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Robinow Syndrome (RS) is a rare genetic disorder characterized by dwarfism, craniofacial
dysmorphology, vertebral and gonadal dystrophy. RS is caused by mutations in members of the
Wnt/Planar Cell Polarity pathway. In addition, patients with RS have phenotypic features of
ciliopathies. To model RS, we have chosen Prickle1%’% mice. The Prickle]”” develop wider faces
and shorter limbs similar to many mouse models of RS and ciliopathies. During facial
development, I observed swollen primary cilia and increased Hedgehog (HH) signaling.
Importantly, I localized Pricklel protein in the nucleus and cilia of cells in the Pricklel™" and
Prickle]®® embryonic faces. The primary cilium is a microtubule-based organelle that perceives
and executes mechanical and chemical signaling transduction for the HH pathway. Mediating the
normal activity of HH requires an intact ciliary axoneme and appropriate localization of HH
components by intraflagellar transport (IFT) in the cilium. In Prickle/””” mutants, I observed
widening of the ciliary pockets with Transmission Electron Microscopy. Immunofluorescence
staining revealed defective anterograde (IFT-88, IFT-52) and retrograde (IFT-122, IFT-140)
intraflagellar trafficking in addition to the mislocalization of a ciliary membrane component
(ARL13B) in the Pricklel®® face compared to controls. I observed increased staining of SMO and
Gli2, in the Prickle]®” nucleus and ciliary axoneme. In agreement with these results, I observed
defective Gli processing by Western Blot in the Pricklel®”” face and limbs. We attempted to rescue
the Prickle]®’% phenotype by dampening HH signaling with Vismodegib, an FDA-approved HH

antagonist, and observed tissue specific responses in the skeleton, and ciliary morphology. We
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directly tested if HH signaling is contributing to the etiology of RS using primary RS fibroblast
cells. In RS fibroblasts Pricklel and SMO proteins are localized to the ciliary axoneme. We
modulated HH signaling in the RS-fibroblasts using Vismodegib, and purmorphamine (agonist)
which resulted in shortened cilia enriched in SMO. I observed reduced Gli processing in response
to SHH treatment in the RS fibroblasts. In conclusion, my data suggests that the Prickle]”’ facial
phenotype arises from increased HH signaling resulting from defective intraflagellar transport, and

defective Gli processing and this mechanism contributes to the etiology of RS.
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1.0 Introduction 1

1.1 The Pricklel mouse model

The Prickle1B¢¢uice (Prickle1?) is a mouse line with a missense homozygous mutation in
the LIM1 domain of Pricklel at ¢.G482T:p.C161F (Gibbs et al., 2016) (Figure 1). This mouse line
was recovered from ethylnitrosourea-induced mutational screen of C57BL/6J mice to generate a
model to study human congenital heart disease (Gibbs et al., 2016). The homozygous Prickle 1%
mutants’ fetuses survive to term but die neonatally as they present outflow tract misalignment due
to valvular morphogenesis deficiencies, and ventricular septum defect (Gibbs et al., 2016). Besides
the cardiac defects, the Pricklel®”® mutants exhibit a specific phenotype with skeletal defects
resulting in shorter stature, limbs, and tail (Gibbs et al., 2016). They also develop some craniofacial
abnormalities which include a small head, snout and mandible, and cochlear defects (Wan et al.,
2018). Wan et al. (2018) performed further analysis to describe the Prickle]®’® mutants
microcephalic skull (Figure 2). Compared to wild-type littermates, the mutants have a length
reduction in the proximal-distal axis of the skull while an increase in the medial-lateral axis. The
craniofacial structures affected are mostly those derived from the neural crest cells rather than
those from the mesoderm. The skull structures in the Beetlejuice mutants have a normal
morphology but they present a reduction in the medial-proximal direction. They also observed
enlarged fontanelles, a decrease contribution of the nasal septum in the skull length, and the frontal
bone length is reduced. In addition, all the Pricklel%"% late stage fetuses developed a midfacial
cleft lip, and 52% of them developed cleft palate located between the palatine processes of the

maxillary bones (Wan et al., 2018). Cell proliferation and cell death in the frontal bone of the



mutants were unaffected; however, decreased Hedgehog and Wnt/B-catenin signaling were
observed in the frontal bones. In the Pricklel?”® mutant , the expression of Wnt5a mRNA in the
developing heart was reduced, and the embryos were unable to establish cell polarity mediating
cell migration, which suggest a planar cell polarity (PCP) defect (Gibbs et al., 2016). Whole mount
in situ hybridization showed an increased expression of Patchedl (Ptcl) mRNA in the medial
nasal prominences and cranial base of embryos at developmental stage E 10.5 (Wan et al.,
unpublished data) (Figure 2, E-F). Hedgehog signaling is increased in the presphenoid
synchondrosis through in situ hybridization for Ptc! and Glil, two key components of the
Hedgehog signaling pathway (Wan et al., unpublished data). These observations of the Prickle1%/%
mutants phenotypes suggest that Pricklel protein functions during all stages of embryonic
development (Wan et al., 2018). They are also consistent with the phenotypic findings in other

mice models exhibiting a Prickle! mutation (Gibbs et al., 2016; Liu et al., 2013).
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Figure 1: Pricklel protein structure.

Pricklel wildtype protein contains a PET, 3 LIM domains. Prickle1Beeteivice jg ¢c: G482T, p:Cys161Phe
which only disrupts the LIM1 domain and leaves the transcriptional and translational control of the
wildtype Pricklel locus. PK1, Pricklel; PET, Prickle, Espinas and Testin domain; LIM, Lin 11, Isl-1 and

Mec-3 domains
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Figure 2: Skull morphology, expression of Patched1, and ciliary phenotype of Pricklel Beetlejuice litter.
At PO, the Prickle1B” mutants are microcephalic with shorter snout and frontal bossing (A-B);. Alcian Blue and
Alizarin Red whole-mount stained skull base showing length reduction in the proximal-distal axis whereas the
medial-lateral axis of the cranial base remained wider compared to control littermate (C-D). The expression of
Patched] increased in the medial nasal prominences and the cranial base of the mutants (E-F). E11.5 craniofacial
mesenchymal cells stained with the ciliary axenome labelled with acetylated o.-tubulin and imaged using STED
microscopy of demonstrating swollen cilia in the mutants (G-J). AB/AR, alcian blue/ alizarin red; BO, basioccipital;
BS, basisphenoid; cb, cranial base; ISS, intersphenoid synchondrosis; mdp, mandibular prominence; mnp, medial
nasal prominence; PS, presphenoid; rp, Rathke’SOS, spheno occipital synchondroses; Scale bar A = 5 mm, applies

to B; C =5 mm, applies to D; E=1 mm applies to F; G=3 um applies to G-J.

1.1.1 Pricklel homology, and protein structure

The Pricklel is a highly conserved gene across different species that transcripts the
Pricklel or Prickle planar cell polarity 1 or Prickle homolog 1 protein. In Drosophila, there is one
Pricklel gene in chromosomel5 that encodes three isoforms: Prickle! ¥, (Prickle’®), PrickleSP™

legs (PrickleS?') and PrickleM (PK™ ) (Gubb et al., 1999). While the PKM transcripts seems to not



have any role during adult age, Prickle’™ and Prickle’’" isoforms need to be balanced to control
planar polarity in the Drosophila hair cells and wings (Ayukawa et al., 2014; Gubb et al., 1999).
Four Prickle proteins had been identified in mammals (Liu et al., 2013). In mouse, the Pricklel-
like gene is localized in chromosome 15 and encodes Pricklel (mPkl), and the gene for Prickle2
(mPk2) protein homologs on chromosome 6 (Katoh and Katoh, 2003; Tao et al., 2009). In humans,
the PRICKLE] gene is situated at the longer arm of chromosome 12 at position 12p11- q12 (Katoh
and Katoh, 2003). PRICKLE? is a pseudogene found in chromosome 3 at position 3p14, has 51.9%
total amino-acid identity with human PRICKLE] gene (Katoh & Katoh, 2003).

The Pricklel protein has several conserved domains across species. It contains a N
terminal, one PET (Prickle, Espinas and Testin) domain, and three LIM (Lin 11, Isl-1 and Mec-3)
domains, a C-terminal Prickle homologous (PKH) domain with a CAAX prenylation motif (Figure
1)(Lin and Gubb, 2009). PKI protein shares similarities with other proteins like Testin and LIM
domain only 6 (LMOG) in the LIM and the PET domains while the C-terminal region remains
unique to proteins of the PRICKLE family (Katoh and Katoh, 2003).

Each LIM domain consists of approximately 55 amino acids each, eight of them are highly
conserved and are mostly cysteines and histidines positioned at specific intervals (Kadrmas and
Beckerle, 2004). The cysteines and histidines within the LIM domain form a double zinc-finger
domain organized from 4 B-hairpins orthogonally disposed and two a-helix strands (Kadrmas and
Beckerle, 2004). Although absent in prokaryotes, LIM domains have been identified in the
cytoplasm or nuclear membrane of many eukaryotic organisms. LIM domains are responsible for
facilitating protein dimerization by providing a stable structural framework that allows a wide

variety of protein interactions (Feuerstein et al., 1994). LIM-containing proteins may function in



different biological processes to control many aspects related to the cytoskeleton or by controlling
gene expression (Kadrmas and Beckerle, 2004).

The PET domain is monomeric with a nonglobular conformation; the PET domain may
play a role in Prickle membrane targeting for protein binding (Bassuk et al., 2008; Gubb et al.,
1999; Sweede et al., 2008). Sweede et al. (2008) also reported that PK LIM domains may protect
the PET domain by guiding, in the presence of zinc, a folded and stable region that decreases
trypsin access and thus, limiting the degradation of this disordered region. The PET and LIM
domain of PK are necessary and sufficient for Dishevelled recognition and participation into a

cascade of signaling pathway among other functions.

1.1.2 Pricklel reported function during embryonic development

1.1.2.1 Pricklel and brain development:

During human embryonic development, Pricklel is reported to be necessary for proper
brain development where it controls neuronal cells movement aided from its interaction with RE -
SILENCING TRANSCRIPTION FACTOR (REST) (Bassuk et al., 2008). Pricklel expression is
found in mouse forming brain before gastrulation and through all stages of development (Liu et
al., 2013; Tissir and Goffinet, 2006). They have also suggested that Pricklel is required for
maturation of the central nervous system particularly for axonal and dendritic configuration.
mpricklel and mprickle2 may play important roles in positive regulation of neurite extension
during embryonic brain development (Okuda et al., 2007). They had also revealed that mPricklel
expression was higher and is important for the proper growth of the cerebral cortex and the

hippocampus. The role of Pricklel in the brain goes beyond embryonic development as the protein



has been reported to be a positive regulator of oligodendrocytes differentiation and maturation
during central nervous system injury specifically during demyelinating disease (Zilkha-Falb et al.,
2017). In zebrafish, Pricklel paralogs Prickle1b and Pricklela are required for NCCs migration in
ventrolateral direction, and regulation of changes in the level of E-cadherin and N-cadherin to

prepare for regulatory cells migration (Ahsan et al., 2019).

1.1.2.2 Pricklel and craniofacial development:

Mice models with mutation in Pricklel present defects in palatogenesis and develop cleft
lip and/or cleft palate (Figure 2) (Gibbs et al., 2016; Liu et al., 2014; Yang et al., 2014). In human,
Pricklel contribute to palatal development by controlling cells migration independently to Vangl2
function (Yang et al., 2014). Yang et al. (2014) reported two rare coding variants and some more
common noncoding PRICKLE] SNPs in the human genome in familial cleft palate. Pricklel also
functions in ocular and eyelid development and mediates the PCP pathway (Guo et al., 2019). Loss
of Pricklel altered cell polarity, expression of B-catenin, and phosphorylated c-Jun leading to
delayed embryonic eyelid closure (Guo et al., 2019). In addition, mPricklel is responsible for

cochlea development (Gibbs et al., 2016).

1.1.2.3 Pricklel and skeleton:

Pricklel is also involved in skeletal growth where it is important for modulating
chondrocytes resting and proliferative zones in endochondral derived bones (Wan et al., 2018);
(Wan et al., unpublished). Moreover, Pricklel influences limb development through controlled
apoptosis, changes in Wnt5a and BMP4 expressions, an action that has been attributing to its role

in the non-canonical Wnt/ PCP pathway (Yang et al., 2013).



1.1.3 Wnt signaling and Pricklel

1.1.3.1 Introduction to Wnt Signaling:

Wnt signaling is named for the Wingless and Int-1 locus that was identified in development
and carcinogenesis originally. Wnt signaling consists of 3 interdependent but highly conserved
signaling pathways: Wnt/PCP (Wingless-Integrated)/Planar Cell Polarity), Wnt/ f-catenin
(Wnt/B-cat) and Wnt/Calcium (Wnt/Ca®") signaling pathway. In general, the Wnt/PCP pathway
functions to ensure that individual cells are able to understand neighbor relationships and manage
shape changes that contribute to morphogenesis. Wnt/PCP signaling requires the function of seven
core components of the pathway: Prickle, Dishevelled, Vangl2, Diego, Flamingo, and Frizzled,
and does not require B-catenin function. The Wnt/ 3-cat pathway is known as the canonical Wnt
pathway and is critical for cell proliferation, cell fate decisions and tumorogenesis, it requires [3-
catenin for its function. The Wnt/Ca?* signaling controls calcium release from the endoplasmic

reticulum.

The Wnt pathways were uncovered first from genetic studies in Drosophila melanogaster
wing, eye, abdomen, and notum, and later in vertebrates (Mlodzik, 2002; Simons and Mlodzik,
2008). Wnt ligands are secreted glycoproteins and are responsible for numerous cellular processes
determining cell fate, motility, apical-basolateral polarity, primary axis formation, organogenesis,
and stem cell renewal (reviewed in (Komiya and Habas, 2008)). The extracellular Wnt ligands
stimulate intracellular signaling transduction via different pathways which are the canonical Wnt,

the non-canonical Wnt that further divides into the PCP pathway and the Wnt/Ca?" pathway.



1.1.3.2 Wnt/PCP signaling

From the numerous identified Wnt ligands, only Wnt4, Wnt5a and Wntl1 are known to
participate in the non-canonical Wnt/PCP pathway, although they can also act in the Wnt/B-catenin
pathway (Simons and Mlodzik, 2008). The PCP pathway is important for organizing cell
orientation within layer, remodeling the cytoskeleton, and coordinating convergent extension
during gastrulation and neurulation (Simons and Mlodzik, 2008). The PCP pathway acts via a core
component consisting of six proteins, including Frizzled (Patton and Afzal) homolog of human
FZD1- FZD10; Disheveled (Dsh in Drosophila, Dvl in mammals, or DVL1-DVL3 in human), Van
Gogh-like / Strabismus (Vangl / Stbm, VANGL1/2 homologs in human), Prickle (Pk*"'¢/ PK1 in
human), Diego (Dgo; Diversin and Inversin in vertebrates), and Flamingo/starry night (fmi/stan;
CELSR1-CELSR3 genes in human) (Mlodzik, 2002). Some of the proteins are transmembrane
receptors, while others are cytoplasmic. As described in Drosophila, the PCP pathway genes are
divided into three groups (Wong and Adler, 1993). The first group may play a role in tissue polarity
and comprises Dsh, Fz, and Pk (Shulman et al., 1998). The second group, known as PCP effectors,
is composed of Inturned (Inf) and Fuzzy (fuz) (orthologues Fuz in mouse and Xenopus) (Gubb et
al., 1999). Inturned and Fuzzy are tri-login domain proteins forming a Rab23 guanine nucleotide
(GEF) complex (Gerondopoulos et al., 2019), and a Rab similar GTPase 1 (RSG1) complex (Gray
et al., 2009) in ciliogenesis and during vertebrates embryonic development (Zeng et al., 2010).
Null mutant mice for /nt or Fuz exhibit multiple defects including failure of closure of the spinal
cord, exencephaly, widened limb buds, severe polydactyly, and craniofacial malformations (Gray
et al., 2009; Zeng et al., 2010). A third group of PCP genes identified in the Drosophila contain
the family of multiple wing hairs (mwh). mwh are downstream PCP genes that antagonize the actin

cytoskeleton in Drosophila wings (Lu et al., 2015). Fuz, Intu, and mwh transduce polarity signals



directed by PCP typel genes in D. melanogaster (Vinson et al., 1989). Therefore, combined effect
of Int with Dvl can be localized at the apical cell surface in multi-ciliated epithelial cells (Park et

al., 2008).

In the Wnt/PCP pathway, one of four Fz co-receptors NRH1, PTK, ROR2, and Ryk may
activate Dvl (Komiya and Habas, 2008). Activated Dvl transduce the signal to three branches
which will converge to induce actin polymerization and guide convergent extension during
gastrulation via the DEP and PDZ domains of Dvl. Dvl recruits small GTPases of the RHO
subfamily (Rho, Rac, and cdc42), the Rho-associated kinase (Arensdorf et al.), Profilin, and the
JNK-type mitogen-activated protein kinase (MAPK) (Komiya and Habas, 2008; Yang and
Mlodzik, 2015). Rho Activation requires Dvl interaction with Daam1 (Dishevelled associated
activator of morphogenesis 1) to mediate ROCK (Yang and Mlodzik, 2015). Also, Rac and Profilin

can produce the actin network without heterodimerization with Daam]1.

1.1.3.3 Planar Cell Polarity

Mediated by the actin network, the PCP pathway establishes the polarity by orienting the
cells according to their tissue localization. For instance, in Drosophila, the cells orient themselves
in a medial-proximal orientation in the wing; in the thorax, an anterior-posterior orientation, and
in the eyes, in an anterior-posterior and dorsal-ventral axis (Mlodzik, 2002). Before the
establishment of the PCP pathway the PCP genes pk, stbm, fmi, and dgo are localized apically at
the membrane in drosophila’s R3 and R4 photoreceptors (Jenny et al., 2005). Upon recruitment,
the PCP genes asymmetrically divide themselves into two groups to establish the polarity of the
cells. Therefore, Fz, dvl, and dgo act as positive regulators while pk and vangl2 function as
negative regulators of the PCP (Jenny et al., 2005).

9



1.1.3.4 PCP and Cilium/ primary cilium

The Wnt/PCP pathway regulates actin cytoskeleton assembly at the apical surface of
ciliated cells, guides basal bodies migration, ciliogenesis, and ciliary secretion of vesicles called
ectosomes (Reynolds et al., 2019). Disruption of actin cytoskeleton impaired ciliary formation
(Park et al., 2008). The Wnt/PCP pathway controls the position of the basal bodies; therefore, it
regulates the position and the formation of the cilium in a cell (Goetz and Anderson, 2010). The
PCP pathway effector proteins Inturned (Int) and Fuzzy (Fuz) are associated with Rab23 and are
essential for the docking of the ciliary vesicle to mother centriole prior to the elongation of the
axoneme and the ciliary membrane (Gerondopoulos et al., 2019). Ciliary vesicle docking is also
dependent of Dvl and Rho’s actions to polarizing the basal bodies after establishing cellular planar
polarity (Park et al., 2008). /nt is an essential regulator of ciliary formation (Zeng et al., 2010).
Besides controlling ciliogenesis, Fuz controls protein trafficking to enable ciliary elongation and
membrane biogenesis (Zeng et al., 2010). The PCP components Inversin/Diego and Vangl2 are
found cellularly localized near the base of the primary cilia during embryonic development
(Simons et al., 2005). In addition, Prickle] may regulate primary and motile cilia’s morphogenesis
and function (Gibbs et al., 2016). In zebrafish, Cao et al. (2010) suggested a genetic interaction
between Pricklel and IFT-88 (a core component of the intraflagellar transport necessary for ciliary
assembly), and two other IFT particles (IFT-57 and IFT-172). The ciliary pocket might guide the
position of the cilium in the cell because of a stable and dynamic actin filament (Ghossoub et al.,
2011; Molla-Herman et al., 2010). Thus, proper PCP establishment is important for a functional

cilium that can transduce ciliary-mediated signalling pathways.
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1.2 Primary cilia

1.2.1 Primary cilia structure

The cilia or primary cilia is a finger-like protrusion on eukaryotic cells during the GO phase
of the cell cycle (Figure 3). Cilia are composed of 9 pairs of microtubules that provide the skeleton
of the cylinder that extends from the cell. A specialized plasma membrane surrounds the
microtubules that interact with the extracellular environment. Ciliary length varies from 2 to 10
um; it can reach up to 200 um in specialized organs such as olfactory neurons (Nachury and Mick,
2019). On the cell surface, the primary cilium acts as a sensory organelle to perceive extracellular
signals and execute signaling transduction (Qin et al., 2011). In respiratory, fallopian tube, and
epididymis epithelia ciliary motility is essential to move extracellular fluid and facilitate mucus
clearance (Fliegauf et al., 2007). In the kidneys and the brain, motile cilia act as mechanical sensors
to generate flow induction stimulating clearance (Michaud and Yoder, 2006).

