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Abstract

The craniofacial skeletal structures that comprise the human head develop from multiple tissues
that converge to form the bones and cartilage of the face. Because of their complex development
and morphogenesis, many human birth defects arise due to disruptions in these cellular
populations. Thus, determining how these structures normally develop is vital if we are to gain a
deeper understanding of craniofacial birth defects and devise treatment and prevention options. In
this review, we will focus on how animal model systems have been used historically and in an
ongoing context to enhance our understanding of human craniofacial development. We do this by
first highlighting “animal to man” approaches: that is, how animal models are being utilized to
understand fundamental mechanisms of craniofacial development. We discuss emerging
technologies, including high throughput sequencing and genome editing, and new animal
repository resources, and how their application can revolutionize the future of animal models in
craniofacial research. Secondly, we highlight “man to animal” approaches, including the current
use of animal models to test the function of candidate human disease variants. Specifically, we
outline a common workflow deployed after discovery of a potentially disease causing variant
based on a select set of recent examples in which human mutations are investigated in vivo using
animal models. Collectively, these topics will provide a pipeline for the use of animal models in
understanding human craniofacial development and disease for clinical geneticist and basic
researchers alike.

Introduction

The development of the vertebrate head requires the integration of multiple structures the

vertebral column, brain, sensory organs, jaws, and associated nerves, muscles, blood vessels
and skeletal elements - into a functional whole. This is a complex process relying on precise
control of several critical regulatory pathways — and it is perhaps unsurprising therefore that
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craniofacial abnormalities are one of the most common classes of human birth defects
(World Health Organization, 2004). Human craniofacial disorders are often very complex
and multifactorial, with origins during the first trimester of gestation so that it is difficult to
determine their underlying development and progression. Thus, understanding how the face
and skull develops relies on consistent animal models that are both genetically and
morphologically relevant to human development. Table 1 summarizes the strengths and
weaknesses of the major vertebrate model systems frog, zebrafish, chick and mouse - used to
investigate the development of the head and associated craniofacial skeleton. There have
been a number of excellent reviews on vertebrate head and face development and we refer
the reader to these for an in depth understanding of the tissues and pathways involved (Bush
and Jiang, 2012; Chai and Maxson, 2006; Cordero et al., 2011; Dixon et al., 2011; Santagati
and Rijli, 2003). In this review, after a brief overview of head formation, we will instead
focus on how model systems have informed our understanding of human craniofacial
development as well as how recent advances are likely to accelerate the pace of discovery.
First, we highlight “animal to man” approaches, specifically, how animal models have
helped uncover fundamental mechanisms of craniofacial development. This section also
discusses how emerging technologies, including high throughput sequencing, genome
editing, and concerted mutagenesis efforts will revolutionize the future of animal models in
craniofacial research. Secondly, we highlight recent “man to animal” approaches, namely the
way animal models have been employed to test the function of candidate genes and
associated cis-regulatory elements implicated in human craniofacial disorders. Collectively,
these two complementary approaches provide a framework for how animal models can be
employed from both the perspective of basic research and clinical genetics to gain a systems
level understanding of human craniofacial development and its associated disorders.

The formation of a specialized multipotent cell type — the neural crest (NC) — is central to
the evolution and development of the vertebrate head (Bronner and LeDouarin, 2012; Green
et al., 2015; Le Douarin and Dupin, 2012). These cells arise at the neural plate border,
undergo an epithelial to mesenchymal transformation, and then migrate to the periphery
where they form multiple structures. In the context of facial development, these cells migrate
into the facial prominences and pharyngeal arches where they form the majority of the head
mesenchyme. Once there, the neural crest cells (NCCs) interact with the surrounding
mesoderm, endoderm and ectoderm to pattern the head and form the majority of the
craniofacial skeleton. The cartilages and bones of this skeletal framework can be divided
into the neurocranium (skull vault and skull base) and the viscerocranium, which forms the
palate, ear, jaw and supporting structures. Fate mapping analyses have indicated that the
viscerocranium is NCC in origin, while the neurocranium has a dual origin from the NCCs
and mesoderm (Kague et al., 2012; Morriss-Kay, 2001; Noden and Trainor, 2005; Rossant
and Tam, 2002). Thus, disruptions in NC development are often central to our understanding
of the etiology of human craniofacial defects (Snider and Mishina, 2014; Zhang et al.,
2014). Such defects can be either autonomous to the NC, such as formation, migration, cell
proliferation, cell survival and differentiation or be caused by defects in the surrounding
tissues, including the ectoderm, endoderm and cranial placodes, that provide critical
signaling contexts to the NCCs. Therefore, most studies of human and animal craniofacial
pathology must be interpreted and tested in the context of NC development and function.
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I. “Animal to man”: using animal model systems to identify new genes driving
craniofacial development

Animal models provide a vital platform for understanding key processes during
development, delivering generally consistent genetic backgrounds, multiple replicates and
extensive information concerning their embryology. More recently, advances in genomics
and bioinformatics have accelerated the identification of genes that control craniofacial
development as well as regulatory processes that go awry in disease. Historically, this
approach began with the occasional spontaneous mutant that appeared in various animal
breeds, then proceeded through larger forward genetic screens using radiation or chemicals
to increase the rate of mutagenesis, and has now grown to encompass direct genome editing
methods for making mutations for every gene in an organism. Here we will briefly describe
the strengths and weakness of these previous approaches and describe current state of the art
methodologies for gene function discovery that are accelerating the pace of scientific
research in craniofacial development, including: 1) high throughput sequencing, which
enables mutants to be readily pinpointed and; 2) genome editing to test gene function.

Historic approaches: Forward and reverse genetic methods to screen for
craniofacial phenotypes—Forward genetic approaches represent a systematic and
unbiased means to screen for abnormal phenotypes, and subsequently identify the
responsible genetic lesion. This approach uses various ways to induce DNA damage,
including: gamma irradiation, which tends to generate large chromosomal abnormalities
such as deletions or translocations; viruses, transposons, or transgenes that cause insertional
mutagenesis; and chemicals, particularly N-ethyl-N-nitrosourea (ENU), that result in single
base pair changes. The benefit of such screens is their unbiased nature, in that they are able
to identify new genes, new alleles of known genes, or new cis-regulatory sequences that
influence a given phenotype. The downsides are that large-scale screens are labor intensive
as well as costly in mouse due to per diems - and so tend to be focused on a particular time-
point or developmental system. Moreover, although it was relatively simple to identify major
chromosomal rearrangements, and to a lesser extent the sites of insertional mutagenesis, it
often took years to identify the causative mutation induced by ENU. Now, with the advent of
high throughput sequencing platforms and bioinformatics analyses based on available
standard genomic sequence (discussed more below), identifying the potential mutation is far
more rapid. Nevertheless, one further consideration of forward genetic screens that can be
time-consuming is the importance of performing a non-complementation analysis with a
second independent mutant allele of the gene identified to ensure the assignment is correct.
Despite these caveats, as summarized in the next sections, forward genetic screens in mouse
and zebrafish have been invaluable for the identification of genes involved in craniofacial
development.

