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Abstract
Primary cilia are microtubule-based organelles that serve as hubs for the transduction of various
developmental signaling pathways including Hedgehog, Wnt, FGF and PDGF. Ciliary dysfunction
contributes to a range of disorders, collectively known as the ciliopathies. Recently, interest has
grown in these syndromes, particularly among craniofacial biologists, as many known and
putative ciliopathies have severe craniofacial defects. Herein we discuss the current understanding
of ciliary biology and craniofacial development in an attempt to gain insight into the molecular
etiology for craniofacial ciliopathies, and uncover a characteristic ciliopathic craniofacial gestalt.
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Introduction
Facial appearance has long been used to help reveal the etiology of severe developmental
disorders. For trained physicians who see a multitude of patients, being able to identify a
characteristic facial gestalt is often the key to early diagnosis. With a structure as diverse as
the craniofacial complex, identifying common phenotypes among syndromes is a difficult
task. When found however, a characteristic facial symptom can be a powerful tool in
determining the molecular etiology of a syndrome, and more importantly can serve to
characterize syndromes into a class of disorders that may have some variability, but can be
linked by phenotypic hallmarks.

The primary cilia (also known as sensory or immotile cilia) are evolutionarily conserved
organelles that have recently gained notoriety because of their association with a number of
syndromes (Badano et al., 2006). Primary cilia were first observed in the renal epithelium
and thyroid gland (Zimmermann, 1898), but it is now understood that they are present on
almost all vertebrate cell types. The ubiquitous nature of this organelle allows for insight
into its functionality in a number of cellular processes. Notably, cilia have emerged as
important regulators of developmental signaling pathways (Eggenschwiler and Anderson,
2007), suggesting that a deeper understanding of these structures can inform our
comprehension of developmental processes.
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Primary cilia have become important factors to consider when determining the etiology of
craniofacial disorders for two main reasons. First, a number of disorders identified as
ciliopathies have craniofacial abnormalities including Oro-facial-digital syndrome, Joubert
syndrome, Bardet-Biedl syndrome, Meckel-Gruber syndrome, Ellis-van Creveld syndrome
and the recently identified ciliopathy, Sensenbrenner Syndrome (Table 1). Second, primary
cilia are essential for proper signal transduction of molecular pathways that are necessary for
normal craniofacial growth including the Hedgehog (Hh), Fibroblast Growth Factor (FGF),
Wnt and Platelet-derived growth factor (PDGF) pathways. Based on these two facts, it is
reasonable to examine primary cilia in craniofacial disorders with no known cause. Herein,
we review both ciliary biology and craniofacial development, with the aims of better
understanding the etiology of the phenotypes associated with both known and postulated
craniofacial ciliopathies, and defining a characteristic ciliopathic facial phenotype.

Primary cilia: Structure and function
Primary cilia extend from the apical surface of cells and are characterized by three main
components the basal body, a microtubule-based structure that anchors the cilia to the cell
body and has several known functions; the axoneme, a microtubule extension comprised of
rings of 9 microtubule doublets; and the ciliary membrane, a receptor laden extension of the
cellular membrane that ensheaths the axoneme. We will briefly discuss the function of each
structure and discuss the known proteins that localize to them.

The basal body
With respect to cilia, the basal body serves as not only the nucleation point from which
ciliogenesis occurs, but also as the mediator of cargo transport from the cytoplasm to the
ciliary membrane (reviewed in (Marshall, 2008)). A plethora of proteins localize to the basal
body and are necessary for ciliogenesis and cilia function. The most well understood class of
these proteins is the BBS proteins, associated with Bardet-Biedl Syndrome (BBS), which
form a complex known as the BBSome. The BBSome associates with Rab8 via Rabin8 to
regulate transport to the ciliary membrane, perhaps by the formation of coated vesicles
(Nachury et al., 2007; Jin et al., 2010). As such, though loss of BBS protein function does
not impair ciliogenesis, processes requiring interaction between ciliary and cytoplasmic
proteins are impaired.

Other basal body proteins regulate interactions with ciliary proteins and their loss results in
ciliary dysfunction. For example, animals devoid of RPGRIP1L (FTM), a basal body protein
mutated across many ciliopathies (Delous et al., 2007; Khanna et al., 2009), produce fewer
cilia with inefficient transduction of cilia-specific Sonic hedgehog (Shh) signaling
(Vierkotten et al., 2007). RPGRIP1L also interacts with another basal body protein, NPHP4,
which contributes to nephronophthisis (NPHP) and Senor-Loken Syndrome (SLS),
suggesting a joint role for these proteins in regulation of basal body function (Arts et al.,
2007). Likewise, CEP290/NPHP6, mutated in NPHP, BBS, SLS, Meckel-Gruber Syndrome
(MKS), and Joubert Syndrome (JBTS) (reviewed in (Zaghloul and Katsanis, 2010)) interacts
with other basal body proteins and regulates transport of Rab8 to the cilium (Kim et al.,
2008). Thus, the basal body represents an important structure serving as a mediator of ciliary
protein interactions that are central to ciliary function.

The axoneme/IFT
Proteins transported to the cilium are then shuttled along the axoneme by a specialized
system of transport known as intraflagellar transport (IFT). Mediated by complexes
consisting of motor proteins and IFT proteins, ciliary cargo is transported from the basal
body to the tip of the axoneme (anterograde IFT) as well as in the reverse direction
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(retrograde IFT). The kinesin-2 motor protein complexes with IFT complex B proteins to
direct anterograde transport, while dynein complexes with IFT A proteins in retrograde
transport (reviewed in (Gerdes et al., 2009)). This process is critical for ciliogenesis and the
proper localization of proteins to the cilium. Thus, defects in IFT proteins often produce
severe consequences, such as complete loss of cilia, and consequent phenotypic
abnormalities.

The ciliary membrane
In addition to the basal body and axoneme, the ciliary membrane plays a crucial role in
ciliary function, particularly in the reception and transduction of extracellular signaling cues.
A growing list of membrane-bound receptors localize to the cilium and are necessary for
binding of ligands and subsequent communication to downstream effectors. The first to be
identified, and best understood, is the localization of the Shh receptors, Patched (Ptch1) and
Smoothened (Smo). Binding of Shh to Ptch results in its removal from the ciliary
membrane, allowing Smo to localize there (Corbit et al., 2005; Rohatgi et al., 2007).
Similarly, other transmembrane receptors, including PDGFRα, G-protein coupled receptors,
and extracellular matrix (ECM) receptors, have been observed on the cilium suggesting the
importance of this specialized region of the cellular membrane for reception of extracellular
signals (Schneider et al., 2005; McGlashan et al., 2006; Berbari et al., 2008). These findings
provide a potential explanation for the loss or disruption of ciliary function leading to
widespread ramifications for tissue specification and homeostasis. In the following sections
we will review craniofacial development keeping the relationship to primary cilia in the
forefront.

