordably in an animal model to understand
the molecular basis of a disease and to test the
aforementioned treatments in vivo. Third,
because of the highly conserved nature of cranio-
facial development, there is a wide variety of ver-
tebrate species that can be utilized to understand
not only disease mechanisms, but also the mech-
anisms and processes that lead to normal cranio-
facial development.
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Fig.6.1 Craniofacial bones are derived from cranial neu-
ral crest and paraxial mesoderm. (a) Cranial neural crest
and paraxial mesoderm migrate from adjacent to the neural
tube into the frontonasal process and first branchial arch.
(b) Schematic delineating the direction of differentiation
and ossification from basal to apical to form the frontal

In this review, we focus on three regions of the
head and face and describe findings from recent
studies that illuminate the etiology of several cra-
niofacial defects. We first focus on cranial bone
development and two rare cranial bone diseases,
progressive osseous heteroplasia (POH) and
fibrous dysplasia (FD). Second, we review the
development of facial structures and etiology of
micrognathia within Robinow syndrome and
Nager syndrome. Finally, we will discuss two
categories of rare diseases, ciliopathies and
RASopathies. While there are many useful and
relevant animal models, we have limited our dis-
cussions to focus on mouse genetic models. This
is due to the high conservation of signaling path-
ways that regulate craniofacial structures between

ossification center

Parietal bone
ossificaiton center

(Fb) and parietal bones (Pb). (¢) Schematic comparing the
cranial and facial bones in a newborn human and mouse
skull (F frontal, P parietal, N nasal, Mx maxilla, Z zygoid,
Sp sphenoid, T temporal, O occipital, /P interparietal, Mn
mandibular). (Panels (a) and (b) are reprinted and adapted
from Ferguson and Atit 2018 with permission)

humans and mice and the ability to spatiotempo-
rally test gene function in specific tissue and
adequately model therapeutic treatments in mam-
malian models.

6.4 Defects in Cranial Bone

Brief Introduction to Calvarial
Bone Development

6.4.1

6.4.1.1 Origins of Calvarial Bones

The calvaria consists of the skull bones that cover
and protect the brain and other sensory organs.
Mammalian skull bones are derived from cranial
NCC and the paraxial mesoderm (PM) [1, 18, 19].



140

B. A.lbarra and R. Atit

The CNCC give rise to the frontal bones while the
PM gives rise to the parietal, squamous part of the
temporal and occipital bones. Both contribute to
the formation of the interparietal bones [12, 14,
19, 20] (Fig. 6.1).

6.4.1.2 Calvarial Bone Morphogenesis

In mice, the frontal and parietal bone precursors
originate in the CNCC and PM mesenchyme and
then migrate into the supraorbital arch (SOA)
between embryonic day 9.5 (E9.5) and E12.5 [1,
19-22]. Morphogenesis of the frontal and pari-
etal bones begins at E12.5 when the SOA mesen-
chyme begins to condense [23]. This condensation
is pivotal to the formation of the progenitors/
rudiments of the cranial bones and specification
towards an osteogenic lineage [23, 24]. Upon
specification, the calvarial bone progenitors
express bone lineage-specific markers, such as
runt-related transcription factor 2 (RUNX2) and
alkaline phosphatase (AP) [25, 26]. From E13.5,
the calvarial bone progenitors differentiate into
committed calvarial bone osteoblasts and the
cells expand apically and laterally until reaching
the apex through mechanisms that remain to be
defined [18, 21, 27, 28]. Unlike long bones of the
body, calvarial bones form by intramembranous
ossification. The condensed SOA mesenchyme
directly differentiates into committed calvarial
bone osteoblasts to form mineralized bone begin-
ning at E12.5. This is in contrast to endochondral
ossification of long bones, which requires forma-
tion of a cartilage template prior to mineraliza-
tion and formation of mature bone. The calvarial
bone mineralization for the frontal and parietal
bone initiates in the SOA at approximately E14.5
and progresses apically following the wave of
differentiation laid out by the osteogenic front
[14, 29] (Fig. 6.1). Normal development of cal-
varial bones requires complex cellular signaling
for proper cell differentiation and growth [20,
30]. This process is highly regulated and defects
in cell signaling or cell migration results in vari-
ous cranial defects including craniosynostosis [1,
27] and various skeletal dysplasias [31] (see
below). Thus, it is important to understand the
biological mechanisms that regulate normal mor-
phogenesis of the cranial bones.

6.4.1.3 Bone Transcription Program

Upon migrating from the neural tube at E9.5, a
subpopulation of the cranial mesenchyme in the
SOA is fated to become calvarial bone progeni-
tors and begin to express osteogenic genes from
E11.5 onwards [14]. There are a growing number
of genes and signaling pathways that are reported
to govern this cell fate decision, and the tran-
scription cascade that is involved in the specifica-
tion of cranial bone progenitors is well understood
[14, 20, 32]. The “skull bone initiation program”
consists of a cascade of three major transcription
factors, Msh homeobox 1 and 2 (Msx1 and Msx2),
Runx2, and Osterix (Osx/Sp7) [14, 20]. Msx1 and
Msx2 are expressed in the early migrating cranial
mesenchyme at E10.5 and the calvarial bone pre-
cursors by E12.5 [28]. Runx2 expression requires
expression of MSX proteins and is required for
establishment of calvarial bone progenitors. As
the calvarial bone precursors differentiate into
calvarial bone progenitors, Runx2 expression is
decreased and expression of Osx is increased.
Osx is required for ossification of intramembra-
nous bone. The function of these transcription
factors has been well-studied using conditional
mouse models with targeted genetic deletions of
each gene [20, 32]. The bone morphogenetic pro-
tein (BMP), Wnt, Hedgehog (Hh), and Notch sig-
naling pathways, among others, have been shown
to regulate various aspects of cranial bone devel-
opment and have been reviewed elsewhere [14,
20, 32, 33].