Mouse screens: The mouse has been used for decades as an important model for
understanding gene function. However, the advent of mouse transgenic and embryonic stem
(ES) cell technologies quickly provided new means to modify the mouse genome by the
insertion of exogenous DNA. Originally, transgene insertion into a locus of interest for
craniofacial development was not used as a screen but occurred by chance (Dennis et al.,
2012; Meisler, 1992). Later, this mutagenic property was exploited in gene trap approaches
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in ES cells, which were then subsequently used to generate novel mouse strains and examine
for defects in craniofacial development (Hildebrand and Soriano, 1999). These approaches
have been successful, but tend to be biased for the integration site and have not been
especially high-throughput at the level of novel mouse strain generation. In contrast, ENU
mutagenesis is highly mutagenic in the mouse germ line and far less biased in its targeting of
the genome (Caspary, 2010; Justice et al., 1999; Probst and Justice, 2010; Stottmann and
Beier, 2014; Stottmann and Beier, 2010). Despite these advantages, efforts to harness ENU
mutagenesis for major phenotypic screening efforts in this species only began in earnest in
the 1990°s. A number of different experimental designs have been adopted to identify ENU-
induced phenotypes including screens for dominant or recessive mutations (Caspary, 2010;
Handschuh et al., 2014; Nolan et al., 2000; Probst and Justice, 2010; Stottmann and Beier,
2010). The experimental protocol has been amenable to both large and small-scale screens,
but none have reached genome-wide saturation due to the considerable resources that would
be required. Nevertheless, screens focusing on dysmorphic head and/or craniofacial
phenotypes such as cranial neural tube closure, holoprosencephaly, micrognathia, agnathia,
and orofacial clefting have identified many new genes and alleles that affect craniofacial
development (Caruana et al., 2013; Feng et al., 2013; Nolan et al., 2000; Sandell et al.,
2011). Perhaps one of the most important insights that has come from mouse ENU
mutagenesis is the unexpected link between cilia formation and function in Hedgehog-
dependent pathologies such as holoprosencephaly. Indeed, ENU mutagenesis has been
instrumental in the identification of genes and the establishment of mouse models relevant to
human ciliopathies. For example, two independent studies identified recessive mutations in
Mks1, and showed that loss of this gene impacted the assembly of functional cilia.
Moreover, these mouse mutants had phenotypes similar to those seen in human Meckel
Syndrome, Type 1 (Cui et al., 2011; Norris and Grimes, 2012; Weatherbee et al., 2009),
including craniofacial defects, and the mutation in the Mks1K® allele was also detected at an
equivalent position in MKS1 for an affected human patient (Norris and Grimes, 2012).
Similarly, the ENU-induced Cauli phenotype, which results in missing or reduced facial
cartilage and bone among other defects, is caused by a mutation in I1ft40 (Miller et al., 2013).
This intraflagellar transport protein gene is also mutated in one type of human ciliopathy
termed Short-Rib Thoracic Dysplasia (Norris and Grimes, 2012). Additional ENU mutations
have provided new alleles that impact facial development by disrupting signaling through
the Wnt, Hh, Tgfb, Fgf, and retinoic acid pathways and are valuable models to understand
genetic and environmental influences on human craniofacial birth defects (Bjork et al., 2010;
Feng et al., 2013; Handschuh et al., 2014; Sandell et al., 2011; Sandell et al., 2007). Of
particular note, a dominant ENU screen identified the mouse line batface (Bfc), which
presented with a shorter and broader face and was caused by a mutation in Ctnnbl, the gene
encoding B-catenin (Nolan et al., 2000). Further analysis identified several individuals with
mutations in human CTNNBL1 that presented with both craniofacial and neurological defects
similar to those seen in Bfc (Tucci et al., 2014). In sum, ENU based forward genetic
approaches in mice have been fruitful in the identification of new genes and alleles driving
craniofacial development and in providing new models of human craniofacial disorders.

Zebrafish screens: The zebrafish was employed for the first large scale ENU-based
forward genetic screens that approached saturation in any vertebrate model system (Driever
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et al., 1996; Haffter et al., 1996). These screens were focused on overall embryonic
morphology, with mutants affecting craniofacial morphology and the craniofacial skeleton
being one class of interest. Several mutations were identified that produced craniofacial
malformations including within ednl (sucker), tfap2a (lockjaw/mont blanc) and tbx1 (van
gogh) (Barrallo-Gimeno et al., 2004; Knight et al., 2003; Miller et al., 2000; Piotrowski et
al., 2003; Piotrowski et al., 1996; Schilling et al., 1996). Additionally, mutations were
identified which gave NC specific phenotypes, including within foxd3 (mother superior)
(Montero-Balaguer et al., 2006; Neuhauss et al., 1996). Importantly, these screening
approaches identified distinct alleles displaying similar phenotypes, leading to detailed gene
regulatory networks that subsequently informed mouse and human clinical data. For
example, a set of “ventral” craniofacial phenotypes was associated with alterations in genes
of the Endothelin signaling pathway (Schilling et al., 1996). Notably, mutation of zebrafish
plch3 disrupted pharyngeal arch patterning downstream of ednl (Walker et al., 2007) and
helped identify mutations in EDN1 and PLCB4 in human auriculo-condylar syndrome
(Gordon et al., 2013; Rieder et al., 2012). In addition to ENU, other mutation strategies that
have been employed successfully include a viral insertion screen that identified mutations in
many developmental processes including craniofacial formation (Amsterdam et al., 1999)
and a transposase mediated protein trap screen (Trinh le et al., 2011). Subsequent analysis of
mutations in the latter screen identified Rbms3, an RNA binding protein, as an important
factor NCC survival (Jayasena and Bronner, 2012).

Note that many of these initial screens were focused on embryogenesis and so mutations that
impacted the craniofacial complex specifically in adults would not have been identified.
Additionally, genes important for craniofacial development may have been missed if their
mutation caused early embryonic lethality. A further consideration is that a large maternal
effect component can mask loss of the gene in the zygote, and more recent zebrafish screens
have identified several maternal affect genes that impact formation of the developing head
(Dosch et al., 2004; Wagner et al., 2004). In addition, because the zebrafish species has a
partially duplicated genome, some genes that have a paralog with a redundant function
would also be missed (Amores et al., 1998; Postlethwait et al., 1998). Nevertheless, the fact
that many genes important for craniofacial development have been identified in such
zebrafish screens demonstrates their success. Indeed several subsequent ENU-based
approaches, including TILLING, maternal affect screens and adult screens, have extended
their utility (Dosch et al., 2004; Moens et al., 2008; Wagner et al., 2004). For example,
screens for mutations in adult skeletal development demonstrated that chordin functions in
adult axial skeletal patterning and craniofacial development (Fisher and Halpern, 1999),
barx1 for joint formation (Nichols et al., 2013), and gata3 for neurocranium development
(Sheehan-Rooney et al., 2013). Additionally, adult mineralization mutants have been
identified (Andreeva et al., 2011), and one which display a loss of cartilage structures due to
increased apoptosis and reduced cell proliferation was subsequently mapped to wdr43,
which is involved in nucleolar function suggesting that the mutant phenotype is a
ribosomopathy (Zhao et al., 2014).