Development of the craniofacial complex
The craniofacial complex is the region comprised of the face and skull. The face develops as
a result of the growth and seamless fusion of three-paired swellings (or prominences), and
one medial singular swelling. The skull, comprised of neurocranium (skull vault) and the
basicranium (skull base), arises through the fusion of various bones. Whereas each of the
facial prominences is composed of three or more distinct tissues of various origins, the skull
is derived from mesenchyme (neural crest or mesodermal in origin) that requires
developmental signals from surrounding tissues. We briefly introduce the craniofacial
prominences, their tissue components and explain the origin of dysmorphologies commonly
present in craniofacial ciliopathies.

The frontonasal prominence
The frontonasal prominence (FNP), also known as the medial nasal prominence, is the
singular-medial swelling comprised of neuroectoderm, cranial neural crest (NCC) and facial
(surface) ectoderm. The FNP is unique in the fact that it is the only singular facial
prominence. The FNP gives rise to the forehead, bridge and tip of the nose, the philtrum, the
medial portion of the upper lip, and the primary palate. The FNP first fuses to the maxillary
prominence, then to the lateral nasal prominence to create the seamless fusion between the
midface and more lateral aspect of the face (Mooney and Siegel, 2002). Aberrant growth of
the FNP results in many easily recognizable defects. Collapse (reduced growth) or
expansion (increased growth) of the FNP creates conditions clinically referred to as
hypotelorism or hyperterlorism, respectively. More localized growth disruptions in the FNP
cause a failure of fusion between the frontonasal and the adjacent facial prominences, the
lateral nasal and/or maxillary prominences. In scenarios such as these, cleft lip or palate is
the phenotypic consequence. Midfacial defects and clefts are among some of the most
common dysmorphologies associated with craniofacial ciliopathies (see Table 1 & Table 2).
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The lateral nasal prominences
The lateral nasal prominences (LNPs) are paired prominences that sit lateral to the FNP and
medial to the maxillary prominences. The LNPs give rise to the outer wall of the nostrils, the
alae of the nose. The development of the olfactory placode/nasal pit initiates the separation
of the FNP and LNP. This separation removes the LNP from being in direct contact with
forebrain, and thus it is not under the same molecular influences as the FNP. Although rare
in nature, clefts that involve the alae often result from aberrant mesenchymal portioning
between the lateral and frontonasal prominences (Bluestone, 2003) This disruption in
mesenchymal migration upsets the growth the prominences and prevents fusion between the
lateral nasal prominences and either the frontonasal or maxillary processes.

The maxillary prominences
The maxillary prominences give rise to the upper jaw and the sides of the face, the sides of
the upper-lip, and the secondary palate. The maxillary prominences arise from the first
branchial arch and are composed of a mesodermally derived core surrounded by cranial
neural crest cells (NCCs). This mesenchymal core is encased by surface ectoderm externally
and pharyngeal endoderm internally. Perturbations in the growth and fusion of the maxillary
prominences frequently result in a cleft lip or cleft palate. Furthermore, maxillary growth
defects can also produce maxillary hypoplasia (maxillary micrognathia). Cleft lip/palate and
maxillary hypoplasia are extremely common in established and likely ciliopathies (Table 1
& Table 2) and also in animal models with disrupted cilia (Table 3).

The mandibular prominences
The mandibular prominence forms the lower jaw, lower lip and the anterior portion of the
tongue. Similar to the maxillary prominence, the mandibular prominence is derived from the
first branchial arch and is composed of mesoderm, NCCs, surface ectoderm and pharyngeal
endoderm. Although mandibular micrognathia is common, clefts of the lower jaw occur
with far less frequency than those of the upper jaw and can range in severity from a
pseudocleft to a complete cleft of the lip involving the tongue, chin and supporting
structures of the neck (Ishii et al., 2002). Defects involving tongue (glossal) development
and mandibular micrognathia are associated with established and likely ciliopathies (Table 1
& Table 2) and also in animal models with disrupted cilia (Table 3).

The skull
The neurocranium is the area of the skull that surrounds the brain. Bones of the skull are
derived from mesenchyme of both mesodermal and NCC origin. Although the skull is
derived from mesenchyme, proper development of the skull requires molecular signals
emanating from the underlying neuroectoderm and overlying surface ectoderm (reviewed in
(Lenton et al., 2005b; Rice, 2008)). Disrupted growth of the skull can cause severe and far-
reaching craniofacial phenotypes. Insufficient growth and ossification of the skull results in
a condition referred to as cranium bifidum in which the brain is exposed through a hole in
the skull (encephalocele). Exuberant growth and ossification of the skull results in a
condition called craniosynostosis: the premature fusion of one or more cranial sutures. This
premature fusion of any of the bones of the cranial vault disrupts the overall growth of the
skull by inducing compensatory growth in the parallel direction of the original defect
(Cohen, 2005). As such, craniosynostosis results in a number of morphological and
functional abnormalities, including dysmorphic cranial vault and facial asymmetry (Marchac
and Renier, 1989; Posnick, 2000; Lenton et al., 2005a). A number of known and predicted
ciliopathies exhibit either cranium bifidum or craniosynostosis (see Table 1 & Table 2).
Both conditions are also present in ciliopathic animal models (Table 3).
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The tissues of the craniofacial complex
As mentioned, each of the facial prominences is made up of various tissue components.
Extended primary cilia have been identified in vivo on many of these components. We
briefly review the tissue components of the craniofacial complex and speak to the observed
effect loss of cilia has on tissue development.

