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Abstract

Orofacial clefts are frequent congenital malformations, whichreanlt from reduced
contribution of cranial neural crest cells (CNCCs) to the developing cranium. Upon delamination
from embryonic neural folds, CNCCs migrate to pharyngeal arches, which give risefiacraid
structures. Previously, mutations in theosjteletal gen8 PECC1lwere implicated in rare, severe
atypical facial clefting. Overexpression of a patient isolated SPECC1L mutation showed disrupted
association with acetylated microtubules. We show a similar disruption upon overexpression of
SPECClIlLvariants isolated from patients with less severe syndromic cleft lip and palate. Severe
Specclldeficiency in homozygous mouse mutants is embryonic lethal, showing a reduction in
panAKT levels and arrested CNCC delamination from the neural folds. Staifiagh@rens
junction (AJ) proteins is increased in mutant neural folds, consistent with impaired CNCC
delamination, a process requiring AJ dissolutionvitro, AJ changes induced ISPECC1Ekd
are rescued by activating PI3KKT signaling. We also lookedt aell migration properties of
SPECCI1Ldeficient cellsin vitro. Collective cell migration is a cooperative process fundamental
to embryonic development. Woumndpair assays using primary mouse embryonic palatal
mesenchyme (MEPM), derived from CNCCs, witloderateSpecclideficiency show impaired
collective migration with reduced correlation lengths. These data indicate SPECC1L as a novel
modulator of AJs and PI3RKT signaling in CNCC delamination and migration of CNCC

derived cells in craniofacial develmgnt.
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Chapter One: General introduction

1.1 The neural crest

A key developmental process which distinguishes vertebrates from invertebrdies
contributionmade by the neural crest to the cranium, heart and gut (Bt&01?). The neural
crest constitute a multipotent group of cell populationswhich are similar in their shared
multipotency, migratory infiltration of and contribution to a varief developingembryonic
tissues, throughout developmewthile the cranial neural crest cells (CNCCs) contribute to the
developing cranial skeleton, the vagal neural crest contributes to the heart and the trunk neural
crest to the gutCNCCs are speciéd within and delaminate from the neural folds, subsequently

migrating into the first pharyngeal arch to contribute to the bones of the maxilla and mandible.

1.1.1 Emergence of the neural crest from the neuroectoderm: Specification

The establishment ofeniral crest identity begins in the neural plate border (NPB), which
lies at the interface of the developing neural plate andneamal ectoderm. This process begins
prior to neural tube closure, during gastrulatiand the NPBeventually beconee a
morphdogically distinct populatioras neurulationcompletegBronner 2012). These induction
and specification processes require initiating extracellular signaling and subsequent activation of

NC gene networks, along with other layers of transcriptional regnléBronney 2012).

Initially, the NPB arises from the ectoderm covering the embryo, upon gastriifegane
1.1). This emerging structure shows gene expression relevant to establishing bordigy, Elestti

as Msx1/2 and Pax3/7. In time the NPB etesagiving rise to the paired neural folds, which will
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Figure 1.1. The delamination and migration of the cranial neural crest are required for
craniofacial development. (A) The cranial neural crest (CNC) originate within the neural
plate border (NPB, arrow), at the boundary of the neuroectoderm (NE, arrow). Subsequent
development of NE involves invagination around the neural groove (NG, arrow), with CNC-
precursors in the raised neural folds (NF, arrow). The forming neural plate (NP, arrow) brings
the paired NFs into contact, allowing the fusion of the overlying epithelium (EPI, arrow) and
the formation of the neural tube (NT, arrow), positioned dorsally to the Notochord (arrow).
Subsequently, the cranial neural crest (CNC, arrow) are specificed, which in turn delaminate
and migrate throughout the developing cranium (Migratory CNCCs, arrow). (B) At E9.5,
CNCCs migrate ventrally, away from their rhombomere of origin (R1 through R7, arrows), to
infiltrate primitive tissues, pharyngeal arches (PA1 through PA4, arrows). CNCCs originating
from the three most rostral rhombomeres infiltrate PA1, contribing to the maxillary
prominences (MxP, arrow) and the mandibular prominence (MdP). C) At E10.5, the
developing face is comprised of facial prominences, including the lateral nasal prominences
(LNPs), medial nasal prominences (LNPs), paired maxillary prominences (MxP) and a
mandibular prominence (MdP), rostral to the second pharyngeal arch (PA2).



in time fuse at the dorsal midline to form the neural ti&mith 1987. Induction of NC in the

NPB is initiated by signaling factors secreted by the surroundingheoral ectoderm and non
neural plate, such as Bone morgemetic proteins (BMPs), Fibroblast growth fast(fGF) as

well asWnts. Although the NPB also contacts the paraxial mesoderm (PM), the extent, if any, of
pro-induction signaling originating from it is not fully understood.wéwer, there are some
indications that the PM may contribute, asemopustudy showed that removal of the PM resulted

in reduced expression &nail2 Upon reintroduction of the PM, ectodermal explant expression

was restored, resulting in melanocyte pretiibn Bonsteinet al.,1998.

Generally,CNCC specificationis known to require founverlappingsignaling inputs. The
nontneural ectoderm is known to secrete BMPs and Wnt, while the paraxial mesoderm provides
these signals, along with FGF. Lastly, bloDelta secrén by the overlying ectodernCornell
& Eisen,2005. These inputs work synergistically to initiate expression of the genes known as
NPB specifiers, including numerous transcription factors, such as Zicl, Pax3/7, DIx5, Msx1/2,
Gbx2 and APZLi et al.,2009. The products of these NPB specifiers in turn initiate expression
of the CNCC specifier genes associated with lineage emergence. These include specifying
transcription factors, such as Snaill/2, which promotes EBfE(nget al.,2005, 1d3 and eMyb
(Bronner 2012).Twist, c-Myc, Sox 9 and Sox10 participate in EMT and otaspects oCNCC

maintenancéTaylor & LaBonne,2005 Honoré et al.2003.

1.1.2 Delamination: A neural crest EMT required formigration

Neural crest exit from theeural tube is a rapid process, taking perhapstessan hour

(Ahlstrom, 2009). This process requires temporally sensitive activation and inactivation of



multiple gene regulatory networks, as well agmporallysensitive repression or activation of
specific cadherins, which is primarily seen in the initial repressionaddhem expression, a vital
event in the early loss of epelial characteristics (Duban@015). Indeed, ectopicadherin

expression interrupts CNCC delamination (Aclogtial.,2009).

Among the transcriptional regulators fitned to generate an environment friendly for
EMT, Snail, Zeb and Twist show specific temporal expression pat(Buisand 2015). The
transcription factor Snail is a regulator of gene expression enablifig iBMuding repressioof
E-cadherin expression (Carm al.,2000). Similarly, Zinc Finger 8ox Binding Homeobox 1
(Zebl) and SnaiB (Twist) also educesE-cadherin expression, by binding argpressingts

promoter region (Sanchéllo et al.,2010).

The exit of CNCCs from the neurafolds is provoked by bone morphogenetic protein 4
(BMP-4) activation of SMAD signaling, as well as contributory Wnt signaling, upregulating Snail
1/2 in the premigratory population, priming the cell for loss of epaheharacteristics (Sakai
2005). A related transcription factorMyb, activates expression of Snailin the premigratory
status (Betancy005). Sna#l/2 activity increases throughout the specification phase, reaching
a plateau in delamination (Dubd, 2015). Upon successful delamination, Syid#l activity is
repressed by ubidgination and degradation, allowing a migratigpecific pattern of expression.
Critical to CNCC functions is the transcriptional activator AP2 alpha, whose disruption causes
severe cranial dysmorphology in mouse (Schetlel., 1996), as well as the transcriptional

repressor Sox10, which maintains CNCC multipotency during migration €Kah,2003).



1.1.3 Migration dynamics and associated matrix substrates

Migratory CNCG thepopulationwhich contributes to the development of the maxilla and
mandible express distinct proteins and interact with each other and their microenvironment in
specific ways distinct from the other subpopulations, such as the vagal and trunkcnestral
(McKeown 2013). One such example lies in the selectivity of CNC chemotaxis throughout
migration. While CNC have shown vitro andin vivo sensitivities to chemoattractants swash
plateletderived growth factor (PDGF) and vascular endothelealved gravth factor (VEGF)
(McKeownet al.,2013. However, other NC subpopulations show sensigs to other factors,
such as fibroblast growth factor (FGF) and stromaldetived fctor 1 (SDF1) (McKeowst al.,

2013. This is one example of Nénvirorment interactionswvhich drive and regulate migration.

Another example can be found in the selective expression of matrix metalloproteinases
(MMPs), which cleave the extracellular domains of surface proteins as well as some molecules
which contribute totte extracellular matrix (ECM) (McKeowet al.,2013. Unlike vagal NC,
which primarily emplog MMPs such as MMP2 and ADAM17/19 or trunk NC which express
MMP8, CNCs empaly ADAM10, 12 and 18 (McKeowret al., 2013. Such difference =
functional relevance, igen the discovery of regulatory factors in the environments of CNC
migration. One example is the discovery ofcadled neural crest exclusion zones, which
potentially exclude CNC migration through the expression of uncleavable MMP substrates (Kulesa
et d., 2019. Evidence exists for MMBubstrate pairing as a guiding migratory factor, as work
done with chick embryo shows that ADAM10 cleavage of cell adhesion protein CD44 allows CNC

migration into the desloping cornea (Hulet al.,2007).



Recently othershave described mechanisms affecting both-roeltrix and ceHcell
interactions synergistically, in CNC migration. Blocking the activity of matrix metalloproteinase
9 (MMP9) interrupted delamination and migration of CNC. These defects were due to blocking
the ability of MMP9 to cleave NMadherin during EMT and the basement membrane protein
laminin, in migration (Monsoneg@rnanet al.,2009). Rodent models of CNC migration have
shown subpopulation specificity of other cell adhesion proteins, such asinadiret integrins.
CNC show specific expression of Cadherins 6,11 and 19, while-eatglic NC also express
multiple protocadherins, which can interact with host kinases such as Fyn, thus regulating distinct

aspects of cell behavior (Gumbin2005).

However, celicell specific interactions also guide NC migration. Throughout their
journey, CNC typically remasii n contact with each other, a
mi gr at i oetd. 2qlH CNCnsiatain cohesion throughout migration throsigared gap
junctions, tight junctions and other cell adhesions (Kulesal., 2015. Interestingly, work
exploring the impact of reducing the population size of migratory CNC showed that individual
cells compensated for the loss, clustering together totana cohesion and increasing their rate
of intra-migratory proliferation (Kulesat al.,2015. This result, when considered with other work
showing that migratory CNC share cytoplasm via gap junctipags a larger picture of

intracellular cooperatimthroughout this developmental process (Kuktsal.,2015.

Taking a broader view of migration, two patterns emerge. An early, primary migration
along the ventrolateral pathway provides the CNC contributing to the cartilage, bone, musculature
and innevation of the frontonasal skeleton. This process is later joined by a dorsolateral migration
proximal to the ectoderm, which infiltrates the dermis, generating melanocytes (E&ci&smns,

1995).The structures which they each contribute to will now déscdbed.

8



1.1.4 Ultimate structural contributions of the neural crest

The cranial skeleton of vertebratepatternedy CNQCs (GendrorMaguireet al.,1993).
The cartilage, bone and nervous tissues generated are produced Gy f@NfEérationthroughout
and aftermigration, generating craniofatimesenchyme, which is multipotent (Callceti al.,
2007). This distinguishes CNC from trunk neural crest, which do not differentiate into bone or
cartilage (Santagati 2003). The CNC originate from two sepaogi@ations, emerging from the
hindbrain and midbrainThe posterior mesencephalic CNC population ingatle pharyngeal
arches to contribute to the maxilla, mandible and other structures. The more rostral diencephalic

populations contribute to the front@ah aspects of the cranglteleton (Santaga&i Rijli, 2003.

Hindbrain tissue identity varies along the anteroposterior axis, with adjacent
compartments, known as rhombomeres differing in gene expression as well as the migratory
pathways their distindNC populations will adopt, upon delamination (Gaati& Rijli, 2003.

Thus, the first pharyngeal arch (PAl), the anlagen of the maxilla, mandible, incus, malleus and
Meckel 6s cartilage, are colonized byl3@RC orig
3). CNC originating from posterior from posterior R3 through anterior R5 colonize the PA2, which
gives rise to the stapes and hyoid bone, which is also contributed to by the CNC originating from
posterior R5 and R6. Thesnigratory streams also dabute to PA3. Finally, R7 colonization of

PA4 generates supporting hyoid amugottic cartilage (Piotrowslet al.,1996).

The terminal identities of the tissues derived from each rhombomere are determined in part
by the initial identityof the rhomlomere itself (Hun& Gulisano,1991). Each rhombomere has
an intrinsic identity determined by the variable expression of a set of paralogous homeotic

transcription factors of the Hox family. The developmental destiny of each CNC population is



predeterminedy the individual and synergistic expression patterns of the four membtrs of
mammalian HOX cluster (Hur& Gulisano,1991). In this way, the more evolutionarily ancient
patterns of hindbrain development are projected upon the more ventral andy ipttiaditive

pharyngeal arch sequence.

1.1.5 Variations in neural crest migratory patterns

Upon delamination, distinct anteroposterior neural crest populations begin their migratory
invasion of the developing embryo. Broadly, these four populationsthes efanial, trunk, vagal
or cardiac. Cranial neural crest cells undergo dorsolateral migration, giving rise to the mesenchyme
of the craniofacial prominences, bone, connective and neural tissue, as well as melanocytes. The
trunk neural crest give alsovgi rise to melanocytes, as well as the vertebral cartilage and dorsal
root ganglia. Vagal neural crest contributes the enteric ganglia of the developing gut (Le Dourain
& Teillet, 1973). The Cardiac neural crest gives rise to the large cardiac artersepaund of the

developing heart (Le Lievre & Dourain, 1975).

These distinct populations show different migratory qualities (Scarpa & Mayor, 2016). As
the neural crest engage in a form of collective behavior known as collective cell migration (CCM),
which involves the formation of streams of migrating cells, which transiently contact each other.
These speciespecific migration patterns are dynamic, with respect to the anfergterior axis,
and show a reduction in width and size, proceeding from the thethe trunk, where singlezll

wide streams are seen (SaabMayor, 2016).