6.4.2 Rare Cranial Bone Defects

6.4.2.1 Rationale

There is a high prevalence of craniofacial defects
and disease, in part due to the complexity of the
many processes involved in normal skull bone
development [11]. Collectively, craniofacial
defects comprise one-third of all congenital
defects and there are relatively few known pre-
ventative  treatments or  therapies  [3].
Understanding the etiology of rare genetic dis-
eases may elucidate new mechanisms of devel-
opment and help to identify new therapeutic
targets [17]. Here, we will explore two rare bone
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disorders to demonstrate the value of utilizing
animal models in our endeavor to understand the
cellular mechanisms of cranial bone defects in
humans.

Heterotopic ossification refers to the ectopic
formation of bone in soft tissues [34, 35]. This
can occur as a result of trauma, cerebral injury or
surgery, or more rarely an underlying genetic dis-
order. One type of hereditary heterotopic ossifi-
cation is progressive osseous heteroplasia (POH).
On the other end of this type of abnormal bone
growth is fibrous dysplasia (FD). FD is character-
ized as the growth of fibrous tissue in place of
normal bone [36, 37]. FD presents across multi-
ple bones, including cranial bones, in McCune-
Albright syndrome (MAS) [36, 37].

Here we will discuss the current understand-
ing of the genetic and molecular mechanisms
governing these diseases. We will also review
how animal models have helped to advance the
clinical understanding of POH and FD and how
these models have provided new insights into
normal intramembranous bone development.

6.4.2.2 Progressive Osseous
Heteroplasia

Etiology and Molecular Mechanisms

of POH

POH (OMIM: #166350) is an autosomal domi-
nant disease linked to loss-of-function mutations
in the GNAS gene [34, 35, 38, 39]. The disease
presents as ectopic formation of intramembra-
nous bone in the dermis and underlying subcuta-
neous tissues.

GNAS encodes the alpha subunit of the
G-protein complex, Gas [40-42]. G-protein sig-
naling begins when a G-protein ligand binds to
G-protein-coupled receptors (GPCRs) at the cell
membrane. Different G-protein subunits bind to
specific GPCRs to elicit a variety of cellular
responses. In the context of osteogenic differen-
tiation, Gas binding to the receptor results in
upregulation of cAMP/PKA signaling which
inhibits Hh signaling by preventing nuclear trans-
location of GLI (Fig. 6.2) [39, 42]. When Gas is
lost, Hh signaling is no longer inhibited and thus
there is increased ossification of cranial bone

[43]. Outlined below are the animal models
which delineated the mechanism and etiology of
Gas in POH.

Insights from Animal Models of POH

The first animal model of POH was established in
heterozygous null Gnas mice [43]; however, this
model did not fully recapitulate the unique phe-
notype observed in human patients with
POH. First, while the heterozygous mouse mod-
els present heterotopic ossification in the dermis,
there is no ossification present in the deeper sub-
cutaneous cell populations, including muscle and
connective tissues, and onset of heterotopic ossi-
fication occurred late in life, whereas POH in
human patients normally presents during infancy
[34, 41, 44-46]. Second, POH patients tend to
exhibit heterotopic ossification biased laterally,
in some cases the observed ossification failed to
cross the midline—this pattern was not observed
in the previously described heterozygous Gnas
mouse models [43, 45].

Cairns et al. utilized a chick model to more
accurately represent the human disease [45]. By
injecting a dominant negative form of GNAS into
specific somites, the authors demonstrated a
mosaic effect of ectopic ossification similar to
that observed in clinical patients of POH. Within
this model, the authors were able to glean new
mechanistic insight on the etiology of POH in
humans. They determined that the likely mecha-
nism of inheritance of GNAS mutations is depen-
dent on a stem cell population, or nearby adjacent
niche cells, which results in a mosaic distribution
of ectopic bone. However, the source of the cell
population responsible for driving the ectopic
formation of intramembranous bone within der-
mal cell population is not known.

Conditional deletion of Gnas in specific
murine tissues provided new insights into the
mechanisms of osteoblast differentiation during
embryonic development. Tissue-specific deletion
of Gnas in limb mesenchyme using Prx/-cre
resulted in efficient deletion of Gnas by mouse
embryonic day 14.5 (E14.5) and heterotopic ossi-
fication as early as E16.5 which progressed
through postnatal day 20 (P20), by which time
most mutant animals died [47]. Similar levels of
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Fig. 6.2 Overview of signaling pathways linked with rare
craniofacial diseases. (a) Noncanonical Wnt signaling
(Robinow syndrome), (b) MAPK signaling (RASopathies),
(c) Hh signaling in primary cilia (ciliopathies), (d) GaS sig-

heterotopic ossification occurred in two different
models targeting Gnas in mesenchyme more
broadly using Dermol-cre and Ap2-cre and in
adult dermis and subcutaneous tissues following
injection of adenovirus-Cre in Gnas™ animals
[47]. The introduction of mesenchyme-specific
deletion of Gnas provided unique opportunities
to elucidate the mechanism that drives the ecto-
pic formation of intramembranous bone. Regard
et al. used the PrxI-cre Gnas mutants to demon-
strate that heterotopic ossification in the mesen-
chyme was a result of dysregulated Hh signaling
downstream of decreased cAMP/PKA signaling
[47]. Their studies established the paradigm that
Hh signaling is necessary and sufficient to induce
ectopic intramembranous ossification similar to
that observed in POH patients. Furthermore,
Gas, encoded by GNAS, is necessary to regulate
levels of Hh signaling during development and
into adulthood [47]. These findings were pivotal

naling (progressive osseous heteroplasia and Fibrous dys-
plasia). (e) Canonical Wnt/p-catenin signaling (FD) increase
or decrease in B-catenin leads to dysregulated bone differen-
tiation. Red asterisks indicate disease associated proteins

in developing an understanding of the etiology
and pathology of POH, which could lead towards
the development of new therapeutic targets.