All cilia are not created equal. Neural crest cells have a single primary cilium with a basal
body, however, in some specialized epithelia, cells can be multi-ciliated that lack the basal bodies
(cited in (Jensen et al., 2004)). In addition to multiciliated cells, cells in organs that secrete mucous
often have motile cilia. An additional central microtubules pair distinguishes motile cilia from
primary cilia (Qin et al., 2011). The organization of microtubules in motile cilia is designated 9+2,
and primary cilia is 9+0. Four types of cilia have been identified in human cells: the motile cilia
in respiratory or ependymal epithelia (9+2), nodal cilia (9+0); and the solitary non-motile primary
cilia in most cells (9+0), or hair cell kinocilia (9+2) (Fliegauf et al., 2007).

The primary cilium is composed of three main parts: an axoneme, a transition zone, and a
basal body. The axoneme or the skeleton of the ciliary shaft is composed of nine microtubules

11



pairs extending from the basal body (Figure 3) (Reiter and Leroux, 2017). Ciliary microtubules
are long hollow polymers assembled from heterodimers of a- and B-tubulin of approximately 25
nm in width, and ranging from less than 1 pm to 100 pm or more in length (Goodson and Jonasson,
2018). They are post-translationally modified (acetylation, palmitoylation, tyrosination/
detyrosination, glutamylation, and glycylation) to form stable structures and regulate ciliary
motility (Goodson and Jonasson, 2018; Keeling et al., 2016). Microtubules are found in all
eukaryotes where they participate in the organization of the cytoskeleton, they attract molecular
motors and transport vesicles in the cells (Mohan and John, 2015). The microtubules participate
in many cellular functions in concert with the actin filaments mediated by the microtubule-
associated proteins (Mohan and John, 2015). The cilium controls the axoneme length through a
balance between ciliary assembly and disassembly mediated by particles transport within the
cilium and the cell (Keeling et al., 2016). Axoneme elongation coupled with ciliary membrane
biogenesis (Wang and Dynlacht, 2018).

Assembly and disassembly of the primary cilia depends on how cell types respond to
diverse cues during embryonic development and under specific physiological conditions (Wang
and Dynlacht, 2018). The mitotic kinase Aurora A stimulates ciliary disassembly in two signaling
waves: in G1 after mitogenic stimulation of non-dividing cells and before mitosis (Wang and
Dynlacht, 2018). Thus, the cilium negatively regulates the cell cycle by coordinated disassembly
to prepare the cell for mitosis (Keeling et al., 2016). After cytokinesis, the primary cilium
assembles using the mother centriole as basal body (Figure 3).

While protruding in the extra-cellular environment, the cilia grow with a continuous plasma
membrane to the cell surface. Although, the ciliary membrane is specialized, and its lipid

composition differs from that of the cell by containing higher level of phosphatidylinositol-4
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phosphate, cholesterols, and sphingolipids (Nachury and Mick, 2019; Reynolds et al., 2019).
These ciliary membrane lipids from filipin-sterol complexes and may be more ordered than those
of the plasma membrane (Reynolds et al., 2019; Rohatgi et al., 2007). The primary cilium is unable
to synthesize proteins, therefore, controlled delivery of soluble proteins for the ciliary membrane
and axoneme originates from an adjacent Golgi apparatus that supplies a ciliary vesicle for
transport to the cilia (Goetz and Anderson, 2010; Rohatgi and Snell, 2010). The PCP genes (Fuz,
Int), described earlier, contribute to, and maintain the equilibrium between ciliary formation,
maintenance, and membrane secretion through transport of vesicles filled with ciliary components
(Kumar et al., 2019). Transmission electron microscopy (TEM) revealed ciliary membrane
secretions which can be non-membrane or membrane bound particles anchoring specific receptors
allowing the cilium to sense the extracellular milieu (Jensen et al., 2003). Shedding of vesicles at
the cilium tip or ciliary ectosomes could help the cilium eliminates excess material and maintain
the length of this structure (Nachury and Mick, 2019; Satir, 2017).

The transition zone contains transitional fibers or alar sheets that emanate from the mature
basal body microtubules triplets before ciliogenesis and attach to the plasma membrane ( (Jensen
et al., 2004; Rohatgi and Snell, 2010). The transition zone forms a necklace where the cilium and
the cell surface meet, and it positions in a remnant structure of the ciliary vesicle called the ciliary
pocket (Rohatgi and Snell, 2010). The transition zone selectively controls signal intensity and
protein trafficking by forming a highly selective barrier that prevents free mixing of plasma
membrane and ciliary proteins (Rohatgi and Snell, 2010).

Adjacent to the transition zone, the ciliary pocket (CP) resembles a docking site domain
for IFT positive vesicles (Benmerah, 2013). The CP remains a vestige of the ciliary vesicle that

attaches the cilium to the cellular body (Benmerah, 2014). This periciliary structure varies in shape
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and length depending on the cell type (Ghossoub et al., 2011). Nonetheless, mutations in the actin
network modify the ciliary pocket width causing a lack of communication between the ciliary
membrane and the cell membrane (Molla-Herman et al., 2010). Clathrin-coated pits and actin
filaments surrounding the proximal part of the cilium suggest that the CP that could function as
mechanical stress transducer, or to position the cilia (Molla-Herman et al., 2010). Thus, the CP
possibly controls cilium-associated vesicular trafficking through its functionally distinct
membrane domain (Ghossoub et al., 2011; Molla-Herman et al., 2010). In trypanosomatids
flagellum ciliogenesis model, the CP seems to monitor endocytosis and exocytosis, which are two
processes used by the cilium to internalize cargoes or to remove excessive materials (Benmerah,

2013).
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Figure 3: Primary cilia homeostasis is maintained by intraflagellar transport.
The primary cilium is devoid of organelles specialized in protein synthesis. Therefore, tubulin and other proteins
necessary for the homeostasis of the cilium are transported from the cell to the tip via the anterograde intraflagellar

transport via kinesin motors and IFT-B complex particles (e.g IFT-88 and IFT-52). Ciliary membrane particles such
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as ARL13B interact with IFT-B particles during ciliary membrane biogenesis. Ciliary maintenance is organized
through the retrograde transport that facilitates proteins return to the cell body via dynein motors and IFT-A
complex particles (e.g. IFT-140 and IFT-122). Wnt/PCP members such as Dvl and Vangl orient the positioning of
the basal bodies during ciliary assembly. Knowing the physical interactions between Dvl, Vangl, and Pricklel
during the establishment of the cell polarity, Pricklel may participate in the regulation with ciliary assembly. Figure

was adapted from Cardenas-Rodrigues and Badano, 2009 (Cardenas-Rodriguez and Badano, 2009).

1.2.2 Pathways of ciliogenesis

The primary cilium binds to the cell through the basal bodies to provide a platform enabling
the projection of the axoneme extracellularly (Jensen et al., 2004). Basal bodies consist of modified
mother and daughter centrioles docking to the plasma membrane or ciliary vesicle through their
distal appendages depending on ciliation formation pathway (Kumar et al., 2019). Centrioles
convert to basal bodies occurs when the cell finishes cytokinesis and proceeds to the GO stage
(Lattao et al., 2017). The basal bodies are cylindrical structured in 9 + 1 microtubules triplets’
disposition. The ultrastructure of the distal (mature) basal body differs from the proximal
(immature) basal body. A mature basal body lacks the cartwheel structure at the proximal end like
for the immature, a dense core at the distal end, and contains satellites at the outer surface of the
microtubule’s triplets (Dawe et al., 2007; Jensen et al., 2004; Marshall, 2008). The apical side of
the terminal plate attaches the distal basal body to the cell, a thick striated rootlet ends the basal
side (Garcia et al., 2018; Marshall, 2008). Pericentriolar materials like Pericentrin surrounds the
orthogonally oriented basal bodies (Garcia and Reiter, 2016; Lattao et al., 2017). The basal body
proteome contains a variety of proteins such as Cepl164, Talpid3, and Scltl. Some of them are
required for ciliogenesis to recruit IFT particles for the build-up and maintenance of the cilia
(Garcia and Reiter, 2016).
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Primary cilia or cilia grow either through intracellular or extracellular pathway depending
on the cell type. The intracellular pathway is observed in cells like the fibroblasts and neuronal
precursors whereas the extracellular route is most common in epithelial cells lining the kidney or
the lungs (Keeling et al., 2016). In the intracellular pathway, the principal ciliogenesis route, the
centrioles duplicate deep within the cell in a juxta-nuclear position and convert into basal bodies
that will dock to a ciliary vesicle (CV) near a trans face Golgi apparatus (Keeling et al., 2016;
Wang and Dynlacht, 2018). Helped by protein transport, the axoneme will elongate simultaneously
with the ciliary membrane inside the mother basal body-capped ciliary vesicle until reaching and
fusing with the plasma membrane of the cell (Keeling et al., 2016; Wang and Dynlacht, 2018).
The cilium will remain invaginated in a structure called ciliary pocket or ciliary pit because the
basal body is placed deep within the cell in this route (Molla-Herman et al., 2010). The
extracellular pathway occurs mostly in multi-ciliated and epithelial cells as a cilium biogenesis
alternative (Bernabé-Rubio et al., 2016). In this route, the mother basal body localizes apically to
the plasma membrane and fuses with the cell without forming a ciliary pocket as the cilium

elongates (Bernabé-Rubio et al., 2016; Keeling et al., 2016).

1.2.3 Function of the primary cilia

The vast array of functions of the primary cilia in vertebrate development were discovered
through a genetic screen to identify required factors for mouse embryo survival and patterning
(Goetz and Anderson, 2010). The screen identified proteins associated with ciliary functions or
cilia-dependent signaling such as ARL3, ARL13, SUFU, and the centrin gene Cdc31. ARL13,
SUFU and Cdc31 participate in the spindle pole body, influence gene expression, and are
implicated in DNA repair such as for the centrin-associated protein pericentrin (PCNT) (McClure-
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Begley and Klymkowsky, 2017). The primary cilia regulate the cell cycle by coordinated assembly
and disassembly to utilizing the centrioles as a base for axonemal elongation, or freeing them for
mitotic spindle formation (Michaud and Yoder, 2006).

Primary cilia control neural crest cells migration, craniofacial development and
differentiation (Schock et al., 2017). Loss of Kif3A in mouse neural crest cells compromises
development of the craniofacial complex as Kif3A mutants displayed severe congenital defects
including bifid nasal septum, cleft lip/palate, micrognathia, aglossia and dental defects (Schock et
al., 2017). The primary cilia regulate all stages of tooth morphogenesis (Hampl et al., 2017).
Primary cilia length depend on their localization in the tooth signaling centers, like the enamel
knot, where they control cellular differentiation and deposition of mineralized dental materials
(Hampl et al., 2017). The primary cilia contribute to proper heart embryonic development and
maturation in humans and mouse models (Myklebust et al., 1977). But in rats, the primary cilia
develop only during embryonic development (Kaur et al., 2018). The mesoderm requires the cilia
for anterior-posterior limbs’ patterning and to transduce HH signaling (Haycraft and Serra, 2008).
Mutations in many genes encoding ciliary components cause syndactyly, polysyndactyly,
brachydactyly confirming the role of the primary cilia in transducing HH signaling (Haycraft and
Serra, 2008).

Primary cilia direct skeletal development to maintain articular chondrocytes function in
endochondral bone formation and development of the post-natal growth plate through IHH
(Haycraft and Serra, 2008). They participate in bone collar development via mediation of both
canonical and non-canonical Wnt signaling; and preserve the bone mechano-sensation’s ability via
intracellular calcium signaling (Haycraft and Serra, 2008). Primary cilia act as tumor suppressors

because loss of cilia deregulates cilia-dependent signaling pathways enabling tumorigenesis
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(Wang and Dynlacht, 2018). In contrast, the persistence of primary cilia promotes tumorigenesis

by overactivation of HH or Wnt signaling (Wang and Dynlacht, 2018).

1.2.4 Signaling pathways dependent of the cilia

Although controversial, primary cilia regulate both canonical and non-canonical Wnt/ PCP
signaling by behaving like a switch between them (Goetz and Anderson, 2010). In mouse or in
zebrafish, Vangl2 gene and BBS proteins colocalize in the ciliary axoneme and the basal body
suggesting a role of the cilia in PCP pathway establishment (Fliegauf et al., 2007). The Canonical
HH is another pathway dependent on ciliary function during early embryonic development and
during adult age. Cilia can sequester negative and positive regulators of the HH pathway such as
SUFU, TULP3 and Kif7 in the ciliary tip (Qin et al., 2011). The intraflagellar transport particle
IFT122 regulates the HH pathway by balancing the transport of activators and repressors in the
cilia (Qin et al., 2011). In addition, initiation HH signaling cascade requires SMO translocation to
the ciliary membrane (Briscoe, 2006; Briscoe and Therond, 2013; Wu et al., 2002).

Purmorphamine, which is a 2,6,9-trisubstituted purine compound, was discovered through
cell-based high-throughput screening from a heterocycle combinatorial library. It differentiates
multipotent mesenchymal progenitor cells into an osteoblast lineage. It will serve as a unique
chemical tool to study the molecular mechanisms of osteogenesis of stem cells and bone
development.

In some signaling pathways, associated receptors localize in the cilia. Cultured human
fibroblasts showed two TGFf receptors (TGFBRI and TGFBRII) along the axoneme and the tip of
the cilia (Anvarian et al., 2019). The platelet-derived growth factor (PDGF) signaling pathway
serves in cell proliferation, survival, and migration during embryonic development (Eggenschwiler
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and Anderson, 2007; Fliegauf et al., 2007). In in-vitro experiments, the ciliary localization of the
platelet-derived growth factor receptor o (PDGFRa) may facilitate binding to the PDGF ligand
(Eggenschwiler and Anderson, 2007; Fliegauf et al., 2007). Recent discoveries pinpointed several
G proteins- coupled receptors (GPCRs), and their downstream effectors into the cilia (Anvarian et
al., 2019). Lastly, new data linked the cilia and the Hippo-signaling, a pathway that controls organ

size, cell proliferation, and tumorigenesis (Basten and Giles, 2013; Keeling et al., 2016).

1.2.5 Hedgehog (HH) pathway

1.2.5.1 Functions of HH pathway

The primary cilia and the motile cilia are the primary centers for the canonical HH pathway
in vertebrates in a tissue-specific manner (Figure 4). The HH ligand was first discovered in
Drosophila. In mammals, three HH counterparts have been identified: Sonic Hedgehog (SHH),
Indian hedgehog (IHH) and Desert Hedgehog (DHH) (Anvarian et al., 2019). HH is an important
signalling pathway that directs multiple functions during embryonic development by providing
instructions for tissue patterning, left-right asymmetry, limb development, neurogenesis, and
contribution to post-developmental tissue homeostasis (Satir and Christensen, 2008). HH signaling
remains important for the maturation of the brain and the maintenance of neuronal progenitors
(Goetz and Anderson, 2010). Each HH counterpart has a specific role: IHH and SHH act regulates
bone and cartilage development, while DHH activity is on the testis and the peripheral nerve where
it is essential for germ cell development and sheath formation, respectively (Briscoe and Therond,
2013). The HH ligands are a paracrine tissue secreted morphogen composed of an N-terminal, a
C-terminal that undergoes a rapid proteolytic cleavage before dual lipidation by cholesterol and
palmitic acid (Briscoe and Therond, 2013). The presence of these lipidic groups restricts its
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location to the plasma membrane. From the SHH-secreted cells, the ligands are transported out to
the region of interest by multiple carriers (soluble multimers, lipoproteins, exosomes, and
extracellular vesicles). Lipidated SHH secretion is regulated by Dispatched (DISP) and SCUBE2
(a secreted glycoprotein), whereas its stabilization and diffusion through the tissues are monitored

by glypicans (Briscoe and Therond, 2013).

1.2.5.2 Ciliary-mediated canonical HH pathway

The canonical HH pathway is dependent on transcription factors (Glioma-associated
oncogene (Gli)), receptors (Smoothened (SMO)) and co-receptors (Patched (Ptc)) proteins (Figure
3). Ptcl is a 12-pass transmembrane receptor that binds HH ligands using the sterol-sensing
domain (SSD) to form a receptor complex with the adhesion molecule CDO, or BOC (Briscoe,
2006; Briscoe and Therond, 2013). Smoothened, a seven-pass G-protein coupled receptor (GPCR)
of the frizzled family, activates production of arachidonic acid from downstream response of
phospholipase A2 (Arensdorf et al., 2017). The Gli transcription factor proteins transcribe full-
length activator (GliA) proteins that can be proteolytically cleaved to smaller repressor protein
(GliR) (Wang et al., 2010).

In the absence of HH ligand, Ptc restrain SMO function by physically inhibiting its
activation (Briscoe, 2006). Upon binding of HH ligand to the SSD domain, Ptchl relieves SMO
repression and allows its transit to the cilia. By an unknown mechanism, in the absence of SHH
ligand Ptchl can also inhibit the signaling cascade by restricting SMO to the plasma membrane
(Goetz and Anderson, 2010). In the primary cilia tip, the suppressor of fused (SUFU) binds to Gli
proteins and prevents their activation and transit into GliA and GliR out of the cilia in Drosophila
and mice (Goetz and Anderson, 2010; Hui and Angers, 2011). SUFU is a negative regulator of

mammalian HH signalling, that prevents the transit of GliA and GliR out of the cilia (Goetz and
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Anderson, 2010). Arachidonic acid binds intracellularly to SMO and promotes a conformational
change that facilitates its migration to the ciliary membrane where it will dissociate Gli from SUFU

and permit the transit of Gli proteins from the distal tip of the primary cilia (Arensdorf et al., 2017).
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Figure 4: The Canonical Hedgehog Signaling Pathway.

In the absence of HH ligand, Gli 2 and Gli3 transcription factors are converted only in Gli repressor (GLiR) as Ptcl
inhibits Smo migration to the ciliary membrane. GliR represses transcription of HH responsive genes in the nucleus
(A). In the presence of HH ligand, the ratio of Gli processing increased towards the activator form following Smo
translocation to the ciliary membrane. This translocation can happen only when HH ligands bind to Ptc1that released
the inhibitory effect of Smo. Gli activator (GliA) enable transcription of HH responsive genes in the nucleus (B).

Figure adapted from Cardenas-Rodrigues & Baldano, 2009 (Cardenas-Rodriguez and Badano, 2009).