Neuroectoderm—The association between the brain and the face has been of interest to
craniofacial biologist for decades (DeMyer, 1964). The neuroectoderm participates in
craniofacial development by contributing to the FNP. Not only does the forebrain act as a
structural support for facial development, it also acts as a signaling center, as many of the
signals that pattern the FNP originate in the forebrain (Cohen and Sulik, 1992; Muenke,
1994). The role of primary cilia is probably best understood in the neuroectoderm (Huangfu
et al., 2003; Huangfu and Anderson, 2005; Caspary et al., 2007) because of the established
role of Shh in pattering the neural tube and generating various cell fates (Marti et al., 1995).
Utilizing the neuroectoderm to gain insight into how cilia function was essential in
jumpstarting the field and it highlighted the fact that the relationship between cilia and
various signaling pathways is not a binary one.

Analysis of the neural tube in various ciliary mutants reveals a range of defects. Anterograde
IFT mutants including Ift88−/− or Ift172−/− embryos have reduced Shh signaling and thus a
dorsalized neural tube (Huangfu et al., 2003). This phenotype is less severe than a complete
loss of Shh because the loss of cilia prevents the processing of the Gli3 repressor, thus the
net affect is similar to losing both transduction and repression of the Hedgehog pathway. As
a result, some cell types that require low levels of Hedgehog signaling are specified. Dynein
motor mutants display a similar phenotype as those seen in anterograde IFT mutants
(reviewed in (Goetz and Anderson, 2010).

In contrast, retrograde IFT mutants exhibit phenotypes opposite to those seen in their
anterograde counterparts. Ift139−/− mutants show excessive Shh signaling and a ventralized
neural tube (Tran et al., 2008). Furthermore, Ift122−/− mutants show a significant, yet
moderate activation of the Shh activity, with a modest expansion motor neurons and other
cell types that require intermediate levels of Hedgehog signaling (Cortellino et al., 2009);
reviewed in (Goetz and Anderson, 2010)). Taken together these findings support a
hypothesis that the classification of the IFT protein affected has a distinct role in Shh
processing and neural patterning.

Reviewing these data from a craniofacial biologist perspective sheds light on the
craniofacial phenotypic variation frequently associated with ciliopathies. The forebrain
serves as a signaling center that secretes morphogens that influence facial outgrowth.
Expression of Shh in the forebrain controls midfacial width, and growth and polarity of the
upper jaw (Hu et al., 2003; Marcucio et al., 2005b; Hu and Marcucio, 2009). Reduced Shh
signaling in the forebrain produces a hypoteloric phenotype with a narrow and truncated face
(Cordero et al., 2004; Marcucio et al., 2005b). Conversely, increased Shh signaling in the
forebrain produces a hyperteloric phenotype with a wide upper jaw and face (Hu and
Marcucio, 2009). Furthermore, the relationship between levels of Shh in the forebrain and
the width of the face appears to be dose dependent in nature (Young et al., 2010). Midline
defects are among the most common dysmorphologies associated with ciliopathies, both in
human and animal model systems (Table 1,Table 2 & Table 3). The association between
cilia, Shh, neuroectoderm and the face elucidates why this phenotype is so prevalent in
ciliopathies, and makes a case for midline abnormalities to serve as a characteristic
craniofacial ciliopathic phenotype.
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Cranial neural crest—NCCs are an ectomesenchymal population of cells that give rise to
the majority of the facial skeleton and skull. They are of ectodermal origin, as they are born
at the interface between the neuroectoderm and surface ectoderm (Selleck and Bronner-
Fraser, 1995). NCCs migrate along established pathways to invade all of the facial
prominences. Once NCCs have reached their final destination they receive local cues and
proliferate to support the growth of each prominence. Primary cilia have been identified on
NCC in both mice and fish (Tobin et al., 2008; Brugmann et al., 2010).

Disruption of primary cilia affects NCC behavior. Loss of cilia as a result of a Bbs mutation
in zebrafish results in an inability of NCCs to migrate ventrally into the facial prominences.
Interestingly this ciliary requirement for NCC migration is not seen in mutations of other
ciliary genes, in other species (Brugmann et al., 2010). Conditional loss of cilia due to loss
of Kif3a in NCCs produces a severe facial phenotype that phenocopies human frontonasal
dysplasia by presenting with a bifid nasal septum, anterior cranium occultum, aglossia,
dental anomalies, brain defects and severe hypertelorism. This phenotype, one of severe
hypertelorism, is consistent with a gain of Hedgehog function (Vortkamp et al., 1991; Hu
and Helms, 1999). This result was initially surprising because in the neural tube loss of
Kif3a results in phenotypes consistent with a loss of Hedgehog function, including a loss of
ventral cell types specified by high levels of Shh ((Huangfu and Anderson, 2005) reviewed
by (Goetz and Anderson, 2010)). In contrast, the hyperteloric phenotype seen in the
conditional Kif3a knockout in NCCs, Hedgehog pathway activity is expanded within the
NCCs and this correlates with the hyper-proliferation of midline NCCs (Brugmann et al.,
2010). The molecular mechanism behind the onset of this phenotype will be discussed in a
later section discussing the Hedgehog pathway. Taken together, these finding suggest that
the loss of cilia has a unique and significant effect on NCC development. The exact effects
seen are dependent upon which ciliary gene is disrupted, and may be species-specific.

Surface ectoderm—The tissue encasing all of the facial prominences is the surface (or
facial) ectoderm. This ectoderm is also a source of organizing signals that direct the
underlying mesenchyme to proliferate and differentiate into the skeletal tissues of the face.
Shh expression is activated in the facial ectoderm when neural crest cells migrate into the
facial prominences. This facial ectoderm, referred to as the ‘facial ectodermal zone’ (FEZ),
acts as a signaling center that controls outgrowth of facial prominences (Marcucio et al.,
2005a). Furthermore, proper molecular patterning in the facial ectoderm is essential for the
growth and development of ectodermally derived structures like teeth, hair and whiskers
(reviewed in (Chuong and Noveen, 1999))

Primary cilia have been detected in facial ectoderm (Brugmann et al., 2010), however the
exact role of cilia in this tissue remains nebulous. Mice harboring a conditional deletion of
Polaris specifically in the facial mesenchyme die at birth, exhibiting severe craniofacial
abnormalities and supernumerary teeth. In contrast, mice with a conditional deletion of
Polaris specifically in the ectoderm survive and show no evidence of supernumerary teeth,
although they do have polydactyly (Ohazama et al., 2009). It is interesting to note that
although the loss of cilia in the underlying mesenchyme affects gene expression in the
overlying oral ectoderm, loss of cilia in the ectoderm itself does not cause the same
mispatterning. These findings highlight the possible role primary cilia may play in
regulating signaling between tissues.