New Therapeutic Targets

Understanding the mechanisms behind disease
states can also lead to new insights towards nor-
mal cranial development. Considering that het-
erotopic ossification forms through intramem-
branous ossification of mesenchymal cells, it
stands to reason that this signaling pathway
may be conserved during normal development of
cranial intramembranous bone. Xu et al. hypoth-
esized that the signaling pathway implicated in
POH heterotopic ossification is conserved during
normal cranial intramembranous bone ossifica-
tion [40]. By using comprehensive mouse genet-
ics targeting Gnas and Hh signaling effectors
Smoothened (Smo) and Gli and small-molecule
inhibitors of Hh signaling, Xu et al. were able to
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partially rescue the increased intramembranous
bone formation observed in Gnas loss-of-func-
tion mutants [40]. These data indicate that Hh
signaling inhibition may serve as a therapeutic
target towards treatments of diseases such as
POH and possibly similar diseases demonstrating
increased intramembranous bone formation, such
as craniosynostosis.

6.4.2.3 Fibrous Dysplasia

Etiology

Similar to POH, FD is caused by a somatic muta-
tion in GNAS during early development [36].
This is an activating missense mutation that
occurs in a somatic cell in a post-zygotic embryo
[36]. FD can affect a single bone (monostotic) or
multiple bones (polyostotic) [37]. Mutations
leading to polyostotic FD are thought to occur
pre-gastrulation as the affected bones consist of
both neural crest and mesoderm-derived popula-
tions [36]. McCune-Albright syndrome (MAS)
(OMIM: #174800) is a form of polyostotic FD
that spans multiple bones and organs. More than
half of all MAS cases include craniofacial bone
defects [36]. FD lesions consist of mesenchyme-
like mutated cells and normal osteoblasts result-
ing in deficient mineralization.

The missense mutation in GNAS results in a
selective inhibition of its GTPase activity, lead-
ing to increased activity of PKA signaling path-
ways. Gas has been demonstrated to regulate
Whnt signaling in many contexts [48]. Wnt/p--
catenin signaling is required for normal cranial
bone development [21, 49, 50]. Loss of canonical
Wnt signaling in early cranial mesenchyme
results in diminished skull bone formation [21,
50, 51]. However, in mature osteoblast cells,
Wnt/B-catenin signaling prevents bone mineral-
ization and maturation [52]. Loss of Gas results
in increased Wnt/p-catenin signaling in affected
tissues, which inhibits osteoblast maturation
(Fig. 6.2) [48, 53].

New Insights from Animal Models of FD

Bianco et al. first used mice to study the pathol-
ogy of FD by transplanting human bone marrow
cells from FD lesions into immunocompromised
mice and observed similar lesions as to those

observed in human FD/MAS affected bone [54].
Their techniques were pivotal in understanding
the role of mosaicism in FD bone lesions [54,
55]. One of the earliest genetic mouse models of
FD was characterized in 2014 by Saggio et al.
[56]. This mouse model was able to recapitulate
some aspects of the human phenotype by overex-
pressing Gnas using viral vectors to model the
most common genetic mutations observed in
humans [56]. The authors described a unique pat-
tern of bone lesion formation consisting of three
phases beginning with excess bone formation,
followed by bone remodeling, and culminating in
fibrotic bone lesions. They identified unique his-
tological patterns for each phase of lesion devel-
opment and postulate that different stages require
different treatment regimens. Although humans
begin presenting pathological symptoms begin-
ning in childhood [36], Saggio et al. described
the formation of bone lesions occurring in mice
aged beyond 1 year [56]. This suggests that the
mechanisms elucidated in this model are not sig-
nificant during juvenile stages of bone develop-
ment. There may be some undescribed human
mechanism resulting in the age discrepancies
between the onset of FD in humans and the model
described above.

More recently, a new mouse model has been
developed that provides new insight into FD using
a PrxI-Cre-activated tetracycline inducible system
to conditionally activate Gnas in skeletal stem
cells [57]. Activating this system resulted in FD
lesion presentation within 2 weeks of doxycycline
exposure, which improved following doxycycline
withdrawal. Khan et al. utilized two different Cre
lineages, PrxI-Cre and Osx-Cre, and determined
that activation of Gnas led to an increase in Wnt
signaling and a decrease in Hh signaling [53]. This
study more completely defines a mechanism of
pathology of FD in a mouse model and highlight
potential therapies more relevant to the defects
observed in patients with FD.

New Therapeutic Targets

Currently, there is no cure for FD/MAS, and
treatments are limited to surgical intervention for
extreme cases [36, 53, 57]. However, the use of
animal models has provided valuable insight into
the pathophysiology of FD/MAS. The unique
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mouse model characterized by Zhao et al. dem-
onstrated reversal of FD bone lesions following
reduction in ectopic Gnas expression [57]. The
authors postulate that inhibition of Gas may
serve as a new therapeutic outlet in the treatment
of FD/MAS. Khan et al. demonstrated that inhi-
bition of Wnt signaling in their Gnas mouse
models also attenuates FD symptoms, highlight-
ing yet another biological mechanism of FD and
possible therapeutic target of FD/MAS [53]. Xu
et al. demonstrate that inhibition of Wnt signal-
ing using a chemical inhibitor, LGK-974, and
genetic ablation of a single Lrp6 allele can par-
tially rescue the effects of FD in a mouse model
of craniofacial FD [40].