The last 20 years have seen considerable effort in forward genetic screens in the mouse and
zebrafish that have resulted in significant advances in our understanding of craniofacial
genetics and development. However, the advent of cheaper and faster methods to conduct
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reverse genetic analysis in these two species means that the number of novel target genes
likely to be identified by forward genetics is ever diminishing. So, do major forward genetic
approaches still have a bright future? In the short term, the answer is undoubtedly yes as
many craniofacial mutants identified via ENU mutagenesis remain to be identified and
characterized. We also suspect that the answer will also be a qualified yes in the long term as
forward genetic screens can be used for focused analyses of specific genome regions or in
association with other genes or markers to screen for modifiers. Finally, it should also be
noted that the high-throughput mouse gene knockout efforts are designed to generate null
alleles, whereas ENU mutagenesis has the capability of creating more subtle dominant
negative, hypermorphic, or hypomorphic mutations and reveal the role of a gene in
craniofacial development that would otherwise be missed using full knockout approaches
(Handschuh et al., 2014; Nolan et al., 2000).

Additional species — a hew horizon in genetic approaches to craniofacial
development: In the past, the chick and Xenopus model systems have mainly been utilized
as experimental models due to factors such as the size of the egg and the ease of embryo
manipulation rather than for any advantages of their genetics. Indeed, the standard chick and
Xenopus species have relatively long generation times compared with zebrafish and mouse,
and also have drawbacks with genomics, such as allotetraploidy in X. laevis, that hamper
their suitability for genetic screens. However, the recent focus on X. tropicalis as a model
system has provided developmental biologists with an exciting new species that can be used
for genetic analysis (Chung et al., 2014; Goda et al., 2006; Tomlinson et al., 2005; Yergeau
et al., 2012). Specifically, X. tropicalis has a generation time comparable with zebrafish and
mouse, possesses a diploid genome, and has a brood-size significantly larger than these
other organisms. A small number of screens have already been performed in the Xenopus
system using either ENU or transposon-based mutagenesis approaches and have begun to
identify genes involved in development (Chung et al., 2014; Goda et al., 2006; Tomlinson et
al., 2005; Yergeau et al., 2012). Therefore, Xenopus has significant potential to identify new
genes and processes required for craniofacial development. Here the impact is likely to be on
the earlier stages of craniofacial development, particularly the contribution of the NC and
ectodermal placodes to formation and patterning of the head, as ossification and remodeling
of the skull to an adult form only occurs later during metamorphosis.

In contrast to the revolution occurring in Xenopus genetics, genetic screens in avians remain
problematic even though the genome sequences for species including the chick, duck, and
quail are now available. Nevertheless, the study of mutant birds and the genetics and
genomics of avians has not been entirely fruitless in our understanding of craniofacial
development. First, in common with many domesticated animals or animal model systems,
the occasional mutant will appear which will attract the interest of breeders and fanciers
(Delany, 2004). Mutants with craniofacial association in chick are typified by the talpid
strains, two of which are now known to be ciliopathies (Buxton et al., 2004; Chang et al.,
2014), as well as other mutants that are associated with feather patterning (e.g. crested)
(Wang et al., 2012), and in quail by hereditary multiple malformation (Tsudzuki et al.,
1998). Second, the natural variation of beak morphology in Darwin’s finches, coupled with
the relatively rapid evolution of these species, provides a means to make predictions from
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the available genomic data with respect to the genetic control of beak shape and size that can
then be tested by experimental manipulation (Abzhanov et al., 2006; Abzhanov et al., 2004;
Lamichhaney et al., 2015). The dog provides an additional example of the convergence of
genomics with genetic variation in facial shape. Dogs have been selected to have diverse
facial morphologies, including traits such as different shape of the skull dome, long narrow
snouts or brachycephaly (Schoenebeck and Ostrander, 2014). These relate to craniofacial
conditions in human including craniosynostosis, and genetic approaches such as genome-
wide association studies (GWAS) have begun to identify candidate genes associated with
these specific morphologies (Schoenebeck and Ostrander, 2014). In addition, some dog
breeds are prone to orofacial clefting, such as the Nova Scotia Duck Tolling Retriever, and
genetic mapping of the prospective causative mutation can potentially provide insight into
genes underlying similar human conditions (Wolf et al., 2015). It would be remiss to omit
certain cat breeds since these can also have novel phenotypic features, such as ear curling in
the Scottish fold, which may be relevant to diseases such as osteochondrodysplasias that can
impact the craniofacial skeleton (Hubler et al., 2004).

Coming full circle, the nexus of facial shape variation, genetics, genomics and disease
associations in the dog is beginning to take hold in the mouse, with recent applications also
to human. At the level of gross examination by a human, one mouse face may look identical
to another, but there are distinct differences in the underlying facial shape of various Mus
musculus strains and subspecies that can be revealed at a quantitative level by detailed
geometric morphometric analysis (Maga et al., 2015). Mouse resources such as the
Collaborative Cross provide well-defined reference populations of inbred strains in which
subtle variation in facial shape revealed by morphometrics can be assessed in terms of the
specific genetic background to reveal potential associations of a particular trait with one or
more genes (Hochheiser et al., 2011; Maga et al., 2015). In this respect, morphometric
analysis has been used to explore QTLs in the mouse underlying the size and shape of the
skull (Maga et al., 2015) and the mandible (Dohmoto et al., 2002; Leamy et al., 2008;
Leamy et al., 2000; Leamy et al., 2002), as well as to explore the basis of orofacial clefting
(Young et al., 2007). Detailed morphological analysis may also be vital to detect and
quantify slight but significant changes in facial shape that may be associated with multigenic
gene traits or with alterations in specific cis-regulatory elements (Attanasio et al., 2013; Uslu
etal., 2014). Thus, one likely development in the near term is that a combination of
morphometrics and genetics/genomics will be needed to understand the more subtle aspects
of facial morphology that influence susceptibility to craniofacial defects in specific human
families and populations.

A candidate approach, using reverse genetics to decode craniofacial gene
and cis-regulatory function—An important approach to consider in using animal
models is reverse genetics or a candidate-based approach to perturb gene or cis-regulatory
element function. First, a presumed candidate gene(s) or cis-regulatory enhancer element is
identified from various approaches. For a gene, this may be through expression profiling
(e.g. microarray or RNAseq) of relevant tissues [see (Bhattacherjee et al., 2007; Brunskill et
al., 2014; Feng et al., 2009; Mukhopadhyay et al., 2010)], co-localization in a shared
structure or pathway, or human disease mapping approaches (see Section Il). For a cis-
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regulatory enhancer element, identification may be though a variety of means, including
evolutionary conservation, distinct localization of chromatin marks in the genome, or
reporter based functional assays. Then, gene function is disrupted in animal models by
several possible knock-out or knockdown technologies. Targeted gene knockout
technologies, in which the genomic locus of the gene of interest is specifically disrupted,
have been standard in the mouse for some time, but have only recently become possible in
the zebrafish and frog, in large part due to emerging genome-editing technologies (see
below). Instead, it has been more common to manipulate the zebrafish, Xenopus, and chick
model systems using various gene knockdown technologies. Such knockdown approaches
include specially modified antisense oligonucleotides (i.e. morpholinos) to create
‘morphant’ embryos, siRNA application, and the injection or electroporation of dominant
negative constructs into early stage embryos. In specific circumstances it has also been
possible to target particular pathways with chemical inhibitor or activator treatment. These
strategies have been successful in identifying important genes involved in NC development
and craniofacial morphogenesis for both protein coding genes (MRNAs) and microRNAs
(miRNAsS). Given the depth and broad application of these approaches in animal model
systems they are not covered in detail here. However, Section |1 of this review highlights a
variety of these approaches in animal models as a result of mutations and variants identified
in human patients.