Recently, various ectodermal dysplasias have been classified as, and purported to be,
ciliopathies (Konstantinidou et al., 2009; Walczak-Sztulpa et al., 2010). In syndromes like
these, common ectodermal phenotypes include dental abnormalities, sparse hair, skin laxity
and abnormal nails (Konstantinidou et al., 2009; Walczak-Sztulpa et al., 2010). Further
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understanding of the relationship between ectoderm and cilia will undoubtedly shed light on
the etiology of this class of disorders.

Pharyngeal endoderm, prechordal plate and paraxial mesoderm—The
pharyngeal endoderm serves as the inner lining of the branchial arches and gives rise to
tonsils, thymus, parathyroid and auditory tubes. The pharyngeal endoderm acts as an
important signaling center during development of the arches via localized expression of
mitogens and morphogens including BMPs, FGFs, and Hhs (Graham and Smith, 2001). The
prechordal plate mesoderm gives rise to the voluntary muscles of the head, whereas the
paraxial mesoderm gives rise to the more posterior bones of the skull. To date, the role of
primary cilia during pharyngeal endoderm and/or prechordal plate and paraxial mesoderm
development has not been extensively studied. Given the compiled data, it is possible that
these tissues may interpret loss of various ciliary proteins in their own unique way.

Cilia and signaling in craniofacial development
With the recognition of the role of primary cilia as central hubs of signal transduction for
various developmental pathways essential for craniofacial patterning, the implications for
mechanistic links between cilia and craniofacial development are significant. Craniofacial
development relies heavily on Hedgehog, Wnt, and other pathways for proper
morphogenesis. To dissect the role of cilia during craniofacial development, it will be
necessary to understand the role each pathway plays in normal morphogenesis and
superimpose the role cilia play in the regulation of these pathways. In doing so we hope to
elucidate the etiology of some craniofacial ciliopathies and understand the involvement of
ciliary proteins associated with craniofacial disorders.

Hedgehog signaling
The Hedgehog family of proteins has numerous roles in a developmental context. During
craniofacial development the most notable Hedgehog is Shh. Shh acts as both a mitogen and
a morphogen during craniofacial development and is integral to NCC survival, proliferation
and patterning (Chiang et al., 1996; Ahlgren and Bronner-Fraser, 1999; Hu and Helms,
1999; Cordero et al., 2004; Jeong et al., 2004; Young et al., 2010). The expression of Shh in
the ventral neuroectoderm, facial ectoderm and foregut endoderm is essential for such
processes. Perturbations in Shh most frequently affect patterning of the facial midline.
Reductions in Shh activity result in a spectrum of diseases characterized by a midline
hypoplasia including hypotelorism and various forms of holoprosencephaly including
cyclopia (Belloni et al., 1996; Chiang et al., 1996; Roessler et al., 1996). At the other end of
the spectrum, amplification of Shh signaling produces midline expansions including
hypertelorism and midline duplications (diprosopus) (Ming et al., 1998; Hu and Helms,
1999) (Balk and Biesecker, 2008).

The first indication of the cilium as a conduit for the Hedgehog pathway came with the
identification of the requirement of anterograde and retrograde IFT for Shh signaling in the
ift172, ift88, kif3a and dync2h1 mouse mutants (Huangfu et al., 2003; May et al., 2005).
Further investigation revealed that the Ptch and Smo receptors localize to the cilium (Corbit
et al., 2005) and Gli3, which functions as an effector of the pathway, requires some IFT
proteins for proper proteolytically processing into it’s functional repressor. This conclusion
was reached via in vitro experiments using kif3a null murine fibroblasts. To determine if
Gli3 was being processed correctly, levels of full-length versus repressor form were
analyzed in kif3a+/+ and kif3a−/− cells. Levels of full-length Gli3 were similar in both
kif3a+/+ and kif3a−/− cells, however kif3a−/− cells had significantly lower levels of
processed Gli3 repressor (Gli3R) (Humke et al., 2010). A similar situation occurs in vivo, in
the limb. In control limb buds, full-length Gli3 is efficiently cleaved into the truncated

Zaghloul and Brugmann Page 7

Genesis. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



repressor form, this processing is impaired in the kif3a−/− limb mesenchyme (Kolpakova-
Hart et al., 2007). Although there is no evidence that Kif3a directly acts on Gli3, the net
molecular consequence of losing kif3a in a both murine fibroblasts and the developing limb
is similar to a gain of function phenotype because the action of the Gli3R was lost. It must
be noted that the loss of other IFT proteins in other tissues produces a loss of hedgehog
phenotype (Goetz and Anderson, 2010). Thus, the most accurate statement regarding the
loss of cilia and Hedgehog signaling is that a loss of cilia alters Hedgehog signal
transduction. The exact alteration of the pathway is dependent upon which ciliary protein is
perturbed, and in which tissue the perturbation occurs.

Given the key role of Shh in craniofacial development and the recent implication of IFT
genes in craniofacial disease, there is strong evidence for a link between the two. Ift122 null
mice, for example, exhibit defects of the ventral portion of the head and altered development
of branchial arches in addition to impairment of Shh signaling (Cortellino et al., 2009).
Kif3a null mice display reduced branchial arches, among other defects (Marszalek et al.,
1999). Furthermore, mice lacking kif3a specifically in NCCs have a widened frontonasal
prominence and clefting of the secondary palate, reminiscent of human frontonasal dysplasia
(Brugmann et al., 2010). As previously mentioned, these defects are accompanied by an
increase of NCC proliferation as a result of increased Hedgehog responsiveness and
expression. This may be due to ineffectual cleavage of Gli3 into its repressor form, as was
observed in mice lacking kif3a specifically in Wnt1-expressing NCCs (Kolpakova-Hart et
al., 2007). Thus, the tissue affected and the form of Gli predominant in that tissue, can
determine how a loss of cilia alters Hedgehog signaling.

Other IFT mutants also exhibit defects reminiscent of perturbations in the Shh pathway.
Ift88 mutants produce ectopic teeth as a result of expanded Shh signaling (Ohazama et al.,
2009). Interestingly, zebrafish ift57, ift88 and ift172 mutants and morphants exhibit very
modest craniofacial defects and no defects in Hedgehog signaling. These findings suggest
that the IFT requirement for Hedgehog processing may be a mammalian specific feature
(Lunt et al., 2009). Thus, in addition to accounting for which tissue is affected and which
form of Gli is predominant, species must also be taken into account when evaluating the
relationship between IFT proteins and Hedgehog signaling.