6.4.3 Summary

In this section, we have discussed two rare cra-
niofacial diseases that involve abnormal Gas sig-
naling in the cranial bones. These diseases result
from defects in cranial bone ossification that is
dependent on a balance of Gas signaling to dif-
ferentiate into normal cranial bone. This process
seems to be dependent on two downstream sig-
naling pathways that are differentially regulated
by Gas signaling, Hh and Wnt signaling. With
various animal models, researchers have been
able to identify the mechanisms by which Gas
regulates these two developmentally important
signaling pathways. In some instances, putative
treatments and therapies have been proposed and
tested in a mouse model, demonstrating clear
benefits of animal models of disease [40, 53, 57].
Next, we will discuss defects in the facial region
focusing on one particular phenotype, microgna-
thia, across two rare genetic disorders.

6.5 Facial Defects

6.5.1 Facial Outgrowth
and Patterning

The facial skeleton is derived from the mesen-
chymal cells that populate the frontonasal pro-
cess (FNP) and first branchial arch (Fig. 6.1). The

FNP consists of NCC and head mesoderm and is
divided into the medial and lateral nasal pro-
cesses [58]. Alongside the FNP are the maxillary
(MXP) and mandibular (MNP) processes.
Together the FNP, MXP, and MNP give rise to
facial primordia [4, 58, 59]. The facial promi-
nences are observed as facial swellings by mouse
embryonic day 9.5 (E9.5). By E11.5, the medial
and lateral nasal processes and MXP fuse to form
the upper lip and initiate primary palate develop-
ment [59]. The medial nasal processes meet at the
midline to form the nasal septum, which can reg-
ulate facial outgrowth (Fig. 6.3) [59]. Secondary
palatogenesis is dependent on the mandibular
and maxillary prominences. Finally, the jaw is
derived from the first branchial arch. The bran-
chial arches are tissue structures with an outer
ectodermal layer and inner endodermal layer
with a mesodermal core, surrounded by neural-
crest-derived mesenchyme. Many complex sig-
naling pathways regulate the formation of these
major facial structures. Abnormal signaling, cell
growth, and cell differentiation can lead to a vari-
ety of facial defects including cleft lip and palate
and micrognathia, among others. Here we will
describe the processes that regulate facial mor-
phogenesis and two human diseases that result in
abnormal craniofacial development.

6.5.1.1 Palate Development

The FNP is formed from migrating NCC origi-
nating from the caudal forebrain/midbrain by
E9.5 [13, 59, 60]. By E10.5 the cells of the FNP
have been divided into the medial and lateral
nasal processes which begin to fuse with the
MXP by E11.5 to form the upper lip and primary
palate (Fig. 6.3) [61, 62]. Following formation of
the primary palate (palatogenesis) is secondary
palatogenesis. The palatal shelves arise from the
MXP and grow vertically and laterally adjacent
to the tongue. Prior to palatal shelf fusion, the
tongue descends and the palatal shelves rotate
and expand towards the midline where they fuse
by E15.5 [59]. The molecular mechanisms that
govern palate development have been reviewed
extensively [58-60]. The normal formation of
lip, primary palate, and secondary palate is heav-
ily dependent on normal cell movements, cell
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E9.5

Fig. 6.3 Facial structures derived from the frontonasal
process and first branchial arch. Schematic delineating the
frontonasal process and first branchial arch at E9.5 (left)
and the structures derived from these two cell populations
that make up the facial primordia by E10.5 (right). FNP

differentiation, programmed cell death, and con-
certed actions across multiple adjacent tissues
and cell populations. Cleft lip and cleft palate can
occur when any of these processes is dysregu-
lated during development [3, 6, 58]. The etiology
and pathophysiology of cleft lip and cleft palate
have been reviewed extensively [62—65] and thus
will not be reviewed here.

6.5.1.2 Transcriptional Control of Jaw
Development

The first branchial arch is subdivided into maxilla
and mandibular prominences through pattern-
specific expression of key DlIx (distal-less) genes
[66]. Expression of DLX1/2 corresponds to
MXP, while expression of DLX1/2/5/6 correlates
with the MNP. The MNP is further patterned into
an oral-aboral axis dependent on signaling from
Lim-homeobox (Lhx) genes and goosecoid
expression. Prior to formation of the mandibular
bones, the formation of a specialized cartilage
structure, Meckel’s cartilage (MC), is required.
The formation of MC begins with condensation
of CNC mesenchyme at E12.5, which then dif-
ferentiates into chondrocytes forming the

A b E105

frontonasal process, MP medial nasal process, LP lateral
nasal process, MXP maxillary process, MNP mandibular
process. (E9.5 embryo adapted with permission from
Ferguson and Atit 2018)

template for the future jaw [66]. MC expands
outwards first ventromedially and then dorsolat-
erally until they fuse at the most distal tip. The
posterior regions of MC ultimately develop into
the malleus and incus bones of the middle ear,
while the intermediate MC is degraded and dif-
ferentiated to form connective tissues of the jaw
[60, 66]. Intramembranous ossification of the jaw
is driven through expression of DIx5, which is
required for the upregulation of the bone marker
Runx2 [66]. Ossification of the lower jaw bone
begins with the formation of a primary ossifica-
tion center lateral to the MC at stage E13.5 [60,
66]. The upper jawbones are derived from the
MXP and are physically unique from the lower
jawbones. Recent work in zebrafish has identified
two novel identity markers of the upper and lower
jaw. The upper jaw requires expression of the
nuclear receptor subfamily 2 group F, Nrf2,
nuclear receptors, while the lower jaw requires
endothelin I (Ednl) to repress expression of Nrf2
and maintain proper lower jaw identity [67].