Collective migration of neural crest spbopulations is often categorized as being either

chainlike or streaming migration or as migration of a sheet of cells (Schumacher201).
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These morphologies are generated by a combination of factors, includiogltelbhesion and

cell density (Schumacher et al., 2017). Chain migration (Figure 1.2) features continuous contact
between neighbors or along trails generated by pusvitgration. Sheet migration requires a high
cellular density, while streaming migration involves less persistentekltontacts and frequent

rearrangements (Schumacher et al., 2017).
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(Adapted from Schumacher, 2017)

Figure 1.2 Categories of collective cell migration and their relationships with density
and cohesiveness. Cohesiveness and density affect the morphology of collective cell
migration. Chain migration features continuous contact between neighbors (top left) or along
trails generated by previous migrants (bottom left). Sheet migration involves the highest
number of nearest neighbors (top right). Streaming migration involves less persistent cell-cell
contacts and frequent rearrangements (bottom right).
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1.1.6 Defining the unique properties of the neural crest

The cels of the neural crest are unique to vertebrate development and serve unique roles within
it. An additional unique property of the neural crest is their anatomic origin. Upon gastrulation and
the subsequent emergence of the three primary germ layers,othal, dheuroectodermal
component of embryonic ectoderm gives rise to the neural plate. Upon receiving inductive
signaling from the proximal epidermis, the region surrounding the neural plate, the neural plate

border, gives rise to the neural crest.

A fundamental property of the neural crest is their ability to reacquire multipotency, after
having already differentiated into the ectodermal lineage. This reacquisition of multipotency is a
prerequisite for their unique roles in vertebrate development, astimetdpopulations within the
neural crest ultimately differentiate a second time. This secondary differentiation contributes to a
diversity of cell lineages throughout the developing body, including cartilage and bone of the
craniofacial skeleton, melaagtes and smooth muscle, as well as neurons and glia though out the

trunk.

Prior to this contribution, cells of the neural crest show an additional property, the ability to
collectively migrate, maintaining cetlell adhesions throughout their various raigry paths.
This collective behavior is necessary for their contribution to embryonic development, as well as
a being a distinct process separate from the directed individual migration of cells seen in other

lineages, throughout embryogenesis.
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1.2 A synopsis of mammalian palatogenesis

The developing pharynx is initially flanked by five distinct tissue outgrowtisch will
grow because of the proliferation of Nferived mesenchynm@shiqueet al.,2002) andntegrate
with each other amultiple interfaces which is distubed in facial clefting (Tessiel976).
Mammalian palatogenesis similarly aunification of developing tissues, in the paired palatal

shelves required for normal maxillary development

Development of the mammalian mouth initiallyvaives five facial prominences
surrounding it, the frontonasal prominence (FNP), which must integrate with bilateral maxillary
prominences (MxP). Similarly, paired mandibular prominences (MdP) also fuse, caudal to the
maxilla, establishing the equivalergmplate for mandibular developmefiigure 1.3. The
interface of the paired MxPs and FNP form the upper lip and philtrum (&ad, 2006).

Defective integration of these prominences ie ongin of cleft lip (Zaghlou& Brugmann,2017).

Subsequenpalatogenesis originates from paired outgrowths of the now integrated MxPs
and FNP. These outgrowths, palathelves, must ultimately grow verticallyndergo elevation
rostral to the developing tongue, enlarge to complete the void between them, appiEsigam
at the frontal midline of the bodifigure 1.4 and, all within a very specific developmental window
which showdittle variation in timing for a given species, with disruptions of any of these processes

potentally causing cleft palate (BushJiang,2012).

14



=
w

Sy
- N
=

~~a
o

Boney clefts Soft tissue clefts

(Adapted from Tessier, 1976)

Figure 1.3. Orofacial clefts can result from unfused facial prominences. (A) Embryonic
tissue contributions to the developed neonatal face. Proper facial formation requires the fusion of
maxillary and mandibular prominences, with the maxillary prominences (MxP) fusing with both
the mandibular prominence (MdP) and the later nasal prominences (LNP). The median nasal
prominence (MNP) fuse with both the LNPs and MxPs. (B) Failed fusion of facial prominences
can cause orofacial clefting involving either bone (left) or soft tissue (right). Facial clefting is
categorized by position and tissue affected, as first described by Dr. Paul Tessier.
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Figure 1.4. Palatogenesis requires the growth, elevation and fusion of palatal shelves.
During mouse embryogenesis, paired oral structures, the palatal shelves (PS), undergo vertical
outgrowth at E13.5 (hashed line), closing the void that extends dorsally from the region
containing the maxillary prominences (MxP), the primary palate (PP) and the nasal septum
(NS), as seen in transverse view of the maxilla (A). (B) A coronal view of the same process
shows vertical outgrowth of PS (hashed line), anterior to the developing tongue (T).
Beginning during E14.0, PS elevation (C, D, hashed arrows) is followed by horizontal growth
(D, solid arrows). Subsequently, upon convergence, PS fusion along the midline completes
palate formation, at E15.0 (E, F, arrowheads).
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1.2.1 Proliferation within the palatal shelves yields outgrowth

The palatal shelves themselves offer a seemingly simple architecture involving only two
broad cellular lineages, a polarized epithelium shrouding an enlarging mass of airogfer
mesenchyme derived largely from the cranial neural creseflah,2003). Interactions between
these two cellular lineages are required for palatal shelf outgrowth @uJsng,2012. Such
outgrowth requires regulation of the cell cycle, enguoptimal levels of mitosis in outgrowth.
Epithelial secretion opatched (Pta), the sonic hedgehog (Shhieceptoris a major driver of
mesenchyral proliferation along with Fibroblast growth faat¢Fgf) signaling (Laret al.,2009),

with interactions btwea these pathways likely (BughJiang,2012).

1.2.2 Models of palatal shelf elevation

Elevation of the palatal shelves is a rapid process, which occurs in mouse at approximately
E14.0, taking under an hour (BughJiang,2012). This rapidity is alsthe cause opalatal shelf
elevationbeing the least understood element of palatogenesis, due to the challenges it presents in
observing or attempting itseapituktionin vitro. Multiple models have been proposed to explain
such a rapid tissue reorietitan, which include hydrostatic interact®mvith palatal shelf ECM
(Goudyet al.,2010) and mechanical force vétsng from proliferation (Bush & Jian@012), none
of which have conclusively answered this question. Interestingly, one of the only geadéts
of delayed palatal shelf elevationdthxla(Zeb). Zeblmutant mice consistently show elevation
delay, without other features associated wiligtective palatogenesis (Kurined al.,2011). This
transcription factor plays a prominent role in EMTppressing transcription of epithelial

cadherin, along with ber genes (Batllet al., 2000), suggesting a role for cell adhesion in
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elevation. Collective cell migration, involving coordinated movements of cell streams, is
potentially relevant to palatahelf development. Deficiency of one of the few kngwaoteins
which coordinategollective migration, the tumor suppressor Merhows cleft palate in mouse

(Gritli-Linde 2008).

1.2.3 Signaling induced upon apposition and adhesion of the palatal shetv

Upon palatal shelf apposition, adhesion of palatal shelves proceeds anterior and posterior
to the site of first contact (Bush & Jiarf)12). As this joining first involves contact between two
seemingly identical, bilateral epithelia, an exploration epithelial celicell interactions is
important.Medialedge epithelium (MEE) interactions between palatal shelves have been shown
to be essentialliemporallysensitive (Jiret al.,2008). Thus, qualities intrinsic to each palatal shelf

epithelia are likg guiding factors in adhesion.

Interestingly, mouse mutants of the transcription factor Irf6 have cleft palate, due to
abnormal adhesion between the palatal shelves and athlestructure, such as the tongue
(Ingrahamet al.,2006). Howeverlrfé expression is activated by another transcription factor, p63,
disruption of whichalso causes clefting (Thomasetal.,2010). Both factors are expressed in the
periderm, a thin epithelium overlying the continua@psthelium underneathlThe periderm is a
trarsient tissue, which is thought to serve a function in preventing the palatal shelves from fusing
with otheroral structures during outgwth and elevation (Richardsat al.,2014). Ultimately,
the cells of the periderm undergo apoptosisMEE, upon themedial apposition of the pa&

shelves (Polakowsleat al.,1994).
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1.2.4 Palatal shelf fusion and the completion of the palate

The fusion of the now apposed palatal shelves first requires removal of the péraferm
the MEE, allowing adhesioand subsquently the abolition of the underlyiMEE (Tudelaet al.,
2002). Palatal shelf adhesion involveSH signaling, with disruption yielding failed adhesion
and persistent MEEK@artinen 1995, Proetz&B95). Failed MEE removal, which is required for
the integration of the apposed mesenchymegasiae of cleft palate (Proet4€195). Proper fusion
at E155 begins at the central meeting point and a subsequent wave of wadtddrsal adhesion
(Alexanderet al.,2011). This is followed by the anterior fusion with the primary paBtsh&

Jiang,2012).

1.3 Neurocristopathies: Pathologies of the neural est

The disruption of any process involved in embryonic development has pathogenic
potential. The neural crest is no exception, as a spectrum of diverse pathologies of the neural crest
collectively termed neurocristopathies, hsesen describe{Bolande 1974). Neurocristopathies
are as varied as are the derivatives of the neural crest. Broadly, neurocristopathies affect
craniofacial development, as seen in Waardenburg syndfgvaardenburg1951), cardiac
morphogenesis, as seen in \feldio-facial syndome (Shprintzeret al.,1981), or intestinal
innervation,spat i cal | y Hi r s c h p &luyonged 2001}l Oftere thessgmpiomsmi e |
neurocristopathies can overlap between two syndromes in the same patient, complicating our

understanding of the gaigenetic mechanism responsible.
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1.3.1 Neurocristopathies feature orofacial clefting:

A common feature of multiple neurocristopathies is orofacial clefasdgrequently seen
in common syndromes such as Van der Woude syndrome, Pierre Robin sequencaydielo
facial syndrome and Median facial dysplasia (Venkagsdl.,2009). Clefting can occur aseft
lip only (CLO), cleft palate only (CPQjr cleft lip and palate (CLP) (Suet al.,2015). Patierst
afflicted by Waardenburg syndrome, which primaiityolves mild craniofacial abnormalities
such as broad nasal root and pigmentation defects. The primary pathogenesis of Waardenburg
syndrome, which can alsnvolve CP (Yoshida&t al.,2016), is due ttheterozygous mutations in
Pax3 a transcription factanvolved in NC pecification. Pax3 activatexpressiorof AP2 alpha

a critical transcription factor in CNCC specification (Plouhiaeal.,2014).

DiGeorge syndrome patient frequently present CP (Napalks,2016). The pathogenesis
of DiGeorge syndime (also known as 22q11.2 deletion syndrome) is a microdeletion of variable
length, in the q12 locus of chromosome 2%/ork has focused upon the transcription factor Thx1,
which functions in the differentiation of pestigratory NC. Indeed, an ENU mutgsis i
derivedmouse model oTbx1disruption shows a range of phenotypes [k€eorge (Barretet
al.,1981). Finally, the symptoms of Goldenhar syndrome include CP and infrequently lateral facial

clefts (Chauhaet al.,2015). Its genetic etiology isnknown.
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1.4SPECCL1L: A novel cytoskeletal protein with a role in craniofacial morphogenesis

1.4.1 The discovery oSPECC1Lmutations in patients with atypical clefts

The cytoskeletal crosslinking proteamcoded by the gerfeéperm antigen with calpami
homology and coile@oil domains 1 like $PECCL1l) was first identified as disrupted by a
balanced chromosomal translocation involving chromosomes 1 and 22 of a femake heona
with severe, atypical facial clefts. This rare birth defect affects ¥arye200,000 live birthsand
is the result of failed fusion of craniofacial prominences. The patient in question also had cleft
palate (CP) as well as micropthalmia aalipes calcaneovarus deformity.

An additional SPECC1L mutation, a de novo heerozygos missense mutation
p.GIn415Pro (Q415Pyyas identifiedn a male neonatwith bilateral atypical facial clefts (Saadi
et al.,2011).In situhybridization of mous&pecclkhowed prominent expression in thaxillary
prominence and lataknasal processavhich fail to fuse iratypical clefts as well as the eyes and

limbs, at embryonic day E35B10.5.

1.4.2Aberrant adhesion and migration uponSPECC1LDrosophilaortholog CG13366kd

Ubiquitous reduction ofCG13366 the Drosophila ortholog of SPECC1L. by RNA
interference yielded multiple phenotypes suggestive of impaired cellular adhesion and migration,
which the author named the &6Split di scsbé6 phe
imaginal discs to properly migrate and adhere to each dther process is dependent on a class
of cell adhesion molecules, integrins. Integrins are important to the prooéssegation and
adhesion. Mny of theCG1336&nockdown phenotypes suggest defective migneand adhesion

in developmentSpecifically, a wing imaginal disespecific CG13366reduction showed wing
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defectanvolving altered adhesion of tlipposing aspects of the developing wing, sucteas in

integrin mutantsnflatedandmultiple edematous wingSaadiet al.,2011).

1.4.3Speccllls implicated in a zebrafish model of oblique facial clefting

Recently, others have employed the zebrafish model to explor&R&EZC1Ldisruption
results in the rarer and more severe oblique facial clefting described byeSakhd{2011)which
provided he first and currently one of the only genes implicated in this rare genetic anomaly.
SPECC1lLhas two zebrafish homologspeccllaand speccllb Speccllbis expressed in the
epithelia surrounding craniofacial chondrocyte populatispgcclladisruption dd not yield a
craniofacial phenotype. This led to the question of Bpeccllisruption could illustrate its role
in the fusion of craniofacial prominences.

The zebrafish ethmoid plate is analogous to the developing palate, which involves the
fusion of its median and lateral elements, as the frontonasal and maxillary prominences must
converge in palatogenesis. The authors found that morpholino knockdepeaafllresulted in
failure of the median and lateral aspects of the ethmoid plate to fuseingesubilateral clefts.
Additionally, the mandible is absent, showing that zebrafccllbis required for upper and
lower jaw formation, while reinforcing the role demonstratedS®ECC1Lin human oblique
facial clefting Saadiet al.,2011). Thus,zebrafishspecclloffers currently the only genetic model
of oblique facial clefting.