The New Frontier - how application of emerging technologies and
repositories will facilitate rapid animal model generation and characterization
—The previous section highlighted a variety of approaches that have been utilized to
investigate gene or cis-regulatory enhancer function in animal models of craniofacial
development. However, new technologies and international efforts are now taking shape that
are already transforming the speed and utility of unbiased forward genetic screens and
reverse genetic approaches. Here, we briefly summarize some of these advances, including
1) sequencing and bioinformatic technologies, 2) genome-editing technologies, and 3)
genome-wide knock-out and phenotyping efforts, with a focus on how their application will
shape the future of animal models in craniofacial research.

The advent of traditional Sanger sequencing made the option of DNA sequencing
commonplace in most laboratories during the 1980°s. However, new sequencing
technologies, facilitating unparalleled depth, speed, cost-effectiveness, and accuracy, are
quickly emerging. Such NextGen sequencing capabilities, alongside the computational and
bioinformatic support needed to process the data, are found at most major research
institutions or readily accessible through various commercial enterprises [for a recent review
see (Reuter et al., 2015)]. These new instruments provide the ability to rapidly sequence an
entire genome and align the resulting data to standard genomes for all the model organisms
discussed in this review, as well as to the human genome. Although there are still some
important gaps in the genomes of various species — the complex rRNA gene loci being a
notable example relevant to craniofacial development — this power to assess the genetic code
at such resolution is already changing the landscape of feasibility on both the human
genetics and animal model front. First, these technologies are assisting in the identification
of rare mutations as well as common variants contributing to craniofacial disorders
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(Khandelwal et al., 2013; Leslie et al., 2015b). To date, the majority of these changes have
been identified using whole-exome sequencing, restricting the region of interest to protein
coding sequences. Indeed, for a majority of the examples covered below in Section Il of this
review, whole-exome-sequencing was ultimately the means by which a mutation was
identified. However, the study by Leslie EJ et al (Leslie et al., 2015b) highlights the use of
targeted genome-sequencing, extending mutational analysis beyond just coding sequence
into non-coding regions. Their studies were based on prioritized regions of the genome, but
as this technology becomes commonplace, sequenced regions will undoubtedly encompass
almost the entire genome. One clear consequence of this limitless sequencing capability will
be a quickly expanding catalogue of human mutations, including common and rare variants
in coding and non-coding sequence, and a corresponding increase in animal models needed
to dissect the functional consequence of those mutations. As one example of a response to
this need, a new sophisticated zebrafish based model was recently generated to assess the
effect of identified non-coding variants on gene expression in vivo (Bhatia et al., 2015). This
system is based upon a direct comparison of fluorescent reporter signals driven by wild-type
and variant cis-acting elements, and was used to characterize regulatory sequence variants
associated with human facial clefting and Pierre Robin Sequence. A second flourishing
application of these new sequencing capabilities is the rapid identification of causative
mutations responsible for phenotypes in forward genetic screens (Andrews et al., 2012;
Henke et al., 2013a, b). As described above, what was once a laborious endeavor can now be
streamlined, allowing a more high-throughput approach to identification of novel alleles
driving craniofacial development. Collectively, advances in sequencing should add clarity to
the genetics of craniofacial development both from human and animal model perspectives,
and may ultimately increase the need for additional animal models.

Along with advances in DNA sequencing, advances in tools available for genome editing,
particularly in model organisms, have been rapidly adopted (Sander and Joung, 2014). Most
notable is the bacterial based type Il clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated (Cas) system, which was preceded by both zinc
finger nucleases (ZFNs) and Transcription activator-like effector nucleases (TALENS).
Owing to their ease of construction as well as their ability to target a precise location of a
genome the CRISPR/Cas system has become the genome-editing tool of choice. Reviewed
extensively elsewhere, this system uses a short guide-RNA to target an enzymatic
endonuclease to desired locations of the genome, and can be readily employed in vertebrate
species [see (Sander and Joung, 2014)]. Upon targeted DNA cleavage by the endonuclease,
conserved cellular repair mechanisms are deployed, often error prone, resulting in deletions
or insertions at the target site, referred to as non-homologous end-joining (NHEJ).
Alternatively, homologous-directed repair (HDR) can occur in the presence of suitable
homologous sequence, resulting in incorporation of novel DNA fragments into the target site
(Sander and Joung, 2014).

How will novel gene editing technologies shape the future of animal models in craniofacial
research? First, they are revolutionizing reverse genetic approaches, particularly in the
Xenopus and zebrafish, model systems that previously lacked simple and efficient gene
targeting technologies (Hisano et al., 2014; Sander and Joung, 2014; Schmitt et al., 2014;
Varshney et al., 2015). Instead, in the absence of an available mutant line, these non-
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mammalian systems often relied on anti-sense Morpholino technology to transiently
“knockdown” gene function. Such Morpholinos are designed to inhibit translation or RNA
splicing, and it is not always possible to assess their direct effect on specific gene expression
with the tools at hand. Concerns have also been raised concerning off-target effects and non-
specific toxicity of Morpholinos, most notably in zebrafish exemplified by a recent study
examining vascular development in which up to 80% of gene mutations made via other
approaches failed to recapitulate the morphant phenotype (Kok et al., 2015; Law and
Sargent, 2014). However, the general applicability of the findings of Kok et al to other
Morpholino based studies remains controversial (Blum et al., 2015; Rossi et al., 2015). In
particular, Rossi et al. find that compensatory pathways are activated in genetically modified
zebrafish, but not in morphants (Rossi et al., 2015). Under these circumstances, specific
Morpholino-based gene knockdown may uncover critical developmental processes related to
gene function that are masked by regulatory feedback mechanisms in mutants. Nevertheless,
it is likely that a consensus on the relative merits and drawbacks of these reagents will only
become apparent after further study. In the meantime, we note that there are well-established
guidelines for the experimental design when using Morpholinos that will strengthen the
conclusions in the absence of a targeted mutation (Blum et al., 2015; Eisen and Smith, 2008;
Stainier et al., 2015). There are also specific considerations for the use of Morpholinos in the
context of craniofacial development in the zebrafish system. First, a common off-target
effect is edema of the heart, which via its proximity to the craniofacial complex can cause
disruption to the posterior ceratobranchial cartilages as a secondary pathology rather than a
direct effect. Second, several morphant craniofacial phenotypes can be sometimes be altered
by adjusting p53 expression levels indicating either a non-specific p53 dependent apoptotic
mechanism of action or potentially a specific genetic interaction with p53 in the
development of the pathology (Jones et al., 2008; Melvin et al., 2013; Robu et al., 2007);
both can make interpretation of the phenotypes difficult.

A second application of these novel gene targeting technologies will be precision
mutagenesis, largely owing to HDR-based mechanisms, not only in mouse but also in other
model organisms including zebrafish (Hisano et al., 2015). Although HDR is less prevalent
than NHEJ using these novel endonuclease approaches, it still provides an effective means to
generate specific modifications, down to single base pair resolution (Wijshake et al., 2014).
Such advances will be important in deciphering allele specific modifications identified in
human patients, contingent on some degree of conservation between species. For example,
the effect of a single non-synonymous SNP identified in a human patient could be
recapitulated in an animal model to assess functional consequences of hypomorphic or
dominant alleles on craniofacial development.