Three Gli transcription factors (Glil, Gli2 and Gli3) had been identified in the mouse.
Phosphorylation of full length Gli proteins predominantly Gli2, and in a lesser extent Glil, will
generate GLIA (Arensdorf et al., 2017). This activator form of Gli transcription factor will be
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transported out of the cilia via the retrograde intraflagellar transport complex to the nucleus to
induce transcription of HH-responsive genes (Satir and Christensen, 2008). On the contrary, in the
absence of SHH ligand, Ptchl suppresses SMO and restricts its position to the plasma membrane
(Figure 4). Therefore, GLI transcription factors, mostly Gli3, are proteolytically processed to the
N-terminal GliR domain (Wang et al., 2000). GliR, the repressor form, turns off transcription of
HH-responsive genes in the nucleus (Satir and Christensen, 2007; Wang et al., 2000). Therefore,
the levels of HH signaling can be estimated by the abundance of GliA / GliR in the tissue (Goetz
and Anderson, 2010; Huangfu and Anderson, 2006). In addition, the sequestration of GliA or GliR

in the cilia can also affect the level of HH signaling in the cell.

1.2.6 Molecular Motors

Molecular motors are proteins machinery that perform a variety of biological functions like
moving cellular cargoes, facilitating cell locomotion, and participating in cell division (Schliwa
and Woehlke, 2003). They enable a cell to grow and maintain a cilium or primary cilium by
supplying the axoneme with tubulin, and other particles necessary for signaling transduction and
the build-up of a specialized ciliary membrane (Bisgrove and Yost, 2006). Two molecular motors
proteins: Dynein and Kinesin, move cargo using the microtubules as their traffic track from the
cell to the cilium, within the cilium and from the cilia to cell (Bisgrove and Yost, 2006). Within
the cilia, Kinesin motors support the anterograde traffic (to the cilia tip) with the intraflagellar
complex B particles while Dynein motor organizes the retrograde (to the cell) transport with the

complex A(Bisgrove and Yost, 2006; Davenport and Yoder, 2005; Satir, 2017) (Figure 2).
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1.2.6.1 Kinesins motors

Kinesins molecular motors proteins comprise 15 sub-families that transport cargo toward
the microtubule plus end by transforming chemical energy from ATP turnover in mechanical
energy (Gilbert et al., 2018). All Kinesin proteins contain a conserved molecular motor domain;
however, they are structurally unique and perform different functions in the cell based on their N-
terminal or C-terminal structural organization in homodimers, heterotrimers, or tetramers (Gilbert
et al., 2018; Mickolajczyk and Hancock, 2017). Kinesin 1, the Kinesin 2, the Kinesin 5, and the
Kinesin 7 are among N-terminal Kinesin motors (Gilbert et al., 2018). In many models studied,
Kinesin 2 functions in intraflagellar transport, DNA repair, organelles repositioning, and
microtubules dynamic (Verhey et al., 2011). In mammals, Kinesin-2 subdivides in four essential
genes KIF3A, KIF3B, KIF3C and KIF17 and the Kinesin associate gene3 (KAP3) (Keeling et al.,
2016; Mickolajczyk and Hancock, 2017). In vertebrates, another kinesin motor (KIF7), associated
with anterograde intraflagellar cargo, may tether the HH pathway (Keeling et al., 2016; Verhey et

al., 2011).

1.2.6.2 Dynein motors

Dynein are dimeric motors proteins that direct cargo toward the microtubule minus end
and accomplish different biological functions in the cells. In Drosophila, Xenopus, or other
species, they identified two cytoplasmic dyneins: dynein-1 and dynein-2. Dynein-1 participates in
mitosis, cell migration, and intracellular organization, while dynein-2, the ubiquitous form,
coordinates intraflagellar transport (Prevo et al., 2017; Roberts, 2018). Dynein-2 possesses two
isoforms (DYNC2H1 and DYNC2LI1) that function during ciliogenesis with the IFT-A complex
to transport protein cargo back to the cell in the retrograde transport (Roberts, 2018). Structurally,

Dynein-2 proteins contain two heavy chains, two light chains, a motor domain with two linkers or
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intermediate portions, a coiled-coil configuration at the tip, and a C-terminal domain (Prevo et al.,
2017; Roberts, 2018). Prior to ciliary assembly, Dynein-2 undergoes a conformational change to
activate its motor domain in the cytoplasm enabling the IFT-cargo to be released in the cell body
(Roberts, 2018). Dynein-2 also propels ciliary beating of motile cilia (Prevo et al., 2017; Satir and

Christensen, 2008).

1.2.7 Intraflagellar transport

Cilium biogenesis occurs primarily through bidirectional protein traffic named
intraflagellar transport (IFT). The cilium lacks protein synthesis organelles such as endoplasmic
reticulum, so it must transport all essential proteins into and out of the cilia. The cilia have evolved
two complementary transport mechanisms to accomplish the delivery and removal of protein
complexes called IFT-A and IFT-B complexes (Haycraft and Serra, 2008). Kinesin-2 motors and
the IFT-B complex execute the anterograde transport to supply the axoneme with tubulin, and
other particles from the cell body. Proteins return to the cell via the Dynein-machinery and the
IFT-A complex in the retrograde transport. (Haycraft and Serra, 2008). The intraflagellar transport
controls ciliary assembly, maintenance, length and signaling (Prevo et al., 2017). Thus, ciliary
assembly requires several components: functional Kinesin-2 motors, an intact IFT-B complex to
move proteins loads towards the tip of the cilium, dynein motors and IFT-A to recycle ciliary
components back to the cell, an additional protein complex (Bardet-Biedl Syndrome (BBSome),
and members of ADP-Ribosylation factors families (Dupont et al., 2019; Prevo et al., 2017).

The IFT- B Complex contains sixteen IFT proteins divided into a core sub-unit, the IFT-
B1 and a satellite complex, the IFT-B2 (Prevo et al., 2017). Of the 10 IFT-B1 proteins, IFT-88 and
IFT-52 were shown to be essential for ciliogenesis (Prevo et al., 2017) (Figure 3). IFT-52 also
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connects the core complex to six IFT-B2 peripheral particles (Prevo et al., 2017). Similarly, the
IFT-A complex comprises six I[FT particles regrouped into an IFT-A core including [FT-122, and
140 that guides proper ciliary assembly, with the three peripheral particles (Duran et al., 2017). As
the IFT system is evolutionary conserved, it requires specific interactions between core proteins
and peripheral subunits to channel ciliation such as IFT-88 and IFT-52 dimer that stabilizes the
IFT-B complex (Duran et al., 2017; Keeling et al., 2016; Zhang et al., 2016). Those protein-protein
interactions may enhance tubulin binding affinity to IFT particles depending of the subunits
(Keeling et al., 2016). Though, the intraflagellar transport occurs in a dense environment where
several motor proteins work jointly with the IFT particles to elongate and maintain a cilium (Prevo
et al., 2017). IFT-88 or Polaris homolog (known also as hTg737) organizes particles trafficking to
support ciliary building (Basten and Giles, 2013). Ciliary depletion of essential IFT-88 inhibits
ciliogenesis on fly sensory cells (Keeling et al., 2016). Equally, IFT-A proteins stability requires
a functional core to avoid disruption of the retrograde transport (Duran et al., 2017; Takahara et
al., 2018). Mutations IFT-122 destabilize IFT-A core complex and block ciliogenesis (Duran et
al., 2017; Satir, 2017; Takahara et al., 2018). Therefore, ciliogenesis requires both proper
anterograde and retrograde transports (Figure 3). Other IFT-A mutations result into ciliary
aberration into short, bulged, and non-functional cilia (Pedersen et al., 2008). Additional to their
role in ciliogenesis, several IFT particles are multi-taskers and perform ciliary independent
functions like IFT-88 that contribute in cytokinesis (McClure-Begley and Klymkowsky, 2017).
Besides the IFT particles, the basal bodies comprise several proteins (BBSome) such as
Centrins and Pericentrins that participate actively into the [FT-machinery (Garcia and Reiter, 2016;
Keeling et al., 2016). The BBSome forms a cilia-specific transport module scrutinizing and

recruiting vesicles transport during ciliogenesis (Basten and Giles, 2013; Goetz and Anderson,
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2010). Hence, Ciliogenesis necessitates Pericentrin as an anchor to localize IFT particles at the
base of the cilium (Keeling et al., 2016; Tuma, 2004). BBSome mutations disrupt ciliogenesis by
causing dissociation of IFT-A and IFT-B complexes in the cilium causing therefore a failure of
ciliary assembly (Keeling et al., 2016; Tuma, 2004).

The ADP-Ribosylation Factors (Arf and Arl) is a large family of ciliary complementary
proteins that support ciliogenesis by interacting with numerous GTPases like Rab8 (Basten and
Giles, 2013; Larkins et al., 2011; McClure-Begley and Klymkowsky, 2017). Arl13b, in the ciliary
membrane, is considered as the most upstream regulators of ciliogenesis as it involves in direct
binding of tubulin and IFT-B particles, it is also necessary for proper SHH signaling transduction
(Nachury and Mick, 2019). Exclusive ciliary positioning of Arl13b is required for length regulation
via modulated vesicles ferrying from the Golgi apparatus (Basten and Giles, 2013; Cevik et al.,
2010; Larkins et al., 2011). Although, Arl13b depletion in C. elegans did not block ciliogenesis
(Larkins et al., 2011).

The transition zone at the base of the cilium, is a selective barrier made of soluble proteins
forming a necklace to regulate ciliary composition (Garcia et al., 2018). Those proteins form a Y-
linked fibers structure with the transmembrane domain-containing proteins (TMEM) to facilitate
ciliary entry of IFT particles docking at the transition zone (Basten and Giles, 2013; Garcia et al.,
2018; Wang and Dynlacht, 2018). IFT proteins enter the cilium via cytoplasmic particles. The
ciliary gates also promote localization of ciliary membrane component, participate in Hedgehog
and Wnt/PCP signaling pathways, and they are involved in diseases (Basten and Giles, 2013;

Garcia et al., 2018; Kunova Bosakova et al., 2018).
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1.3 Ciliopathies and Wnt/PCP pathway related diseases

1.3.1 Ciliopathies

Ciliopathies are a group of human malformations that are caused by problems with the
primary cilia. Recent work on the biology and function of the primary cilium has uncovered more
than 50 loci involved in ciliopathies (Basten and Giles, 2013). Ciliary defects can occur at different
stages of ciliogenesis in motile or non-motile (sensory) cilia causing distinct ciliopathic
phenotypes (Reiter and Leroux, 2017). Motile ciliopathies happen in multi-ciliated epithelia
causing embryonic death or failure of embryonic turning (Cardenas-Rodriguez and Badano, 2009).
Less severe ciliary motility phenotypes include a reduction of the ability to propel waste out of the
respiratory tract resulting in disfunction (Cardenas-Rodriguez and Badano, 2009). On the other
hand, sensory ciliopathies affect nearly all organs and ages, and result from defects in non-motile
ciliary structures that contain sensors to detect the extracellular environment and their signaling
functions (Cardenas-Rodriguez and Badano, 2009). Ciliary assembly and disassembly aberrations
cause brain malformation, congenital heart defects and skeletal malformations (Wang and
Dynlacht, 2018). In cancer, the abrogation of ciliary-mediated HH signaling deregulates the cell
cycle (Wang and Dynlacht, 2018). Primary Cilia Dyskinesia (PCD) are a group of rare genetic
disorders where only the motile cilia are impaired while the primary cilia are normal (Satir, 2017).
PCD results in left-right asymmetry or situs inversus, bronchitis, sinusitis, and infertility
(Cardenas-Rodriguez and Badano, 2009; Reiter and Leroux, 2017). The PCD disorders are
classified into first-order or second order ciliopathies. First order ciliopathies refer to protein
dysfunction within the cilia proper, whereas second order ciliopathies affect proteins situated
outside of the cilia but function in ciliogenesis and function (Reiter and Leroux, 2017).
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Disruption of ciliary assembly or morphogenesis occurred in humans and mice with
mutations of intraflagellar particles of complex A and B such as IFT-88, IFT-52, [FT-122, and
IFT-140 (Reiter and Leroux, 2017). Limb buds of IF7-88” mutant mice have defects in ciliary
assembly. The IFT-88 defective cilia have impaired processing of Gli3 at the tip of the cilium
which disrupts HH signal transduction (Cardenas-Rodriguez and Badano, 2009; Satir and
Christensen, 2007, 2008). In addition to the limb defects, the /F7-88”- mice developed severe
craniofacial defects notably cleft lip and palate (Tian et al., 2017). Furthermore, IFT-88 mutation
caused polycystic kidney ciliopathy in mouse (Schrick et al., 1995). Together, these observations
suggest that IFT-88 is required for ciliogenesis, HH signaling, and embryonic development
(Schrick et al., 1995). IFT-52 interacts with IFT-88 and facilitates binding of the IFT-B core and
IFT-B peripheral (Dupont et al., 2019; Takei et al., 2018). IFT-52 mutations destabilize the
anterograde transport complex and cause ciliopathies such as short rib polydactyly syndrome
(Dupont et al., 2019).

IFT-122 regulates retrograde axonemal transport and is required for ciliary formation and
maintenance. /FT°P"5°P> mutant mice form shortened, swollen cilia (Basten and Giles, 2013; Qin
et al., 2011). In mouse models, IFT-122 is required for embryonic survival and it mediates SHH
in the developing limbs (Cortellino et al., 2009). Additionally, IFT-122 negatively regulates SHH
by transporting the HH activators and repressors from the tip of the cilium (Qin et al., 2011). IFT-
1227 knockout in mice impaired SHH during neuronal patterning (Cortellino et al., 2009). In
human, IFT-122 mutations are associated with some cases of autosomal recessive cranio-
ectodermal dysplasia or Sensenbrenner Syndrome characterized by craniofacial, skeletal, and

ectodermal abnormalities (Walczak-Sztulpa et al., 2010).
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IFT-140 in the IFT-A complex participates in the formation and the maintenance of
eukaryotic cilia (Figure 3) (Zhang et al., 2019). IFT-140 mutations block ciliary trafficking at the
tip of the cilium which generate a bulged cilium (Basten and Giles, 2013). IFT-140 mutations also
reduce the number of ciliated human skin fibroblasts (Geoffroy et al., 2018). IFT-140 is required
during bone development as mutations involve in skeletal ciliopathies such as Mainzer-Saldino
Syndrome characterized by phalangeal cone-shaped epiphyses, chronic renal disease, and retinal
dystrophy (Geoffroy et al., 2018; Zhang et al., 2019).

Arl13b is evolutionary conserved and required for normal cilium biogenesis, ultrastructure
and function (Cantagrel et al., 2008; Cevik et al., 2010). Ar/13b”- mutant animals have defective
cilia including missing, truncated, or an enlarged ciliary axoneme (Cevik et al., 2010). Absence of
Arl13b impaired cells signaling and hinder their ability to respond to SHH cues (Larkins et al.,
2011). Arl13b mutations are associated with autosomal-recessive Joubert Syndrome, a pleiotropic
condition affecting the retinal, renal, digital, oral, hepatic, and cerebral organs (Cantagrel et al.,

2008; Cevik et al., 2010).

1.3.2 Wnt/PCP signaling pathway related human diseases

Proper ciliary assembly requires directed protein trafficking and instructive signals from
the Wnt/PCP pathways. Links with diseases were first uncovered from amphibian epidermis multi-
ciliated cells (Butler and Wallingford, 2017). In many animals studied, incorrect PCP
establishment results in neural tube defects, nephronophthisis (cystic kidneys) (Butler and
Wallingford, 2017; Humphries and Mlodzik, 2018; Simons and Mlodzik, 2008). As the Wnt/PCP
pathway involves in convergent extension during gastrulation and neurulation, mutations in
CELSRI1, VANGLI1, NHP2 are associated with human diseases such as nephronophthisis,
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craniorachischisis or spina bifida (Simons and Mlodzik, 2008). Surprisingly, CELSR1, VANGLI,
NHP2 proteins are located into the basal body of the cilia. Those findings suggest that defective
Wnt/PCP pathway affects the organization of the actin cytoskeleton, the correct positioning of the
basal body and thus perturb ciliary formation, morphology, and function (Basten and Giles, 2013).
NHP2 gene, translated into the ciliary Inversin (Inv) protein, interacts with Dvl to promote its
stability in Drosophila (Simons and Mlodzik, 2008). Inv is a critical regulator of the Wnt/PCP
signaling pathway and Inv’~ mice developed ciliopathic phenotypes such as situs inversus and
polycystic kidney disease (Simons and Mlodzik, 2008). Mutation in Vangll also destabilizes
physical interaction with Dvl and disrupts PCP (Simons and Mlodzik, 2008). Other PCP pathways

genes like Pricklel are also involved in human diseases.

1.3.3 PRICKLE1 mutations cause human familial myoclonus epilepsy

During embryonic development, Pricklel is required for the asymmetric positioning of the
Wnt/PCP pathway genes, it modulates convergent extension during gastrulation and neurulation.
Pricklel is essential for mouse survival as Pricklel”- null mutant mice are early embryonic lethal
because of gastrulation defects, while hypomorphic Pricklel alleles mutants survive until late
gestation (Gibbs et al., 2016; Liu et al., 2013; Tao et al., 2009). Pricklel is expressed during all
stages of mouse embryonic development in the hippocampus, cerebral cortex, thalamus, and the
primitive cerebellum, which are regions implicated in epilepsy (Bassuk et al., 2008; Tissir and
Goffinet, 2006). In mouse developing brain, Pricklel modulates axon and dendrites growth, glial
processes formation as well as axonal anterograde transport for vesicle dynamics (Ehaideb et al.,
2014)Bassuk et al., 2008). In many organisms studied including flies, zebrafish, and mice,
Pricklel mutations are associated with neurological disorders, and implicated in the
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sple and

pathophysiology of epilepsy (Ehaideb et al., 2014). In fly, the balance between Prickle
PrickleP* proteins control transport of neuronal vesicles and protect from seizures (Ehaideb et al.,
2014). In humans, a missense mutation in the highly conserved PET domain disrupts protein
binding between PRICKLEI and REST causes progressive myoclonus epilepsy (Bassuk et al.,
2008). Progressive myoclonus epilepsy is a group of multigenic heterogenous disorders
characterized by rapid, irregular, and involuntary contractions, cognitive impairment, ataxia, and
other neurologic deficits (Satishchandra and Sinha, 2010). Pricklel mutation is linked with both
autosomal dominant and recessive progressive myoclonus epilepsy (Algahtani et al., 2019). An

additional de novo missense PRICKLEI mutation (c.1444 G>A, p. D482N) is causative in the

heterozygous form of the disorder (Todd and Bassuk, 2018).

1.3.4 Genome-Wide Association Studies (GWAS) and links to human orofacial clefts (OFC)

Neural crest cells (NCCs) migration is a critical event for craniofacial development. Prior
to collective migration, NCCs must undergo an epithelial-to-mesenchymal transition (EMT)
(Garmon et al., 2018). Like Fz and DvI’s role in NCCs migration, in zebrafish, Prickle orthologs
pricklela and pricklelb facilitate the EMT and the collective translocation to the craniofacial area
(Ahsan et al., 2019). Pricklel-deficient zebrafish showed altered NCCs disposition and those cells
remained blocked in the pre-migratory stage (Ahsan et al., 2019). In addition, mice mutants for
Pricklel present several craniofacial abnormalities including completely penetrant median cleft
lip and incompletely penetrant cleft palate (CP) (Wan et al., 2018; Yang et al., 2014). A GWAS
performed in a Filipino population with high familial prevalence of CLP revealed two rare
PRICKLEI missense mutations at ¢.1138C>T and ¢.2026C>T, and one Single Nucleotide
Polymorphism (SNP, rs12658) (Bassuk et al., 2008; Yang et al., 2014). In addition, several SNPs,
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nonsense, and missense mutations of Wnt/PCP pathway members (i.e. WNTSA, DVLI, FZD2,
FZD6 and ROR2) have been attributed in both syndromic and non-syndromic cleft palate (Carlson
et al., 2019; Menezes et al., 2010; Reynolds et al., 2019). Furthermore, Wnt/PCP members have

been associated with Robinow Syndrome.