The size and shape of the lower jaw bones are
dependent on the underlying MC, and abnormal
development of the MC or ossification of the
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mandibular bone presents as micrognathia, a
shortened/decreased jaw, or macrognathia, an
oversized/lengthened jaw. Several side effects
can occur as a result from micrognathia including
feeding disturbances in infants [68]. Here, we
will describe the occurrence of two rare craniofa-
cial disorders which present as syndromes includ-
ing micrognathia and other facial defects.

6.5.2 Robinow Syndrome

6.5.2.1 Etiology

Robinow syndrome (RS) (OMIM: #180700,
#268310, #616894, #616331) is a genetic disease
that manifests as skeletal dysplasia with distinct
craniofacial defects [5]. RS results from muta-
tions in components of the noncanonical Wnt and
planar cell polarity (PCP) signaling pathways.
The most common mutations resulting in RS are
located within the Wnr family member 5a
(WNT5A) or Receptor Tyrosine Kinase-like
Orphan Receptor 2 (ROR2) loci [5, 69]. However,
mutations in other pathway components, such as
Disheveled (DVL) proteins, have also been iden-
tified [70, 71]. Apart from skeletal phenotypes
such as short stature, the craniofacial defects are
described as “fetal facies” which include but are
not limited to macrocephaly, micrognathia, and
midface hypoplasia [69, 72]. There are a high
amount of genetic heterogeneity surrounding this
disease owing to the large number of mutations
across multiple genes that vary in the level of
inheritance across patients. However, despite this
RS remains a rare disorder affecting only 1 in
500,000 individuals [5].

WNT5a is a secreted protein that regulates
cellular patterning and morphology through non-
canonical Wnt signaling. During noncanonical
signaling, ROR2 acts as a coreceptor for frizzled
receptors of WNT5a [73]. Binding of the ligand
to the receptor results in signaling cascades
involving the cellular effector DVL, ultimately
directing cellular outgrowth, planar cell polarity,
and cell migration (Fig. 6.2) [74]. It is hypothe-
sized that heterozygous missense mutations
result in loss of function of the affected WNT5A

allele [75]. Alternatively, homozygous ROR2
mutations leading to decreased ROR2 activity
also result in RS [76, 77]. Finally, mutations in
DVLI or DVL3 also result in autosomal dominant
RS [70, 71].

6.5.2.2 New Insights from Animal
Models

The first animal model of RS characterized the
recessive mutations in Ror2 using a knockout
mouse model [69]. They identified several defects
in the craniofacial region of the developing
mouse embryo. Most notably, they identified a
defect in craniofacial outgrowth including
smaller mandible and associated defects in
Meckel’s cartilage. Person et al. described a simi-
larity in the phenotypes of Ror2 and Wnt5a null
mice and identified key missense mutations in
WNTS5A in human patients of RS presenting auto-
somal dominant inheritance [75]. They confirmed
the role of human WNT5A missense mutations in
RS by selectively inactivating wnt5a alleles in
zebrafish and Xenopus embryos. Their work
linked WNT5A and ROR?2 in a functional pathway
that is highly regulated and involved in normal
craniofacial outgrowth and development [75].
The role of specific missense mutations of human
WNT5A in RS was further delineated in another
vertebrate model using chick embryos [5]. Here,
the authors utilized retroviral injections into the
developing chick mandible to highlight the spe-
cific effect of a human C83S WNT5a missense
mutation on outgrowth of the vertebrate jaw and
formation of normal Meckel’s cartilage. The
effect of the C83S WNT5a missense mutations
resulted in micrognathia in the chick embryos,
resembling the Ror2 and Wnt5a null mice
described by Person et al. [75]. However, their
data did not highlight a definitive loss-of-function
effect of C83S WNTS5A on the resulting micro-
gnathia as previously hypothesized. Instead, they
postulate that the specific C83S WNT5A muta-
tions identified in RS patients have neither a gain
nor loss-of-function effect and ultimately result
in diversion of WNT5A towards an unknown,
alternative signaling pathway, independent and
separate from noncanonical Wnt signaling, thus
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improving upon the current etiology of micro-
gnathia in RS patients.

These experiments in mouse and chick high-
lighted the importance of balance in noncanoni-
cal Wnt signaling pathways during normal
craniofacial development. Due to the genetic
heterogeneity of noncanonical Wnt signaling, it
was hypothesized that dysregulation in other
aspects of this key WNT5a-ROR2 signaling
pathway may also account for the occurrence of
Robinow syndrome in humans that has not been
associated with mutations in WNT5A or ROR2
[78]. More recently, frameshift mutations in
DVLI and DVL3 have been identified in patients
of dominant RS [70, 71]. DVL proteins are
involved in both canonical and noncanonical
Wnt signaling, and in the case of RS, it is
hypothesized that the mutations in DVL pro-
teins exist within the WNT5a-ROR2-DVL non-
canonical Wnt signaling pathway. A recent
genome-wide association study (GWAS) iden-
tified a variant in DvI2 in bulldog breeds associ-
ated with widened skull shape and decreased
snout length, reminiscent of RS defects [79].
This unique animal model can provide insights
into the etiology of distinct craniofacial defects
associated with RS and highlights the need for
further research into the molecular mecha-
nisms of the WNT5a-ROR2-DVL pathways.
Interestingly, Mansour et al. hypothesized that
the DvI2 mutations are hypomorphic in the
context of the vertebral phenotypes character-
ized in the dog model, similar to the conclu-
sions of Hosseini-Farahabadi et al. regarding
Wnt5a mutations with respect to mandible out-
growth in chick [5, 79]. New biophysical
approaches to understand the cellular basis of
Robinow syndrome has shed light on the com-
plex etiology. Recent studies with live Wnt5a='~
mouse embryos reveal that cell movement and
cytoskeletal organization during branchial arch
morphogenesis are disrupted leading to mis-
shapen arches and diminished MXP [80].
Understanding the molecular mechanisms of
WNT5a/ROR2/DVL can provide insights into
the etiology of RS and normal development of
the head and face.