Like IFT proteins, disruption of basal body proteins perturbs Shh signaling, giving rise to
craniofacial defects. Rpgrip1l, Mks1, and Ofd1 knockout mice lack cilia and exhibit
midfacial defects, consistent with perturbed Shh signaling (Ferrante et al., 2006; Delous et
al., 2007; Vierkotten et al., 2007; Weatherbee et al., 2009; Bimonte et al., 2010) (Table 3).
Other members of the Hedgehog pathway are also affected by the loss of ciliary proteins.
Evc has been implicated as a positive mediator of Indian hedgehog (Ihh) regulated bone
growth (Ruiz-Perez et al., 2007). Evc is localized to the base of the cilium and is
preferentially expressed in the developing bones and the orofacial region. Evc−/− mice
develop EVC-like craniofacial symptoms including dental abnormalities. Although Ihh is
expressed normally in these mutants, expression of the Ihh downstream genes Ptch1 and
Gli1 is significantly reduced. Studies using Evc−/− cells demonstrate that the defect lies
downstream of Smo and that Evc is an intracellular component of the Hedgehog signal
transduction pathway that is required for normal transcriptional activation of Ihh target
genes (Ruiz-Perez et al., 2007). Taken together, these studies implicate the importance of
basal body proteins in regulating Hedgehog signaling, particularly in the context of
craniofacial development. This raises the possibility of the involvement of other basal body
proteins known to be associated with craniofacial phenotypes, such as the BBS proteins,
with Hedgehog regulation.
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Wnt signaling
Wnt signaling regulates a cadre of diverse developmental processes, including cell
proliferation, determination, differentiation, and survival (reviewed in (Cadigan and Nusse,
1997)). Wnt signaling also plays an important role in the generation and migration of NCCs
(Schmidt and Patel, 2005; Basch and Bronner-Fraser, 2006), and the development and
regionalization of the face in various species (Brugmann et al., 2007). Several members of
the Wnt family, as well as downstream transcription factors of the pathway, are expressed in
the developing facial prominences (Oosterwegel et al., 1993; Wang and Shackleford, 1996;
Geetha-Loganathan et al., 2009) and the subsequent pathway activity is specifically
localized to facial epithelia and the underlying mesenchyme in the lateral nasal, maxillary
and mandibular prominence, as demonstrated by various Wnt reporter mice (BAT-gal and
TOP-gal) (DasGupta and Fuchs, 1999, Maretto, 2003 #6579).

The hypothesized role for Wnt activity in the facial prominences varies within different
tissues. In the NCC mesenchyme Wnts promote proliferation, thus promoting the growth of
the facial prominences (Brugmann et al., 2007). In the facial epithelium, expression of
multiple Wnt is essential for the fusion of facial prominences (Lan et al., 2006; Geetha-
Loganathan et al., 2009; Song et al., 2009). Susceptibility to clefting is linked to disruptions
in various Wnt genes (Juriloff et al., 1996; Juriloff et al., 2001; Juriloff et al., 2005) and
perturbations of the pathway produce mild to severe facial clefting in various animal models
(Brugmann et al., 2007; Song et al., 2009), as well as in humans (Chiquet et al., 2008).

In addition to clefting, both micrognathia and hypertelorism are common phenotypes in Wnt
signaling defects. Based on the suggested role for Wnt in promoting proliferation in the
mesenchyme of both the maxillary and mandibular prominences, it is not difficult to
consider that a disruption of the pathway could lead to reduced growth of the upper and
lower jaw. The reduced growth of the maxillary prominence eliminates the growth
constraints on the FNP and allows for midline expansion (Brugmann et al., 2007), thus the
onset of hypertelorism.

The link between cilia and regulation of Wnt signaling is somewhat less clear than that of
Hedgehog, in part due to the lack of obvious localization of Wnt receptors to the ciliary
membrane. However, mounting evidence suggests the involvement of ciliary proteins in
regulating downstream components of the pathway and the switch between canonical and
non-canonical signaling. This role is in large part due to the interaction with Disheveled
(Dvl), a protein that drives the canonical β-catenin-dependent pathway when localized to the
nucleus and the non-canonical planar cell polarity (PCP) pathway when membrane bound
(Veeman et al., 2003). Disruption of ciliogenesis by suppression of kif3a produces a
heightened Wnt-driven transcriptional response, as a result of constitutive Dvl
phosphorylation by casein kinase I (Corbit et al., 2008). Similarly, down-regulation of BBS
proteins in mammalian cells or zebrafish results in slight upregulation of the canonical Wnt
response with a concomitant suppression of the non-canonical PCP pathway, possibly
through BBS regulation of β-catenin degradation at the level of the proteasome (Gerdes et
al., 2007). Another basal body protein, Inversin (NPHP2) inhibits canonical Wnt signaling
and promotes the PCP pathway by targeting cytoplasmic Dvl for degradation (Simons et al.,
2005). These findings are corroborated by the presence of convergent extension defects, a
hallmark of defective PCP signaling, in BBS and OFD1 morphant zebrafish (Ross et al.,
2005; Ferrante et al., 2009). Recently, conflicting evidence has emerged in mouse and
zebrafish IFT mutants where no Wnt defects were observed (Huang and Schier, 2009;
Ocbina et al., 2009). These conflicting data may suggest protein, tissue or species-specific
differences in the role of cilia in regulating Wnt signaling.
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With respect to craniofacial features, recent studies link BBS proteins to Wnt-mediated
regulation of NCCs in zebrafish. Perturbation of non-canonical Wnt signaling in Bbs
morphants disrupted NCC migration into the facial prominences. The disrupted ventral
migration could be partially rescued by co-injection of a truncated form of Dvl, which
induces the non-canonical Wnt pathway (Tobin et al., 2008). Taken together these data
provide a potential mechanism by which ciliary disruption could disrupt Wnt signaling and
cause craniofacial defects.

FGF signaling
Members of the FGF family are key factors in craniofacial development and disease. FGF
ligands have been implicated in the growth and development of facial prominences as well
as development of the facial skeleton (Trumpp et al., 1999; Macatee et al., 2003; Creuzet et
al., 2004; Szabo-Rogers et al., 2008). In particular, Fgf8 is expressed in the frontonasal and
mandibular prominences early in facial development followed by tightly localized
expression around the maxillary and mandibular prominences and the nasal pits (Bachler
and Neubuser, 2001). Furthermore, FGF receptors have been implicated in suture
development and gain of function mutations in these receptors are frequently reported
causes for craniosynostosis (reviewed in (Lenton et al., 2005a)), a phenotype present in
various predicted ciliopathies (see Table 2).