1.3.5 Human Robinow Syndrome (RS) phenotypes and genotypes

Robinow Syndrome was first described by Robinow et al. (1969) and features dwarfism,
craniofacial dysmorphology, vertebral and gonadal phenotypes (Robinow et al., 1969). This
dwarfism is characterized by dysregulation of PCP genes likely the WNT5A-ROR2-DVL route
(White et al., 2016). The known genetic mutations include WNTSA, DVLI1, DVL3, FZD2, FZD6
and ROR2, but most cases (~70%) of RS remained genetically unidentified (Mazzeu et al., 2007;
Person et al., 2010; Reynolds et al., 2019; Roifman et al., 1993; White et al., 2015; White et al.,
2016) (Figure 5). Because of the clinical similarities, it is likely that mutations in other PCP
pathway genes are responsible for RS (Schwabe et al., 2004). Both autosomal dominant and
recessive patterns of inheritance occurred in human RS, however recessive RS is more severe
(10% more lethal) than the dominant one (Reynolds et al., 2019; Schwabe et al., 2004). 5 to 10%
of affected patients die during infancy due to related congenital defects (Robinow and Beemer,
1990). As the molecular diagnosis in ~ 70% of the autosomal dominant forms remained unknown,
other core genes of the Wnt/PCP pathway such as Pricklel should be investigated for potential
roles in Robinow Syndrome. In addition, there is a paucity of data regarding crosstalk with other
signaling pathways such as Hedgehog pathway in the pathogenesis of Robinow Syndrome.

ROR27 mice present many skeletal, craniofacial, and genital defects that phenocopy
human autosomal recessive RS (Takeuchi et al., 2000). The mutants displayed a craniofacial
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outgrowth defect, hypertelorism, midface hypoplasia, and oral abnormalities (Schwabe et al.,
2004). ROR2”~ mice have also somitogenesis defects resulting in vertebral and rib malformations,
missing vertebral discs, and a shortened tail. In addition, the genital hypoplasia phenotype is
consistent with findings in humans (Schwabe et al., 2004). The Wnt5a™" develop shortened limbs,
and cranial base and other anatomical defects that phenocopy the human autosomal dominant RS
(Yamaguchietal., 1999). A Pricklel null and hypomorphic mouse model also phenocopies human
RS (Liu et al., 2014; Liu et al., 2013). The hypomorphic Pricklel* develop several defects that
are a hallmark of disrupted Wnt/PCP signaling, including neural tube defects, and RS-like skeletal,
craniofacial and genital phenotypes (Liu et al., 2014; Reynolds et al., 2019). The ROR2”~ and
Wnt5a” mice models showed similar palatal defects with Pricklel >’ resulting from defects in

HH signaling (Yang et al., 2014).

1.3.6 Clinical features of RS and RS standard treatment

Regardless of the patient specific genetic mutations, individuals with Robinow Syndrome
present skeletal anomalies including short stature, mesomelic limbs shortening mostly the upper
limbs, and brachydactyly. Affected males and females have hypoplastic genitalia (Mazzeu et al.,
2007; Person et al., 2010). Their distinctive facial features resemble a fetal face comprising
protruded forehead, widened and depressed nasal bridge, short nose, micrognathia, large mouth
with dental anomalies (Robinow et al., 1969; Roifman et al., 1993). Nonetheless, no intellectual
disability has been reported in 80% of the cases (Bunn et al.,, 2015; White et al., 2015).
Approximately 75% of those clinical features are present in recessive cases of RS rendering the
clinical diagnosis easier than the dominant form, which has variable presentation of the mesomelic
shortening phenotype (Mazzeu et al., 2007). Also, rib fusions guide in the differential diagnosis of
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the recessive variant while brachydactyly type B is pathognomonic of the dominant form (Mazzeu
et al., 2007). A variant type of the autosomal dominant RS is characterized by widespread
osteosclerosis (increased bone density) affecting the skull particularly the base, axial and
appendicular skeleton (Bunn et al., 2015).

Current RS therapies are directed towards specific symptoms and require a
multidisciplinary approach. The recommended surveillance comprises regular visits to evaluate
the craniofacial, ears, cardiovascular, genito-urinary, and neurologic systems for early detection
of any pathognomonic manifestations (Roifman et al., 1993). Some dysmorphic facial features
may require surgical management in severe cases to improve functionality (Mossaad et al., 2018).
Patients with osteosclerosis associated with Robinow Syndrome, that impinges on cranial nerve

foramina often need to undergo neurosurgery to remove the problematic bony growths.

1.3.7 Gorlin Syndrome or Nevoid Basal Cell Carcinoma (NBCC)

Gorlin Syndrome or Nevoid Basal Cell Carcinoma is a rare form of autosomal dominant
skin cancer, and craniofacial dysmorphology. Initial manifestation of the disease consists of
development of multiple basal cell carcinomas (BCCs) at an early age (Bresler et al., 2016).
Besides BCCs, other major diagnostic signs include odontogenic keratocysts of the jaw, pits of the
palm and sole, progressive intracranial osteosclerosis (Booms et al., 2015). The craniofacial
features of patients with diagnosed Gorlin syndrome include hypertelorism, wider mid-face
(National Organization for Rare Disorders 2017, 2020). Affected individuals can develop
additional pathognomonic features comprising macrocephaly with protruded forehead, and
skeletal abnormalities (spine, ribs, and skull defects). Gorlin Syndrome predisposes the patients to
both benign and malignant tumors such as fibromas or medulloblastomas (Booms et al., 2015;
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Bresler et al., 2016). NBCC originates from increased HH signaling caused by a loss-of-function
mutation in at least one PTCHI allele (in ~ 80% of BCC), or by a gain-of-function mutation in
SMO, or a p53 tumor suppressor gene mutation (Athar et al., 2014; Bakshi et al., 2017; Lupi,
2007).

The understanding of the pivotal role of constitutive upregulation of HH signaling in the
development of Gorlin Syndrome and other types of BCC enabled researchers to design molecular
therapies targeting upstream or downstream HH signaling. NBCC therapy uses small molecule
inhibitors to antagonize PTC1 or SMO, prevent their ciliary accumulation to inactivate the HH
pathway (Bakshi et al., 2017). Most drug therapy in advanced, inoperable or metastatic BCCs are
directed against SMO (Noubissi et al., 2018). In preclinical trials, Cyclopamine suppresses NBCC
proliferation by binding to SMO and inhibiting downstream activation of the HH pathway,
however multiple unpleasant side effects prevented human clinical application (Athar et al., 2014).
Other therapeutic strategy developed Vismodegib, which is structurally similar to Cyclopamine,
to inhibit SMO (Athar et al., 2014). Vismodegib is the first FDA approved HH pathway-targeted
molecule for NBCC’s treatment (Bresler et al., 2016). Although beneficial, Vismodegib long-term
results in NBCC therapy are debatable due to high recurrence rates and the development of
resistance in ~20% of the cases (Athar et al., 2014; Noubissi et al., 2018). Additional HH inhibitors

are available in the cases where the tumors develop resistance to Vismodegib.

1.3.7.1 Relationship to HH pathway

Many signaling pathways coordinate proper embryonic development, tissue homeostasis,
and stem cells maintenance (Noubissi et al., 2018). Those signaling pathways are in distinct
gradient and spatial-temporally required (Bertrand et al., 2012). Developmental signaling cascades

imbalance disrupt tissue homeostasis and generate a variety of diseases and tumors (Noubissi et
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al., 2018). Overexpression of HH and Wnt are common in human cancers (Watt, 2004). In
addition, those signaling pathways communicate or share molecular points in development and
diseases (Bertrand et al., 2012; Wallingford and Mitchell, 2011; Wilson and Stoeckli, 2012).
Therefore, cross-talk between HH and Wnt have been seen in NBCCs where GLI1 overactivation
drive the initiation of the tumors, or the HH pathway can antagonize Wnt signaling in colon cancer
(Bertrand et al., 2012; Noubissi et al., 2018). The shared phenotypes between Gorlin and Robinow
Syndrome, and what we know about HH and Wnt signaling suggest that Wnt/PCP signaling may
drive cellular polarity and the growth of endochondral elements, while the disruption of HH

signaling contributes to the osteosclerotic elements.

1.4 Central Hypothesis

The Prickle]®”? mice mutants present several skeletal and congenital heart defects, and
craniofacial malformations (Gibbs et al., 2016; Wan et al., 2018). The Prickle %% mutants develop
a Robinow-like phenotype, which correlates to many characteristics of skeletal ciliopathies and
defective SHH signaling. We observed that Pricklel%"% mutants have increased HH signaling in
the medial nasal prominences at E10.5, and the presphenoid synchondrosis at E16.5 (Wan et al.,
unpublished). In addition, by STED microscopy, we observed swollen cilia in the Pricklel®’%
cranial base mesenchyme at E12.5. These data support the hypothesis that the Prickle!” missense
mutation leads to a primary defect in intraflagellar transport that causes swollen cilia which
subsequently increases HH signaling due to defective translocation of SMO and/or GliA/R to or
from the cilia. Therefore, we further hypothesize that increased HH signaling is the major

contributor the Robinow-like phenotypes in the Prickle %% mutants. We propose the Prickle 1%/
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as a model to study Robinow Syndrome, the crosstalk between the HH pathway and the Wnt/PCP
signaling and to determine if targeted therapies can modify Robinow Syndrome phenotypes. To
test this hypothesis, we will approach it with three different experimental paradigms. We will
determine if both the axoneme and the ciliary membrane are normal in Prickle %% mutants using
double immunofluorescence staining to intraflagellar transport proteins and ciliary membranes.
We will determine if dampening HH signaling with Vismodegib can improve the Pricklel%"®
craniofacial phenotypes. Further, we will directly test if HH signaling is increased in Human

Robinow Syndrome fibroblast cells and if it can be reduced with Vismodegib.
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2.0 Materials and Methods

2.1 Prickle1® mice, IACUC, breeding schema, genotyping

The Pricklel® mouse lines are maintained as a heterozygote line, outbred to wildtype
C57/Bl6' individuals purchased from Jackson Laboratories. The founder male was received from
the Lo lab at University of Pittsburgh (Gibbs et al., 2016). The animal work described in this thesis
is approved by the University of Pittsburgh Institutional Animal Care and Use Committee. To
obtain Prickle]®”® mutants we interbred Pricklel®* females and males. We recovered the
expected Mendelian ratios of Pricklel™*, Prickle]®* and Prickle]”” embryos. For embryo
collection, or treatment we performed timed mating, where presence of the plug was designated at
Embryonic Day 0.5 (E 0.5). On the appropriate day of pregnancy (e.g. E 10.5 or E 14.5) we
euthanized the pregnant dam by CO: asphyxiation and confirmed the embryonic development
stage of the harvested embryos and fetuses based on their anatomical morphologies.

To genotype the embryos and mating adults, we collected a small sample of tissue and
digested it using proteinase K. We removed proteins and lipids using supersaturated NaCl and
cleared the supernatant with centrifugation. We precipitated DNA using isopropanol and washed
with 70% ETOH. We air-dried the extracted DNA for 5 minutes before dissolving in 100 pl or
500 ul 0.1X TE. We determined DNA concentration with the NanoPhotometer and I adjusted the
final concentration to 10 ng/ul. The genotyping PCR was performed using 5.5 ul TagMan PCR
Genotyping master mix, 0.5 pl Prickle]l TAQMAN assay (AH7041R), and 4.5 pl of 10 ng/pul DNA.
The genotyping PCR reaction was run on the StepOne Q-PCR system. The Pricklel TAQMAN

assay has the wildtype allele with a VIC reporter, and the Pricklel? allele with the FAM reporter.

38



The genotype is assigned by the relative abundance of amplicons with either the VIC/FAM signals

after amplification.

2.2 Vismodegib oral gavage.

We inhibited HH signaling with Vismodegib (GDC-0049) from E10.5 to E13.5, a time
range corresponding to primary and secondary palate formation (Table 1; Figure 5). We
administered Vismodegib, via oral gavage. Vismodegib stock concentration is made in DMSO at
85 mg/ml; 200mM. For gavage the drug was sequentially diluted to the working concentration by
adding the diluents in this order: 2% DMSO, 30% PEG300, 5% Tween 80 and distilled water. For
the control group, we used the equivalent volume we replaced the Vismodegib with an equivalent
amount of DMSO. We gavaged pregnant Prickle?’* females with no more than 250 ul of fluid by
passing a flexible plastic feeding needle through the mouse mouth to its stomach. Following oral
administration, each mouse was observed for signs of distress and resumption of normal behavior.
We treated three experimental groups for Vismodegib treatment. Each pregnant mouse received a
dose concentration of Vismodegib at either 15mg/kg, or 30 mg/kg, or 60 mg/kg. All the pregnant
mice were weighed daily before the oral feeding, to allow for the adjustment of the volume of drug

for changes in body weight of the mouse.
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Figure 5: Experimental design of HH dampening.

We crossed adult Prickle]%"* females and males, and used time-pregnant females for dampening HH signaling. We
treated three experimental groups with either Vismodegib (GDC-0449) 15 mg/kg, 30 mg/kg, or 60 mg/kg from
pregnancy day E 10.5 to E 13.5. For the control group, the pregnant dams received the carrier (2% DMSO, 30%

PEG300, and 5% Tween-80). We collected the embryos on E14.5 and analyzed all genotypes.

Table 1: Animal experiment litters, fetuses genotypes

Parameters Control
(DMSO)

Females (n) 2
False plug 3

Fetuses collected 0 8 25 Il
WT: 2 WT: 5 WT: 3
Het: 5 Het:18 Het: 2
MT: 1 MT: 2 MT: 4

Litter size - Litterl: 8 Litter 1: 7 Licter 1:9
Litter 2: 8 Litter 2:
Litter 3: 6
Litter 4: 4
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2.3 Histology and paraffin sectioning

Following harvest and dissection, E10.5 and E14.5 Pricklel Be¢"<"ic¢c embryos/fetuses were
washed in PBS buffer, and fixed overnight at 4° C in PFA. On day two, they were post-fixed in
70% ETOH and stored at -20° C for at least 24 hours before histological tissue processing. We
performed both manual and automated tissue processing techniques before embedding the samples

in paraffin blocs that we sectioned in 0.8 um thickness. The sections were placed on TESPA ((3-

aminopropyl) triethoxysiloxane)- treated slides. We stored the sections on slides at 4° C.

2.3.1 Double Immunofluorescence of medial nasal prominences

We used double immunofluorescence labelling to assay the ciliary particles and HH

components. We studied ciliary morphology by using antibodies against

Table 2: Primary Anibodies used in this thesis

Component Cilia compartment Supplier/catalog # Raised in/used for:
ARLI13b Ciliary Membrane 17711-1-AP, Proteintech | Rabbit/IF
acetylated a-tubulin | Ciliary Axoneme T7451, Sigma-Aldrich Mouse/IF
IFT-88 Anterograde transport 13967-1-AP, Proteintech | Rabbit/IF
IFT-52 Anterograde transport 17534-1-AP, Proteintech | Rabbit/IF
IFT-122 Retrograde transport 19304-1-AP, Proteintech | Rabbit/IF
IFT-140 Retrograde transport 17460-1-AP, Proteintech | Rabbit/IF
SMO HH receptor ab 113438, Abcam Rabbit/IF
Gli2 HH responsive ab223651, Abcam Goat/IF
transcription factor
y-tubulin Basal body Rabbit/IF
Pricklel F5 ? Sc-393034, Santa Cruz Mouse/IF
Gli3 HH responsive AF3690, R &D Rb/WB
transcription factor
IF, immunoflourescence; WB, western blotting

On day 1, after dewaxing and rehydration, the slides were washed twice with PBS and

pretreated with 0.3% hydrogen peroxide in PBS for 10 minutes. We performed antigen retrieval
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with proteinase K (1pg/ml) in proteinase K buffer (0.1 M Tris pH 8.0, 5 mM EDTA pH 8.0,) for
10 minutes. The slides were blocked for 30 minutes at room temperature in 10% goat serum, PBS,
and 0.1% Triton X-100 blocking buffer. We incubated the samples overnight at 4 C with primary
antibodies diluted in the blocking buffer solution at a concentration of 1:100. On day 2, we washed
the slides three times with PBS for three minutes to remove the primary antibodies solution. Then,
we incubated the slides with the secondary antibodies (1:200) at room temperature for one hour
and twenty minutes. After washing the secondary antibodies off, we applied DAPI for 5 minutes
and mounted the slides using glass coverslips with Prolong gold (Invitrogen, P10144). In some
experiments, we utilized mounting medium containing DAPI and Prolong Gold anti-fade

(Invitrogen, P36935).

2.3.2 Hematoxylin and Eosin staining

To study the histological structure, we stained the sections with hematoxylin to stain the

cytoplasm and counterstained nuclei with eosin following standard H & E protocols.

2.3.3 Alcian Blue and Picro-Sirius Red staining

We visualized the nasal cartilage, the vomeronasal organ, and the state of mineralization
of Vismodegib-treated fetuses at E14.5 via Alcian Blue and PicroSirius Red. Alcian blue will stain
glycosaminoglycans in cartilage and Sirius Red binds to collagens in bone. The sections were
dewaxed, rehydrated, and treated for 10 minutes in 0.5% acetic acid. We stained with Alcian Blue
(1%) for 10 minutes in 3% acetic acid (pH 2.5). We removed excess Alcian Blue stain by washing

twice with 0.5% acetic acid for 3 minutes. Then, we stained with 0.5% Sirius Red in saturated
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Picric Acid for one hour in the fumehood. We rinsed Picro-Sirius Red stain with acetic acid,
dehydrated the sections with 100% ethanol and xylene, and mounted using Thermo Scientific

Mounting Medium 4111.

2.3.4 Whole-mount alizarin red and alcian blue staining

We dissected the forelimbs and hindlimbs of Vismodegib-treated embryos at 30 mg/kg and
performed skeletal preparation with alizarin red to stain mineralized tissue and alcian blue, for
glycosaminoglycans and glycoproteins in cartilage. We followed the staining method published

from (Gibbs et al., 2016; Wan et al., 2018).

2.4 Transmission Electron Microscopy

We studied ciliary morphology of E10.5 embryos using transmission electron microscopy.
Following dissection, we fixed the embryos in Karnovsky's fixative solution (1%
paraformaldehyde, 1.25% glutaraldehyde in PBS) for at least one hour. We washed the samples
three times with PBS for 15 minutes, each. Following this we continued for chemical staining with
1% osmium tetroxide and potassium ferrocyanide for 1 hour. We rinsed the samples with PBS
before dehydration, for 15 minutes each, in increasing gradient of ethanol. The samples remained
overnight in 70% ETOH at 4°C. On day 2, we continued the dehydration process until 100%
ethanol. After the samples were in 100% ethanol, they were rinsed twice in propylene oxide
solution for 10 minutes each. We carried out the infiltration preparation process overnight on

fumehood in solution of 1:1 Epon and Propylene Oxide. On day 3, we finished samples infiltration
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with Epon for four hours, and replaced new Epon solution every hour at room temperature. We
embedded the samples in Epon at 37° C for 24 hours and cured at 60° C for 48 hours. The samples

were sectioned with diamond knife and cut at a thickness of 70 nm.