Zebrafish palatogenesis requires a proliferative wave in the pharyngeal structures, to allow
convergence and extension in creating mature craniofacial cardpgeclb morphants show a
reduction in the extent of such proliferation, with no increase in apoptosis. As the epithelia

surrounding chondrocytes play extracellular signaling roles in chondrocyte development, the
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authors speculate thgpeccllbmay play a rolen that signaling. Thus, up@pecclitknockdown,
reduced chondrocyte proliferation is causative in failed extension and subsequent convergence of
the ethmoid plate anlage.

Ultimately, the authors posit thgpecclllis facilitating different developmentpfocesses
in the mandible and maxilla. The absence of a mandible suggestspiatllbenables
convergence of the mandibular prominencasd promotes integration of the aspects of the
ethmoid platan the maxilla. Interestingly, zebrafish transcripti@ctor irf6 is required for this
integration. The transcription factds alsoimplicated in humaglefting (Khandelwaét al.,2017).

Still, unresolved questions remain. One example can be found in the absent mandible
phenotype, which is not a featurelnfman oblique facial clefting, suggesting thpecclitserves
prominencespecific functions which may be shared with human maxillary, but not mandibular
development. Also, a putative role fepeccllahas not been explored. Althougipecclla
knockdown dil not produce the relevant phenotype, there has been no exploration of whether the
introduction ofspeccllamRNA can rescuspeccllbdefects. Ultimately the nature of this gene

duplication may make a zebrafish model of hurB®ECC1lLldeficiency challengingp interpret.

1.4.4 Mammalianin vitro models of SPECC1Ldeficiency

Immunostainingshowed thatSPECCIL associates with the actin and microtubule
cytoskeletons ah is a cytoskeletaprotein. Ectopic SpeccIEFP localizes to a subset of
microtubulesontaningt h e a c et y |-takule.drhif assocation i§ abdlished by removal
of the carboxitterminal Calponin homology domain (CHD), suggesting that endogenous
SPECC1lLassociates with the microtubule cytoskeleton via its interactions with actin, which

boundbythe CHD of other proteins (Korenbauet al.,2002). Indeed, overexpression or reduction
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of SPECClLresults in agh reorganization defects. OverexpressionOtf-C patienimutation

QA415P faildo associate normally with microtubul&ndogenouSPECC1L also colocalizes with
flamentousa c t i n a n d-tubuneftthe mitoticspindlésuggesting a role fPECCI1L
in mitosis which would be furthezonfirmedby a publicéion of the same year (Mattisat al.,

2011).

In vitro models ofSPECC1Ldeficiency in mammalian cell lines realed alterecddhesion
(Saadiet al., 2011) SPECC1Ekd in human embryonic kidneg93 (HEK-293) cells show
defective adhesion to the growth substrate, but only upon reaching confluence, when they
collectively detach. Interestingly, the introduction\détrigel substrate does not restore densit
based alterations in adhesiohlso, SPECC1kkd HEK-293 cells show reduced filopodia and
filamentous actin microspikes, which have been described as indicators akngdision and
motility (Webb et al.2003).

Actin cytoskeleton reorganization is required for adequate cell adhesion (Caldextvood
al., 2000) and migration (Ridlest al, 2003). In wound assaysing human osteosarcoma cell line
U20S SPECC1Lkd cellsfail to migrate into the wound fully, when cgawred to WT U20S cell
cultures given the same amount of tingRECC1kkd U20S osteosarcoma cells show actin
cytoskeletal defects, in the form of an increase in-camtical, perinuclear actin stress fibers.
PromigratoryWnt ligand Wnt5a induces aetcytoskeletal reorganization to facilitate migration
(Witze et al.,2008). Upon Wnt5a exposurSPECC1Ekd U20S fail to reorganize actin at the
leading edge, perpendicular to theedtion of impending migration, as seen in WT U20S cells.

In summary, disruptionf SPECC1Llcausesevere, atypical cleftingPECC1Lldeficiency
disruptscell adhesion and migratian vitro, offering potential mechanisaunderlyingdefective

proliferationwithin or fusion of craniofacial prominences in the pathogenesaypical cefts
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The role played bySPECCL1Lin its association wittmicrotubules is disrupted by SPECC1L
mutation Facilitation of adhesion and migration in the cells which contribute to craniofacial
formation would explain theSPECCI1L disruption induced pathogenests ObFC. Thus,
SPECCl1lLplays a critical rolén actincytoskeleton reorganization thatrequired for proper facial

morphogenesis

1.4.5 A distinctrole for SPECC1Lin cytokinesis

Complementing the foundational work showing tBRECCI1Lis a cause of rofacial
clefting, others described an additional, fundamental role for this protein in cytokinesis. This role
was specific to cell cortex stability and the positioning of the mitotic spirtilleaag anaphase
(Mattisonet al.,2011). These findings havetiiguing overlaps with previous research regarding
SPECCI1L.and are also supported by our recent findings, regarding its protein interactors.

Initially, the authors sought to identify and describe the functiom®weél substrates of a
protein kinase essitial for spindle body formation, mopmlar spindle 1NMIPSJ). MPS1localizes
to and is involved in centrosome duplication prior to the onset of mitosis. In doing so, they
identified MPS1interacting protein 1MIP1, SPECC1l as anMPS1substrate with dyamic
localization throughout cell cycle progression.

This dynamic localization begins with a prominent association with the actin cytoskeleton
during interphase, as already described (Saadil.,2011). Upon the onset of mitaiearly
metaphase cellsnitially show SPECC1Lassociation with gamma tubulin found within the
microtubule spindle network. Throughout anaph&BECC1Lis associated throughout the

development of the ingression furrow and the midbody. The authors note that this mitotic
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expressionpattern is reminiscent of the actdimding protein Anillin, which is required for
ingression furrow development.

Induced depletion ofSPECCI1L also yielded intriguing insightsSpeccll sSiRNA
knockdownin U20S cells induced a 24 percent increase Hraful tetranucleate cells, after 48
hours, demonstrating defective anaphase separation of chromosomes. Live cell imaging revealed
that treated cells exhibited a violent spindle rocking phenotype which often left daughter
chromosomes intact within one pareastl only. These results suggest tB®ECC1Lfunctions in

stabilizing or positioning mitotic spindles.

1.5 PI3K-AKT signaling

1.5.1Introduction

One key signaling pathway influencing many of the cellular phenotypes observed
throughout the course of thstudy is the Phosphatidylinosi/5-Bisphosphate -Kinase (PI13K)
cascade. PI3K is a lipid kinase which generates the specific inositol lipid species required for the
activation of downstream kinases, such as the s#rieenine kinase-akt murine thynoma viral

oncogene homolog 1 (AKT/Protein kinase B), a protein of specific relevance to this study.

1.5.2Extracellular origins of PI3K activation

Inositol lipid signaling via PI3K originates as a response, at the plasma membrane, to a
variety of extraellular stimuli. Of importance to embryonic development are extracellular growth
factors, such as Fibroblast growth factors (FGFs), epidermal growth factors (EGFs),-Platelet

derived growth factors (PDGFs) andsulin, via a class of membrane bound receptor
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characterized as receptor tyrosine kinases (RTKigure 1.4) Upon ligand bound dimerization,
RTKs convey growth and survival promoting signaling, in this case, via Ras GTPase, to activate
PI13Ks. Another such stimulus, via the focal adhesion kinas&)pathway, is triggered by the

di merization of membr ane bound integrins U
components of the extracellular matrix (ECM). A variety of small, signaling molecules, cytokines,
stimulate PI3K signaling via cytokenactivation of Janus kinase (JAK), in the JBKAT
signaling pathway. PI3K can also be activated as a pathogenic response to pasisogeied
molecular patterns, via Télike receptors (TLR2/4), via Raglated C3 botulinum toxin substrate

1 (RAC1) sgnaling to PI3Ks. These are the known ligands and corresponding pathways of the

subcategory known as Class IA PI3Ks, the features of which will be described subsequently.

1.5.3 Phosphoinositide chemistry related to PI3K phosphorylation

Embedded withinite plasma membrane are a variety of modified phospholipids capable
of multiple cellular roles, ranging from membrane deformation in endocytosis to acting as second
messengers in key signaling cascades, including ARBK signaling. The inositol ring of
Phaosphatidyl inositol (PI) can be modified via kinase phosphorylation at multiple carbons, yielding
numerous species. However, it should be noted that other phB$mmecies exist and are
generated by enzymes not shown. These pathways will also genesdtatestior this and other
phosphePI pathwaygFigure 1.5)

As an example of this ATP hydrolysis driven phosphorylation, Pl phosphorylation by
Phosphatidyl I no s i-pasilion kelds thesmonoghosphBte gpé&cies PA(4)P. 4 Nj
Subsequent phosphoy | at i o npostidn by Phesphatitlyl Inositol phosphate kinase 1

(PIPK1) vyields Phosphoinositol bisphosphate (Pt@ds5P. or PIR). In response to
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Figure 1.5. The PI3K-AKT signaling pathway promotes cell growth and survival. (Top)
PI3K is activated by multiple extracellular signals, including cytokines, growth factors and
contact with the extra-cellular matrix. (Middle) Upon activation, lipid kinase PI3K
phosphorylates Phosphatidylinositol 4,5-bisphosphate (PIP,), yielding increased levels of the
triphosphate PIP;. Increased PIP; activates PDK1, which activates AKT at the membrane.
(Bottom) Upon activation, AKT positively and negatively regulates numerous substrates,
many of which are involved with cell survival (blue), cell growth and cell cycle control
(yellow), as well as protein synthesis (green).
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extracellular cues, PI3Ks modify this phospholipidssengers, by phosphorylation ofh & 3 Nj
posiion of the inositol ring of Phosphoinositol bisphosphate (Pt8las5P. or PIR) yielding
Phosphoinositol triphosphatPtdins4,5-Ps or PIR). Both species of phospholipid have specific

and distinct signaling effects, important to directional migragioa cell polarity, generally. Each

step in this pathway can be reversed by a competing phosphatase, such as SAC1 Suppressor of
Actin Mutations 1Like (SACM1L), SH2 domain containing inositol@hosphatases (SHIPs) or
Phosphatase and Tensin Homolog foundCnomosome ten (PTEN). PTEN is the autaist of

PI3Ks, generating PlHrom PIRvi a t he «c¢ | e av ag e-popitiorocs thehirdited f r o m
ring (Figure 1.5) Importantly, with respect to this study, increased Pt8lds5Ps; induces the

activity of 3-Phosphoinositide dependent protein kinds@PDK-1), ultimately resulting in

increased levels of activated AKT at the plagnembrane

1.5.4 The quaternary structures of PI3K

The quaternary structures of PI3K are highly modular, allowing for muttgpiéigurations
of protein subunits, depending upon the needs of the cell. In restricting our consideration to include
only Class | PI3Ks, a theme emerges, which is the joining of a catalytic and a regulatory subunit.

The class | PI3Ks, whose vivosubdrate is specifically PIR is a dimer of a phospholipid
producing p110 catalytic subunit, and a p85 regulatory subunit. The catalytic subunit can be one
of four structur al variant s, p.EXCEptplh@b,o B!
possesa p85 binding domain, facilitating di meri z
heterodimer with the p101 or p87 regulatory variants.

All p110 subunits are comprised of four other common domains, apart from the-amino

terminal p85binding domain.First is the Radinding domain (RBD). The RBD is imagined
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playing a primordial function in PI3K activation. Evidence of this is found in the slime mold
Dictyostelium discoideumvhich lacks p85 regulatory subunits entirely, and is primarily activated
by GPCRtriggered Ras. The remaining three domains constitute the PI3K core responsible for
lipid phosphorylation. The C2 domain is a ligpthding domain frequently found in proteins
associated with the plasma membrane. A proximal helical domain is kndsequently facilitate
proteinprotein interactions. Finally, a carboxg@rminal catalytic domain is the site of lipid
phosphorylation. These three domains are collectively known as the PI3K core, as they tether lipid
kinase activity with the plasma membea

Complementing this is the domain architecture of the p85 regulatory subunit. This protein
contains multiple Skthomology domains. An amir@rminal Srehomology 3 (SH3) domain is
thought to possess a GTPasgivating function, suggesting that PI3Kanc functionally
communicate with small GTPases, such as Rho, Rac and Cdc42. Adjacent to this is a single
Breakpoint cluster regichomology domain (BH domain). BH domains typically play a role in
GTPase functions, although it is yet to be demonstratethibatomain is active in PI3Ks. Finally,
three carboxyterminal domains constitute the p85 core, which is a fifidi@ing domain, flanked
on each side by a Shommology 2 (SH2) domain. SH2 domains are typically found in adapter
proteins which interact wih RTKs, such as the category of receptors which initiate PI3K signaling

(Figure 1.5)

1.5.5 Phospholipid activation of PDK1 and subsequent activation of AKT

In the larger mechanism of phosphoinositide signaling, a lessuwadirstood activity is
the inermediate activation of AKT by PDK1, a phosphoinosHiggendent protein kinase. The

regulation of AKFactivating phosphorylation is crucial to the proper coordination of multiple

30



cellular processes, as evidenced by the strong correlation betweenragial mutations and
multiple cancers.