Recent studies suggest that FGF signaling is essential for regulating cilia length and function
(Neugebauer et al., 2009). Disruption of FGF signaling through the Fgf receptor 1 (Fgfr1)
causes reduced expression of ift88 and two transcription factors important in controlling
ciliary gene expression, foxj1 and rfx2. In a zebrafish model system, fgfr1 mutations result in
phenotypes similar to those seen in ift88 mutants, including curved body axis, kidney cysts
and shortened cilia. The current hypothesis suggests ligands that signal through Ffgr1
including Fgf8 and Fgf2/4 activate the receptor cell-autonomously to maintain a
transcriptional network that allows normal expression of IFT proteins required for normal
length cilia (Neugebauer et al., 2009). Findings such as these support the possibility that
some craniofacial malformations that have characteristics common to disruptions in the FGF
pathway may actually be ciliopathic in nature.

PDGF signaling
Platelet-derived growth factor (PDGF) and its receptors (PDGFR) are important regulators
during embryonic development. They have specific roles in promoting tissue–tissue
interactions to control cell migration, proliferation and survival (reviewed in (Hoch and
Soriano, 2003)). In regards to craniofacial development, PDGFR-alpha expression is
specifically associated with NCC and placode development (Soriano, 1997; McCabe and
Bronner-Fraser, 2008). Disruptions in the PDGF pathway have severe repercussions on
craniofacial development. Deletion of Pdgfra in the murine NCCs leads to defects in palatal
closure and fusion, nasal septation, and the development of several facial bone and cartilage
structures (Morrison-Graham et al., 1992; Soriano, 1997; Tallquist and Soriano, 2003).
Deletion of the ligands Pdgfa and Pdgfc also produce severe craniofacial phenotypes. Both
ligands are highly expressed the epithelial lining of the branchial arches and branchial
pouches (Orr-Urtreger and Lonai, 1992; Aase et al., 2002), indicating a role as migration
cues or post-migratory signals for NCCs. Pdgfc null neonates have a complete cleft of the
secondary palate accompanied by the failure of the palatal bones to extend across the roof of
the oronasal cavity. Pdgfc/Pdgfa double knockout embryos develop a cleft face with
subepidermal blistering and cranial bone defects (Ding et al., 2004).

PDGF signaling through the PDGFRαα receptor requires intact cilia. The receptor localizes
to the cilium and fails to be upregulated and activated in Ift88 mutants lacking normal cilia
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(Schneider et al., 2005). This defect can prevent cells from migrating properly (Schneider et
al., 2010). Though this has only been specifically shown for fibroblasts in a wound healing
response and remains to be seen in other cell types, defects in PDGF-dependent NCC
migration suggest a possible mechanism by which ciliary defects could perturb the PDGF
pathway resulting in craniofacial defects.

Linking cilia and craniofacial development: Is there a common phenotype
for craniofacial ciliopathies?

Outside of OFD and EVC, craniofacial features have not historically been considered among
the primary diagnostic criteria for ciliopathies. However, increasing recognition of the role
of cilia in regulating signaling transduction and cell migration during craniofacial
development has turned attention to the face. With the understanding of ciliopathies
growing, a phenotypic classification scheme is beginning to emerge. There is growing
support for the proposition that ciliopathies are associated with a higher degree of
phenotypic similarity than non-ciliopathies (Baker and Beales, 2009). While diagnosis based
on phenotypic presentation is impossible, a recent review defines and identifies nine core
characteristics (retinitis pigmentosa, renal cystic disease, polydactyly, mental retardation,
situs inversus, agenesis of the corpus callosum, Dandy-Walker malformation, posterior
encephalocele and hepatic disease) that are more likely present in a ciliopathy rather than a
disorder not caused by ciliary dysfunction (Baker and Beales, 2009). In addition, less
globally penetrant phenotypes, such as obesity, insulin resistance/diabetes, cardiovascular
defects and skeletal anomalies, have also been reported in patients with ciliopathies (Baker
and Beales, 2009).

Beales and colleagues hypothesize that the greater number of these core features within any
individual, the higher the likelihood of a ciliopathy. Using these core characteristics as
criteria of a ciliopathy they profiled two disease databases (London Dysmorphology
Database and OMIM) for syndromes that presented with some combination of the nine core
characteristics. They identified 102 conditions with a unique combination of the core
characteristics that are either known, or what they considered possible ciliopathies. When
evaluating the disorders presented by Beales and colleagues as known, likely and potential
ciliopathies, we find that approximately 30% of the disorders put forth are defined primarily
by their craniofacial phenotype (Table 1 and Table 2). Of those disorders, approximately
70% present with midfacial defects, specifically hypertelorism- the widening of the midface.
Can midfacial dysmorphology be used as a hallmark of a craniofacial ciliopathy? Perhaps
that link is a bit simplistic and premature at present, but given the relationship between cilia,
important craniofacial signaling pathways and midfacial development, the appearance of
midfacial defects in unclassified craniofacial syndromes should warrant the examination of
ciliary genes in patients.

The prevalence of midfacial defects in known and potential ciliopathies is not very
surprising given the established role of cilia in Shh and Wnt signal transduction. Indeed,
deciphering ciliary regulation of these pathways will likely play a large part in our
understanding of ciliary involvement in craniofacial patterning. It will be critical to
understand, for example, if perturbed ciliary function gives rise primarily to Shh defects,
Wnt defects or both. Evidence in both mouse and zebrafish models point to the disruption of
both pathways in the developing face of ciliary mutants and morphants (Tobin et al., 2008;
Brugmann et al., 2010). Given the differential observations of Shh and Wnt defects in
different studies of ciliary mutants (Huang et al., 2009; Lunt et al., 2009), it remains to be
seen if cilia are necessary for one pathway and producing secondary deficits in the other, or
if the cilium truly acts a coordinating center for morphogenetic signaling response. Initial
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studies linking PDGF and cilia point to the latter possibility, suggesting a complexity of
interplay between ciliary proteins and the coordinated regulation of multiple, key pathways.