Lastly, these technologies will also facilitate rapid genome modification at multiple loci
simultaneously, given their exquisite targeting capabilities (Cong et al., 2013; Wang et al.,
2013). This ability will obviate lengthy mating schemes required to combine multiple
alleles. Such capabilities will become critical in rapidly constructing gene-networks driving
craniofacial development, as more interacting genes are identified in humans with
craniofacial disorders. Given the rapid adoption of these technologies, they should quickly
revolutionize the genetic power of animal models in craniofacial research. However, as with
any new technique, there are precautions that should be considered. In several species,
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CRISPR/Cas can cause insertions or deletions in spurious positions causing off target affects
(Cho et al., 2014). Thus, careful confirmation of the desired mutation as well as breeding out
potential non-specific mutations will be required. In this context, the rapid adoption and
simplicity of the CRISPR/Cas system has made it the current system of choice for targeted
mutagenesis and many refinements are being tested to make this system less prone to off
target affects as well as adaptable to a variety of uses beyond simple gene targeting in early
embryogenesis. For example, tissue specific use of genome editing technologies will be
required to avoid the early embryonic lethality of many genes involved in craniofacial
development and these approaches have already begun in the zebrafish field (Ablain et al.,
2015).

Finally, along with advances in DNA sequencing and gene editing technologies, a concerted
effort has been made to increase animal repositories harboring targeted “knock-outs”, or
conditional alleles, of all human orthologs, most notably in mouse and zebrafish model
systems (summarized in Table 2). In mice, this effort is largely represented by groups in
North America and Europe that comprise the International Knockout Mouse Consortium
(IKMC) (Bradley et al., 2012). Together, these groups have made a strategic initiative to
generate targeted ES-cells of all known protein coding mouse genes. The current design of
the targeting vector for homologous recombination in ES cells is versatile, allowing the
production of LacZ reporter alleles, conditional alleles and knockout alleles (Skarnes et al.,
2011; West et al., 2015). These properties of the targeting vector are very pertinent to
research in craniofacial biology as they enable rapid determination of the gene’s expression
pattern. Moreover, the conditional alleles allow genes to be removed in specific tissues of the
head, such as the NC, ectoderm, or mesoderm and/or at specific times in the pre- or post-
natal period. This latter consideration is critical if the null allele would result in lethality
early in embryogenesis before it was possible to study head development. For any
investigator, the ease of obtaining ES cells or mouse resources from these homologous
recombination-based approaches for a gene of interest must now be weighed against the
speed and simplicity of making a straight null allele using the CRISPR/Cas system.

Another import facet of the IKMC is that they work in conjunction with the International
Mouse Phenotyping Consortium (IMPC) to subject the homozygous and heterozygous
mutants generated to a battery of phenotyping tests (http://www.mousephenotype.org)
(Brown and Moore, 2012a, b). The site also provides a database that links the mouse models
generated with potential human disease associations. In the context of the craniofacial
complex, adult mice of both sexes are analyzed at the level of gross morphology as well as
by X-ray analysis for defects in the size and shape of the skeleton, as well as the number,
shape, and color of the teeth, among other phenotypes. Furthermore, with the recent
establishment of NorCOMM2 and KOMP?2, there is now also a pipeline to assess mice that
die before weaning using various approaches that are relevant to craniofacial biology,
including pCT analysis during embryogenesis (http://dmm.biologists.org/content/
6/3/571.full). In sum, the databases maintained by Jax (http://www.informatics.jax.org) and
the IMPC, among others, provide access to information on the availability of mice or ES cell
resources available for studying a gene of interest, as well as any available expression data,
including from LacZ insertion, or phenotyping information.
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Similar efforts have gained traction in the zebrafish community as well, although not to the
degree of the mouse repositories (Varshney and Burgess, 2014; Varshney et al., 2013a;
Varshney et al., 2013b; Varshney et al., 2015). In addition, concerted efforts to compile
craniofacial data, across broad scientific fields, are also underway, notably through the
FaceBase Consortium (https://www.facebase.org) (Hochheiser et al., 2011) and Jackson
Laboratories to maintain specific stocks of craniofacial mutations (https://www.jax.org/
research-and-faculty/tools/mouse-resource-for-craniofacial-research). Such resources
provide a comprehensive database of developmental, anatomical, and genetic information
related to both human and animal models of craniofacial development (Brinkley et al.,
2013a; Brinkley et al., 2013b; Eames et al., 2013).

In sum, the tools and resources emerging paint a bright future for craniofacial researchers
and geneticists alike. Supplemented with more traditional methods, highlighted above,
advances in sequencing, genome editing, and large-scale animal model repositories will
provide the resources necessary to understand the genetics of craniofacial development and
its disruption in associated congenital malformations. This should be evident in the years to
come by a wave of newly identified genetic variants in humans with craniofacial disorders
and a concomitant surge of sophisticated animal models, utilizing powerful cutting-edge
genetics, to decipher the effects of those variants on craniofacial development.

Il. Man to animal: using animal model systems to assign function to genetic elements
associated with craniofacial disorders in humans

Detecting genomic alterations in human patients with craniofacial disorders
—Human craniofacial disorders encompass a range of phenotypes that can have complex
etiologies, ranging from simple Mendelian conditions to more genetically complex
polygenic scenarios, involving gene-gene and gene-environment interactions. These
disorders can often be classified as either syndromic, involving anomalies in multiple
craniofacial structures (plus additional tissues), or non-syndromic, involving a craniofacial
anomaly in isolation (such as cleft lip and/or palate, CL/P). In general, syndromic cases tend
to follow simple Mendelian-based inheritance patterns, whereas non-syndromic cases (such
as isolated cleft lip and/or palate) group into more complex gene/environment etiologies
[reviewed in (Murthy and Bhaskar, 2009)] (Figure 1A).

Given the phenotypic and underlying genetic heterogeneity of these disorders, a variety of
mapping tools have been deployed to isolate the mutation(s) responsible for the
developmental defect observed (Figure 1B). These have been thoroughly reviewed elsewhere
in the context of craniofacial anomalies (Khandelwal et al., 2013), and each approach,
although often suited for isolating a distinct class of genetic lesions, is routinely superseded
by a more refined approach as costs decrease and technologies evolve. Briefly, common
mapping methods have included chromosomal karyotyping, fluorescent in situ hybridization
(FISH), comparative genomic hybridization (CGH), array CGH, as well as single nucleotide
polymorphism (SNP) and copy number variation (CNV) arrays. The genome-wide
resolution of SNP and CNV arrays have made possible more powerful approaches such as
family-based linkage analyses as well as genome-wide association studies (GWAS),
providing an opportunity to pinpoint loci associated with complex (non-Mendelian)
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craniofacial disorders (such as CL/P). In turn, these methods are being supplemented or
replaced due to advances in DNA sequencing technology, notably exome sequencing and in
some instances genome sequencing. Exome sequencing provides the means to scan for
variation in all coding sequence of the genome and enables detection of alterations at the
nucleotide level, including within flanking sequences associated with mRNA splicing.
Targeted or whole genome sequencing extends the level of detection beyond coding regions
to cis-regulatory elements and non-coding RNAs, which are undoubtedly a key component
of several craniofacial disorders. Moreover, unlike previous mapping studies which needed
large family groups to pinpoint the affected chromosomal interval, NextGen sequencing
enables a much smaller number of related individuals to be interrogated to identify a
potential candidate mutation. In a practical sense, a combination of the “classical” methods
with these newer, sequence-based methods, are utilized and are quickly providing a
catalogue of genomic alterations in both isolated and multiple congenital craniofacial
disorders.