Upon PI3K activation and subsequent phospholipid function, synthesized PIP
accumulates within the cytosolic face of the lipid bilayer. Unstimulated cells have large reserves
of the monophosphate Ptdins3P. Howewgron RTK stimulation, PBPPand PIR levels rise,
attracting multiple proteins to the membrane, specifically those containing a globular Pleckstrin
homology domain (PH domain). Both PDK1 and AKT are mostly cytosolic in distribution, in the
nortactive stateexisting prior to stimulation. It is the PH domain of PDK1 and AKT that induces
their interaction at the membrane, upon stimulation, as the PH domain has a far higher affinity for
PIP; and PIB, over other Plg¢Figure 1.5)

AKT is activated at the plasmaembrane, via two activating, pesanslational
modifications (PTMs). PDK1 phosphorylation of AKT, at ¥§rwhich resides in the activation
loop, or so called -Toop of the kinase domain, is found in combination with another activating
phosphorylation.This T-loop is a highlyconserved region of multiple kinases, suggesting
regulatory phosphorylation of it is also a conserved process. The second activating
phosphorylation is S&#, in the Gterminal regulatory domain. Interestingly, PDK1 can
phosphoryate Th#% directly, but only Séf3when associated with another kinase, Protein kinase
N2 (PRK2). There are indications that other kinases, such as the master target of Rapamycin
complex 2 (MTOR2), can also phosphorylate this residue. Mutation of edilbeto Alanine does
not abolish phosphorylation of the other, indicating that these are separate, but not necessarily
sequential events. Ultimately, activated AKT disasstes from the plasma membrarte,

phosphorylate its many cytosolic and nuclearssuates.
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1.5.6Regulation of multiple cellular systems via AKT phosphoregulation

Thus far, there are over 200 verified substrates of AKT phosphoregulation, which
participate in multiple cellular systems, as will be subsequently described. Although these
substrates are quite varied, a minimal recognition motif has been described for this
Serine/Threonine kinase (S/T kinase). AKT phosphorylates the recognition motif RXRXX S/T B,
where X is any amino acid and B represents a large hydrophobic amino aaiestinggy, a
minority of AKT substrates lagthis motif, suggesting other methods of regulation by AKT. Its
phosphoregulation can be activating as i n the case of | 8aB-kinase
apoptotic genes, or negative as seen in the inactivating phosphorylation of Glycogen synthase
kinase 3 (GSK3). Deficiencies in the PI3KAKT signaling pathway are associated with embryonic
subepidermalmidline blebbingand cleft palate, as seen in tegfi® mouse mutants (Fantauzzo
& Soriano,2014).

Upon verifying that this mutant model was signaling through AKT phosphorylation, in
response to Pdgfr activation by PDGF, the authors employed @hmpmsteomic approach,
involving primary mouse embryonic palatal mesenchyme (MEPM) as a proxy for palatal shelf
response to PDGF exposure. Upon exposure of MEPM cultures to PDGF, control and untreated
phosphorylation targets of AKT were identified. TarggtBDGFmediated AKT phosphorylation
largely clustered into a small number of functional classes, with the largest class reflecting
abnormal proliferation, potentially explaining the smaller embryonic size or importantly, the
reduced palatal shelf sizessyved inP d g imutants. An additional connection emerged when
PDGFtreated MEPMs includedSPECC1Lin the battery of AKT phosphorylation targets

(Fantauzz& Soriano,2014).
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This pathway has been i-qatpninirequareddéodmaiemanceé h e
of dental mesenchyme, downstream of FGF signalingdiLal.,2013. FGFPI3K-AKT signaling
has also been implicated in the development of statoacoustic ganglia in zebrafish otic development
(Wanget al.,2015. These works represent a very smaimber ofstudies connectingI3K-AKT

signaling with craniofacial development generally or palatogenesis specifically.

1.5.6.1 Inhibition of apoptosis via AKT activation

The proesurvival functions of AKT, in inhibiting apoptosis are described extensivel
(Kennedyet al.,1999). AKT inhibits preapoptotic proteins such as BCL2 associated agonist of
cell death (Bad), which reverses the-pmmoptotic signaling of BCL2 apoptosis regulator (Bl
and BCL2-like 1 (Bckxl) (Matsuzakiet al., 1999). Also, AKT fosphorylation activates the
caspase inhibitory function of -Knked inhibitor of apoptosis (XIAP)either directly or
downstreanof Nuclear factor kappa B (NB B) a c t i ch aldoiaabvates XUAR (Asselet
al., 2001). AKT phosphorylation also inhibits transcription factor Forkhead box O3 (FOXO3a),
which promotes the transcription of the apoptosis promoting proteins Bkd.21 (Bim) and
Phorbot12-Myristate 13-acetateinduced protein 1 (Noxa). Finally, AKT interaction with Master
target of Rapamycin (mTOR) induces its activation of BCL2 family apoptosis regulator-@yJCL
a protein with antapoptotic activity (Schulz8ergkameret al.,2004). Thus, several pathways

are activated upon AKT phosphorylation, conveying thesumwival signals of growth factors.

1.5.62 Functions of PI3K-AKT signaling in craniofacial development
The roles of PIBKAKT signaling in EMT and other cellar proesses are wetlescribed

(Larueet al.,2005). However, any such functions in craniofacial development generally, are rare.
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A prominent exception comes with recent studies investigating the role of ptdeietd growth

factor receptor alpha (Bdf r U) u p s t-AK& signalimgfin afmowsdmodel (Fanzzo&
Soriano,2014. P d g %P8 homozygous mutant mice expressiagnutatedP d g fthat Us
unable to bind and activate PI3K show a variety of phenotypes, including smaller overall size,
ddayed fusion of the medial nasal process at E12.5 and delayed maxillarydon at E13.5.

Also of interest was subepidermal blebbing prominent along the facial midline, abnormal neural
tube morphology and importantly, smaller than control anteriotalathelves possibly due to

decreased vertical outgrowthantauzz@& Soriano,2014)

1.6 Adherens junctions

The establishment and maintenance of tissues requirés cttiicell adhesion (Gumbingr
1996). Throughout embryogenesis the dynamic natutieegse adhesions allows for cell sorting,
polarity and the stimulation of intracellular signaling cascades with respect to the develbpmenta
requirements of tissues (Bau& Georgiou, 2011). One such type of adhesion, the adherens
junction (AJ), isa multmeric complex tethering adjacent cells via homotypic binding of
extracellular cadherin proteins. The regulation of AJ stability is a critical feature of CNCC EMT,

as AJs must be downregulated to allow their migration away from the neural folds.

1.6.1Cellular functions of Adherens junctions: Adhesion, signaling and polarity

The AJ is a multimeric protein complex whose fundamental role is in maintainingedell

integrity in many tissues, especially those of a stratified epithelium (letwais,1994). The AJ is
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thought to organize around cekll contacts, through the heterophilic interactions ofagfiesion
molecule, nectin, which initially link cells at their interface. However, nectin adhesions then show
localization of cadherins, homophilic cetifaesion molecules which dimerize with their neighbors
via calcium binding (Lewigt al.,1994). Thus, nectins are thought to precede and perhaps recruit
cadheins to the developing AJ (Takei al.,2003). Nectin interacts with Afadin, an acbmding
protein, potentially explaining the first steps in establishing the linkage between the AJkand th
actin cytoskeleton (Takahaséi al.,1999). Ultimately, the maturing AJ recruits alpha catenin,
which is also an actin binding protein. Alpha catenin servseaatermediary between the mature

AJ and the actin cytoskeleton (Yapal.,1997). The mature AJ also interacts with the microtubule
cytoskeleton, through adaptor protein, such as CAP350. Indeed, depletion of CAP350 causes
MDCKII cells to change from ra elongated morphology to rounded, suggesting that AJ

microtubule interactions contribute to cell polarity in a stratified epithelium (Rohi@845).

The additional critical addition to the AJ is the regnent of beta catenin (Hartstoék
Nelson,2008. Beta catenin acts both in establishing the stability of the AJ, but also as the mediator
which conveys Wnt signaling to the nucleus, organizing transcriptionactosators to the
promoers of Wnt target genes (Nels&Nusse,2004). Thus, one modeldludes the AJ as a
component of Wnt signaling, as Adund Beta catenin has been shown to enter into the Wnt
signaling pathway, suggesting a shared pool of Beta catenin beddieesion and Wnt signaling
(Kamet al.,2009).Thus, AJs effectively sequestageta catenin, as its structural role within them

prohibits its nuclear role in activating Wnt signaling.

35



1.6.2 Regulation of Adherens junction: disassembly

While transcriptional regulation of cadherins is a key point in the regulation of the AJ
(Peinand et al., 2004), regulatory recycling of these adhesions involves multiple other
mechanisms, including ubiquitination of AJ components, targeting them for endocytic processing
(Nanes& Kowalczyk, 2014). For example, the orphaned AJ, which has no bindiriggran a
neighboring cell, is endocytosed, upon calcium depleatiorntro (Kartenbecket al.,1991). The
process of cadherin endocytosis has since been associated with multiple processes both in
embryonic development and association with disease amdsitegulation (Nane& Kowalczyk,

2014).

Cadherin endocytosis regulating the AJ is initiated by the binding of adaptor proteins which
permit their ubiquitination (Nanes 2014). Upon ubiquitination, the associated AJ is sequestered to
an invaginating clatiin-coated pit, in preparation for endocytosis and subsequent recycling (Nanes
& Kowalczyk, 2014). This process has relevance for multiple signaling cascades, as seen in the
example of the fibroblast growth factor (Fgf) signalialgo important to palatogesis. FGF
stimulation was found to induce-dadherin internalization (Bryanet al., 2005). Other
embryogenic patterning pathways also initiate cadherin internalization, as seen in the VEGF

induced internalization ofE-cadherin (Gavardt al.,2006).

1.6.3 The relevance of adherens junctions to embryonic craniofacial development

Cell polarity, a quality marked by the spatial distribution of proteins to either the apical or
basal compartments establishes tissue architecture (Yoshalg2012). AJs catribute to the
establishment of apiebasal polarization of epithelia (Ohno 2001), which is lost during CNCC
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delamination (Parlet al.,2010) as AJs are remodelékhis polarization isalsorelevant to the
interactions of the periderm and underlying MEEpalatal shelf attachment and fusion (Yoshida

et al.,2012). Another celtell adhesion present in this milieu is the tight junction (TJ). Amongst
other functions, TJs promote cell polarization, by creating a lipid boundary restricting membrane
associaté proteins to either the apical or bleaspect of the cell (Cereijidet al.,1998). Indeed,

this polarizing function of the TJ is patterned by AJs. The recruitment of certain cell adhesion
molecules is facilitated by nectins, at developing-cell jundions, allowing apicafJs to develop

into TJs (Takakt al.,2008).1t has been showthat dssolutionof the periderm layer coating the
MEE of the palatal shelves iinitiated by TGF signaling, resulting in a desquamatizing loss of
polarity. In support bthis, they showed that the localization of a cell polarity marker, GP135, as
well as AJ components were dynamic in the periderm between E13.5 and E14.5, and were a
response to TGF exposure, thus demonstrating a role for AJs anethfide TJs in the peterm,

during palatal shelf adhesiduasion (Yoshidaet al.,2012).

Complimenting these findings, proper Beta catenin regulation has been implicated as a
requirement for successful lineage transition from N(ana fidemesenchymal stem cells
(MSCs). Betecatenin, an AJ component, mediates this transition and its dysregulation results in

MSC populations inadequate for proper forebrain development (€radg2013).

1.6.4Modulation of adherens junctions through AKT signaling

As the transition from efhelial to mesenchymal cellular features requires the
downregulation ofcell-cell adhesion complexes, Adherens junctioAds), it is important to

consder any roles played by AKTin this modulation. AKT performs an inactivating
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phosphorylation of Glucessyn hase ki nase 3 al phaetda.R009.beta (
Downstream GSK3b kinase function impacts met al
relevant here for its twiold impact upon EMT. The firstimpact upon AJs is though transcrigition
regulation of genes required for EMT, via Snail familyhgeriptional repressor Bfaill). Snail

1 represses expression of the E cadherin gene, important in neural crest devetharterthe
requirementof EMT during CNCC delamingion from the neural dids (Canoet al., 2000).
However , cohtd@shthe transcriptional changes of Sndi| interrupting EMT

progression.

The other hal f of the GSK3b function in
p hos ph o rcaténia tingadved fwith AJs, targeting it for degradatiop b t kcatenirb
destruction complex. As a component of this p
the consequences of an inactive, unstimul&ted signaling pathway (W& Pan,2010). Upon
phosphorylation, this heteromeric protein complex fetidis the ubiquitination and subsequent
proteasomatiegradation, modulating AJs (kt al.,2012). Thus, reduction of upstream PI3K or
AKT signaling, i n antagonizing GSK36b, af fect :
beginning with receptor tyrosgrkinase activation by growth factors, through RBKT signaling
and the subsequent modul ation of GSK3b effect
acquisition of a less adhesive and more mobile, mesenchymal phenotype, in response to

appropria¢ developmental stimulation (Thier§ Sleeman2006).
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CHAPTER TWQ
MUTATIONS IN SPECC1lL.ENCODING SPERM ANTIGEN WITH CALPONIN
HOMOLOGY AND COILED-COIL DOMAINS 1-LIKE, ARE FOUND IN SOME CASES OF

AUTOSOMAL DOMINANT OPITZ G/BBB SYNDROME
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Chapter Two: Mutations in SPECCLL, encoding sperm antigen with calponin homology and
coiled-coil domains Z%like, are found in some cases of autosomal dominant Opitz G/BBB

syndrome
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2.1 Abstract
2.1.1 Background
Opitz G/BBB syndrome is a heterogeneous disorder characterized by variable expression

of midline defects including cleft lip and palate, hypensim, laryngealtracheoesophageal
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anomalies, congenital heart defects, and hypospadias.-Tihked form of the condition has been
associated with mutations in thD1 gene on Xp22. The autosomal dominant form has been

linked to chromosome 22q11.2, altlyh the causative gene has yet to be elucidated.

2.1.2 Methods and results

In this study, we performed whole exome sequencing on DNA samples from a three
generation family with characteristics of Opitz G/BBB syndrome with negitiizd sequencing.
We idertified a heterozygous missense mutation ¢.1189A>C (p.Thr397PEHECC1l. located
at chromosome 22q11.23. Mutation screening of an additional 19 patients with features of
autosomal dominant Opitz G/BBB rsyrome identified a ¢.3247G>40.Gly1083Ser) mutan

segregating with the phenotype in another tigeeeration family.

2.1.3 Conclusions

Previously,SPECC1Lwas shown to be required for proper facial morphogenesis with
disruptions identified in two patients with oblique facial clefts. Collectivelysehéata
demonstrate th&PECC1Lmutations can cause syndromic forms of facial clefting including some
cases of autosomal dominant Opitz G/BBB syndrome and support the original linkage to

chromosome 22q11.2.