2.5 Cell culture experiments

In collaboration with Dr. Louis Rapkin, we obtained a skin punch biopsy from a Robinow
Syndrome patient following informed consent. In a sterile biosafety cabinet, we dissected the
specimen into small pieces that we placed on tubes containing 2.5% trypsin for overnight
digestion. We neutralized trypsin digestion with fresh medium; and we removed tissue debris
before plating four petri dishes with the cells in DMEM + 20% FBS, Glut, and ABAM. We
incubated those plates in a humidified incubator at 37°C and 5% COz in air. We exchanged the
cultured medium every 2-3 days. When the cells reached confluency, we trypsinized and plated
them for sets of experiments. For a subset of experiments, we plated the cells on a 22 X 22 coverslip
in a 6-well dish.

We performed immunofluorescence assessment of cilia morphology with antibodies to:
acetylated a-tubulin, y-tubulin, ARL13b, SMO, GLI2, Pricklel (Table 2). We followed this
immunofluorescence staining protocol: We performed antigen retrieval with proteinase k
treatment (1pg/ml) at room temperature for 15 minutes. We blocked in PBS + 10% FBS buffer,
and we incubated the slides with the following primary antibodies at 1:100 unless otherwise
except: Smo at 1:200). We used secondary antibody in concentration of 1:200. We mounted the

slides with glass coverslips with prolong gold containing DAPI for confocal imaging.
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In the second set of experiments, we tested the effects of Vismodegib (HH inhibitor), and
Purmorphamine (HH agonist) on RS cultured human fibroblasts. We plated the cells on coverslips
in six well dishes before serum starvation in DMEM and glut for 48 hours. We applied DMSO for
the control group, and different concentrations of Vismodegib or Purmorphamine plus a
combination in the treatment group: 1) 1 uM Vismodegib, 2) 10 uM Vismodegib, 3) 100 uM
Vismodegib, 4) 50 uM Purmorphamine, and 5) 100 pM Vismodegib + 50 uM Purmorphamine.

After 24 hours of treatment, we fixed the cells in 2% PFA followed by immunostaining.

2.6 Western Blot

RS-fibroblasts cells were harvested in RIPA buffer and lysed through freezing at -80 and
thawing and mechanically through pipette tip maceration. Pricklel™" and Prickle]® embryos
were collected at E10.5 and were stored at -80 until mechanical lysis in RIPA buffer. Prior to
freezing we dissected the embryos into the face (including the medial, lateral and maxillary
prominences) and limbs (fore and hindlimbs) for protein lysis. Protein was quantified by BCA
(Biorad) and 10 mg/ well was run in a 4-12% Bis-Tris gel with MOPS buffer. The gel was
transferred to PVDF membrane for 1.5 hours at 4°C. The membranes were dried, rehydrated, and
blocked in 5% milk in TBST. The primary antibodies were used at 1:1000, the secondary 1:5000
(Gt antirabbit HRP), and GAPDH-Rhodamine (1:3000). We imaged the blots on the ChemiDoc

MP using both chemiluminescence and fluorescence.
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2.7 Imaging and images analysis:

We imaged the fluorescent slides on Olympus Confocal microscope 1000 using the 60X
objectives with 2 times optical magnification. The images were captured as Z stacks with 0.2 um
steps with at least 25 slices/section. The littermates were captured with the same laser power, and
exposure settings. We analyzed the images on Image J, and NIS Elements analysis software to
generate maximum intensity projection of Z-stacks to analyzed ciliary morphology and measure
ciliary axonemal length.

We captured the H&E and Picro-Sirius Red stained sections on Zeiss Axioskop Al light
microscope with an MrC450 Axiocam.

We performed Transmission Electron Microscopy on a JEM 1400Plus TEM at the Center
for Biologic Imaging of the University of Pittsburgh with the expert help of Dr. Hajime Yamazaki

and Dr. Mara L.G. Sullivan.

2.8 Statistical analysis

The maximum intensity projection of Z-stacks from Nikon Elements were opened in
ImagelJ. In ImageJ we counted the number of cells (via DAPI staining), the total number of cilia
(based on acetylated a-tubulin staining), and the double positive cilia that included the protein of
interest (ARL13B, IFT8S8, IFT140 & SMO) and acetylated a-tubulin. We then calculated the
proportion of double positive cilia by taking the number of double positive cilia divided by the

number of cilia in the image. The mean and standard deviation are presented in the graphs. Since
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the presence of cilia is a categorical data, we used the Chi-squared test to determine statistical
significance and calculate p-values.

We evaluated ciliary length of the hRS fibroblasts based on acetylated a-tubulin staining.
Each cilium was measured with the curved length measurement tool of the Nikon Analysis
Software as many cilia were bent. We excluded from our measurement highly tortuous cilia. At
least 5 cilia were measured for each treatment. We studied the variance between the samples via
one-way ANOVA and Tukey HSD test to determine statistically significant differences between

groups.
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3.0 Pricklel™ protein affects intraflagellar transport and the localization of HH-signaling

components in the medial nasal prominences.

3.1 Introduction:

The primary cilia are membrane-bound organelles that protrude in the extracellular
environment. They are composed of a central shaft made of nine pairs of microtubules called the
axoneme, a transition zone that formed a necklace that control ciliary composition and function,
two basal bodies that attach the cilia to the cell body, and a specialized membrane that transduce
mechanical and chemical signaling (Goetz and Anderson, 2010). During embryonic development,
the primary cilia participate in diverse biologic functions that include regulation of the cell cycle,
cell proliferation and survival, patterning, and organogenesis (Haycraft and Serra, 2008). They are
required for the development of several organs such as the brain and the heart.

The cilia elongate into the extracellular environment using intraflagellar transport (IFT) to
build the axoneme with cargo filled with proteins necessary for axonemal growth, ciliary
membrane build-up, and maintenance. IFT transports cargo into and out of the cilia the cell aided
by two molecular motor proteins (Kinesin and Dynein), and the IFT-A and IFT-B complexes.
Intracellular ciliary assembly initiates after basal body docks to a ciliary vesicle and IFT complexes
are the main ciliary particles that function to transport cargo into the cilia. Cilia can also be formed
via direct binding to the plasma membrane and grow extracellularly.

The primary cilia direct many signaling cascades during embryonic development. The most
studied is the HH pathway that coordinates left-right symmetry, patterning, and digits formation.

Besides the numerous functions of HH ligands in organogenesis, SHH is spatiotemporally required
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for palatogenesis. Proper HH signal transduction is intimately linked with ciliary structure
(meaning having cilia in normal length and shape) because the cilia act as a reservoir for HH

inhibitors and activators whose function depend on their ciliary or extraciliary location.

3.2 Results:

3.2.1 Pricklel protein localization:

We tested the expression and the localization of Pricklel in a pair of littermates by dual
immunolabelling of ARL13B. Pricklel was visualized in the nucleus of both mutant and wild-type
embryos in the medial nasal prominences at E 10.5 (Figure 6: Intracellular localization of Pricklel
in MNP of E10.5 Pricklel™" and Prickle1%"%.). In the Prickle]®"” cilia, Pricklel signal is adjacent
to the ARL13B signal, in comparison to the wildtype where the two signals colocalized (Figure
7). This result suggests that Pricklel may physically interact with members of the ciliary

membrane.
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Figure 6: Intracellular localization of Pricklel in MNP of E10.5 Pricklel”* and Pricklel®"?.

(I) Maximum intensity projection images of Z-stacks representing single channel and combination performed

on dual immunofluorescence labelling of Pricklel and ARL13B in Pricklel”*(A-D) and Pricklel®” (E-H)
medial nasal prominences. Pricklel protein is localized in bright puncta in the nucleus in both genotypes
(A, E). (A-D) Pricklel and ARL13B colocalize in the Pricklel ™" cells (arrows). (E-H) Prickle1® is detected

adjacent to the ARL13B signal, and not colocalized in the ciliary axoneme (arrow). White arrows pointing at
cilia. (IT) images of a single cilia from I. Scale bar in IA= 40 pum applies to IB-IH; in [IA=10 um and applies to

IIB-1IH .

3.2.2 Increased HH signaling in the Prickle]®"® faces.

We tested the level of HH signaling in the upper face (including the medial nasal, lateral
nasal, and maxillary prominences) and limbs of E10.5 Beetlejuice mutants by western blotting

with antibodies that detect the C-terminus of Gli2 and Gli3 (Figure 7). The antibodies enable us to
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detect the Gli Activator (GliA) and GIi Repressor (GliR) to calculate the ratio GliA to GliR to
quantify the level of HH signaling. Gli2 and Gli3 are translated into a GliA form at ~190 kDa, and
then proteolytically processed into a major species of the GliR at ~83 kDa. In some tissues, an

additional GliR band is detected between ~60-75 kDa (Wang et al., 2000).
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Figure 7: Defective GliR processing in the Prickle1®",

Prickle]®” mutants are experiencing increased HH signalling due to decreased abundance of GliR proteins. Facial
and limb protein extracts subjected to western blotting with antibodies to Gli2 and Gli3. (A) Gli2R proteolytical
processing is abnormal in the Pricklel®’% face and limbs. Wildtype face protein extracts contain 3 species of Gli2:
Gli2A, Gli2R and fGli2R. Unfortuneately, the membrane is torn at the Gli2R species. The Prickle]1®”? face does
not have the lower molecular weight form fGli2R. The Prickle!®% limbs have decreased Gli2R. Longer exposures
below confirm these findings. (B) Gli3R proteolytical processing is reduced in the Prickle!®’% faces. Similar to
Gli2, Gli3 has 3 forms: GliA, GliR, and fGli3R in Prickle™" faces and limbs, while the fGli3R band is almost

undetectable from both genotype limb extracts. The fGli3R species is almost undetectable in the Prickle %% face.

In the Pricklel™* face protein extracts, we detected full length Gli2A, and Gli3A at
approximately 190 kDa, Gli2R, and Gli3R at ~83kDa. Surprisingly, we also detected one
additional cleavage product of Gli2R and Gli3R at ~60kDa, that we named fGliR. The fGliR band
was weakly detected in the Pricklel™* limbs (Figure 7). In the face extracts, we detected more

Gli3A than in the Pricklel™" face compared to the Prickle]®”® mutants (Figure 7, longer
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exposure). In the face of the Prickle]®”? mutants, we only detected the Gli3R form, while the
fGli3R is undetectable. The fGli3R, and fGli2R were present with similar low abundance in the
Pricklel™" and Prickle1%"® limbs. The Gli3R ~83kDa was reduced in the Prickle %% limbs. From
these data, we conclude that there is a net gain of HH signaling in Prickle]®’® mutants, resulting
from the loss of the fGli2R, and fGli3R in the face, and the decreased abundance of Gli2R ~83kDa
and Gli3R ~83kDA isoform. Based on this finding, we hypothesize that the Pricklel missense

mutation impairs the homeostasis of HH signaling, by affecting the processing of GliR.

3.2.3 Prickle1®% have ciliary morphology and length defects but can use both ciliogenesis

pathways

3.2.3.1 STED Microscopy

Previous work in our laboratory explored the ciliary morphology in the E11.5 cranial base
using Super-resolution Stimulated Emission Depletion (STED) microscopy. STED microscopy
was used to visualize the cilia axoneme labeled with acetylated a-tubulin. Super-resolution STED
microscopy bypasses the diffraction limit of conventional confocal microscopy. These images
were taken on Leica Stimulated Emission Depletion (STED) 3X microscope with 3 depletion lines
with a 100x objective lens and 10x optical zoom. In the Pricklel ™ *control littermates, ciliary
axonemes were visualized in a rod shape with small curvatures or bending (Figure 2, panel G, I).
But the Prickle]1®’% axonemes exhibited, swollen morphology. The bulges were located at the tip
or along the axonemes (Figure 2, panel H, J.). In addition, those swollen cilia of the Pricklel?"?
mutants appeared shorter compared to the axonemal length of the Pricklel ™ *control littermates

(n=5 cilia/genotype).
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3.2.3.2 Ciliary membrane and morphology

We re-examined the ciliary morphology and axonemal length of Prickle]®’® mutants by
studying the primary cilia of medial nasal prominences and neuroepithelial cells of embryos
harvested at E10.5. We studied the expression of ciliary membrane marker ARL13B via dual
immunolabelling with acetylated a-tubulin (Figure 8). Immunofluorescent ciliary staining
demonstrated the location of ARL13B and acetylated o-tubulin in both Prickle!%"® mutants and
Prickle]*control littermates in a similar pattern. Acetylated o-tubulin was present in the
axoneme, and ARL13B extended along the ciliary axoneme and the ciliary membrane. Both
proteins colocalized in the middle of the ciliary axoneme where we detected a yellow signal.
However, there are significantly fewer Prickle]” cilia exhibiting colocalization of ARL13B and
acetylated a-tubulin staining, it is far more common to ARL13B-positive puncta adjacent to the
acetylated a-tubulin. However, the mutant had less double positive cilia for both markers (Figure
8). A defective intraflagellar protein transport may explain the uncoupled mechanism of membrane
biogenesis and ciliary elongation in the Pricklel®¢¢"¢¥ic mutant: ARL13B can be stuck in the
membrane because it does not surround the cilia, and ciliary axonemal elongation can be impaired

as acetylated a-tubulin can be trapped in the cells.
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Figure 8: Decreased colocalization and proportion of of ARL13B and acetylated a-tubulin double positive
cilia suggests impaired ciliary membrane synthesis in Prickle]®’% in the MNP at E 10.5.
Via double immunofluorescence labelling for antibodies against ARL13B and acetylated o-tubulin, we localized
ARL13B in the cilia and other cellular compartments (IA-H; IIA-H). For some cilia in Prickle]?"% (E,F), the pattern
of colocalization was similar to staining in control littermates (A-B). But, fewer cilia were positive for both antibodies,
and ARL13B was more frequently adjacent to the acetylated a-tubulin (F). The percentage of cells with cilia that
colocalized ARL13B and acetylated a-tubulin at E 10.5 (3 Prickle1™* embryos, 275 cells; 3 Prickle]®”¥ embryos, 246
cells). Chi-square test, p-value= 0.014300885. (II) Inset view of two cilia showing ARL13B and acetylated a-tubulin

from (I). Error bars= standard deviation. Scale bar in I =40 um and applies to all; I = 10 um applies to all.
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Both ARL13B and acetylated a-tubulin are used to measure the length of cilia (Caspary et
al., 2007; Larkins et al., 2011). As expected, the Pricklel™" control littermate exhibited
homogeneous cilia in length and shape (Figure 8). Importantly, the Prickle]®’¥ cilia displayed a
ranged of shape and length (Figure 8). Some appeared shorter, bulged, irregularly long,
dysmorphic, twisted or folded in manner that render length measurement difficult in
immunofluorescent sections. Thus, the trafficking of ciliary components is be impaired in the

Prickle]”™ medial nasal prominence.

3.2.3.3 Prickle]® are capable to forming cilia in both intracellular and extracellular
ciliogenesis

To determine if the ultrastructure of the cilia was affected in the Prickle!®’®/ mutants, we
performed Transmission electron microscopy (TEM). We observed that the ciliary membrane was
present. We found that the Pricklel?”®/ mutants maintain the ability to use both the intracellular
and the extracellular ciliogenesis pathways (Figure 9). In the neuroepithelial cells, TEM showed
growing cilia in their ciliary vesicles deep inside the cell body confirming the ability to use the
intracellular route (Figure 9). It also revealed elongated cilia docking near the plasma membrane
that characterizes the extracellular pathway. Based on these results, we can conclude that the

ciliogenesis pathways are not affected in the Prickle!®® mutants.
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Figure 9: The Prickle]1®”® has a widened ciliary pocket and length defects at E 10.5.

Transmission electron microscopy (TEM) revealed no sigificant defect in the ultrastructure of the cilia and centrioles
of neuro-epithelial cells in Prickle %% mutants embryos compared to those of Pricklel™* control littermates besides
the widening of the ciliary pocket marked with black arrowheads (A- H). Cilia elongating inside a ciliary vesicle in
the intracellular pathway of ciliogenesis (A, B). Abnormally elongated cilia in the mutant embryo (D). Presence of
clathrin-coated pits (ccp) at the base of the ciliary vesicle of both wild-type and control littermates (C, F). Swollen
cilia formed via the extracellular pathway with the basal bodies positioned close to the plasma membrane in the
mutant embryo (F). No difference observed in the centrioles (c) of both embryos (G, H). ¢, centrosome; ccp, clathrin
coated pit; cp, ciliary pocket; dbb= daughter basal body, da= distal appendage; mbd, mother basal body. e. Scale

bar= 100 nm and applies to all.

3.2.3.4 Ciliary morphology and length

Using TEM, we imaged in the neuroepithelial cells, some bulged and long cilia in
Prickle1®® mutants (Figure 9). We observed the presence of clathrin-coated pits in the ciliary
vesicles of elongating cilia, and in the ciliary pocket in both groups. No difference was observed
in the ultrastructure of the basal bodies and the centrioles of Pricklel®”® mutants. However, the

ciliary pocket was flattened in some ciliated cells in the mutants. The Pricklel® ciliary pocket is
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wider and not as deep (Figure 9B-F). The defects in the ciliary pocket suggest that the transition
between the ciliary and plasma membrane is disrupted and may cause proteins transport

dysregulation in the cilia.

3.2.4 Prickle1®”® mutants have defective anterograde and retrograde intraflagellar

transport

3.2.4.1 Anterograde Intraflagellar transport

Using TEM and immunofluorescence staining, we demonstrated that Prickle!” mutation
did not inhibit ciliogenesis in the neuroepithelial cells and in the medial nasal prominences. In
E10.5 embryos, we determined the intraflagellar transport by looking at two components of the
anterograde transport by using antibodies against IFT-88 and IFT-52. In Pricklel ™", IFT-88 is
localized in the entire axonemal length, or delineated to the tip, or in dots along the axoneme, while
little IFT-88 signal is detected in the cytoplasm (Figure 10). However, in Pricklel®”® mutants, IFT-
88 is mainly present in dots at the ciliary tip and rarely present along the axoneme of Prickle %%
mutants. In addition, IFT-88 is highly enriched in the cytoplasm, almost to the exclusion of the
axoneme in Prickle]®” animals as compared to control embryos. Nearly twice as many ciliated
Prickle]™ MNP cells [N (embryos) = 4; n (cells) = 286] had IFT-88-postive cilia compared to
Prickle]™¥ cells [N (embryos) = 4; n (cells) = 294] (p-value= 6.48677E-06) (Figure 10, I). This

result suggests that anterograde transport is deficient in the Prickle %%
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Figure 10: : Less IFT-88 abundance in the ciliary axonemes of the Prickle1®”® MNP at E10.5.

Dual immunoflourescence staining of IFT-88 and acetylated o-tubulin. (I) In Pricklel ** cilia, IFT-88 is found at
the tip, along the axoneme and at the base (IA-D,). While the Prickle]®? cells IFT-88 remained mostly in the
cytoplasm rather in the ciliary axonemes in the mutants compared to its expression in control littermates (D, H). (I I)
Percentage of cells observed with colocalized IFT-88 and acetylated a-tubulin in Pricklel** and Pricklel®"® MNPs.
Chi-square test, p-value = 6.48677E-06. High magnification images depicting single channels and combinations of

dual immunolabelling for IFT-88 and acetylated o-tubulin in Pricklel™" and Pricklel®"¥ (A-H). IFT-88 is found
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along the entire axoneme in most cilia and colocalized with acetylated a-tubulin in Pricklel™* (A-D). We observed
decreased staining in the cilia and an enrichment in the cytoplasm in the Prickle]®”% (E-H). (I). Scale bar in I A= 10
um, applies to B-H, IIA = 10 um, applies to to B-H.