6.5.3 Nager Syndrome

6.5.3.1 Etiology

Nager syndrome (OMIM: #154400) is a rare
genetic disease reported in only 100 individuals
as of 2017 [81, 82]. First identified in 1948 [83],
Nager syndrome presents with facial defects,
including midface retrusion and severe micro-
gnathia, and distinct limb phenotypes unique
from other types of face and limb bone diseases
[81, 84, 85]. Similar to RS, Nager syndrome has
been reported to be inherited as either an autoso-
mal recessive or autosomal dominant disease.
Mutations of SF3B4, splicing factor 3B subunit
4, resulting in heterozygous loss of function,
have been identified in 57-64% patients with
Nager syndrome [81, 86]. Patients with Nager
syndrome primarily present de novo mutations of
SF3B4; however, there have been observed
instances of both autosomal dominant and auto-
somal recessive inheritance [81, 82, 84, 85].
SF3B4 encodes a spliceosomal protein which has
been reported to directly interact with BMP pro-
teins to inhibit osteogenic and chondrogenic dif-
ferentiation in vitro [87]. Current understanding
of the etiology of this disease is limited due to the
small number of affected individuals and genetic
heterogeneity of individuals affected [82].

6.5.3.2 Insights from Animal Models

Thus far there has only been one characterized
animal model of Nager syndrome [88]. Devotta
et al. utilize morpholinos to inhibit SF3B4 func-
tion during early development in Xenopus
embryos [88]. The authors first demonstrated a
requirement of sf3b4 in normal neural crest
development. In addition to regulating the differ-
entiation of neural crest during early develop-
ment, the authors have also characterized
craniofacial defects similar to those observed in
Nager syndrome patients, including decreased
formation of Meckel’s cartilage, among other key
facial cartilage structures [88]. This was accom-
panied by decreased levels of sox/0 mRNA, but
researchers saw no evidence of interaction with
the BMP signaling pathway. The authors hypoth-
esize a spatiotemporal requirement for spliceo-
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some mechanisms during early neural crest cell
specification [88]. There is still a necessity for the
development of appropriate animal models of
Nager syndrome to fully understand the etiology
of this rare congenital disease. Understanding the
etiology of this and other rare facial defects can
inform our understanding of normal facial out-
growth and morphology during early embryonic
development.

6.6 Ciliopathies/RASopathies

6.6.1 What Are Ciliopathies?
Ciliopathies are a group of diseases classified by
defects in the function or formation of primary
cilia [4]. Primary cilia are complex organelles
found in all vertebrate cell types [4, 89, 90] and
are required for many basic cellular processes,
including transduction of major signaling path-
ways either by housing receptors or transducing
signaling ligands. Cilia comprise three major
functional domains, the axoneme, basal body,
and ciliary membrane. Each domain is critical for
the overall function of the cilium and its role in
signal transduction. The axoneme is composed of
microtubules and extends the cilium into the
extracellular space [4, 90]. The axoneme builds
from the basal body, a specialized centrosome
structure that connects the axoneme to the cell.
Intraflagellar transport (IFT) is required for the
assembly of the axoneme as well as the transport
of signal transduction proteins in a functioning
cilium [4]. A specialized membrane encompasses
the fully formed cilium where various signal
transduction receptors are located.

Several key developmental signaling path-
ways are regulated by cilia, including Hh, Wnt,
and platelet-derived  growth  factor-alpha
(PDGFR®). Sonic Hedgehog (SHH) has been
extensively reported to be regulated by primary
cilia during development [4, 16, 90-92]. SHH
receptors are localized to the ciliary membrane,
and upon binding of a Hh ligand, SMO can enter
the ciliary axoneme [16, 92]. Additionally, the
transcription factor GLI is trafficked through the

ciliary axoneme which is believed to process GLI
into a transcriptional activator or transcriptional
repressor (Fig. 6.2) [16, 92]. PDGFRa signaling
is required during normal cell migration and pro-
liferation of mesenchyme during development
and is localized to primary cilia [93, 94]. Loss of
Pdgfra in mouse neural crest results in several
craniofacial defects, including cleft palate and
decreased formation of cranial bone [93, 95, 96].
There are many different ciliopathies that have
been described in recent years [4, 16]. Here we
will describe one type of ciliopathy, oral-facial-
digital syndrome (OFDS) type-1, as the molecu-
lar etiology and pathologies are not well
understood and there are new insights from ani-
mal models.