2.2 Introduction

Opitz G/BBB syndrome is a getmeally heterogeneous, multiple congenital anomalies

syndrome diagnosed on the presence of characteristic clinical features. Opitz originally described
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two separate syndromes, the BBB syndrome and the G syndrome, which were characterized by
hypertelorismhypospadias and variable other midline defects. Due to the clinical overlap, these
two syndromes were later combined into one entity, Opitz G/BBB syndrome or simply Opitz
syndrome (Cappat al.,1987)

Opitz syndrome is inherited in either an autosomal danti or X linked pattern with
multiple reported families showing matie-male transmission (Funderbuek al., 1978 (27)).
Linkage analysis of 10 families identified one locus on Xp22 and a second locus on 22g11.2.8
Five families were linked to D22S345 ohromosome 22q11.2 with a LOD score of 3.53 at zero
recombination. Crossover events for markers D22S421 and D22S685 placed the Opitz syndrome
gene within the 32 cM interval at chromosome 22g11.2, bordered distally by D22S685 and
proximally by D22S421.8 T X linked form of Opitz is associated with mutations in Mi®1
gene at chromosome Xp22.2 which encodes a microt#tssleciated RING Box coiledcoil
domain protein (Quadeet al.,1997).

Opitz syndrome is a clinically heterogeneous disorder witlalibriexpression in both the
X-linked and autosomal dominant families, and characterized by distinctive facial features
including hypertelorism, a prominent forehead, broad nasal bridge and anteverted nares.
Congenital anomalies include hypospadias, clefi/palate, laryngealtracheoesophageal
abnormalities, imperforate anus and cardiac defects. Developmental delay and intellectual
disability are variable. Hypospadias and anal anomalies were found more commonly in male
patients withtMID1 mutations than in thse without (Set al.,2005, Robiret al.,1996).

Using whole exome sequencing (WES), we identified a missense mutaB#EGC1L
segregating with the phenotype of suspected autosomal dominant Opitz in-getheegtion

pedigree (see figur2.l A). Subgquently, we sequenced the gene in an additional 19 probands
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Figure 2.1. Two Opitz G/BBB syndrome families harbor mutations in SPECCI1L. (A)
Pedigree of Family A. (B) Pedigree of Family B. (C) A schematic of SPECCIL protein
showing that the T397P mutation lies in the same coiled-coil domain (CCD) as the previously
reported Q415P mutation and that the G1083S mutation lies in C-terminal calponin homology
domain (CHD). (D) DNA analysis. Trace from proband, AIIL.2 and (E) trace from proband

BIILS.
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and identified a second family with a novel missense mutati®@PBCC1Land clinical features
of Opitz.5 This second family also had a thgemerational pedigree with tEPECC1Lmutation

segegating with the distinguishing phenotype (see figdide B). This study provides further
evidence that Opitz is a genetically heterogeneous syndrome a8 #H@C 1Lmutations account

for a subset of the autosomal dominant cases.

2.3 Patients and method

2.3.1 Patients

2.3.1.1 Family A

Family A presented to genetics at the Chil
their second child. The proband, individual 111.2 (fig@.2 A), was the second boy born to a 24
yearold G2 mother (figur.2 C) and was referred to genetics for multiple congenital anomalies
including a congenital diaphragmatic hernia (CDH), bilateral cleft lip and palate, micrognathia,
and dysmorphic facial features. Echocardiogram and brain MRI were normal, and he required
moritoring for right grade two vesicoureteral reflux, and possible left sided hearing loss. At 12
months of age, his height was at the 15th centile, weight was at the 30th centile and head
circumference was at the 85th centile. He was noted to have a proforedread, hypertelorism,
broad nasal bridge, dowsianting palpebral fissures, extra ear crus bilaterally and micrognathia.
Bilateral cleft lip had been repaired. He had truncal hypotonia with some delay of motor
milestones, but his speech and cogniti@re felt to be age appropriate.

The probandos 22bB) bad la édistory(of tragheamalacia, inguinal and
umbilical hernias, metopic craniosynostosis, critical aortic stenosis, and subsequent poststenotic

dilation of the aortic root. Surgical rap of the metopic synostosis was first attempted at 12

44



Figure 2.2. Facial dysmorphologies of affecteds from two Opitz G/BBB syndrome
families. (A) (B)
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months of age but was not completed due to tracheomalacia and complications with intubation.
Repair was then pursued around 20 months of age due to persistent presentation of headaches.
Mild delays n speech acquisition were noted although cognition was appropriate for age.
His facial features included hypertelorism, prominent forehead with prominent metopic suture
shown in figure 2B and in a 3D head CT in online supplementary figure, broad nasiglebri
wi dowds peak hair | islanting palpebialdistures gnd & wvertical groovedrno w n
the nasal tip. There was no history of hypospadias in either boy. The mother Ziy@ehad a
history of bilateral cleft lip and palate, congenitahhilical hernia and bicornuate uterus. In
addition, she had hypertelorism, a prominent forehead, broad nasal root and repaired bilateral cleft
|l ip. She reported that her mot hafacjalfeaturest er and
Genetic teshg to date had been uninformative and included a normal male karyotype,
normal SNP genomeide microarray, andID1 sequencing and deletion/duplication testing
negative for Opitz syndrome in both brothers. SequencingFMB1 for craniofrontonasal
dysplaga was also normal in the proband. SequencinGBC3 for Simpsoii Golabi Behmel
syndrome and GFBR1and TGFBR2sequencing for Loey®ietz syndrome were normal in the

brother.

2.3.1.2 Family B

Family B was previously described by Judith Allanson in 19&8Bismeported as Family
1 in the Robiret al 1995 article establishing the linkage of the autosomal dominant form of Opitz
to chromosome 22g11.2.5811 The proband, individual 111.5 (fig@®; table 1), was an affected
girl with swallowing difficulties,stridor, micrognathia, cleft palate, bilateral hearing loss, mild

ventricular dilatation, sagittal craniosynostosis (without history of surgery), ureteral reflux,

46



umbilical hernia and cardiomegaly, thought to be secondary to chronic hypoxia. Her fagrakfea

included a broad prominent nasal root and bridge, mild central groove in the tip of the nose,
prominence of the metopic suture and both par
palpebral fissures, hypertelorism, posteriorly rotated earsa ande and poorly defined philtrum.

The probanddés father and his four siblings we
megalencephaly, hypertelorism, doslanting palpebral fissure, high broad nasal bridge, wide

nasal base with a hookegb tiand long columella. The father was reported to have a congenital

upper gastrointestinal obstruction. One paternal uncle had a unilateral cleft lip and palate.
Hypospadias was not present in the father or

hypertelorism and high broad nasal bridge.

2.3.2 Methods

2.3.2.1 Exome sequencing and bioinformatics variant

After written informed consent was obtained, genomic DNA was extracted from the
peripheralblood lymphocytes of the proband and both parents, andthre saliva of the affected
brother and maternal grandmother in Family A. Exome capture was carried out for the proband
and both parents using NimbleGen SeqCap EZ Human Exon Library V.3.0 (Roche NimbleGen,
Madison, Wisconsin, USA), guided by the manufacaur 6 s pr ot ocol s. I n b
genomic DNA was isolated from peripheldbod samples and randomly sheared tai 200 bp
fragments, followed by enckpair, atailing and pakend index adapter ligation. The libraries were
subsequently clustereah dhe cBOT instrument, multiplexing four samples per flowcell lane and
sequenced using pa#nd reads for 101 cycles with a pakextd mode on the Illumina HiSeq2000

foll owing the manufacturerods instructilmns (11
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was performed by the lllumina CASAVA software (V.1.8.2) with default parameters. All the raw
reads were aligned to the reference human genome (UCSC hgl19) using the Buiieelsr

aligner and single nucleotide variants (SNVs) and small insertionséhale(indels) were
identified using the Genome Analysis Tool Kit (GATKv2.6) &iDurbin, 2009, DePristet al.,

2011). The kinship coefficient was calculated between every two samples via KING to confirm
reported relationships (Manichaiketial.,2010).Annovarl1 and SnpEff were used to functionally
annotate the variantsid to categorig them into missense, nonsense, sgibering variants and
coding frameshift indels, which are likely to be deleterious compared with synonymous and non
coding variantgWanget al.,2010, Cinqoangt al.,2012). Under autosomal dominant mode of
inheritance, we excluded variants that: (1) were synonymous variants; (2) present in unaffected
father; (3) had a minor allele frequency of >0.005 in 1000 Genomes Project,>@508sefrom

the NHLBI Exome Sequencing Project (ESP6500SI; http://evs.gs.washington.edu/EVS/) or our
inhouse database of >1500 sequencing exomes; (4) had a conservation score GERP++ < 2; and (5)
were predicted by SIFT/PolyPhen2 scores to be benign va(atydovet al.,2010, Adzhubei

et al.,2010, Liuet al.,2011).

2.3.2.2 Sanger sequencing

Validation of the mutation candidate was performed by Sanger sequencing in all the
available family members using the standard techniques of PCR amplicons wiéhrprims e t 5 Nj
CTACCAGCCCCTCACATCG 3N and 5N AGTTCCTGGGTAATG
This study was approved by the I nstitutional

Philadelphia and the National Human Genome Research Institute, the National Institutes of Health.
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2.3.2.3 Sequencing of additional patients with Opitz G/BBB

After written informed consent was obtained, genomic DNA was extracted from the
peripheralblood lymphocytes of 25 additional families with clinically diagnosed Opitz syndrome.
Six probands were foahto haveMID1 mutations and all probands had normal chromosomal
microarrays. The remaining 19 probands withdlib1 mutations were sequenced RIPECC1L
mutations by Sanger sequencing for exon$7lwith standard techniques of PCR (see online

supplementartable S1 for primer sets).

2.3.24 Mutagenesis

The p.Thr397Pro and p.Glyl1083Ser mutations were created ieffigith in a murine
SPECC1LGFP expression construct, described previously (Saali,2011) using the Q5 site
directed mutagenesis kit (NEBpswich, Massachusetts, USA) accordfj t o manuf act t
protocol. The p.GIn415Pro and-tCe r mi n a | cal ponin homol ogy do

constructs were created previously (Saddil.,2011).

2.3.25 Cell culture

SPECC1LGFP expression constructs containing either wildtype or Thr397Pro
Gl yi1083Ser , GIn4l15Pro and @CHD mutations wer €
(ATCC, Manassas, Virginia, USA) using Viafect (Promega, Madison, Wisconsin, USA) or
TransI|I T (Mirus Bio, Madison, Wiscond2DdcellsUSA) ¢
were grown in standard DMEM supplemented with 10% fetal bovine serum (FBS). Transfections
and immunostaining were carried out on coverslips kw2l plates. Cells were fixed in 4%

paraformaldehyde (PFA) for 10 min, and blocked in phosphaterbdfsaline (PBS) with 1% goat
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serum and 0. 1% TFtubalia antibodf (Sirmay $t dduis, dMissduri, USA) was
used at 1:1000 dilution. After staining, coverslips were mounted in VectaShield containing DAPI

(Vector Labs, Burlingame, California,34).

2.4 Results
2.4.1 Identification of SPECC1Lmutation in Family A by WES

The WES generated a total of 50 443 SNVs and 4799 indels in the proband, 50 533SNVs
and 4808 indels in the mother and 50 592 SNVs and 4811 indels in the father. We applied the
filtering strategy as described in the Patients and methods section, filtering variants to exclude
those who had a minor allele frequency (MAF) >0.5% or predictive of benign variant. Of these,
27 variants (see online supplementary table S2) were sharedehetiveetwo affected patients
(proband and mother), but not in the healthy father (fiditeA). Those variants included a
missense variant c.1189A>C (p.Thr397PropPECC1L(Mendelian inheritance in man (MIM)
614140; NM_015330.3), which is required fooper facial morphogenesis (Saatlal.,2011).

The mutation was absent from 1000 Genomes Project, ESP6500SI, or additional exome
sequencing data of over 1500 WES samples that we had previously sequenced in our inhouse
database. Sanger sequencing of fiamily members, consisting of one unaffected and four
affected individuals, confirmed its presence in proband, affected brother, mother and maternal

grandmother (figur@.1 D).
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2.4.2 Screening of additional patients

To further establish the associatimgtweerSPECC1land Opitz syndrome, we sequenced
its coding region in an additional 19 patients with features of Opitz syndrome. The sequencing
analysis identified a heterozygous missense mutation, ¢.3247G>A (p.Gly1083Ser), in one proband
(Family B); Famiy B has been previously linked to 22q11.2 by Ra#ial8 We tested one other
family linked to 22q11.2 besides Family B and did not find a mutatiddFECC1L Mutation
screening of additional family members confirmed segregation of the mutation wptiethetype.
The p.Gly1083Ser mutation occurs in the CHOCSSECC1L(figure 2.1 C) and predicted to be
damaging with high probability according to the pathogenic score algorithms SIFT, Polyphen2,
LRT and MutationTaster, and is not found in the 1000 Gendpnegects ESP6500SI or our

inhouse database.

2.4.3 Functional analysis

Expression of SPECC1GFP results in stabilization of a subset of microtubules (figure
3A) that appear ina lattidei ke pattern and c-tububngqfgure2.2BeC),wi t h
as previously described.20 We used this proper§RECC1Llas a functional assay to assess the
effect of SPECC1LThr397Pro and Gly1083Ser mutations. Both Thr3974Bk® (figure2.3Di F)
and Gly1083Se6GFP (figure2.3Gi ) mutant proteins show a drastidtetion in their ability to
stabilize microtubules, consistent with these variants being pathological. The altered expression
pattern of both Thr397P+GFP and Gly1083S&BFP mutant proteins is similar to that of the
previously described GIn415Pro mutati¢igure 2.3J L). All three mutant SPECCXGFP
proteins show a largely punctate expression pattern with poomomiiguous association with

stabilized microtubules, in contrast to a robust, elaborate network of stabilized microtubules seen
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with wildtype SPECC1LGFP. Interestingly, while GIn415Pro and Thr397Pro lay in the second
coiled-coil domain, the Gly1083Ser mutation is located in theiginal CHD which was also
previously shown to be required fSPECC1Lstabilization of microtubules (figur2.3Mi O).20
Synthetic mutations outside these domains do not strongly affect microtubule stabilidateon
not shown).Thus, mutations affecting the second coieil domain or the CHD are likely to

affect the same aspect BPECC1Lfunction and result in sirff@r phenotypes.