An additional challenge will be to decipher the differential contributions of ciliary proteins.
Available animal models used to study craniofacial features in ciliary mutants vary between
IFT particles, IFT motor proteins, and basal body components (Table 3). In addition to
differential effects on ciliogenesis (i.e. shortened vs. absent), suppression of different
proteins can produce different phenotypes. For example, kif3a knockout mice display severe
craniofacial anomalies, however no such defects have been reported in bbs knockout mice
(Mykytyn et al., 2004; Nishimura et al., 2004; Fath et al., 2005). In patients, the majority of
disorders exhibiting primary craniofacial defects are caused by mutations in basal body
proteins, such as OFD1, EVC or BBS. Sensenbrenner syndrome, a ciliopathy caused by a
mutation in IFT122 (Walczak-Sztulpa et al., 2010), is the only currently known human
disorder caused by a defect in an IFT protein. Do basal bodies play a more prominent role in
regulating craniofacial development in humans or have the defects of axonemal proteins just
not be identified yet? To elucidate this question, it will be necessary to investigate several
possibilities. First, the interaction of basal body proteins with components of both Shh and
Wnt pathways will have to be established. Second, we will have to determine the role of
basal bodies in regulating traffic to and from the cilium. Finally, we will have to analyze the
proteomes of individual cilia at various time points in development. This will ultimately
provide insight into how cilia may be functioning abnormally during critical stages of
development. Further, this type of analysis will be necessary across tissue types. Emerging
evidence supports the notion that cilia function differently depending on cell type and on
developmental stage (D'Angelo and Franco, 2010), suggesting a complexity not previously
considered but potentially relevant in the context of tissue-specific phenotypes.

Conclusions
We have really just begun to understand how primary cilia function and which molecular
pathways utilize these organelles. Much work remains to understand the specific function of
various ciliary proteins and how different tissues use the cilia when interpreting
developmental signals. It remains possible that additional pathways important in craniofacial
development signal through primary cilia (e.g. Bone Morphogenic Protein (BMP)). It will be
important in the future to keep cilia in mind when diagnosing craniofacial disorders with no
known cause.
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Fig 1.
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Table 1

Established ciliopathies with craniofacial phenotpes

Syndrome Gene Phenotype References

Oro-facial-digital
syndrome OFD1

facial asymmetry, hypertelorism,
micrognathia, broadened nasal

ridge, hypoplasia of the malar bones
and nasal alar cartilages, frontal

bossing, pseudocleft, cleft palate,
hamartomas of the tongue, bifid
tongue, hyperplastic oral frenula

(Gurrieri et al., 2007)
(Ferrante et al., 2001)

Joubert
syndrome

MKS3
NPHP6

RPGRIP1L
AH1

ARL13B

prominent forehead, high rounded
eyebrows, epicanthal folds, ptosis,

upturned nose with evident nostrils,
open mouth and tongue protrusion

and rhythmic tongue motions

(Maria et al., 1999)
(Baala et al., 2007)

(Delous et al., 2007)
(Sayer et al., 2006)

(Cantagrel et al., 2008)

Bardet-Biedl
syndrome

BBS1-12
MKS1
MKS3

mid-face abnormalities, nasal bridge
hypoplasia, reduced

length/bulbosity of the nasal tip,
mid-facial shortening and flattening,

mild retrognathia

(Tobin et al., 2008)
reviewed in (Zaghloul and Katsanis, 2010)

Meckel-Gruber
syndrome

MKS1
MKS3

encephalocele, neural tube closure
defects, cleft lip and palate

reviewed in (Zaghloul and Katsanis, 2010)
(Dawe et al., 2007)
(Leitch et al., 2008)

Ellis-van Creveld
syndrome

EVC1
EVC2

hypertrophy labiogingival frenulum,
upper lip abnormalities, premature
eruption of teeth and the presence

of teeth at birth

(McKusick et al., 1964)
(Ruiz-Perez et al., 2000)
(Ruiz-Perez et al., 2003)

Cranioectodermal
Dysplasia/

Sensenbrenner
syndrome

IFT122
WDR35

sagittal craniosyntosis, epicanthal
folds, hypodontia or microdontia,
everted lip, multiple oral frenula,
high arched palate, skeletal and

ectodermal anomalies

(Levin et al., 1977)
(Sensenbrenner et al., 1975)

(Walczak-Sztulpa et al., 2010)
(Gilissen et al., 2010)
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Table 2

Possible Craniofacial Ciliopathies

Syndrome Gene Phenotype

Acromelic frontonasal dysostosis Gli3
anterior cranium bifidum, severe hypertelorism, median cleft lip and palate, nasal

bifurcation, brachycephaly, large
fontanelle

Acrofacial dysostosis
abnormal dental position,

flat cheek bones, high forehead, high nasal bridge, narrow-high arched palate, long upper lip
groove, low set ears,

microcephaly, micrognathia, facial cleft

Branchio-oculo-facial syndrome TFAP2A
dolichocephaly, malformed pinnae, flat-thick nasal tip, up-slanted eyes, pseudocleft upper

lip, microdontia, broad
nasal bridge

C syndrome CD96
Trigonocephaly,craniosynostosis, narrow-pointed forehead, flat-broad nasal bridge, short

nose, vertical folds over
inner corners of nose, deeply furrowed palate, anomalous and posteriorly angulated ears

Carpenter syndrome Rab23
sagittal craniosynostosis, micrognathia,low-set malformed ears, flat nasal bridge, wide

upturned nose,
downslanting palpebral fissures

Cerebrofaciothoracic dysplasia
cleft lip palate, ocular hypertelorism, macrocephaly, brachycephaly, low hair line,narrow

forehead, synophrys,
epicanthal folds, low set ears, flat face, short neck

Cerebrooculonasal syndrome

absent eyes, cleft lip, high-arched palate, proboscis-like nose, large forehead, flat brow,
epicanthic folds,

underdeveloped cheek bones,large upper lip groove, single upper incisor, abnormal external
ears,postaxial

polydactyly, ocular hypertelorism

Craniofrontonasal syndrome EFNB1
ocular hypertelorism, coronal craniosynostosis, craniofacial asymmetry, frontal bossing,

downslanting palpebral
fissures, broad bifid nose, low posterior hairline with an anterior widow’s peak, cleft lip/

palate

Dysgnathia complex microstomia, microglossia, aglossia, micrognathia, agnathia,ocular hypertelorism, low set
ears