Using animal models to decipher the effects of identified mutations—The
approaches listed above provide the means to identify potentially causative mutations
responsible for the observed craniofacial phenotype in a human patient. However, once
identified, functional tests are required to determine conclusively the consequences of the
specific genetic alteration. Although in vitro based assays provide a convenient system to
test biochemical and molecular based properties of the mutation, only animal models
provide a powerful way to dissect the role of the mutation in a functional context during
development. Although the power of using animal models to understand human
developmental disorders conceptually is a straightforward approach, framing the appropriate
question to ask and designing experiments to answer those questions can be a more difficult
endeavor. For example, several human syndromes that have associated craniofacial defects
are caused by large chromosomal abnormalities (e.g. Down syndrome and DiGeorge
syndrome). Modeling these types of defects require complex chromosomal engineering and
interpretation of the results in the animal model system are not always straightforward. It
should also be stressed that animal models do not always present with the same phenotype
as a human even when they contain the equivalent genetic lesions. For example, PVRLL1 is
mutated in Cleft lip/palate-Ectodermal Dysplasia Syndrome, which includes CL/P, but mice
lacking this gene instead develop eye and tooth enamel defects (Barron et al., 2008; Inagaki
et al., 2005). Furthermore, differences in craniofacial morphology between humans and
model systems may also cause phenotypic differences. Thus, many gene mutations
responsible for CL/P in humans may result in cleft palate only in mice due to differences in
craniofacial morphology (Dixon et al., 2011). Data should also be interpreted keeping in
mind that different inbred and outbred animal strains are not equivalent genetically, and a
particular mutation may yield a completely different phenotype when placed onto a different
strain background. With these caveats in mind, once a genetic lesion has been identified,
animal models provide a powerful utility to systematically address, 1) what the molecular
function of that gene/element is during normal craniofacial development and, 2) the
molecular mechanisms responsible for the defects observed. Each model system has
advantages and disadvantages (see Table 1) and the choice of which to use for a new
problem is a balance of cost, available expertise, and suitability of the animal model for the
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question under consideration. For example, the mouse is the closest animal model to human
and has more closely matched anatomical structures, such as the secondary palate and teeth.
Therefore, this model is the gold standard for testing human cis-acting sequence function in
driving tissue specific expression patterns. However, other models provide cheaper and more
readily accessible embryos for analysis, and also provide a more rapid initial assessment of
gene function. Often, a combination of disparate animal models, each utilized for its unique
strength, will provide a clearer understanding of the developmental disorder at hand and
potential treatment options. We also note that suitable animal model systems can also be
used to study gene:environment interactions, for example between ethanol and genes
involved in craniofacial anomalies in the zebrafish model system (McCarthy et al., 2013)
and in chick embryos (Ahlgren et al., 2002), specifically reviewed elsewhere (McCarthy and
Eberhart, 2014).

At the outset, it is valuable to obtain spatial and temporal information concerning the
expression pattern associated with the gene under analysis as this can often provide insight
into the potential role of the sequence in craniofacial development. Considerable knowledge
regarding gene expression patterns can now be found in several public repositories and
databases that have already imaged and/or catalogued expression patterns based upon timing
and tissue (see Table 2, for example MGI/GXD and Facebase for mouse and ZFIN for
zebrafish). Alternatively, if insufficient data exists for a gene of interest, detailed information
can be obtained using standard approaches, such as in situ hybridization and/or
immunohistochemistry to obtain a precise expression summary relevant to craniofacial
development. In certain instances, it may also be possible to take advantage of LacZ knock-
in reporter alleles for the gene of interest if mouse resources for such reagents are available
through public repositories (e.g. EUCOMM, see Table 2). With respect to mutations in non-
coding regions, several studies have now begun to identify potential cis-regulatory elements
involved in gene expression during facial development by cataloging genome-wide
chromatin modifications associated with enhancer elements in specific tissues or cell types
(Hochheiser et al., 2011; Prescott et al., 2015). These datasets provide a valuable resource to
determine if a particular non-coding mutation linked with human pathology might be
associated with a possible enhancer. In several instances these potential enhancer elements
have also been tested for their ability to direct tissue-specific expression to the developing
mouse face providing an additional level of information concerning their possible regulatory
importance [the VISTA Enhancer Browser (http://enhancer.lbl.gov/) (Visel et al., 2007), as
well as within Facebase].

Finally, in developing an animal model system based on a human mutation it is critical to
consider the mode of inheritance and nature of the pathology — dominant, recessive, partially
penetrant, variable expressivity — as well as the nature of the allele - null, hypomorphic,
neomorphic, dominant negative — as these considerations will affect allele design in an
animal model (see Figure 1C). In the recent past, the discovery of a human mutation
associated with a particular pathology and the generation of pertinent animal models to
address the consequences of such mutations were frequently represented in separate
publications. Classic examples of such analyses include the gene mutations associated with
various types of craniosynostosis [reviewed in (Governale, 2015)]. Now, it is becoming more
common for the identification of a possible causative mutation in affected individuals to be
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combined with evidence of a causative role based on studies in an animal model system in a
single publication. We highlight a small set of such examples in the following section and
provide additional examples in Table 3. Although far from exhaustive, we chose these
examples because they cover a range of: 1) craniofacial disorders (syndromic and non-
syndromic); 2) gene identification approaches; 3) allelic alterations (i.e. protein coding -
null, hypomorphic, dominant-negative and non-coding); 4) animal model systems; and 5)
experimental approaches. For the readers’ reference, additional studies not covered have also
been summarized in Table 3. Collectively, these studies provide a framework and workflow
for the initial functional assessment of genes or non-coding elements associated with human
craniofacial disorders (Figure 1A-D).

Mutations affecting protein sequence—In the following three examples, we discuss
how genome sequence analysis led to the identification of mutations in three different
human craniofacial syndromes, 3MC, VWS2, and AFDCIN, as well as how animal models
were used to tease apart the potential mechanism of action for each of the mutant alleles.
3MC syndrome (Carnevale, Mingarelli, Malpuech, and Michels syndrome) is a rare
autosomal recessive disorder characterized by facial dysmorphism, including CL/P,
hypertelorism, eyelid defects, and craniosynostosis, along with cognitive impairment, and
hearing loss (Al Kaissi et al., 2007; Leal et al., 2008). SNP based arrays followed by target
gene sequencing was used to identify homozygous mutations in COLEC11 and MASP1, two
genes involved in the lectin complement pathway (Rooryck et al., 2011). Next, both
zebrafish orthologs of COLEC11 and MASP1 were targeted using specific morpholinos and
in each instance similar craniofacial defects were obtained. These morphant phenotypes
included reduced mandibular length, malformed anterior neurocranium, and improper
development of the ceratohyal cartilage, potentially mimicking some of the craniofacial
defects observed in 3MC syndrome patients. Further analysis using specific markers
revealed disrupted and disorganized streams of NC in morphant embryos, suggesting
Colec11 and Maspl may be involved in providing guidance cues for migrating NCCs. To
test this hypothesis they applied beads soaked in Colec11 to either intact zebrafish or to quail
neural tube explants and determined that NCCs preferentially migrated towards Colec11
beads but not control beads. Thus, they were able to use loss and gain of function assays in
animal models to provide a rapid and feasible explanation for how the homozygous
COLEC11 or MASP1 mutations would affect NCC migration and craniofacial development
in 3MC Syndrome.