2.5 Discussion

Here we report mutations BPECC1Llas a cause of autosomal dominant Opitz syndrome
in a subset of patients. WES analysis identified a novel mutati&®ECC1Lon chromosome
22011.23 to be the most probable disease causingtion in a family with features suggestive of
autosomal dominant Opitz syndrome. Sanger sequencing confirmed this result and the mutation
was found to segregate with the clinical findings in three generations. Gene sequencing in 19
additional patients ith suspected autosomal dominant Opitz syndrome revealed one additional
novel mutation which segregated with the phenotype in a-tlereration pedigree. Importantly,
the SPECCl1Llgene, located at chromosome 22q11.23, is within one Mb of the D22S345 marker
which was previously linked to autosomal dominant Opitz syndrome.8 From &dllimve tested
two families that were linked to 22g11.2; the other family did not have a mutat®PECC1L
which may be due to locus heterogeneity associated with autbdomanant Opitz syndrome or
due to a mutation in a nesoding area of th&PECC1Lnot captured by our analysis such as a
promoter region or intron. Interestingly, there have been case reports of patients with the Opitz
syndrome phenotype and 22q11.2 defes (McDonald 1995, Fryburgt al.,1996, Lacassiet al.,

1996); howeverSPECCL1Ls not contained within the 2.54 Mb typically deleted region associated
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SPECC1L-GFP Acet. a-tubulin merged

T397P Q415P ACHD Wildtype

G1083S

Figure 2.3. SPECCI1L-T397P and SPECC1L-G1083S mutant proteins are defective in
stabilising microtubules. U20S cells were transfected with wildtype or mutant green
fluorescent protein (GFP)-tagged Speccll expression constructs. Wildtype SPECCI1L-GFP
expression (A; green) stabilises a subset of microtubules that colocalise with acetylated-a-
tubulin (B, C; red). Compared with wildtype protein (A—C), both SPECC1L-T397P (D-F) and
SPECC1L-G1083S (G-I) mutant proteins fail to stabilise microtubules efficiently and show a
punctuate expression pattern, similar to SPECC1L-Q415P mutant protein (J-L). SPECCIL-
ACHD shows a diffuse expression pattern with near complete absence of microtubule
stabilisation (M—O). Nuclei are stained with DAPI (blue).

53



with 22g11.2 deletion syndrome. Further study is needed to inquire whether there are other Opitz
syndrome causing genes on chromosome 22.

TheSPECC1lgene was first identified by Saastial (2011) to be disrupted by a balanced
translocation, t(1;22)(21.3;g11.23) in a female patient with bilateral ororreathéthal (Tessier
IV) clefts, cleft palate, bdteral ocular hypoplasia and unilateral calcaneovarus foot deformity. The
coding regions c6PECC1lwere subsequently sequenced in 23 patients with oblique facial clefts
and a de novo missense mutation, c.1244A>C (p.GIn415Pro), was identified in onduildivi
(Saadi 2011). This mutation is located within the second coibddomain of theSPECC1L
protein, similar to the c.1189A>C (p.Thr397Pro) identified in Family A of this report.

SPECClLgene encodeasnkangoér st ei n gvitbothf unct i
microtubules and the actin cytoskeleton and is nece$sacgll adhesion and migration (Saadi
2011) Morpholino-based knockdown of SPECC1Lortholog in zebrafishspeccllh results in
loss of mandible and bilateral clefts between median atedal elements of the ethmoid plate,
which are structures analogous to the frontonasal process (FNP) and the paired maxillary processes
(MxP), respectively (Gfrereet al.,2014). Lineage tracing analysis revealed that cranial neural
crest cells contribing to the FNP fail to integrate with the MxP populations, while cells
contributing to lower jaw structures were able to migrate to their destined pharyngeal segment but
failed to converge to form mandibular elements (Gfreteal.,2014). The function cBSPECC1L
in migration and adhesion of FNP and MxP is consistent with our patient phenotypes of
hypertelorism and orofacial clefting. It is unclear why mutatiorSRECC1Land even the same
domain, result in the two distinct phenotypes of Opitz syndrord®hlique facial clefts. Although
facial malformations are major portions of the phenotype in both conditions, a larger cohort of

patients with SPECC1L mutations will be needed to examine geriqiypeotype correlation.
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Saadi et al (2011) deonstrated thahe c.1244A>C{.GIn415Pro) mutation identified in
the patient with oblique facial cleft significantly interfered with the ability of SPECCL1L to bind to
and stabilize microtubules in an in vitro cell assay. Similarly, the Thr39GPR mutant protein
(Family A) and Gly1083SeGFP (Family B) mutant proteins show a drastic reduction in their
ability to stabilize microtubules. It is important to note that the p.Thr397Pro and the p.GIn415Pro
mutations are both located in the second ceileitl domain and mafest a similar inability in
microtubule stabilization. In contrast, the p.Gly1083Ser mutation is located in the CHD, located
at the Gterminus, which has been shown to facilitate actin binding (®aadi,2011). However,
Saadi et al (2011) demonstratibat expression of a truncated form of SPECCILL protein lacking
the CHD (SPECCHpCHD) compl etely abolished the for
well. Thus, the second coilamil domain and the CHD interaction with actin cytoskeleton are
required f@ microtubule stabilization function of SPECCLL. It is therefore consistent that the two
mutations we report here, in the second cedeill domain and the CHD respectively, manifest
similar patient phenotypes.

The combination of hypertelorism, facial ¢leihd CDH has previously been reported in
Opitz G/BBB with MID1 mutation as well as in other craniofacial disorders with midline defects
including craniofrontonasal dysplasia with EFNB1 mutation and Sinigolabi with GPC3
mutation (Tayloret al.,2010, Bookset al.,2002, Slavotinek2007). Many of the other genes
associated with CDH, including EFNB1, GPC3 and SLT3, have been found to be critical to cell
migration (Slavotinekk 007) . Gi ven SPECC1L6s involvement
therdore reasonable to speculate that the SPECC1L mutation might also explain the CDH seen in

the proband of Family A.
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MID1 and SPECCI1L mutations result in Opitz syndrome and both of their gene products
are involved in microtubule stability. Using the grearofescent protein (GFP) as a tag, MID1
has been shown to be a microtubassociated protein that affects microtubule dynamics in MID1
overexpressing cells (Schweigetral.,1999). The MID1 protein consists of a tripartite motif at
the Nterminal which icludes a RING finger, two Boxes, and a coiledoil domain. The €
terminus has a fibronectin Type Ill domain, a cells (simianIg\h origin, and carrying the
Simian virus 40 (SV40) (COS) domain and a B30.2 domain Short 2006). Most mutations in X
linked Opitz syndrome are found in the-t€&minus domains and when these mutations are
introduced into in vitro cellular assays, they abolish microtubule association of these proteins
(Schweigetret al.,1999). It is clear that mutations in MID1 and SPECC1L hasiendar cellular
and clinical phenotype.

The two families presented in this report show many of the classic features associated with
Opitz syndrome, but also show some unusual features. The brother of the proband in Family A
had surgical repair of metopitaniosynostosis and the original proband in Family B was reported
to have a prominent metopic ridge and sagittal craniosynostosis, which were not surgically
repaired. A detailed history of the sagittal
(Allanson 1988) in the proband in Family B and why it was not surgically repaired was difficult
to ascertain, making further natural history studies important to further clarify the significance of
this finding. Synostosis of the cranial sutures is ncbramon feature of Opitz and the presence
of this finding may help distinguish cases cause8P¥CC1lLmutations, especially hypertelorism
associated with metopic synostosis as this type of synostosis usually results in hypotelorism (see
online supplementy figure). Hypospadias is a common finding in both autosomal dominant and

X linked Opitz G/BBB syndrome (Set al.,2005) but was not seen in any of the affected male
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patients in either family in this report. Therefore, absence of hypospadias in a Yeithily
suspected autosomal dominant Opitz syndrome should also lead a clinician to consider the
possibility of SPECC1Lmutation. Further studies are indicated to determine the prevalence of
SPECC1lLmutations in patients with syndromic clefting including #esth autosomal dominant

Opitz syndrome.
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Table 2.1. Prevalence of phenotypic features in patients with MID1 mutations compared with
phenotypic features of Family A and Family B

Patient
Sex
Relationship
Phenotypic feature:
Facial features
Ocular hypertelorism
Prominent forehead
Wi dowds peak
Broad nasal bridge
Anteverted nares
Micrognathia
Down-slanted papebral fissures
Central groove in nasal tip
Posteriorly rotated ears
LTE anomalies
Hypospadias
Cleft lip or cleft palate
Congenital heart defect
Imperforate or ectopic anus
Midline brain defects
Diaphragmatic hernia
Umbilical / inguinal hernia
Craniosynostosis
Hearing loss
Developmental delay
Intellectual disability
Other

Family history

Prevalence:
Opitz G/BBB
syndrome

+++
++
++
++
++

+++

+++
++
++
++
++

++
++

Alll.2
M
Index

+ +

+

AlL2: HT,
BU
All.3 and
AlllL.3: HT,
UT, hip
dysplasia

Alll.1
M
Brother

+ + + +

+ o+ 4o

+

Metopic

Mild

Aortic
dilation

BIII.8: HT,

CL/CP

Bl.2, BIl.1,

BII.3,

BIL5,

BIIl.4:
HT

All.2
F
Mother

BU

+++ major feature, ++ minor features; * previously reported/present in patient.

BIIl.5
F
Index

+ 4+ A+ o+ o+

N/A

+

+
Sagittal
+
Mild

Cardio-
megaly

BIl.6
M
Father

+ o+ + +

Congenital
Gl
obstruc-
tion

AS, aortic stenosis; Gl, gastrointestinal; LET, laryngealtracheoesophageal; BU; bicornuate uterus, HT;
hypertelorism; N/A, not applicable; UT; Undescended testicle.
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CHAPTERTHREE

SPECCI1L DEFICIENCY RESULTS IN INCREASED ADHERENS JUNCTION STABILITY

AND REDUCED CRANIAL NEURAL CREST CELL DELAMINATION
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Chapter Three: SPECCI1L deficiency results in increasg adherens junction stability and

reduced cranial neural crest cell delamination

Nathan R Wilson, Adam J Ok8hipman, Diana S Acevedo, Kanagaraj Palaniydbrett G
Hall, Edina Kosa, Kelly M Stumpff, Guerin J Smith, Lenore Pitstitikc C Liao, BryanC

Bjork, Andras CzirdkIrfan Saadi

Contributions

NW and ISconceived ad designed the experiments. NW, AO, DA, KP, EH,, KIS, GS, EK,
LP, BB, A. and IS performed the experiments. NW, AO, EL, BB and IS analyzed the data.
BB, EL and AC edited the mascript. NW and I1Swrote thepaper. All authors reviewed the

manuscript.

3.1 Abstract

Cranial neural crest cells (CNCCs) delaminate from embryonic neural folds and migrate to
pharyngeal arches, which give rise to most-faal structures. CNCC dysfunctigplays a
prominent role in the etiology of orofacial clefts, a frequent birth malformation. Heterozygous
mutations INSPECC1Lhave been identified in patients with atypical and syndromic clefts. Here,
we report that ilSPECC1Eknockdown cultured cells, @ning of canonical adherens junction
( AJ) c o myaenie and sadherin, was increased, and electron micrographs revealed an
apicobasal diffusion of AJs. To understand the role of SPECCI1L in craniofacial morphogenesis,

we generated a mouse modeBSpeccldeficiency. Homozygous mutants were embryonic lethal
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and showed impaired neural tube closure and CNCC delamination. Staining of AJ proteins was
increased in the mutant neural folds. This AJ defect is consistent with impaired CNCC
delamination, with requires AJ dissolution. Further, PEXKT signaling was reduced and
apoptosis was increased$pecclmutantsin vitro, moderate inhibition of PI3¥AKT signaling

in wildtype cells was sufficient to cause AJ alterations. Importantly, AJ changesethdhyc
SPECC1Eknockdown were rescued by activating the RBKT pathway. Together, these data
indicate SPECCI1L as a novel modulator of PIBKT signaling and AJ biology, required for

neural tube closure and CNCC delamination.

3.2 Introduction

Cranial neual crest cells (CNCCs) are specified in the dorsal neuroectoderm and
delaminate from the neuroepithelium of the developing neural folds through a process that involves
epitheliatmesenchymal transition (EMT) (Le Dourai®82, Sainrtleannet2006, Trainor2014).
Premigratory epithelial CNCCs break down their -celll junctions and become migratory
mesenchymal CNCCs, which populate the first and second pharyngeal arches, and give rise to the
majority of craniofacial cartilage. Thus, genes that modulate CN@ction are frequently
perturbed in the etiology of craniofacial congenital malformations such as orofacial clefts (Trainor
2014, Cordereet al.,2011, Bolandg1997, Mangoldet al.,2011, Minoux& Rijli, 2010), which
are among the most frequent birtfalformations affecting 1/800 births in the U.S. alone (Dixon

etal.,2011).

CNCC delamination occurs simultaneously with anterior neural tube closure between

mouse embryonic days 8.5 and 9.5. Many mouse mutants of genes associated with orofacial clefts
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also manifest some form of neural tube defects, incluttiigg(Ingrahamet al.,2006, Peyrard
Janvidet al.,2014) Grhi3 (PeyrardJanvidet al.,2014) Cfl1 (Harris& Tepass2010)andPdgfra
(Fantauzz@ Soriano,2014) However, the neural tube closurel@@NCC delamination processes
can be considered independent sincepietch(Pax3 mouse mutant shows neural tube closure
defects without any effect on CNCC delamination or migration (Gapd.,2003, Murdoch&
Copp, 2010). Additional mouse models witthefects in CNCC delamination and neural tube

closure will help delineate the shared molecular underpinnings of these two processes.

Delamination of CNCCs from the neural epithelium requires dissolution of adherens
junctions (AJs), composed of a proteimyaex, containing £ a d h e-¢ & n e rEibatenin U
a n d-actidin among others, tethered to actin filaméntStudies where fEadherin is
overexpressed in the neural folds, show reduced or delayed delamination of CNCCs. Conversely,
downregulation of Ecadherin results in early delamination (Taneyh2008, Theveneagd
Mayor, 2012). Many factors that mediate EMT during CNCC delamination are transcription
factors (AP2U, | d2, FOXD3, SNAIL, TWI ST, SOX1C
proteins sukk as matrix metalloproteases (MMPs), however, direct cytoskeletal regulators of
CNCC AJs are not yet known. The PIEKT pathway is known to antagonizedadherin levels,
primarily from cancestudies (Laure et aR005). Recent studies show thatlossafr i ne PDGF U
based PI3KAKT signaling leads to craniofacial malformations including cleft palate and neural
tube defects (Fantauz&oSoriano,2014). However, a link between the PI2¥T pathway and

AJ stability in CNCC delamination is not clear.