Ectrodactyly–ectodermal
dysplasia–cleft syndrome (EEC1) maxillary hypoplasia, microcephaly, malformed ear, furrowed tongue

Frontonasal dysplasia ocular hypertelorism, nasal clefting, anterior cranium bifidum occultum

Fryns syndrome abnormal ear shape, cleft lip/palate, macrostomia, microretrognathia, broad nasal bridge,
forward tilting nostrils

Greig cephalopolysyndactyly Gli3
high forehead, frontal bossing, macrocephaly, ocular hypertelorism, broad nasal root, down-

turned corners of
mouth

Hypothalamic hamartomas hydrocephalus, encephalocele, macrocephaly

Kabuki syndrome
long palpebral fissures, arched eyebrows, prominent eyelashes, prominent and/or misshapen

ears, depressed
nasal tip

Lenz-Majewski hyperostotic
dwarfism

large cranium, broad prominent forehead, late closure of large fontanels, ocular
hypertelorism, ptosis

Oculoauriculofrontonasal
syndrome

microtia, preauricular tags, hemifacial microsomia, lateral face clefting, upper palpebral
colobomata

Oculodentodigital dysplasia Connexin-
43 ocular hypertelorism, small thin nose, anteverted nostrils, hypodontia, wide lower jaw

Otopalatodigital syndrome 2 Filamin A
delayed closure of anterior fontanel, prominent forehead, wide sutures, low-set ears,

malformed ears, ocular
hypertelorism, flat nose bridge, microstomia, micrognathia (mandibular), cleft palate, excess

mineralization of skull
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Syndrome Gene Phenotype
base, under-mineralization of cranial vault, large gonial angle, broad face, midface

hypoplasia

Pitt-Hopkins syndrome TCF-4
thick lips, macrostomia, microcephaly, wide-high arched palate, broad nose, micropthalmia,

beaked nose, ocular
hypertelorism, Cupid’s bow upper lip

Robinow syndrome Ror-2

macrocephaly, large anterior fontane, frontal bossing, ocular hypertelorism, ptosis, down-
slanting palpebral

fissures, small upturned nose, long philtrum,triangular down turned mouth, micrognathia
(mandibular), hyperplastic

alveolar ridges

Schinzel-Giedion midface-
retraction

high protruding forehead,
short nose, low nasal bridge, forward tilting nostrils, shallow orbits, drooping eyelid, ocular

hypertelorism, midface hypoplasia, steep short skull base

Ven Den Ende-Gupta syndrome
narrow eye slits, narrow-beaked nose, micrognathia (maxillary), cleft palate, everted lower

lip,flat cheek bones,
triangular face
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Table 3

Animal models for craniofacial ciliopathies

Model
system

Mutant/Morphant
Name Gene Craniofacial phenotype References

Mouse Slb Ift172 Holoprosencephaly,
exencephaly (Gorivodsky et al., 2009)

Kif3a–Wnt1-Cre
Kif3a in
cranial
NCCs

anterior cranium occultum,
bifid nasal septum,

aglossia, severe
hypertelorism, dental

abnormalities

(Brugmann et al., 2010)

Henin Arl13b exencephaly (Caspary et al., 2007)

Orpk Ift88
dental abnormalities,

micrognathia, increased
gonial angle

(Ohazama et al., 2009)

Ofd1−/− Ofd1
severe cleft palate and

shortened skull and facial
regions

(Ferrante et al., 2006)

Evc−/− Evc chondrodysplasia,
hypodontia (Ruiz-Perez et al., 2007)

Hippi−/− Ift57
exencephaly, abnormal

cranial flexure,
hypotelorism and abnormal

maxillary processes
(Houde et al., 2006)

Dnchc2W2502R Dnchc2 hypotelorism (May et al., 2005)

Dnchc2GT Dnchc2 exencephaly (Huangfu and Anderson, 2005)

Rpgrip1 Rpgrip1/Ftm
exencephaly,

microphthalmia, rounded
skull, cleft upper lip,

micrognathia
(Delous et al., 2007)

Ift122−/− Ift122

exencephaly,
anencephaly, altered eye
development, defects of

the
ventral portion of the head,

altered development of
branchial arches

(Cortellino et al., 2009)

Ift52hypo Ift52
single median nostril,

fused maxillary
prominences, exencephaly

(Liu et al., 2005)

Mks Mks1

Occipital
meningoencephalocoele,

hypomineralization
and/or splitting of the
frontal, parietal and

supraoccipital bones,
hydrocephaly,

cleft palate

(Weatherbee et al., 2009)

Kif7−/− kif7 microphthalmia,
exencephaly (Endoh-Yamagami et al., 2009)

Intu Inturned
exencephaly,

microphthalmia, reduced
telencephalon, enlarged

diencephalon
(Zeng et al., 2010)
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Model
system

Mutant/Morphant
Name Gene Craniofacial phenotype References

Fuz Fuz

exencephaly,
anophthalmia,

encephalocoele,
mandibular defects,

micrognathia

(Gray et al., 2009)

Aln Ift139
delayed eye and forebrain

development
and neural tube defects

(Tran et al., 2008)

Bbs6 Bbs6
mid-facial shortening due

to premaxillary and
maxillary hypoplasia

(Tobin et al., 2008)

Chicken Talpid2 unknown
rounded head, shortened

or absent upper beak,
hypotelorism, cleft lip,

trapezoidal shaped mouth
(Brugmann et al., 2010)

Talpid3 Talpid3
Ocular hypotelorism,

frontonasal hypoplasia,
fused maxillary

prominences, micrognathia
(Yin et al., 2009)

Zebrafish Ofd1 morphant ofd1
abnormal blunting of the
jaw, disorganization of
Meckel’s cartilage cells

(Ferrante et al., 2009)

Ift80 morphant ift80
abnormal anterior

neurocranial development,
midline fusion

(Beales et al., 2007)

Bbs morphants bbs4, bbs6,
bbs8

mandibular dysplasia,
severe craniofacial

reduction,
anteroneurocranium

hypoplasia

(Tobin et al., 2008)

Ift mutants ift57, ift88,
ift172

mild dysmorphology of
craniofacial cartilages (Lunt et al., 2009)

Ift122 morphant ift122

reduced ocular
development, distended
cranium consistent with
hydrocephalus, otolith

defects

(Walczak-Sztulpa et al., 2010)
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