We further tested the function of anterograde transport by the localization of IFT52 protein,

a component of the IFT-B2 complex (Figure 3). In Prickle*" IFT52 was localized in the cytoplasm
and in a lesser extent, in the ciliary axoneme (Figure 11). IFT-52 showed decreased abundance in
the cytoplasm of the Prickle1?’® and few positive signals were found colocalized with acetylated
a-tubulin in the ciliary axoneme. Our double immunofluorescence staining for acetylated o-
tubulin varies from other figures presented because of difference in antigen retrieval as the IFT52

antibody worked with citrate buffer but not with Proteinase K.

I DAPI/IFT52/a-tubulin

Prickle1**

Prickle15/8i




Figure 11: Decreased intracellular abundance of IFT-52 in the Pricklel1®,

Double fluorescence staining of MNP at E 10.5 showed decreased positive signals in the Pricklel®® compared to
the Pricklel™* (C, G). White arrows pointing at IFT-52 in the cells of Pricklel™* wild-type littermate (A-D), and in
the Prickle1®% mutant (E-H). (IIB) High magnification images depicting single channels and combinations of dual
immunolabelling for IFT-52 and acetylated a-tubulin in Pricklel** and Prickle1®’% (A-H). IFT-52 abundance in the

cells decreased in the Prickle]1?’% (E-H) compared to Pricklel™* (A-D).

Antigen retrieval with citrate buffer. Scale bar in [A= 40 um, applies to B-H; in I[IA =10 pm and applies to B-H.

3.2.4.2 Retrograde Intraflagellar Transport

We tested the efficacy of the retrograde transport by performing immunofluorescence
staining with antibodies against two IFT-A particles: IFT-122 and IFT-140. Similar to the
anterograde IFT particles, we showed a decreased expression of IFT-140 in the MNP of
Prickle]1®’® embryos (Figure 12). Only 3% of the Prickle]®% ciliated cells had IFT-140 in the
ciliary axoneme of the MNP compared to 11% in Pricklel™* embryos (Chi-square test, p-value=
0.002549428) (Figure 13). In the control littermates, IFT-140 was localized at the ciliary tip and

the basal portion of the axoneme. IFT-140 localization was similar in Prickle]®"? cilia.
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Figure 12: Intracellular localization of IFT-140.

IFT-140 was mainly localized in the ciliary tip and the base of the axoneme in Pricklel™* control littermates
similarly with Prickle %" mutants (I A-H). However, the mutants exhibited less double positive cilia for IFT-140
and acetylated a-tubulin ( F, B). White arrows in pannels C and G showing I[FT-140 positive signals in cilia; in D
and H single , the ciliary axoneme. (II) High magnification images depicting single channels and combinations of

dual immunolabelling for IFT-140 and acetylated o-tubulin in Pricklel™" and Pricklel®"¥ (A-H). IFT-140 and
acetylated a-tubulin colocalized in the cilia of Prickle]™". In the Prickle]® cilia, they were adjacent to each other

(E, F). White arrows on cilia. Scale bar in I A, and II A =10 pm, and applies to B-H.
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Figure 13: Proportion of cells that colocalize IFT-140 and acetylated a-tubulin in the ciliary axoneme.
We calculated the percentage average of cells that colocalized IFT-140 and acetylated a-tubulin in the cilia for 4
embryos at E 10.5 (2 Pricklel™" n=209 cells; 2 Prickle]®”¥ embryos n= 206 cells). Chi-square test, p-value=

0.002549428. Error bars= standard deviation.

IFT-122 abundance was increased in the ciliary axoneme of Pricklel®’% embryos compared
to Prickle]™* embryos (Figure 14). We observed IFT-122 protein in the Pricklel®”¥ in one side
along the axoneme of Prickle 1%/ embryos, but it was found mostly at the ciliary tip of Pricklel™*
embryos. Decreased IFT-140 in the cell body and increased staining within the axoneme in the
Prickle]®” mutants, support the conclusion that the mechanism that facilitates the trafficking of
retrograde IFT components is blocked. The inability of the IFT particles to return to the cell may
be responsible for the dysmorphic ciliary shape causing it to swell or elongate. These results

suggest that transport of retrograde IFT particles require Pricklel function.
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Figure 14: Retention of IFT122 in the Prickle]®¥ cilia suggesting defective retrograde transport.
IFT-122 is enriched in localized in the cilia and the cells in the Pricklel™* (1 A-C). In the Pricklel®® IFT-122 is
exclusively localized in the cilia in bright puncta in one side of the axoneme (I E-G). From yellow signals, we
showed colocalization with acetylated a-tubulin (I E-F). White arrows on normal cilia in Pricklel™* (1 D), and a
bulged cilia in Pricklel®¥ . (Il A-H) High magnification images depicting single channels and combinations of dual
immunolabelling for IFT-122 and acetylated a-tubulin in Pricklel™* and Prickle]1®”¥ (A-H). IFT-122 and acetylated
a-tubulin are visualized in the ciliary tip and base as distinct puncta in Pricklel*” . In the Prickle]%"¥ cilia (E, H),

IFT-122 was enriched in one side of the cilia forming a bulge. Scale bar IA = 40 pm, applies to B-H; IIA =10 um
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3.2.5 Intracellular location of SMO and Gli2 proteins

We studied the effects of Pricklel missense mutation on SHH signaling by mapping the
intracellular location of two proteins: Smo (the receptor) and Gli2 (transcriptional activator). We
detected Smo staining in the cytoplasmic region of the cells of both control and mutant embryos.
We also visualized Smo along the ciliary axoneme and closely adjacent to the base of the axoneme
in the Pricklel™" (Figure 15). However, more Prickle]® cilia contained Smo inside the axoneme
and the ciliary tip and colocalized with acetylated a-tubulin, Chi-square test, p-value= 1.08832E-
05 (Figure 16). This result suggests an increased translocation of Smo in the cilia of Prickle 1%

mutants.
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Figure 15: Intracellular localization of SMO.

SMO is mapped in the cilia and close to the base of the axoneme in the Pricklel™* (I A-D). More cilia in the
Pricklel®¥ colocalized SMO and acetylated a-tubulin (E-H). This increased abundance of SMO in the cilia is
suggestive of high level of HH signaling in the MNP at E 10.5. (Il A-H) High magnification images depicting single
channels and combinations of dual immunolabelling for Smo and acetylated a-tubulin in Prickle!** and Prickle %%
(A-H). Smo is visualized in one point in the cilia labelled with acetylated a-tubulin in the Prickle]** (A-D). In the
Pricklel® cilia (E, F), Smo is enriched along the cilia. Scale bar in I A =40 um, and applies to I B-H; Scale bar in

ITA = 10 pm, applies to IIB-H.
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Figure 16: Proportion of cells that colocalize Smoothened and acetylated a-tubulin in the ciliary axoneme.
We calculated the percentage average of cells that colocalized Smo and acetylated a-tubulin in the cilia for 6
embryos at E 10.5 (3 Pricklel** embryos n=178 cells; 3 Prickle]®® embryos, n=186 cells). Chi-square test, p-

value= 1.08832E-05. Error bars= standard deviation.

In Pricklel™”, Gli2 is localized in the nucleus and in a few cilia of the control embryos.
Similarily to Smo localization, we observed a greater number of Gli2- positive cilia in Prickle %%
mutant MNP compared to Pricklel™" (Figure 17). Gli2 was observed at the ciliary tip, along the
axoneme in the nuclei and other cellular compartments of in both embryos. Intriguingly, we
observed significantly increased Gli2 and SMO staining in the cytoplasm and cell body of the

Prickle]” compared to wildtype littermates.
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Figure 17: Gli2 is localized in the cilia and the nucleus in Prickle1®"¥.
Gli2 is colocalized with acetylated a-tubulin localized in the cilia, and visualized in the nucleus in the Pricklel**
(A, B, D). In the Pricklel®¥ | it is detected in similar locations with more double positive ciliary axonemes (E, F,

H). White arrows on cilia in Pricklel™* (c), and in Pricklel®’% (G). Scale bar in A =10 um, applies to A-H.

3.3 Discussion:

3.3.1 The role of primary cilia in diseases

Recent studies had confirmed the role of the cilia and the primary cilia during embryonic
development (Reiter and Leroux, 2017). The primary cilia have numerous functions in interpreting
mechanical stress and transducing chemical cues particularly the HH pathway. In many human
disorders, they have shown defects in the structure and the function of the primary cilia causing
different classes of diseases or syndromes called ciliopathies (Reiter and Leroux, 2017). Mutations
in genes encoding for proteins located inside the ciliary organelle cause first-order ciliopathies. On
the other hand, mutations in genes whose functions relate to the cilia are called second order

ciliopathies (Reiter and Leroux, 2017). Another classification categorizes the ciliopathies based
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on involvement of which type of cilia: non-motile or primary cilia only, motile cilia only, or both
motile and non-motile cilia (Reiter and Leroux, 2017). Other authors based their classification on
phenotypes by looking at clinical findings to link some syndromes with the pleiotropic proteins
that can cause ciliary defects and/or dysfunction (Baker and Beales, 2009). It has been shown that
proper ciliary assembly and maintenance are necessary for a functional cilium that can transduce
mechanochemical signals from the intracellular and extracellular environments of a cells
(Eggenschwiler and Anderson, 2007; Goetz and Anderson, 2010; Keeling et al., 2016; Larkins et

al., 2011; Lattao et al., 2017; Marshall, 2008).

3.3.2 Role of Pricklel mutation in ciliogenesis and proteins trafficking

Our mouse model presents a missense mutation at C161F at the LIM1 domain Pricklel with
known impaired WNT signaling (Gibbs et al., 2016; Wan et al., 2018). Through whole-mount in-
situ hybridization, Wan et al. (unpublished) have found increased HH signaling in the cranial base
and the medial nasal prominences of the Pricklel!?’®/ mutants. Also, using STED microscopy to
capture the volume of cilia, the Prickle]®? cilia are swollen. Based on these findings, we had
hypothesized that the Prickle 1%¢¢"<"i¢ phenotype may be a ciliopathy and performed further assays
to study the ciliary structure via TEM.

We did not observe a lot of difference in the ultrastructure of the Prickle]®’® mutants
besides a widening and absence of the ciliary pocket. The cilia that we visualized growing from
the intracellular pathway presented a flat and wide ciliary pocket instead of the well-defined
bilateral invagination observed in the control animals. Many described the shape of the ciliary
pocket in mammals as a narrow tube connecting a proximal bulging with wider diameter or a
champagne cork like shape depending on cell types (Benmerah, 2013; Ghossoub et al., 2011). In
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the flagellum of Trypanosoma, the flagellar pocket— with morphological and functional
similarities with the ciliary pocket in mammals — is a membrane domain for endocytosis and
exocytosis (Ghossoub et al., 2011; Molla-Herman et al., 2010; Perdomo et al., 2016). The presence
of clathrin-coated pits (CCPs) at the ciliary pocket of the Pricklel®’® mutants shown that the
missense mutation did not inhibit the ability to internalize cargoes necessary for the build-up of
the ciliary axoneme and membrane. Actin filaments are present at the ciliary pocket and they have
been shown to guide and stabilize microtubules at the cell cortex (Benmerah, 2013; Dupont et al.,
2019). In addition, the PCP genes Inversin and Diego control the assembly of actin filaments at
the apical site of the cilia (Park et al., 2008). Through dynamic polymerization, they regulate the
activity of adhesion molecules by generating tensile forces that facilitate cell-ECM and cell-cell
communications, and morphogenesis processes (Maruthamuthu et al., 2010). Therefore, the
enlarged ciliary pocket observed pinpoints a disorganization in the actin cytoskeleton referring to
adefect in cell polarity, and a lack of communication between the ciliary membrane and the plasma
membrane of the cell. We did not perform assays to look at the actin cytoskeleton at the medial
nasal prominences. But this result is supported by previous works on the Prickle %% mouse model
where they visualized no specific polarized organization of the actin cytoskeleton through
phalloidin staining on frozen sections (Gibbs et al., 2016). Whereas, in wild-type control
littermates, actin filaments were oriented in the direction of cell migration (Gibbs et al., 2016). In
other work from our lab, we have observed randomized polarity of chondrocytes in the Prickle 1%/%
limb and cranial base (Wan et al., unpublished). The velocity of the ciliary membrane assembly
might be also impaired in the mutant as the percentage of colocalization ARL13B and acetylated

a-tubulin cilia is decreased in the mutants even though both proteins were co-expressed.
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We identified intraflagellar transport defects in the Prickle]®”® mutants. The mutant
embryos possessed heterogenous ciliary axoneme that became bulged instead of elongating in a
nice rod-like appearance that sometimes exhibit a bent portion. Some ciliary axonemes were
abnormally elongated and displayed many bending angles and tortuosity; some grew some
enlarged portion at the ciliary tip or along the axoneme creating a knot aspect. We excluded in our
measurement analysis those highly irregular cilia after creating the maximum intensity projection
image to reconstruct the ciliary axoneme. We looked at the expression of IFT-88 (IFT-B core
particle) and IFT-52 (connects IFT-B core to the periphery) because of their essential roles in
ciliary assembly and maintenance. Mouse mutants for both IFT-52 and IFT-88 displayed similar
embryonic defects in patterning and HH signaling (Liu et al., 2005) In other published works, IFT-
88 was localized in spot the base and the tip and fainted along the ciliary axoneme (Takei et al.,
2018). We have detected enriched staining for IFT-88 in the cilia of our control in similar pattern
and decreased abundance in our mutant animals. The role of IFT-88 was highlighted in
Chlamydomonas IFT-88 mutants that failed to assemble the flagella, ciliogenesis was also
disrupted in knockout mouse model (Gregory J. Pazour, 2000; Pazour et al., 2000). In previous
published work, loss of IFT-88 proteins in the facial mesenchyme led to severe craniofacial defects
to confirm the role of IFT-88 particle in palatal development and SHH signaling. This finding may
explain the correlation between the decreased expression of IFT-88 in the MNP of Prickle1%/%
mutants and the development of cleft lip and palate. In addition, IFT-88 had demonstrated strong
interactions with IFT-52 with which it forms dimers that interact with IFT-70 to regulate ciliary
assembly (Takei et al., 2018). In Chlamydomonas, IFT-52 was observed throughout the cell cycle
around the basal bodies of the cilia in a horseshoe-shaped pattern and in a lesser amount in the

axoneme (Deane et al., 2001). Consistent with that, the majority of IFT-52 that we visualized in
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the Pricklel™" MNP cells were in the cytoplasm and we detected few signals colocalized with
acetylated a-tubulin. The decreased expression of the IFT-52 suggests the defective intraflagellar
protein traffic in the Prickle]®”¥ mutants. Although, we need to investigate more the location of
this anterograde transport protein in the cilia as we did not perform dual immunostaining for a
basal body marker like pericentrin.

Similarly, for the retrograde transport, we analyzed the localization of IFT-140 in the IFT-
A core, and IFT-122 that connects the IFT-A core to the IFT-A subcomplex. Studies in unicellular
organisms like Chlamydomonas and Trypanosoma have mapped the locations of IFT trains that
cycle between the cell and the flagellum. They have found IFT proteins concentrated at the base
of the flagellum (Wingfield et al., 2017). When reaching the distal tip of the flagellum, IFT
anterograde trains are split in shorter trains to return to the cell body (Buisson et al., 2013). In the
Prickle1%"®/ mutants, we have seen decreased staining for IFT-140 in the cilia and the cytoplasm,
we have also spotted IFT-122 clustered inside the ciliary axoneme. Consistent with our
observations on the retrograde transport, null Chlamydomonas mutants fla/4 for the dynein light
chain LC8 developed short, non-motile flagella that presented bulges on the side or the tip (Pazour
et al., 1998). Aberrant retrograde transport can also be seen in mutation of the centrosomal marker
Cep290 generated elongated cilia in Joubert Syndrome (Srivastava et al., 2017). Previous work on
zebrafish PCP had proposed a role of Pricklel in ciliary length regulation as they have seen
shortened cilia and defective vesicle in Prickleland Wnt11 double mutants (Oteiza et al., 2010).
Other published works in zebrafish have found genetic interaction between Pricklel and ift57,
ift88 and ift172 (Cao et al., 2010). Those dysmorphic and abnormally elongated cilia that we
confirmed via TEM and immunofluorescence staining suggest an alteration of the transition zone

or the intraflagellar transport (Keeling et al., 2016).
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3.3.3 Functional cilia are required for proper localization of SHH components

As Pricklel® missense mutation may have destabilized the mechanism by which the cell
controls ciliary length and regulates ciliary maintenance in the transition zone (diffusion barrier),
the decreased colocalization of ARL13B is suggestive of defective HH signaling (Larkins et al.,
2011). It has been shown that loss of ARL13B disrupted ciliary morphology, intraflagellar
transport and SHH transduction (Gigante et al., 2020). In our assay, we tested at the intracellular
location of Smo and Gli2 to study the SHH pathway in response to Pricklel mutation, as well as
the ratio of GliA:Gli3 for both Gli2 and Gli3. Translocation of Smo in the ciliary axoneme is
dependent to the HH pathway activation (Corbit et al., 2005). They have also demonstrated
exclusion of Smo in the ciliary axoneme in response to HH inhibition or Smo mutation. However,
Smo shifting into the cilia can occur in absence of the Ptc1 or dynein retrograde motor (Goetz and
Anderson, 2010; Rohatgi et al., 2007). A lateral transport of Smo translocation to the ciliary
membrane had been proposed in response to SHH stimulation in which Smo enters more the cilia
from the cell surface than the Smo pool in the plasma membrane (Milenkovic et al., 2009). In our
experiments, we mapped more Smo enrichment in the ciliary axoneme of the Prickle %%/ mutants
than in the control littermates. In addition, the IFT-A complex regulates SHH signaling, ciliary
structure and recruitment of some IFT components such as Arl13b and Smo (Liem et al., 2012).
We have seen defective retrograde transport in the Beetlejuice mutants that can lead to Smo
accumulation in the cilia and continuous activation of downstream SHH events. Therefore,
disrupted ciliary morphology of the cilia of the mutants MNP mesenchymal cells is consistent with
increased HH signaling in the Prickle %% mutants. It supports the hypothesis that the mechanism
for Smo activation is trapped in the cilia, due to the loss of retrograde transport leading to

prolonged increased HH signaling.
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Translocation of Smo in the cilia is a pivotal event in the mediation of Sonic Hedgehog
signaling that trigger activation of Gli transcription factors (Rohatgi et al., 2007). The intracellular
location of Gli2 in wild-type cells has been mapped in the nucleus and at the ciliary tip with normal
retrograde transport and HH signaling (Chen et al., 2009; Liem et al., 2012). But complete absence
of the ciliary retrograde complex seemed to increase Gli2 location at the tip of the cilia and a
decrease activation of HH signaling (Liem et al., 2012). Although the retrograde transport seems
to be defective in our mutant animals, we have observed Gli2 in other localization in the ciliary
axoneme besides the tip, and in the nucleus. This result suggests that Gli2 translocation events
occurred in the Prickle %% mutants, as well as trafficking events that permit Gli to translocated to
the nucleus.