Previousy, we identifiedSPECC1Las the first gene mutated in two individuals with a

severe cleft that extends from the oral cavity to the eye, termed Oblique Facial Cleft (ObFC) or
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Tessier IV clefts (Saadit al.,2011).SPECC1Lmutations have since been idemiifiin two multi
generation families with autosomal dominant Opitz G/BBB syndrome (OMIM #145410), where
affected individuals manifest hypertelorism and cleft lip/palate (Krustlka.,2014), and in a
family with Teebi hypertelorism syndrome (OMIM #1454%ZBhoj et al.,2015). More than half

of Opitz G/BBB syndrome cases arelixked (OMIM #300000), caused by mutationsNHD1

gene (Seet al.,2005), which encodes a microtubiassociagd cytoskeletal protein (Short & Cox
2006). We proposed that SPECC1Iscah microtubule and actin cytoskeletmssociated protein,

may mediate transduction of signals required to remodel the actin cytoskeleton during cell
adhesion and migration (Saatial.,2011). Usingn vitro andin vivo studies, we now describe
SPECCl1Las a novel regulator of AJ stability through PI1BKT signaling. At the cellular level,
SPECCLL deficiency resulted in reduced levels of pHT protein and increased apixasal AJ
dispersion, which was rescued by chemical activation of the AKT pathwayivo, Speccil
deficient embryos showed neural tube closure failure and reduced CNCC delaminatign. Thus
SPECCLL functions in thaighly-regulatedcell adhesion based signaling required for proper

CNCC function during facial morphogenesis.

3.3 Materials and Methods

3.3.1 Cell lines and antibodies

U20S osteosarcoma control aBRECC1LEkd cells were previously described (Saati
al. 2011). AntiSPECCILL antibody was also previously characterized (Seldil 2011).
Ant i bodi e-saterang(abbit $000; fsanta Cruz, Dallas TX) (mouse; 1:1000; Cell

Signaling Technology, Danvers, MA), Myosin llb (1:1000; SigAldrich, St. Louis, MO), E
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cadherin (1:1000; Abcam, Cambridge, MA), AP2A (1:1000; Novus Biologicals, Littleton, CO),
SOX10 (1:1000; Aviva SystesnBiology, San Diego, CA), DLX2 (1:1000; Abcam, Cambridge,

MA), phospheSer473AKT (1:1000; Cell Signaling Technology, Danvers, MA), pakT

(1:1000; ThermoFisher Scientific, Waltham, MA), KI67 (1:1000; Cell Signaling Technology,
Danvers MA), cleaved Caspa3 (1:1000; Cell Sighai ng Technol ogy,-acihanvers
(1:2500; Sigm&Aldrich, St. Louis, MO) were used as described. Actin filaments were stained

using Actistain rhodamine phalloidin (Cytoskeleton, Denver, CO).

3.4 Results

3.4.1 SPECCILL is localized at cell boundés in cultured cells upon confluency

To characterize the role of SPECCLL at the cellular level, we used the SPHEExiént
U20S osteosarcoma stable cell line described previously (®adaali, 2011). These stable
SPECC1Eknockdown (kd) U20S cells hava moderate (600%) reduction inSPECC1L
transcript and protein levels with defects in migration and actin cytoskeleton reorganization (Saadi
et al.,2011). In contrast, a severe transient reducti@PBECC1Lhas been shown to cause mitotic
defects (Maisonet al.,2011). Upon further characterization, we find that our st8BIECC1L
kd cells changed morphology upon very high confluency @ig. Individual control and kd cells
at low confluency appeared similar (FRJ1A, D). Twentyfour hours afteconfluency, control
cells maintained their cuboidal shape (R3dLB, E), while SPECC1LEkd cells elongated (Fig.
3.1C,F). The extent of this cell shape change was captur@u\byo live-imaging of control and
kd cells SupplementaMovie 3.1). To detemine the role of SPECCLL in confluent cells, we first
examined its expression. We found that SPECCI1L protein level was increased upon confluency
(Fig. 3.1G) without an increase inSPECCILL transcript levels (Fig. 3.1H).
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Figure 3.1. SPECC1L-knockdown cells elongate upon high confluency. (A-F) Compared
to control U20S cells (A-C), SPECCIL-knockdown cells (D-F) elongate upon high
confluency (F). Three (T1, T3, T6) of the six time-points we chose for various cell densities
are shown here. (G) Western blot analysis shows that SPECCIL protein is stabilized at high,
compared to low confluency, in control cells. SPECCI1L immunoblot shows an expected 120
kD band and a higher molecular weight band (*) that is likely modified post-translationally.
The western blot analyses were performed under the same conditions for low and high
confluence. The images shown for SPECCIL at low and high confluence are taken from a
single blot. The same blot was stripped and re-probed with B -actin antibody. (H) Quantitative
RT-PCR analysis shows no significant change in SPECCIL transcript levels. Error bars
represent SEM from four independent experiments.
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Furthermore, SPECCL1L protein accuated at cetcell boundaries with increasing cell density
(Fig. 3.2AT E), in a pattern overlapping with that of membrane s o ¢ icaenie (Fig3.R2 Ad
E66). Given the association ofetaSRPEMattisoretali, t h a ct

2011), we hypothesized that SPECCL1L interacts with-detsed adhens junctions (AJs).

3.4.2SPECC1lL:kd cells show alteredapico-basal dispersion of AJ proteins

Next, we sought to determine the effects of SPECCLL deficiency on AJs. We used several
markers associated with AJs, including canonical componeAtsif, Myosin | {cdienin, Bnd
E-cadherii D 6 S-®charey 2005, Stepnialet al.,2009, Nishimura& Takeichi, 2009, Strobi
Massulla & Bronner, 2012). As previously reported, actin stress fibers were increased in
SPECC1Ekd cells (Fig.3.3A, B) (Saadiet al.,2011) Myosin llb, associated with actin filaments,
showed a similar increase 8PECC1kkd cellsin vitro (Fig. 3.3C,D). AJa s s o c icaenie,d b
which binds to cadherins at t h ec ocnebl 0l praet ni ber rann
expression in control cual cells (Fig.3.3E, G). Interestingly, in planar images using confocal
mi c r o s-catepiry(Fig3BE,F) and Ecadherin (Fig3.3G, H) staining at the cell membrane
in confluent SPECClideficient cells showed a drastically expanded staining patiris.
expansion in A<h s s 0 c icaenie stainibg in kd cells was most evident upon confluency, but
appeared to precede the cell shape change3RigiJ,F@ 6) . To deter mine the
of this expanded AJ staining, we examined the cell baiexlan the apicdoasal plane of
SPECC1Ekd U20S cells (Fig3.3l, J) using transmission electron microscopy (TEM). Compared
to control cells (Fig3.3l), which had distinct electredense regions indicating AJs (arrowheads),
the kd cells (Fig3.3J) showd a large contiguous region of high electron density, suggesting

extensive
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U20S cells (in vitro)

T(timepoint) 1 T2 T3 T4 T5
individual 50-70% confluent confluent 24h following
cells confluent  (no shape change) (shape changed) shape-change

c D E
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B' ¢ ) 3

Control

SPECCIL-kd

Figure 3.2. SPECCI1L is stabilized at cell-cell boundaries similarly to B-catenin. (A-E)
We picked six timepoints (T1-T6) representing a range of cell densities to standardize
analysis of cell shape and AJ change in SPECC1L-knockdown (kd) U20S cells. First five of
these time-points include individual cells (T1), 50-70% confluency with small cell clusters
(T2), confluency without kd cell shape change (T3), shape change in kd cells (T4), and 24 hrs
post shape change in kd cells (T5). SPECCIL protein is mostly dispersed within the
cytoplasm at T1 (A), but is observed to accumulate at cell-cell boundaries at subsequent time-
points (B-E), arrows). (F-J) B -catenin shows a similar accumulation at cell-cell boundaries
in association with AJ complex. (A’-E’) SPECCIL and B -catenin show overlapping staining
at cell boundaries at high cell densities (arrows). (F’-J*) In SPECCI1L-kd cells, B -catenin
staining appears normal at low cell densities (F’—H’), but is expanded upon cell shape change
(I’,J’; arrows), indicating altered AJs. Bars = 10 pm.
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U20S cells (in vitro)
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Figure 3.3. SPECCIL-kd U20S cells show altered expression of adherens junction
markers. (A—H) Increased F-actin staining in kd cells at 48 hours post-confluency (T6; A,B).
Altered F-actin associated Myosin IIb staining (C,D). Smooth pattern of B -catenin and E-
cadherin membrane staining in control cells (E,G) is expanded in SPECCIL-kd cells (F,H).
Bars = 10 p m. (I-J) Electron micrographs looking at apico-basal cell-cell boundary. Control
cells show distinct electron-dense regions, indicating adherens junctions (I, arrow). In
contrast, the entire apico-basal boundary appears electron-dense in SPECCIL-kd cells (J,
arrows), suggesting increased density and dispersion of adherens junctions. (K) 3 -catenin co-
immunoprecipitation with SPECCIL in lysates from confluent U20S cells. The image is taken
from a single blot, and represents one of four independent experiments.
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dispersion of AJs along the apibasal plane. Also, in lateral sections, we observed widespread
ruffling of the cell membrane in the kd cells (F&©A, B), accounting for thexpanded striated

p at t e-cateniroahd Eadherin staining (Fig3.3F, H). In support of a role for SPECCLL in

A J s-caterbin ceammunoprecipitated with SPECCLL in lysates from confluent U20S cells (Fig.
3.3K). Together with expanded immunostaining af karkers, the TEM analysis is consistent

with our hypothesis that SPECCLL deficiency increased dgasal density and dispersion of AJs.

3.4.3Specclldeficiency shown neurulation defect and reduced CNCC delamination

To understand the role of SPECC1Ldraniofacial morphogenesis, we created a mouse
model of Specclldeficiency using two independent gemap ES cell lines DTM096 and
RRH048 (BayGenomics, CA), which tr&peccltranscripts in introns 1 and 15 respectively (Fig.
34A, Fig. 3.10A, B). Geromic location of gené¢rap vector insertion was identified by whole
genome sequencing and verified by PCR (Big0, C, D. Both gendrap constructs also afford
in-frame SpeccHlacZ reporter fusion upon trapping. ThugcZ expression, as determined Xy
gal staining, was used as a proxy fpeccllexpression. Both alleles show a similacZ
expression pattern with the DTMO096 gema&p in intron 1 showing stronger expression than
RRHO048 in intron 15 (not shown)Speccllis expressed broadly, howevenipeession is
particularly robust in the neural folds at E8.5 (R@B), the neural tube and facial prominences
at E9.5 and E10.5 (Fi®.4C, D), and in the developing limbs and eyes at E10.5 G4P). We
previously reported that SPECC1L expressiothmfirst pharyngeal arch at E10.5 is present in
both the epithelium and the underlying mesenchyme (Sdadi,2011), consistent with CNCC
lineage. To validate expression of SPECCLL in CNCCs, w&taioed for SPECCI1L and NCC
markers APzalpha (AP2A) ad SOX10 in E8.5 neural folds (Fi§.4Ei J) and in E9.5 cranial

sections
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Figure 3.4. Speccll expression and overlap with the neural crest cell lineage. (A)
Schematic representation of murine Specci/ gene indicating insertion of genetrap vectors in
ES cell clones DTM096 (intron 1) and RRHO048 (intron 15). (B-D) Heterozygous
Specc P09 embryos stained for /acZ, representing Speccll expression, from E8.5 to E10.5.
NE = neuroectoderm, NF = neural folds, PA1 = Ist pharyngeal arch. (E-P) Co-
immunostaining of SPECCI1L with NCC markers AP2A and SOX10 in E8.5 neural folds (NF;
E-J) and in E9.5 cranial sections (K—P). SPECCIL staining is broadly observed in the E8.5
neural folds (E.H; arrows), including in cells marked by AP2A (F,G; arrows) and SOX10 (I J;
arrows). At E9.5, SPECCIL strongly stains migrating CNCCs (K,N; arrows) marked by AP2A
(L,M; arrows) and SOX10 (O.P; arrows).
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(Fig. 34Ki P). At E8.5, SPECCIL stains the neural folds broadly @&#k, H), including cells
stained with the NCC markers (Fig4G, J). At E9.5, SPECCILL (Fig.4K, N) strongly sains

migratory CNCCs catained with AP2A (Fig3.4L, M) or SOX10 (Fig. 40P).

Intercross matings betwe&pecclH™0%* andSpecc1tRH048*heterozygous mice showed
that the two geng&rap alleles failed to complement each other, and that compoundzyefeus
and embryos homozygous for either gene trap allele are embryonic lethal grabl&he
Mendelian ratios indicate reduced survival of heterozygotes at birth (1.34 vs. 2.0 expected). We
noted a low incidence of perinatal lethality in heterozygastasie with craniofacial malformations
(Fig. 3.11, B. However, the low penetrance of these perinatal craniofacial phenotypes makes it
difficult to study the underlying pathophysiological mechanism. Therefore, we focused on the

embryonic lethal phenotype tife Specclhomozygous mutant.