6.6.2 Oral-Facial-Digital Syndrome
(OFDS)

6.6.2.1 Etiology

OFDS-1 (OMIM: #311200) is a ciliopathic dis-
ease linked with varying craniofacial defects,
including cleft palate and micrognathia, as well as
digit defects such as syndactyly and brachydac-
tyly, and occasionally kidney defects [97].
OFDS-1 is an X-linked dominant disorder that is
embryonically lethal in males and occurs in 1 of
every 50-250,000 births [4, 98]. Ferrante et al.
identified a variety of mutations in the OFD1 gene
resulting in loss of protein function [97]. OFDI1
encodes a protein found in the basal bodies of pri-
mary cilia that is required for normal ciliary func-
tion [98-100]. Interestingly, mutations in OFD]
have been identified in other ciliopathies includ-
ing Meckel-Gruber syndrome (OMIM: #249000)
and Joubert syndrome (OMIM: # 213300) [99].
This suggests that OFD] is important for normal
primary cilia function and that there may be mul-
tiple genes involved across these ciliopathic syn-
dromes to account for the variability in presented
phenotypes. The range and severity of defect
types in individuals with OFDS-1 is variable even
across familial inheritance, suggesting a complex
etiology of OFDS-1 in humans that has yet to be
fully defined.
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6.6.2.2 New Insights from Animal
Models

Ferrante et al. generated a mouse model of
OFDS-1 by targeted deletion of OfdI during the
four-cell stage of development [100]. Mutant
mice presented with severe craniofacial defects
including shortened skull and facial regions and
cleft palate, polysyndactyly, cystic kidney, and
death at birth [100]. Similar to OFDS-1 in
humans, deletion of Ofdl in male mice was
embryonically lethal. Analysis of affected male
embryos indicated a loss of primary cilia in the
node and coinciding loss in left-right asymme-
try. Furthermore, Shh and Shh signaling targets,
Ptchl and Glil, were decreased in the neural
tube following loss of Ofd1 correlating with the
observed neural tube defects in mutant embryos
[100]. These results highlighted the require-
ment of cilia in normal craniofacial develop-
ment and specifically linked the observed
defects to decreased Shh signaling in murine
development.

A later study conducted by Ferrante et al. elu-
cidated a novel function of ofd! in zebrafish link-
ing primary cilia to noncanonical Wnt/PCP
signaling [101]. Using morpholinos to block
expression of ofdl in zebrafish in vivo, the
authors observed delayed cellular migration and
decreased body axis length. The cell migration
phenotypes were exacerbated with simultaneous
injection of a wnt/l morpholino. WNTI11 is a
noncanonical Wnt/PCP ligand that is required for
normal cell migration and convergent extension
[101]. Van Gogh-like protein 2, VANGL2, is a
PCP receptor protein [101]. When the authors co-
injected morpholinos for vangl2 alongside ofd],
they observed a significantly decreased body axis
relative to single injected mutants and uninjected
controls. Delayed cell migration and shortened
body lengths are indicative of defects in conver-
gent extension, and Wnt/PCP signaling is
required for normal convergent extension in ver-
tebrates during early development [101].

Both of these studies have begun to elucidate
the role of Ofdl on ciliary function and have
identified two key developmental signaling path-

ways, HH and Wnt/PCP, which are regulated by
normal cilia function. The results from these
studies helped to classify OFDS-1 as a ciliopathy
and have begun to fill in the blanks of the etiol-
ogy of this disease. Furthermore, these animal
models can be used to address other questions on
other types of ciliopathies. Mutations in Ofd!
have been identified in other ciliopathies includ-
ing Joubert syndrome, a ciliopathy that presents
with craniofacial anomalies and neural disorders.
To better understand the etiology of OFDS-1 and
other ciliopathies, more studies to elucidate novel
binding partners and genetic interaction with
major signaling pathways will be useful. At the
clinical level, identification of other genes
involved in either ciliary morphogenesis, or cili-
ary signaling that are impacted in patients, will
help to further define the complex genetic hetero-
geneity and pathophysiology of various
ciliopathies.

6.6.3 What Are RASopathies?

RASopathies are a group of disorders caused by
mutations in genes within the RAS/MAPK
(mitogen-activated protein kinase) signaling
pathways. RAS proteins are small GTPases that
are activated in response to growth factors
binding to a receptor protein [6, 103]. Activation
of RAS leads to a signaling cascade first by acti-
vation of RAF, a MAPK kinase, which phosphor-
ylates and activates MEK (mitogen-activated
protein kinase kinase, which then phosphorylates
and activates Erk. Activated ERK (extracellular
signal-related kinase) proteins can then function
on a variety of cellular processes including cell
differentiation and cell cycle regulation (Fig. 6.2)
[103—-105]. Each RASopathy presents with its
own unique phenotypes; however, they typically
present with craniofacial defects, cardiac malfor-
mations, and musculoskeletal defects [6]. Here,
we will discuss Noonan syndrome and recent
advances made with animal models towards the
understanding of this specific RASopathy and
other RASopathies in general.
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6.6.4 Noonan Syndrome

6.6.4.1 Etiology

Noonan syndrome (NS) is an autosomal domi-
nant disorder that presents with short stature and
craniofacial dysmorphologies including broad
forehead, hypertelorism (increased distance
between the eyes), and high arched palate [6,
103]. NS affects 1 in every 1000-2500 individu-
als [106]. At least 50% of these individuals have
missense mutations in the gene PTPN11 leading
to increased phosphatase activity [6, 106].
PTPNI1 encodes a tyrosine phosphatase protein
that is required for normal activation of RAS/
ERK cascades [107]. Mutations have been identi-
fied in numerous other genes involved in the
RAS/MAPK signaling pathway including KRAS,
SOS1, RAFI,NRAS, BRAF, and RITI among oth-
ers [6, 106]. Each mutation is characterized into
one of ten subtypes of NS currently being defined.
KRAS and NRAS are two types of RAS genes, and
RAF1 and BRAF encode RAF genes. SOS and
RIT1 encode proteins required for normal signal
transduction of the RAS/RAF/MAPK cascade.