Unlike 3MC, both VWS2 (Van der Woude Syndrome 2) and AFDCIN (Acrofacial
dysostosis — Cincinnati Type) are dominantly inherited craniofacial syndromes, but the
animal studies accompanying the identification of the mutations in these two syndromes
indicate very different mechanisms of action of the allelic variants. Van der Woude
syndrome is characterized by a cleft lip and/or cleft palate, as well as hallmark pits and/or
sinuses of the lower lip and the majority of cases result from mutations in one allele of IRF6
(Burdick et al., 1985; Kondo et al., 2002). Recently, exome sequencing was performed on a
single large family that had VWS syndrome, but no detectable mutation at the IRF6 locus
(Peyrard-Janvid et al., 2014). These studies, and follow up studies on additional families,
revealed a series of mutations in the transcription factor GRHL3 that would result in amino
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acid substitutions or the expression of slightly truncated proteins. To assess the nature of the
mutations, they next utilized a zebrafish periderm assay in which disruption of normal gene
expression can lead to embryo rupture and lethality (Sabel et al., 2009). In this context, the
zebrafish periderm is envisioned as a model for the ectoderm of the mammalian palatal
shelves. Knockdown of either zebrafish irf6 or grhi-like genes leads to defective periderm
and rupture, whereas the injection of RNA encoding wild-type human GRHL3 into the
zebrafish embryo resulted in the presence of ectopic periderm suggesting that these genes
are required for periderm development and integrity (de la Garza et al., 2013; Sabel et al.,
2009). Zebrafish embryos were then injected with RNAs encoding the various mutant
GRHL3 alleles found in VWS2 and in all instances resulted in periderm rupture, indicating
that they inhibited the regulatory pathways required for integrity of this layer (Peyrard-
Janvid et al., 2014). In the future, it would be interesting to generate the GRHL3 allele
specific mutations in the mouse model to test whether similar craniofacial phenotypes are
obtained as in human VWS2. However, the authors were able to show that Grhl3-null mice
had an abnormal oral epithelium with oral adhesions and to a lesser extent, cleft palate.
Overall, these studies indicate that GRHLS3 acts as a second VWS locus (VWS2), and that
mutations in this gene appear to have a dominant negative activity rather than the
haploinsufficiency typical of IRF6 in VWS1 (Kondo et al., 2002).

Acrofacial dysostoses are characterized by down-slanted palpebral fissures, midface
retrusion, micrognathia, and cleft palate alongside additional skeletal defects [reviewed in
(Trainor and Andrews, 2013)]. There are a number of types of acrofacial dysostosis
involving separate chromosomal loci and recent exome sequencing of an isolated individual
identified a de novo heterozygous mutation in POLR1A, encoding a core component of
RNA polymerase 1 (Weaver et al., 2015). Subsequent analysis of additional affected
individuals also identified similar POLR1A mutations and the condition was named
Acrofacial Dysostosis - Cincinnati Type (AFDCIN). Next, the authors performed a detailed
examination of a zebrafish mutant, which contained a retroviral insertion in the 5 UTR of
polrla, resulting in drastically reduced polrla levels (Amsterdam et al., 1999; Weaver et al.,
2015). Mutant embryos developed a number of defects including microophthalmia and jaw
agenesis, which overlapped particular features of AFDCIN patients. Further analysis of the
mutant zebrafish revealed significant reductions in rRNA levels, induction of p53, and
greatly impaired NC survival. These findings are consistent with AFDCIN being a
ribosomopathy caused by haploinsufficiency of POLR1A. In this context, multiple studies,
in multiple animal model systems, have begun to link craniofacial defects with
ribosomopathies, implying that facial development is particularly sensitive to defects in
nucleolar function and ribosomal biogenesis (Dixon et al., 2006; Gazda et al., 2008; Griffin
et al., 2015; Trainor and Andrews, 2013).

In sum, these three studies highlighted how animal model systems can be utilized in
conjunction with loss-of-function, and gain-of-function assays to test the importance of a
gene mutated in patients with a syndromic craniofacial anomaly.

Cis-requlatory enhancer mutations: A second class of genetic alterations that can drive
human craniofacial disorders are those located within non-coding, cis-regulatory elements.
Historically, these elements have been harder to detect compared to protein-coding regions,
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although new genome-wide techniques have facilitated their discovery (see above). More
recently it has been appreciated that these elements may be the means of fine-tuning
craniofacial morphogenesis between individuals and during evolution (Attanasio et al.,
2013). Moreover, there are now several examples linking particular sequence variants at
specific cis-acting motifs with human craniofacial defects (Rahimov et al., 2008). In one
recent instance, Leslie and colleagues employed “targeted sequencing” to identify mutations
associated with non-syndromic cleft lip with or without cleft palate (NSCL/P) using a case-
parent trio design (Leslie et al., 2015b). Targeted loci chosen for sequencing (13 regions)
were based on previous GWAS/genome-wide linkage studies (9/13) and candidate gene
studies (4/13), encompassing ~6.3Mb of coding and non-coding sequence. This analysis
detected a variety of both common and rare variants associated with NSCL/P as well as
multiple de novo mutations. Of the 66 validated de novo mutations 63 were found to reside
in non-coding sequence, with a subset (11/63) occurring within predicted regulatory
elements.

As a proof-of-principle, one of these non-coding elements, located near FGFR2 (254.6Kb
downstream of the transcription start site), was further analyzed using an in vivo, zebrafish
based, reporter assay. This novel mutation was chosen given FGFR2’s known role in
craniofacial development as well as the location of the mutation, residing within a region
predicted to be an active NC enhancer based on chromatin marks (Rada-Iglesias et al., 2012;
Riley et al., 2007; Rosenbloom et al., 2013; Stanier and Pauws, 2012). To test for functional
activity of this putative enhancer, the human wild-type element was cloned upstream of a
minimal promoter driving GFP, and introduced into zebrafish embryos to follow it’s ability
to direct expression during development. GFP fluorescence was detected in the neural keel
(where premigratory NCCs reside), brain, and emigrating NCCs, consistent with previous
reports of Fgfr2 expression in zebrafish and mice (Orr-Urtreger et al., 1991). In contrast,
when the mutant construct was used in the same assay, fewer embryos showed a similar
expression pattern with the mutation present, consistent with the de novo mutation being a
functional variant that disrupted NC expression. Given this analysis was done on the
enhancer in isolation, it remains to be seen whether this alteration affects endogenous
FGFR2 expression, a functional study more plausible with the advent of CRISPR/Cas
technology. Nonetheless, this simple yet powerful type of in vivo reporter assay provides a
convenient means to assess the functional potential of non-coding sequence and the effects
of identified mutations on reporter activity.