Consistent with the immunoflourescence observations, the western blot result for the level
of GliA and GliR for both Gli2 and Gli3 suggest a net loss of the GliR repressor form. In the same
manner the retrograde intraflagellar transport is required for the activation of the HH pathway, the
anterograde transport, particularly IFT-88, is also essential for efficient processing of Gli3
(Haycraft et al., 2005; Liu et al., 2005). They have also shown that full-length Gli3 failed to inhibit
HH pathway induced by activation of Glil. Other published literature has shown the stability of
full-length Gli3 depends on the Suppressor of fused (Sufu, an inhibitory effector) and Speckle-
type POZ protein (Spop), but not the truncated repressor form that is necessary to suppress
transcriptional target of the HH mediated signaling cascade (Wang et al., 2010). As IFT-88
expression decreased in the ciliary axonemes while the cytoplasmic pool was enriched in the
Prickle]®”% mutants, we can suggest an IFT-88 transport deficit that led to insufficient Gli3R
processing in our mutants that caused an increase HH activation. This mechanism should be

elucidated in future investigation. It could also support the hypothesis, that the machinery needed
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to facilitate the processing of the ~83kDa Gli3R/Gli2Rto the ~60kDa fGli2R/Gli3R is trapped in

the cilia, preventing the ~83kDa Gli3R/Gli2R to be proteolytically processed.
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4.0 Dampening of HH signaling with Vismodegib may rescue the Prickle1®’® mutant

phenotype

4.1 Introduction

Summary of palatal development

In humans, craniofacial development happens at about 28 days of gestation in a timely and
precise manner where cell proliferation and migration organize the formation of the different
prominences. From reciprocal interaction between the ectoderm and the mesoderm, the
frontonasal, the medial nasal, the lateral nasal and the maxillary prominences grow, meet and fuse
to form the upper face. During this process, the frontonasal and the medial nasal processes
coordinate the development of the primary palate that put a temporary and partial closure between
the nasal and the oral cavities at the anterior midline. This portion will later develop into the
premaxilla and the four upper incisors, the nasal septum, and the philtrum of the upper lip. Then,
the primary palate will grow vertically to meet the maxillary and lateral nasal prominences to form
the secondary palate. The maxillary prominences extend bilaterally to the tongue in a structure
called palatal shelves. Helped by the extension of the head, the palatal shelves should elevate to
overcome the physical barrier of the tongue, converge and merge to the midline to separate the
nose and the mouth. Any disruption at this time, will contribute to the abnormal development of
cleft. (Nanci, 2008; Sadler, 2012)

Mouse palatogenesis happens in similar events. At E 10.5, all the prominences are formed
in the mouse embryo (Kaufman, 1992). At E 11.5, the medial nasal and the lateral nasal

prominences are fused, and the palatal shelves initiate their extension. Between E 12 and E 13.5,
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the palatal shelves grow downward the tongue meanwhile the vertical outgrowth of the primary
palate. At E 14, the palatal shelves elevate and converge in the midline. By E 14.5 and E 15, signs
of fusion can be observed in the epithelial seam. Palatogenesis ends in mouse at E 15.5 with the
merging of the midline epithelial seam. (Bush and Jiang, 2012; Kurosaka, 2015; Lan and Jiang,

2009).

4.1.1 Summary of Prickle1®*"“"ic phenotype

The Pricklel® mouse line was initially developed to study human congenital heart defects
due to cardiac outflow track misalignment and ventricular septum defect (Gibbs et al., 2016). The
congenital cardiac defects in Pricklel?% causes neonatal lethality (Gibbs et al., 2016; Wan et al.,
2018). All the Prickle]®’® mutants developed a midfacial cleft along with other craniofacial
abnormalities, whereas only 50% develop cleft palate (Wan et al., 2018). Prickle %% neonates are
microcephalic with protruded forehead, short snout, and mandible (Gibbs et al., 2016; Wan et al.,
2018). The skeletal defects in the limbs, and tails causes a short stature phenotype. Some features
of the Pricklel®"® mutants correspond to some characteristics of skeletal ciliopathies (Handa et
al., 2020). In addition, the dysmorphic fetal face and the skeletal dwarfism correlate the
Prickle]®”% phenotype to Robinow Syndrome (Mazzeu et al., 2007). Autosomal dominant and
recessive Robinow Syndrome are linked with mutations in the Wnt/PCP pathway including ROR2,
WntSa, WNT11, DVLI1, and DVL3 (Mazzeu et al., 2007; Person et al., 2010). Although, the
molecular perturbations underlying many cases of RS in human remained uncovered (White et al.,
2015; White et al., 2016). Therefore, the heterogeneity of RS suggests possible mutations in other

core components of the PCP pathway such as Pricklel.
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Prickle1** Prickle15i* Prickle 158
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E10.5-E13.5

Figure 18: Median cleft lip is still develops in the E 14.5 Vismodegib-treated Pricklel1®,
(A-C) Historical, untreated E14.5 littermates showing the phenotypic spectrum of midfacial clefts (black arrows)
from Pricklel*"* to Pricklel®* to Prickle]®”¥. (D, E) 30 mg/kg Vismodegib treatment from E10.5 to E13.5 did not

rescue the median cleft lip by E 14.5. Scale bar=3 mm.

Vismodegib and mechanism of action

Vismodegib  (GDC-0449) or  2-chloro-N-(4-chloro-3-(pyridin-2-yl)  phenyl)-4-
(methylsulfonyl) benzamide is an FDA-approved oral capsule (available in 150 mg) with
antineoplastic activity. It was originally developed by Genentech to antagonize continuous SMO
activation due to Ptchl mutation that is the most common molecular alteration found in BCCs
(Athar et al., 2014). By binding to SMO and/or PTC1, Vismodegib selectively inhibits activation
of HH downstream target genes. In pancreatic cancer cell lines, Vismodegib induced apoptosis by

downregulating the ratio between genes that promote cell survival instead of cell death (Singh et
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al., 2011). With a molecular weight of 421.3 g/mol, Vismodegib mostly circulates in the plasma
where it binds to albumin and alpha-1-acid glycoprotein (Inc, 2012). Vismodegib absolute oral
bioavailability after a single administration dose is 31.8% (Aditya and Rattan, 2013; Inc, 2012).
In clinical trials, the duration of Vismodegib treatment ranged from a period of 0.7 to 18.7 months,
with a median of 10.2 months (Aditya and Rattan, 2013). Pharmacokinetics studies showed that
Vismodegib presented a slow elimination after absorption, and is processed primarily by the
hepatic route via oxidation, glucuronidation, and common pyridine cleavage (Frampton and
Basset-Séguin, 2018) and the metabolites are found in the feces (82%), and in a lesser extent
(4.4%) in the urine (Graham et al., 2012; Inc, 2012; LoRusso et al., 2011).

Vismodegib is generally well-tolerated based on clinical trials observations (LoRusso et al.,
2011; Von Hoff et al., 2009). Though, drug toxicity can occur and is carefully monitored. For
antineoplastic activity, it can be prescribed in 28-days cycles paired with interruption of 4 to 8
weeks according to the disease progression state (Sekulic et al., 2015; Sekulic et al., 2012).
Nonetheless, patients on Vismodegib treatment experienced commonly a range of mild or
moderate side effects: muscle spasm, hair loss, loss of taste, decreased appetite, weight loss,
nausea, vomiting, and constipation (Proctor et al., 2014). Vismodegib causes embryonic lethality
and is teratogenic. Offspring of treated pregnant animals were born with several congenital
anomalies such as severe midline defects and other irreversible malformations (Yang et al., 2015;
Zhang et al., 2017). Therefore, both males and females’ patients treated with Vismodegib are

recommended to use two highly efficient birth control methods (Sekulic et al., 2012).
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4.2 Results:

4.2.1 Morphologies of Vismodegib treated litters

After crossing heterozygotes Beetlejuice females and males, we treated the pregnant dams
with Vismodegib at doses of 15 mg/kg, 30 mg/kg, and 60 mg/kg from pregnancy day E10.5 to
E13.5 to decrease HH signaling in the developing fetuses. The overall external morphologies of
all treated fetuses regarding their genotypes with the three drug concentrations varied with
increased Vismodegib concentration compared to historical, untreated Pricklel Beetlejuice litters
(Figure 18); (Figure 19). Vismodegib-treated Prickle]1®’¥ fetuses at all doses still developed the
microcephalic characteristics with protruded forehead, shorter snout, and mandible (Figure 19).

The midfacial cleft was still present in the Prickle””” mutants (Figure 18).

80



Prickle1** Prickle15/* Prickle18/8i

Untreated control

Vis 30mg/kg

Figure 19: Morphology of vismodegib (30mg/kg) treated litters.

The overall morphology of Vismodegib-treated fetuses from E 10.5 to E.13.5 and harvested at E 14.5 (D-G) varied

accordingly to HH inhibition compared to untreated fetuses at E 14.5 (A-C). In untreated mutant fetuses, the snout,

the limbs, the tail are shorter compare to wildtype littermate (A, C). The presence of. a mild edema in the back of
untreated Pricklel®"? (C). Following vismodegib treatment, the tail, snout, and hindlimbs are shorter in all

genotypes (D, E). Scale bar in A= 1 mm, applies to all.

No improvement in stature was observed in the long axis of the body of Vismodegib-treated
Prickle]®’¥: the tail, the forelimbs and the hindlimbs were shorter in comparison to Pricklel?’
and Pricklel** Vismodegib-treated fetuses. In one litter, treatment at 60 mg/kg caused embryonic
lethality as only two fetuses were collected at E 14.5; while the average number of embryos

harvested from non-treated Pricklel?’* pregnant dams is usually between 8 to 11 pups. No
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noticeable defects in the number or shape were observed in the digits of all harvested fetuses. We
did not observe edema in the body or limbs of the treated fetuses. However, some untreated mutant

fetuses developed sometimes edema in their bodies (Figure 18).

4.2.2 Vismodegib treatment from E10.5 to E13.5 disrupted palatogenesis.

We studied the histology of the treated litters through H&E, and Alcian Blue and Sirius
Red. The fetuses developed almost all the craniofacial structures that should be present at E14.5
except the secondary palate. From the primary palate, the nasal septum, the vomeronasal organ,
and the upper lip developed. But the MNPs did not fuse completely as we observed a median cleft
lip in almost all treated fetuses (Figure 20). All the treated animals lacked the secondary palate
(Figure 20). The palatal shelves were formed from the maxillary prominences and started their
elevation to close the nasal and the oral cavities. But they did not meet nor started the fusion at the
midline even though vertical growth occurred for the primary palate.

The Prickle]1®'% treated fetuses developed a misshapen and small tongue while we did not
detect any difference in the other treated fetuses (Figure 20). We noted the presence of the oral
epithelium and tooth germs in the Vismodegib-treated litters. In the Prickle %% tooth germs were
in the cap stage, but they were in the bell stage in the treated Pricklel®’" and Pricklel™* (Figure

20).
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Historical control
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Figure 20: Histology Vismodegib treated and untreated Pricklel litters at E 14.5 (sagital view).

At E 14.5, in untreated Pricklel**, the secondary palate is formed (A), whereas it is lacked in same stage untreated
Prickle]®% mutant that developed cleft of the secondary palate (B), H& E staining. Absence of the secondary palate
in Vismodegib-treated fetuses at 30mg/kg from E 10.5 to 13.5 (C-F). In treated Pricklel®’% mutant, the tongue is
misshapen, tooth development arrested in cap stage (D,F). In the pre-maxilla (pmx) of both litters, we observed

delayed mineralization in the Prickle!®”% mutant from Alcian Blue and Picro-sirius staining (E,F). Scale bar= Imm.

Histological examination of the nasal septum in the Pricklel " Vismodegib-treated fetuses
revealed that the round chondrocytes were arranged in regions of circular clusters while in the
Prickle]1®’®, they were obliquely oriented with a rectangular shape (Figure 22). Alcian Blue
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staining was stronger in the Prickle]™* Vismodegib-treated than in the Prickle1®”%. We observed

mineralization in the cranial base, calvaria, frontal bone, maxilla, and the mandible of both

genotypes (Figure 20).
Vismodegib 30mg/kg Untreated control
E14.5 E15.5 E16.5
A : T B ey C ey
Bj/+ Bj/Bj +/+ Bj/Bj +/+ Bj/Bj
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< — - ‘(\.m ‘\/\-., ’(f\-.... ./\

Figure 21: Vismodegib treated Prickle1®’? fetuses has initated by E14.5.
Alcian blue and Alizarin red staining to determine the status of bone and cartilage in the limbs. (A) The Vismodegib
treated Pricklel®® humerus has initated mineralization by E14.5. (B-C) In untreated Pricklel litters, humerus

mineralization occurs by E16.5 in Pricklel?”® mutant (B-C). Scale bar = Imm.

We stained the limbs of the treated litters with alizarin red and alcian blue and found that
the Pricklel™? treated with 30 mg/kg of Vismodegib accelerated the mineralization of the
forelimbs. In historical controls, we have not observed mineralization in the Pricklel®”? forelimb
until E16.5 (Figure 21). These results suggest that Vismodegib treatment in mouse from E10.5 to
E13.5 may have tissue specific effect in delaying or promoting chondrocytes maturation due to
increased SHH signaling. Exploring this targeted therapy might be beneficial for the osteosclerotic

form of Robinow Syndrome.
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30 mg/kg Vismodegib

Figure 22: Nasal septum chondrocyte shape is changed with Vismodegib treatment (30 mg/kg).
Chondrocytes are round in the nasal septum cartilage of Pricklel™* (A), higher magnification (B). The nasal septum
chondrocytes are flattened in Prickle #/% suggesting a delayed in maturation of the nasal septum cartilage (C),

higher magnification (D).

4.2.3 Intracellular localization of Gli2 proteins in Prickle]®”?/ Vismodegib-treated fetuses.

We characterized the expression of Gli2 in the upper lip mesenchyme by dual
immunolabelling with acetylated a-tubulin. Vismodegib treatment rescued in some extent the
ciliary morphology phenotype of the Prickle1?® mutants (Figure 23). However, some bulge can
be visualized at the ciliary tip of some axonemes in the mutant mesenchyme. In the Vismodegib-
treated Prickle %% mutants, we observed that Gli2 protein localization was returned to normal, as

judged by the similarity to Gli2 localization in untreated Pricklel’*. This finding also supports
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the intraflagellar transport defect observed in ciliated mesenchymal cells of untreated Pricklel®”
mutants. While this data lacks a true control group that has been gavaged with the Vismodegib
vehicle, we observed that Vismodegib treatment disrupted cilia morphology in the treated
Prickle]I™*. In the Vismodegib-treated Pricklel*, 1 observed a shortened ciliary axoneme, and
an exclusion of Gli2 from the cilia and its presence in the cytoplasm (Figure 23). In historical
untreated Pricklel®’*, we observed a similar ciliary phenotype like in the Prickle]®’%: they
developed bulged, long and twisted cilia with some in the normal length range (Figure 24).
Interestingly, following Vismodegib treatment, all the ciliary axoneme grew normally in

heterozygote fetuses.
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Figure 23: Intracellular localization of Gli2 in two litters treated at with 30 mg/kg Vismodegib.

We performed double immunofluorescence staining for antibodies against Gli2 and acetylated a-tubulin to study the
ciliary phenotype and the intracellular localization of Gli2 following HH inhibition in the upper lip at E 14.5 (A-P).
In the treated Pricklel™* ( A, E, I, M), the cilia, the cilia became shorter compared to their length in untreated litters
(M). Few ciliated cells were positive for both antibodies (A, E) and Gli2 staining of the cells structures showed a
decreased brightness (I) . In two Vismodegib-treated the Pricklel®”", Gli2 was visualized in the cilia and enriched to
the nucleus even in the presence of the inhibitor (B,C, F, G, J, K). The morphology of the cilia were no longer

bulged nor heterogenous (N,0) compared to untreated cilia in heterozygous animals. In the Prickle 1% | we
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detected more double positive cilia for both antibodies (D, H, L). The ciliary phenotype was also rescued in some
cilia (P). White arrows on cilia and intracellular localization of Gli2. Scale bar= 40 pm.

Prickle1®™ Prickle15/8

Prickle1**

a~tubulin

DAPI/a-tubulin

Figure 24: Ciliary morphology in Pricklel litter at E 10.5.

White arrows pointing at normal cilia in Pricklel*" (A,D). Bulged and dysmorphic cilia are observed in both

heterozygote and mutant embryos (B, E, C,F). Scale bar= 40 um.

4.3 Discussion

4.3.1 Wnt/PCP and HH signaling in the pathogenesis of cleft lip and palate

Cleft lip and cleft palate had been extensively studied as they are the most common
congenital disorders in humans. The Wnt/PCP pathway had been evaluated in cases of syndromic
and non-syndromic cleft lip/palate in different populations and they have found implications of
many WNT ligands, receptors, and core genes (Menezes et al., 2010; Reynolds et al., 2019). Two
rare missense Pricklel mutations related to incompletely penetrant cleft palate in a Filipino
population were modeled in mouse (Liu et al., 2014; Yang et al., 2014). In other mouse model,

88



ectopic HH signaling caused cleft palate and defective bone formation (Hammond et al., 2018).
Increased SHH in the palatal shelves of the mouse K14-SHH mimicked the craniofacial defects
present in NBCCs (Cobourne et al., 2001). Also, high-level of SHH signaling resulted in
hypertelorism due to the medio-lateral widening of the frontonasal prominences (Abramyan,
2019). In addition, disruption of HH contributed in the formation of cleft lip (Kurosaka, 2015;
Kurosaka et al., 2014). In our mouse model, the missense Pricklel mutation generated cleft lip in
all the mutant embryos whereas their frequency of cleft palate varied (Gibbs et al., 2016; Wan et
al., 2018). The elevated HH signaling found in the cranial base and the medial nasal prominences
at E 10.5 and the midfacial widening phenotype of the Prickle1%’® mouse turned t as a good model
to study palatogenesis and the crosstalk between WNT and HH signaling.

The importance of appropriate HH signaling had been demonstrated during craniofacial
development in mice. High level of HH signaling caused arrest of tooth development, impaired
cell proliferation and cleft palate (Cobourne et al., 2001). Conversely, loss of SHH signaling
inhibited growth of the primordia and generated cleft lip/palate and hypertelorism (Hu and Helms,
1999). Therefore, SHH signaling is a key regulator of embryonic and craniofacial (Abramyan,

2019; Dworkin et al., 2016; Lan and Jiang, 2009; Li et al., 2017).

4.3.2 Rescuing HH signaling

We attempted to rescue to Prickle]®’® phenotype through timely inhibition of HH signaling
during embryonic development from E 10.5 to E 13.5 via daily Vismodegib gavage of pregnant
mice. We observed more severe craniofacial phenotypes in the treated embryos. Almost all treated
fetuses developed a midfacial cleft lip. The secondary palate development was also delayed or
absent in those embryos. The tongue of the mutant animal was misshapen and smaller compared
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to other wild-type and heterozygotes treated fetuses. High concentration of Vismodegib at 60
mg/kg induced neural tube defect particularly a lack of closure of the neural tube and spina bifida.
In the nasal septum of the mutants, we shown a delayed in chondrocytes maturation although the
frontal bone, the mandible and the cranial base started their mineralization. Some of the ciliary
phenotype of the Prickle15¢¢!</*icc mouse mutant were also rescued. From published literature, HH
inhibition with another SMO antagonist cyclopamine at single dose of 40 or 80 mg/kg from
pregnancy day E 8.25 to E 9.5 in timed-pregnant C57B1/6J mice generated a cleft lip and palate in
the harvested fetuses (Lipinski et al., 2010). In addition, acute administration of Vismodegib at
40mg/kg impacted mouse craniofacial development according to the developmental stage: early
exposure at E 7.5 caused craniofacial dysmorphy, whereas exposure between E 9.0 to E 10.0 cleft
caused cleft of the secondary palate (Heyne et al., 2015). Surprisingly, the fetuses treated between
E 7.0 to E 8.5 were normal (Heyne et al., 2015). Our experimental design differed from those
above-mentioned works. They used Vismodegib in one high dose as a single or acute
administration. Conversely, we tried to rescue the Beetlejuice phenotype with three different doses
of Vismodegib of 15 mg/kg, 30 mg/kg, and 60 mg/kg. Consistent with their observations, high
dose of Vismodegib indeed induced malformations in the treated fetuses while at low dose of 15
mg/kg we did not observed significant many differences. Dampening of HH signaling remains a
challenge because of off-targets effects as demonstrated with two HH , inhibitors Sunitinib and
Alisertib that promoted ciliary disassembly in normal and renal carcinoma cells (Kiseleva et al.,
2019).