6.6.4.2 New Insights from Animal
Models

Araki et al. generated a mouse model of NS using
an activating gain-of-function mutation of Ptpn11
[107]. Homozygous activation of Ptpnll was
embryonically lethal and heterozygous activation
resulted in increased Ptpnll activation in vitro
and in vivo. Heterozygous mutants presented
facial phenotypes similar to those observed in
humans including triangular facial features such
as a wider and more blunt snout. Interestingly,
the authors report increased ERK activation only
in a subset of tissues indicating tissue-specific
effects of Ptpnl1 activation.

Recently, several new animal models have tar-
geted different genes affected in NS. Chen et al.
characterized a gain-of-function mutation in
Sosl, a gene required for activation of RAS, in a
mouse model [108]. Sosl homozygous and het-
erozygous mutants exhibited short stature and
triangular facial features, similar to those in
patients with NS and in mice with Ptpnl1 muta-

tions. Homozygous mice typically died in utero;
however, some were reported to be born and sur-
vive. Prenatal treatment with PD0325901, a
small-molecule inhibitor of MEK, resulted in
increased survival of the Sosl homozygous
mutants and improved stature and facial feature
of Sosl homozygous and heterozygous mutants
[108, 109].

Wu et al. generated an overexpression Rafl
mouse model which recapitulates many of the
phenotypes associated with NS, including short
stature and craniofacial dysmorphology [104].
Postnatal inhibition of MEK/ERK signaling
using PD0325901 over the course of 6 weeks was
sufficient to rescue the growth defects and cra-
niofacial abnormalities observed in Raf1 mutants.

Herndndez-Porras et al. observed characteris-
tic NS phenotypes, including short stature and
craniofacial dysmorphology in a mouse model of
KRAS gain of function [110]. Similarly to Chen
et al. and Wu et al. [104, 108, 110], they observed
significant improvement of growth and craniofa-
cial defects in KRAS mutants when rescued pre-
natally with MEK inhibitor PD0325901. In
contrast to observations in the Raf1 model, MEK
inhibition postnatally in juvenile or adult mice
did not ameliorate any physical defects, although
it did improve survivability by 40% [110].

These data are among the first to elucidate the
pathology of MEK/ERK signaling in NS and to
identify a potential treatment mechanism for
patients. In addition to determining the pathology
of various distinct gene mutations involved in
NS, these studies have determined the role of
RAF/MEK/ERK signaling in craniofacial defects
across multiple experiments and furthermore elu-
cidated potential therapies to rescue the craniofa-
cial and growth defects associated with
NS. Future studies should focus on identifying
the downstream factors that are functionally
important to normal craniofacial development.
Specifically, understanding how MAPK signal-
ing changes result in the observed phenotypes
associated with NS will help to understand the
etiology of the disease and may also inform
researchers on new pathways that are relevant
during normal craniofacial development.
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6.7  Concluding Remarks

In this chapter, we have discussed several ani-
mal models of various craniofacial diseases and
their associated defects. While we have focused
primarily on mouse models, other vertebrate
systems are valuable for studying craniofacial
development. There are non-model organisms
that are being used currently to address many
unanswered questions of craniofacial develop-
ment. For instance, Werren et al. utilize a unique
invertebrate system, the Nasonia wasps, to study
the genetics of craniofacial development [111].
These authors study two hybrid male species
and identify quantitative trait loci that are asso-
ciated with cranial morphology and identify
several cranial anomalies among hybrids includ-
ing cleft palate. The blind Mexican cavefish,
Astyanax mexicanus, is used to study the natural
genetic and environmental causes that result in
various craniofacial anomalies, including cra-
niosynostosis [112].

Beyond understanding the basis of normal
craniofacial development and the etiology of
various human diseases, animal models are also
pivotal in the search for preventative treatments
and cures. Various animal models, especially
mice and rats, are often poised to test different
therapies and treatments due to the high levels of
conservation among disease pathways. Here, we
have identified several research strategies for
identifying cures or treatments of various cranio-
facial diseases such as Hh inhibition in progres-
sive osseous heteroplasia [40], Wnt inhibition in
fibrous dysplasia [40, 53], and ERK inhibition in
Noonan syndrome [104, 108, 110].

Furthermore, the use of animal models has
allowed for the development of many biological
tools that can be utilized to understand develop-
mental processes and help to define etiologies of
various developmental diseases. While there has
been considerable progress towards understand-
ing craniofacial diseases with various animal
models, there is still more to be learned for ther-
apeutic development. Novel technologies, such
as in utero stem cell transplantation, have been
utilized to treat genetic disorders [113], but their
potential is limited by our understanding of the

genetic causes of the many syndromes associ-
ated with craniofacial defects. Understanding
the biophysical and cellular basis of craniofacial
development will reveal new etiologies of cra-
niofacial disorders. As we have discussed, many
craniofacial diseases are associated with genetic
heterogeneity and the high number of genetic
isoforms within the human genome is just one
possible explanation for this [5, 78, 82].
Advancements in sequencing technologies have
allowed researchers to gather high-throughput
molecular information during early develop-
ment to make conclusions about cell fate and
lineage decisions in early development. Hooper
et al. have mapped out tissue-specific genetic
programs that regulate facial morphogenesis in
early mouse embryo [114]. There have been
several studies that have highlighted the impor-
tance of epigenetic variation in normal cranio-
facial development and efforts to characterize
the epigenome during development [115-118].
A greater understanding of the etiology of the
various craniofacial diseases will emerge as
analyses of the different genetic and epigenetic
variations are identified within human patients
and as animal models are developed to assess
the complex signaling pathways associated with
craniofacial defects and ultimately will improve
our understanding of normal craniofacial devel-
opment [17].
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