A second example illustrating the potential influence of cis-acting sequences in human
craniofacial pathology involves a locus at 8924, which appears to be in a gene desert, and is
associated with increased risk of human CL/P (Birnbaum et al., 2009; Ludwig et al., 2012).
In an elegant series of genome manipulation analyses targeting the syntenic region of mouse
chromosome 5, Uslu et al (Uslu et al., 2014) mapped a series of cis-acting elements that
could drive LacZ reporter gene expression in the developing mouse face within this ~3Mb
chromosomal interval. Deletion of a critical interval abolished LacZ expression in the face,
and also decreased expression of the endogenous gene encoding Myc that lies close to this
8024 interval. Moreover, homozygous deletion of this element resulted in mice with a low
but significant incidence of CL/P as well as a more penetrant affect on post-natal skull shape
in the survivors. These findings strongly suggest that the 8924 region harbors cis-regulatory
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sequences controlling aspects of MY C expression in the developing human embryo and that
the alteration of these sequences can result in craniofacial defects, including CL/P. In the
future, it is likely that defining the importance of candidate mutations in cis-acting
sequences will become a more common and important facet of human genetic analysis albeit
one that may require detailed geometric morphometric analysis of resulting animal models
(Attanasio et al., 2013).

Summary

In this review, we have highlighted forward and reverse genetic approaches that can be used
to identify the regulatory hierarchy underlying craniofacial development. In addition, we
have described recent approaches to test the importance of human mutations using various
animal model systems. We further note that these studies illustrate that different animal
model systems can often complement each other in analyzing the consequences of a given
mutation. These types of studies are the first glimpse presaging an exciting new period in
craniofacial research — one in which the identification of candidate human mutations
resulting from genome-wide sequence analysis can be allied with the new gene-editing
approaches and available mutant resources in animal models for the rapid expansion of our
understanding and appreciation of this fascinating developmental system.
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Highlights

How animal model systems have been used to enhance our understanding of
human craniofacial development

The use of animal models to test the function of candidate human disease
variants

We provide a pipeline for the use of animal models in understanding human
craniofacial development and disease
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PROTEIN CODING ALTERATIONS Craniofacial examples

Partial loss-of-function (hypomorph)

1. Targeted alleles (traditional ES cells or CRISPR) Ueda et al., 2006
2. Forward genetic screen Ashe et al., 2012; McCarthy et al., 2013; Feng et al., 2013; Stottmann et al., 2010
3. OX allele specific mMRNA in null background Ghoumid et al., 2013; Bonnard et al., 2012

Loss-of-function (null)
1. Mutant lines
A. Targeted mutants (traditional ES cells or CRISPR) Momb et al., 2013; Dixon et al., 2006; Bourgeois et al., 1998

B. Forward genetic screens Sheehan-Rooney et al., 2013; Weatherbee et al., 2009; Nissen et al., 2006
2. Transient "knock-downs" (Morpholinos/siRNA) Gordon et al., 2015; Quintana et al., 2014; Hu et al., 2014; Rooryck et al., 2011
Gain-of-function/dominant
1. Targeted alleles (traditional ES cells or CRISPR) Hernandez-Porras et al., 2014; Yin et al., 2008; Wang et al., 2005; Araki et al., 2004
2. Forward genetic screen Tucci et al., 2014; Barbaric et al., 2008

3. OX allele specific mRNA in null or WT background Peyrard-Janvid et al., 2014; Aoki et al., 2013; Bajpai et al., 2010

NON-CODING CIS-REGULATORY ELEMENT
ALTERATIONS
Altered enhancer function (gain or loss)

1. Transgenic reporter line (e.g. LacZ, eGFP, etc)
A. Stable Lidral et al., 2015; Attanasio et al., 2013; Gordon et al., 2014; Uslu et al., 2014
B. Transient Lidral et al., 2015; Leslie et al., 2015; Gordon et al., 2014

2. Endogenous alteration
A. Targeted deletion (traditional ES cells or CRISPR) Hu et al., 2015; Attanasio et al., 2013; Yanagisawa et al., 2003; Feng et al., 2008
B. Other (e.g. transposon) Uslu et al., 2014; Bush et al., 2004

Craniofacial examples

Figure 1.
Systematic workflow of human craniofacial developmental disorder gene discovery and

functional testing in animal models. (A) Summary of broad categories of human craniofacial
developmental disorders. (B) Summary of common approaches used to detect genomic
alterations in human patients. (C) Summary of potential (not all) mutation types identified in
human patients. (D) Summary of functional tests, along with referenced examples, currently
available and commonly utilized for testing gene function in animal model systems. 1FISH
is often used when a known syndrome is suspected, whereas other mapping strategies are
often unbiased genome-wide approaches. 2Null and hypomorphic mutations can be further
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classified as haploinsufficient or haplosufficient. 3Loss or gain of a repressive factor could
have the opposite consequence. Note, although not a functional test, expression analysis is
an important component of determining in what tissue and at what developmental time-point
a gene or cis-regulatory element functions (not shown). Abbreviations: aCGH, array
comparative genomic hybridization; CGH, comparative genomic hybridization; CNV, copy
number variation; FISH, Fluorescence in-situ Hybridization; GWAS, genome wide
association study; OX, over-express; Seq; Sequencing; SNP, single nucleotide
polymorphism.
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Table 1

Animal models routinely utilized to study craniofacial development
Table outlining various strengths and weaknesses of common animal models utilized in craniofacial research.
For a thorough description of each model system see (Slack, 2013) and (Rossant and Tam, 2002).
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Model system Strengths

Mus musculus (mouse)

mammal, most closely related to human,
similar morphogenesis

powerful genetics (forward, reverse,
transgenics)

amenable to spatial/temporal specific
genetics (conditional alleles)

drug-inducible gene manipulation
approaches available (e.g. tamoxifen or
doxycycline)

more highly conserved c/s -regulatory
elements, facilitates extensive c/s -
regulatory reporter and knock-out lines

Accessible to emerging gene editing
technologies (e.g. CRISPRs)

in utero development, difficult
for live cell imaging

expensive

relatively slow generation times

Gallus gallus (chicken)

in ovo development, easily accessible for
tissue manipulation

amenable to embryological chimeric
approaches (i.e. quail-chick chimeras)

retroviruses for manipulation of gene
function

genetic pathways conserved with mammals
evolutionary analysis

amenable to live cell imaging

difficult to do genetics, limited
transgenics

no real palate (palate does not
close, remaining cleft)

bones of cranial vault not
analogous to human or mouse
(mammalian) counterparts

large clutch size
short embryonic generation time

transparent embryos - ease of live cell
imaging

external development - amenable to large
scale drug studies

forward and reverse genetics

tissue specific CRISPR

no true palate (ethmoid plate),
morphogenesis may be different

duplicated genome, often two
paralogs for single human
ortholog

cranial skeleton highly

Danio rerio (zebrafish) evolutionarily derived causing
. high throughput screening and CRISPR potential difficulty in modeling
generation specific mammalian phenotypes
. transgenesis and enhancer based screening skull development (bone
formation) is slow relative to
. genetic pathways conserved with mammals mouse and chicken, occurs late
i . i i in embryonic development
. inexpensive relative to mice
. amenable to embryological chimeric
approaches
. large clutch size no genetics in /aevis, now being
i i . used in tropicalis
Xenopus laevis/ . ease of tissue manipulation 10 palate
tropicalis (frog) . p
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Model system

Strengths

Weaknesses

large egg size
maternal depletion studies

external development - amenable to large
scale drug studies

large cell size during embryogenesis
facilitating ease of live cell imaging

amenable to embryological chimeric
approaches

Accessible to emerging gene editing
technologies (e.g. CRISPRs)

potential difficulty in modeling
specific mammalian phenotypes

skull development slow relative
to mouse and chicken, occurs
late in embryonic development
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