We plan to test another schematic to inhibit or restore HH signaling in the Prickle1B¢¢/eiuice
mouse: A single dose regimen of Vismodegib in respect to normal HH kinetics during embryonic

development; or Purmorphamine as single or acute administration to study if the agonist alone
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would make the medial facial cleft wider; and the simultaneous addition of Vismodegib and
Purmophamine to evaluate treatment efficiency. Also, we will need to assess any off-target effects

of this proposed therapy for a better clinical application.
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5.0 HH signaling in Robinow Syndrome.

5.1 Introduction:

5.1.1 Robinow Syndrome

Robinow Syndrome is a rare genetic disorder affecting more than 100 individuals in the
world; some cases are related to history of familial consanguinity (Bacino, 1993). RS differential
diagnosis based on forms of inheritance, is conflicted because of clinical reports’ findings
divergence (Bunn et al., 2014). The autosomal recessive form has been reported to be more severe
than the autosomal dominant RS (Bunn et al., 2014; Person et al., 2010). Mutations in DVLI,
DVL3, and WNT5A are associated with autosomal dominant RS, whereas mutations in ROR2 are
associated with autosomal recessive RS (Katoh and Katoh, 2017). An osteosclerotic form of RS is
associated with DVLI mutations causing localized or widespread osteosclerosis in the face, the
base of the skull, the spine and the long bones (Bunn et al., 2015; Bunn et al., 2014). The molecular
mechanism underlying the etiology of RS suggests that the mutations in the PCP genes
dysregulated both canonical and non-canonical WNT signaling (Bunn et al., 2014).

Following diagnostic of RS, clinical management assesses the presence of cleft lip/palate;
evaluates the thorax to detect ribs and spinal defects through radiographs; and examines the
cardiac, renal, and urogenital organs. RS is devoid of a standard treatment because of its
heterogeneity. Current RS treatments address the clinical manifestations and weigh the need of
surgeries to correct non-functional craniofacial, skeletal, and penile deformities. At present,

pharmaceutical research is testing molecular therapies targeting activation or inhibition of WNT
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signaling in phase I/II and in preclinical trials in many diseases: WNT signaling agonist are used
in cancer and osteoporosis; and WNT antagonists, in cardiac and kidney fibrosis (Katoh and Katoh,
2017). There is no current available molecular treatment for RS. Therefore, there is a need to
address a therapy that can improve health conditions of affected individuals particularly in the
osteosclerotic RS that is considered as a progressive form (Shprintzen et al., 1982).

Besides those known mutations, the heterogeneity of skeletal phenotypes of Robinow
Syndrome suggests other molecular interactions or overlaps with signaling pathways such as HH
(Shprintzen et al., 1982; White et al., 2018). RS has been described as a potential ciliopathy due
to the similarity of RS phenotypes to those of known ciliopathies (Baker and Beales, 2009).
Knowing the importance of the primary cilia in the activation of the HH pathway, we hypothesized
that HH signaling is defective in RS. Therefore, we are investigating a novel therapeutic approach
targeting HH signaling in Robinow Syndrome.

We have primary fibroblasts from a patient with the osteosclerotic form of RS. The patient
has a heterozygous mutation in DVL1 (c.1532delA; p. GIn511Argfs*138). The mutation is a frame

shift mutation that results in a truncated protein with a nonsense N-terminal (White et al., 2015).

5.1.2 Purmorphamine

Purmorphamine or 2-(1-Naphthoxy)-6-(4-morpholinoanilino)-9-cyclohexylpurine is a
member of the purine class with a molecular weight of 520.6 g/mol. Purmorphamine acts as a
small molecule to induce osteogenesis activity that promotes the differentiation of multipotent
progenitor cells into osteoblasts (Wu et al., 2002). It was also shown to upregulating the same sets
of genes mediated by the HH pathway (Wu et al., 2002). Independently to Ptch1, Purmophamine
binds directly to SMO by mimicking the natural agonist to initiate the HH signaling cascade (Sinha
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and Chen, 2006). Purmorphamine had been also demonstrated to regulate SMO, and to stabilize
the conformational change of this structurally similar G-protein receptor (Sinha and Chen, 2006).
This step plays a pivotal role in initializing HH-mediated transcriptional activity (Sinha and Chen,
2006). Besides, in the presence of SMO antagonist such as Vismodegib, Purmorphamine acts as a

competitive inhibitor to restore HH signaling (Sinha and Chen, 2006).

5.2 Results:

5.2.1 Pricklel localization in human RS fibroblasts.

We tested the localization of Pricklel in the RS-fibroblasts and observed it in the nuclei. In
addition, Pk1 expression was also detected in the cytoplasm and colocalized with acetylated o-
tubulin in the ciliary axoneme of the cultured fibroblasts (Figure 25). This result suggests that

Pricklel protein functions during cargo transport in the cilia.

5.2.2 Ciliary phenotype before HH stimulation

We performed double immunofluorescence staining to analyze the morphology of the cilia
in the RS-fibroblasts serum starved for 24 hours. We found positive signals for the ciliary
membrane marker ARL13B and for the axonemal marker acetylated a-tubulin (Figure 25). We
observed length irregularities in the ciliary axoneme of this heterozygote RS fibroblasts varying
from 1.71 um to 7.67 pm (3.89 £ 1.46 um, N =179) meaning some cells grew short cilia whereas

other fibroblasts developed elongated ciliary axonemes. Some ciliary axoneme developed rod
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shape-like structure but we had also detected increased ciliary tortuosity in ~16% of the cells. Few

cilia were bulbous at the ciliary tip or along the axoneme (Figure 25).
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Figure 25: Ciliary phenotype in Robinow Syndrome cultured fibroblasts.
We cultured and serum starved isolated RS fibroblasts from a skin punch biopsy and performed dual
immunolabelling (A-L). Some of the cilia were normal in rod shape-like, others were long, twisted or bumpy (E-H).
We observed Pricklel colocalized with the ciliary membrane marker ARL13B (A-D). SMO was in the cilia and the

cell body (I-J). Scale bar= 20 um.
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5.2.3 Intracellular localization of SMO

We began to determine the level of HH signaling in the RS-fibroblasts, by double
immunofluorescence staining to SMO and acetylated a-tubulin (Figure 25). In serum starved RS-
fibroblasts, we observed widespread expression of SMO in the cytoplasm. In N=14/ 44 cells we
detected SMO with acetylated a-tubulin in the axoneme. In the other cells, SMO was only
localized into the cytoplasm (Figure 25). Translocation of SMO into the ciliary axonemes suggests

that the DVL1 mutation does not affect ciliary translocation of SMO.

5.2.4 Response to HH signaling changes in RS-fibroblasts

We treated the cultured fibroblasts with different concentrations of Vismodegib,
Purmorphamine, and a combination of both to restore the level of HH signaling (Figure 28). The
control group received the drug solvent DMSO. We analyzed the ciliary phenotype and the
location of SMO after 24 hours of treatments by double immunostaining with acetylated o-tubulin.
In the group treated with DMSO, the ciliary length was similar to the untreated fibroblasts (2.59 +
0.69 um; N=12). SMO was localized in fainted signal in the ciliary axoneme but mostly it was
mostly in the cytoplasm. In the group treated with 50 pM of Purmorphamine, the cilia were shorter
(1.52 £ 0.13 pm; N=6) and appeared swollen like big dots near the cells. Purmorphamine treatment
increased SMO staining in the cytoplasm and at the ciliary tip. Different doses of Vismodegib
produced distinct ciliary phenotypes. At lower dose of Vis 1 uM, ciliary length was slightly shorter
than the DMSO treated group but were more homogeneous (2.48 + 0.27 um; N=8). However, most

cilia were enlarged at the axoneme base and tip giving the axoneme the aspect of “8”. SMO
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colocalized with acetylated a-tubulin in those bulbous portions and was also enhanced at the
ciliary axoneme. At concentration of 10 uM Vismodegib, the ciliary length varied (2.54 + 1.28
um; N=9) and the ciliary axonemes elongated without swelling, and SMO was mostly detected in
the cytoplasm. At higher dose of Vismodegib 100 uM, caused the formation of shorter and swollen
axoneme (2.4 = 0.71 um; N=9), with SMO enriched in the swollen portion of the axonemes and
the cytoplasm of the cells. The combination of Purmorphamine 50 uM and Vismodegib uM cilia
produced longer cilia (2.94 £ 0.39 um; N=28). Although, SMO was enriched at the base of the
axoneme producing a swollen portion in some cilia. The level of SMO decreased in the cytoplasm
compared to the DMSO treated group. (Figure 26). Via one one-way ANOVA and Tukey HSD
test, we found statistically significant results between length difference of the cilia in the DMSO
control group and Purmophamine 50 uM treatment group; and between Purmorphamine 50 pM

treatment and Purmorphamine pM+ Vismodegib 100 uM (p-value= 0.008511).
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Figure 26: Translocation of SMO in response to HH stimulation.

SMO is visualized in the cilia in the DMSO control group (A, A’). SMO remained and increased in the cilia and the
cytoplasm following HH inhibition with Vismodegib (B, B’). In the presence of the agonist Purmorphamine, the
level of staining significantly increased in both the ciliary axoneme and the cytoplasm (C, C’). Simultaneous

addition of bo th the agonist and the antagonist decreased the cytoplasmic pool of SMO, but it stayed at the base of
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the axoneme (D,D’). Length of primary cilia in control and treatment groups; one-way ANOVA, p-value= 0.008511
(E). We detected the level of Gli3A versus Gli3R in response to SHH stimulation. The expression of full-length
Gli3A is not dose dependent whereas the level of Gli3R do not remained the same suggesting a problem in Gli3R

processing.

5.2.5 Western Blot testing for level of Gli3

In RS cultured fibroblasts, we analyzed the level of Gli3A and Gli3R in response to SHH
treatment at doses of 0.1 pg/ml, 0.5 pg/ml, and 1 pg/ml. In PBS-treated control RS-fibroblasts, the
level of full-length form of Gli3A at ~190 kDa was slightly lower than the repressor form at ~ 83
kDa (Figure 26). We did not detect the two forms of Gli3R in the RS-fibroblasts. These findings
hint to increased HH signaling in Robinow Syndrome because of defective degradation of
activated Gli proteins. Following SHH treatment, the level of Gli3A increased compared to the
control group, while the Gli3R levels remained similar to the control group. As response to HH
stimulation should be dose dependent, we suggest a problem in protein trafficking and Gli3R

processing that led into constant activation of HH signaling.
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5.3 Discussion:

5.3.1 Ciliary transport defects in autosomal recessive osteosclerotic form of Robinow

Syndrome

5.3.1.1 RS may be a ciliopathy

We studied ciliogenesis after serum-starving for 24 hours the cultured untreated RS-
fibroblasts. We did not observe a homogenous pool of cilia from the untreated cultured RS-
fibroblasts. Some fibroblasts exhibited a smooth axoneme with limited bending whereas others
were bumpy in different areas creating knots aspect. Some cilia were long cilia and twisted. We
excluded from analysis some twisted cilia as some regions of the axoneme were not exposed to
the Nikon Software analysis measurement tool. Based on our observation, we can conclude that
cilia are abnormal in this autosomal dominant case of RS and propose to class of Robinow
Syndrome as a ciliopathy.

The morphological defects present in the cultured fibroblasts can be used to demonstrate
aberrant cilia in RS. This finding can be supported with published literature about the stability of
primary cilia from cultured fibroblasts and those present in a body (Archer and Wheatley, 1971;
Sorokin, 1962; Wheatley, 1972). Baker and Beales (2009) are the first to propose Robinow
Syndrome in the list of syndromes with possible ciliary pathology. We can see a lack of ciliary
investigation in Robinow Syndrome as most works have been focused on describing the
phenotypes of affected individuals and finding the genetic cause that would enable them to explain
the heterogeneity of clinical manifestations (Bunn et al., 2015; Bunn et al., 2014; Gignac et al.,
2019; Robinow and Beemer, 1990; Robinow et al., 1969; White et al., 2015; White et al., 2016).
Ciliary investigation had been also excluded in three proposed Robinow Syndrome mice models
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(Liu et al., 2014; Schwabe et al., 2004; Yamaguchi et al., 1999). The Prickle]®’% is the first

proposed RS mouse model that also has reported defects with cilia (Gibbs et al., 2016).

5.3.1.2 Intraflagellar transport defects

Because of time constraints due to the COVID-19 shutdown during the last 6 months of
my work, we did not analyze components of the anterograde and the retrograde traffic in the hRS
cultured fibroblasts. SMO translocation to the primary cilia can also be helpful to describe the
anterograde transport from the cytoplasm, the lateral transport that is independent from the ciliary
gate, and the retrograde transport that prevent SMO accumulation in the ciliary axoneme (Liem et
al., 2012; Milenkovic et al., 2009). In untreated fibroblasts and in DMSO-treated control
fibroblasts, we had observed faint SMO signals in the ciliary axonemes. The presence of SMO in
the cilia before SHH inhibition or stimulation can indicate that anterograde and SMO lateral
transport occur in hRS human fibroblasts and the pathway was activated (Corbit et al., 2005). As
expected, SHH stimulation increase the level of smoothened in both the cilia and the cytoplasm.
Consistent with a review about ciliary phenotypes in increased HH signaling, the cilia were bulged
and short in the group treated with 50 uM of Purmorphamine (Goetz and Anderson, 2010).
Surprisingly, the ciliary phenotype following HH inhibition was dose dependent causing the ciliary
axonemes to shrink in response to higher dose. In contrast, to the exclusion of SMO in the cilia
after administration of a HH agonist (Corbit et al., 2005), we detected brighter signals in the
axonemes. In senescent fibroblasts, HH depletion with cyclopamine at dose of 20 uM diminished
cell proliferation but increased ciliary length (Breslin et al., 2014). In our experiments, we did not

observe length augmentation but a reduction. Interestingly, when we combined Purmophamine
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and Vismodegib, the cilia grew longer, SMO remained inside the cilia and cause it to swell while
the cytoplasmic pool decreased.

In the literature, Purmorphamine had been used to rescue an elongated ciliary phenotype
of cultured fibroblasts of a patient with Joubert Syndrome that is a ciliopathy associated with cystic
kidney disease (Srivastava et al., 2017). HH targeted inhibition therapy had been mostly used in
BCCs (Athar et al., 2014; Bakshi et al., 2017; Booms et al., 2015; Bresler et al., 2016). We modeled
the addition of the agonist simultaneously with the antagonist because it has been demonstrated to
restore the HH pathway when Purmophamine was added with cyclopamine in culture Shh-
LIGHT?2 cells (Sinha and Chen, 2006). Based on our observations, we can propose a retrograde
transport defect in this type of Robinow Syndrome causing SMO accumulation in the axoneme

that created an imbalance in SHH gradient by overactivation of GliA.

5.3.2 Hedgehog Signaling defects

The result of the western blot pinpointed a defect in Gli3 processing in this osteosclerotic
form of RS. The full-length of Gli3A was detected almost at the same intensity. Those cultured
hRS fibroblasts’ HH response was insensitive to dose stimulation. Gli3 kinetics after 5 minutes in
cells culture had shown dose dependent increase and accumulation at ciliary tip (Wen et al., 2010).
HH signaling also promotes degradation of full-length Gli3 by phosphorylation and ubiquitin
proteasome degradation (Tempé et al., 2006; Wen et al., 2010). Moreover, Gli3 processing requires
IFT (Haycraft et al., 2005; Tempé¢ et al., 2006; Wen et al., 2010). Therefore, we can propose an

impaired intraflagellar transport that led to a defect in Gli3 processing in Robinow Syndrome.
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5.3.3 Pricklel1®¢""ic mouse line as a model to study human Robinow Syndrome

Our animal study model the Pricklel¢¢!¥ic mouse line contains a missense mutation in
Pricklel. 1t has decreased Wnt signaling, and spatio-temporal disruption of HH signaling in the
face, the frontal bone and the limbs (Gibbs et al., 2016; Wan et al.,, 2018). Using
immunofluorescence staining and TEM, we confirmed ciliary morphological and length defects in
Prickle]?’® embryos at E 10.5. Since the classification of the first ciliopathy in 1984 in
Kartagener’s Syndrome (Cornillie et al., 1984), many human syndromes have been investigated
for ciliary dysfunction. At present, more than 30 human syndromes have been confirmed as
ciliopathies while 127 disorders still need to be classified (Baker and Beales, 2009; Reiter and
Leroux, 2017). Robinow Syndrome is investigated and grouped in the phenotypic overlap
syndromes with possible ciliary pathology (Baker and Beales, 2009). Therefore, based on the
phenotypic similarities of our mouse model to human RS, we propose Pricklel as a potential
candidate in the list of refractory genes for molecular diagnosis of ~70% cases of autosomal

dominant RS (White et al., 2018).
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6.0 Conclusion and perspectives:

Based on previous findings from published literature, and our observation in the
Prickle15¢¢ei"icc mouse line, we propose a model for the role of Pricklel in ciliogenesis (Figure
27): Pricklel possibly participates with Dishevelled and Vangl1/2 in the docking and orientation
of the basal bodies. After docking, some Pricklel proteins may remain attached to the Dsh-
Vangl1/2 complex whereas some migrate to the basal body and/or the ciliary axoneme to modulate
proteins cargoes inside the cilia. In addition, Pricklel seems to interact with the IFT-B complex to
guide axonemal elongation, and with the IFT-A complex to maintain ciliary length. Balanced
between those two events may contribute to regulate ciliary length. We need to investigate the
mechanism by which Pricklel enter the cilia and interact with IFT cargoes.

Rescuing the Beetlejuice mouse will necessitate a careful control of the HH pathway as a
decreased or an increased level impact negatively craniofacial development. More investigation
will be needed to assess the effect of Vismodegib in delaying osteogenesis. As osteosclerosis is a
dangerous complication of RS because it can obliterate important foramina in the cranial base or
elsewhere, it remains essential to explore a therapeutic window targeting the HH pathway in RS.

Although the genetic mutation of our mouse model is different than that of RS-fibroblasts,
there are many similarities in the morphological and the ciliary phenotype, and in the perturbation
of Gli3 processing. The Beetlejuice mouse model can be used to investigate therapeutic
interventions by targeting the HH pathway and the crosstalk with the Wnt/PCP signaling. The role
of Pricklel in ciliogenesis in the MNP mesenchyme of Pricklel?’% and the level of HH signaling

in the face will also allow to study the process causing hypertelorism and the widening of the

103



midface in Robinow Syndrome. Therefore, the Prickle 15¢¢! ¢ mutant can fit as a ciliopathic and

Robinow Syndrome model.
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Figure 27: Graphical summary about the intraflagellar transport defect in the Pricklel®¢"9"c mouse model.
The missense mutation in the LIM1 domain of Pricklel in the Prickle!®% mouse destabilizes Pricklel and
Dishevelled binding. Pricklel likely participates with the complex Dishevelled and Vangl1/2 to guide the docking of

basal bodies. During elongation, Pricklel possibly modulate cargoes in the anterograde and retrograde trafficking.
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When mutated, Pricklel ciliary membrane and IFT particles, and HH components are mislocalized which cause the

swollen or the abnormally elongated morphology.
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