The majority of Specclf™09%/RRHO4Bompound heterozygous or homozygous mutant
embryos failed to thrive beyond E®H.5 (Fig.3.5Ai1 D), with a failure of the neural tube to close
anteriorly (Fig.3.5B, D), and sometimes pa@siorly (not shown). This cranial neural tube closure
defect was accompanied by a large proportion of CNCCs, marked by DLX2, to remain in the
neural folds at E10.5, suggesting a failure to delaminate BFHgAI® 6 ) . To deter mine
was also a reducin in overall specification of CNCCs, we marked the CNCC lineage with GFP
in our genetrap lines withwnt1-Cre andROSA' ™S We flow-sorted the GFP+ NCCs and GFP
(RFP+) noANCCs from whole embryos. At E9.5, the proportion of fiswted GFRabeled
CNCCsdid not change significantly between WT and mutant embryos (not shown), indicating
normal CNCC specification. Thus, we hypothesized that the residual staining/mit#tCre and

DLX2 in the open neural folds (Fi@5 B6) was due t o a atbepossibty i n C|
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Figure 3.5. Speccll deficiency leads to defects in neural tube closure, cranial neural crest
cell delamination and AJs. (A,B’) E9.5 WT (A) embryo with migratory cranial neural crest
cells (CNCCs) marked with Wntl-Cre (A’). In contrast, Speccll mutant embryo shows open
neural folds (B, arrow) with CNCCs that have still not migrated (B’, arrow). (C,D’)
Brightfield images (C,D) and CNCC marker DLX2 immunostaing (C’,D’) of E10.5 WT
(C,C) and Speccll mutant (D,D’) embryos. In E10.5 WT embryo, DLX2 positive CNCCs
populate the branchial arches (C’, arrowhead), while in the mutant significant staining
remains in open neural folds (D’, arrow) with some staining in the 1st pharyngeal arch (D’,
arrowhead), indicating poor CNCC delamination and migration. E-R) Sections from WT and
Speccll mutant embryos at E8.5 (E-L) and at E9.5 (M-R) were stained with NCC markers
SOX10 (E,F.M,N), AP2A (G,H,0.P), and DLX2 (IJ,Q.R). At E8.5, NCC staining is
observed in the neural folds (NF) of WT and mutant sections. Co-staining of SOX10 and -
catenin in E8.5 WT (K) and mutant (L) shows increased  -catenin staining at cell boundaries
in the neural folds. At E9.5, migratory CNCC staining is observed in WT (M,0,Q), while in
mutants undelaminated CNCCs stain the open neural folds (N,P,R). (S—Z) Analysis of AJ
markers in vivo in WT and Specc]/PTM099/RRH0S mytant E9.5 embryo coronal sections. The
approximate plane of section is indicated in the top-right corner. Increased F-actin (S,T) and
Myosin IIb (U,V) staining is observed in mutant tissue sections. Similarly to in vitro results in
Fig. 3, expanded B -catenin (W,X) and E-cadherin (Y,Z) membrane staining is observed in
vivo in mutant embryos. (AA-BB) Electron micrograph of WT embryo section looking at
apico-basal cell boundary shows a distinct electron-dense region indicating adherens junction
(AA, arrowhead). In contrast, the entire apico-basal boundary appears electron-dense in
Speccll mutant embryo section (BB, arrowheads), suggesting increased density and
dispersion of adherens junctions.
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due to increased density or dispersion of AJs, as obsen&dBECC1Ekd cells. We used NCC
markers SOX10, AP2A, and DLX2 to confirm the presence of CNCCs in the neural folds (Fig.
3.5ER). At E8.5, neural fold staining is observed withtaree NCC markers in both WT (Fig.
3.5E, G, I) and Specclimutant (Fig.3.5F, H, J) sections. At E9.5, while NCC markers stain
migratory NCCs in WT sections (Fi§.5M, O, Q), residual NCC staining is present in the open
neural folds oSpecclmutant enbryos (Fig3.5N, P,R). Since SOX10 and DLX2 mark migratory
CNCC:s, this result indicates that SPECCL1L deficient CNCCs attaimpgsdtory specification

but fail to emigrate from the neural folds.

3.4.4Specclimutant tissue recapitulatesin vitro adherens junction changes

To test our hypothesis that reduced delamination is due to altered AJs, we investigated the
AJ markers in the open neural folds $pecclimutant embryos (Fig3.5S Z). We observed
increased actin stress fibers (F3pS, T) and conomitant increased localization of Myosin 11B
staining to the actin fibers (Fi@5U,V) . | mport antl y, we-caeaimFig.ncr e a:
3.5W, X) and Ecadherin (Fig.35Y, Z) at cellc e | | boundari es .-cattvi;m al s o
staining of NCCén the neural folds of E8.5 embryos (F3pK,L ) . -Eaterin skaining appears
more robust irpecclmutant neural folds (Fi.5L vs. K), suggesting that changes in AJs have
commenced. In electron micrographs of cranial sections from E9.5 embiy@gawn observed
an increase in dispersed electaense staining iBpecclmutant embryos compared to WT (Figs
3.5AA, BB and3.9, Ei H). Taken together, these results validateouitro findings InSPECC1LE
kd U20S cells, and indicate that abnormalrstay of AJs precedes CNCC delamination in our

mutant embryos.
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3.4.5 Reduced PI3KAKT signaling and increased apoptosis in SPECC1L deficient cells

Given the known antagonistic relationship of AKT activity tadtlherin stability (Larue
et al.,2005, Thomadikhonenkq 2010), we hypothesized involvement of P{KT signaling.
In addition, we observed swdpidermal blebbing in some of our mutant embryos that escape E9.5
10.5 lethality (<5%), and instead arrest at approximately E13.5 @&lgd). Subepidermal
bl ebbing is a hal |-besedPI3KAKT signalidgu(Eastauzz® BaE&& U
2014). Fantauzzet al (2014) reported t-based Pl3Kiastivatop ini o n
Pdgfra P13k mutant embryos results in sejpidermal blebbing, neural telefects, and cleft
palate phenotypes. Indeed, padT and active phosph&er473AKT levels were reduceieh vivo
in Specclimutant tissue (Fig3.6Ai D), prior to embryonic arrest at E9.5. Reduced phospho
Ser473AKT level was likely entirely due to reducgénAKT levelsin vivo (Fig. 3.6E) andin
vitro (Fig. 3.6F). Thein vitro reduction was only present at high confluency of U20S cells upon
cell shape and AJ density changes (Bi§D). Thus, our data suggest SPECCL1L is a novel positive

regulator of PIBKAKT signaling in craniofacial morphogenesis.

We next examined markers of proliferation and apoptosis. We did not observe any
differences in proliferation in E9.5 embryos (F&6E, G vs. |) as measured by KI67 staining,
with a proliferative index of 82.5%r WT and 86.5% fo6pecclimut ant (p < 0. 56,
test). Similarly, we did not observe any difference in apoptosis as measured by cleaved Caspase 3
staining in neural folds at E8.5, prior to embryonic arrest (not shown). In contrast, apoptosis was
markedly increased througtt the E9.5 mutant embryo (Figi6F, H vs. J). This global increase
in apoptosis is consistent with reduced PIBKT signaling and early embryonic lethality (Zeitlin

et al.,1995, Muelleret al.,2002, Gladdy2006).
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Figure 3.6. Speccll mutant embryos show reduced PI3K-AKT signaling and increased
cell death. (A-E) E8.5 (A,B) and E9.5 (C,D) cranial sections or E9.5 lysates (E) from Speccil
mutant embryos show decreased levels of active phospho-S473-AKT and pan-AKT protein,
compared to WT control. The western blot analyses were performed under the same
conditions for WT and mutant lysates. The images shown for SPECCIL are taken from a
single blot. The same blot was stripped and re-probed with pan-AKT and then B -actin
antibodies. Pan-AKT level in E8.5 neural folds (A,B) and phospho-S473-AKT level in E9.5
cranial section are markedly reduced. (F) A similar reduction is seen in pan-AKT levels in
SPECCI1L-kd U20S cell lysates collected at high confluency. The error bars represent SEM
from quantitation of three independent western blots. (G=J) Sections of WT embryos at E9.5
show cell proliferation (G,G’) with negligible apoptotic activity (H,H’) through KI67 and
cleaved Caspase 3 staining, respectively. In Speccll mutant embryos, there is comparable cell
proliferation (I), however, there is a striking increase in cells undergoing apoptosis (J).
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3.4.6 Upregulation of PI3BK-AKT pathw ay rescuesSPECC1l-kd phenotype

Next, to confirm a causal role for PI3KKT signaling in AJ change in our kd cells, we
chemically altered the pathway in control and kd cells (BigAi F). We used the cell shape
change phenotype observed in confluBRECQAL-kd cells as a marker, which we quantified
using the ratio of the longest dimension (length) and the corresponding perpendicular dimension
(width). A relatively round or cuboidal cell would be expected to give a ratio of 13F@). In
additontocdl s hape, we conf i r me eatenih gained (FIBCA&E@N. AJ s
Inhibition of the PISBKAKT pathway using Wortmannin was sufficient to alter cell shape (Fig.
37A,C)and AJs (Fig3.7 A6 ) 1 n «c ont r-AKT actvatdr,|SE79,did roteaffebt cel K
shape (Fig3.7A, E) or AJ expansion (Fig7 A6 ) i n ¢ oBPECCLHEkd cells, lfutther. I n
downregulation of PIBKAKT pathway resulted in increased apoptosis (B@B, D) with
drastically ex-patend(egB78bai ncogsfetembt inwivot h our
Importantly, upregulation of the PI3BKKT pathway drastically ameliorated the cell shape (Fig.
37B,F)andAJ(Fig3.7 B66) phenotypes. As stated above, ¢
as a cell acularity ratio (CCR), and compared for significance (BigG). Indeed, in control cells

(Fig.37 G, CCR

1.56), Wortmannin treatment was

(Fig.37 G, CCR 3 . '6), Which pvas similr. irdextént td tbat seerSIRECC1kkd

cells (Fig. 3.7 G, CCR = 3.46) . Wo BRE@GILEka icafis (Figr 27&t me n t
CCR = 3.60, not significant) did not affect c
37 G, CCR = 3. 46, not -seatgdrconfral aels (FiB)7 Gor CWURr =Eman 16

not significant). Most important, ST9 AKT actvator rescued the elongated cell shape phenotype

of SPECC1kkd cells (Fig.37 G, CCR = 1. '7%% Thesp results6ubgtantiate that
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Figure 3.7. Upregulation of PI3K-AKT pathway can rescue SPECCIL-kd phenotype in
vitro. (A-F’) Control (A,C.E) and SPECCI1L-kd (B,D.F) cells were treated with PI3K-AKT
pathway inhibitor Wortmannin (C,D) or activator SC-79 (E,F). Untreated control cells are
cuboidal (A) with normal honey-comb pattern of P -cat staining (A’), while kd cells are
elongated (B) with expanded P -cat staining (B’). Upon down-regulation of PI3K-AKT
pathway, control cells are elongated (C) with B -cat expansion (C”), while kd cells begin to
undergo apoptosis (D), similarly to our severe mutant embryos, and show extremely
expanded P—cat staining (D’). Upon up regulation of PI3K-AKT pathway, control cells
remain cuboidal (E) with normal B-cat staining (E’), while kd cells show much improved cell
shape (F) and P -cat staining (F”), indicating rescue. (G) The extent of cell shape change in
(A-F) were quantitated using a cell circularity ratio (CCR) of longest dimension (length) and
the corresponding perpendicular dimension (width) using MetaMorph software. The no
treatment (NT) SPECCI1L-kd cells (CCR = 3.46) were significantly elongated than control
cells (CCR = 1.56, p < 6.1 x 10—13). Wortmannin (Wort) inhibition of PI3K-AKT pathway in
control cells was sufficient to cause a similar elongation of cell shape (CCR =3.61, p <2.4 x
10-9). Similarly, AKT activation with SC-79 in SPECCIL-kd cells was able to rescue the
elongated cell shape back to control level (CCR = 1.74, p < 6.2 x 10—12). Wortmannin
treatment of SPECCIL-kd cells resulted in increased apoptosis, but did not cause further
increase in cell shape change (CCR = 3.60) beyond that observed in untreated kd (CCR =
3.46, ns) or Wortmannin-treated control cells (3.61). ns = not significant. Measurement of 50
cells + /— S.E.M. 1s shown. Statistical differences were calculated using a Student’s t-test.
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SPECCILL regulates PI3KKT signaling, and indicate that moderate reduction in SPECC1L

affects cell adhesion, hile severe reduction can lead to apoptosis F8).

3.5 Discussion

Dissolution of AJs is required for praigratory CNCCs to delaminate from the neural
epithelium of the anterior neural folds (Le Douafdf82, Taneyhill2008, Thevenea& Mayor,
2011) The increased staining of AJ components and loss of-Bpsal asymmetrical distribution
of AJs in SPECClideficient cellsin vitro andin vivo, combined with physical proximity of
SPECCL1L -catanit indictes a role for SPECCI1L in maintaining localized stability of AJs
by properly organizing the actin cytoskeleton. The association of SPECCI1L with the actin
cyt os kel ecatenim combirgedvith an increase in condensed actin filaments upon
SPECCILL deficiency are consistent with the observed increase in AJ density. Another possibility
is that increased actin fibers in SPECCLL deficient cells lead to altered tension between cells. As
cell tersion can impact AJ dynamics (Hargsal.,2014), a change in tension may lead to more

dispersed As (Englet al.,2014). Either alteration can consequently affect CNCC delamination.

Whntlis expressed in the early neural folds that give rise to neustlagls. ThusWntl-
cre lineage tracing marks both pregratory and migratory NCCs (Chei al.,2000). However,
Whntlalso marks lineage of dorsal brain tissues that also arise from the early neural folds (Chai
al., 2000, Braultet al.,2001), leavinga possibility that theVntl-marked staining in our E9.5
mutant open neural folds were not CNCCs. Our positive staining with NCC markers AP2A and
SOX10 confirms that the open neural folds of$ipecclmutant embryos indeed contain CNCCs.
Furthermore, sice AP2A and SOX10 are markers for early migrating NCCs, the positive staining

indicates that these cells are posgratory CNCCs that fail to delaminate by E9.5.
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A) Summary

Control SPECC1L kd
$ PI3K-AKT fPI3K-AKT

(Wortmannin) (SC-79)
’ A

Elongated Apoptosis Rescue

B) Model
Control SPECC1L-kd
PI3K PI3K

stabilized unstable

SPECCIL % AKT
VA A
Normal shape } Apoptosis

Figure 3.8. Model of SPECCI1L modulation of PI3K-AKT pathway and AJs. (A)
Schematic summary of PI3K-AKT pathway inhibition and activation leading to AJ change and
rescue, respectively. (B) A model proposing that SPECCIL stabilizes AKT protein.
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Our data indicate that the molecular regulation of AJs by SPECCLL is mediated bART3K
signaling. AKT signaling is reduced in SPECCdeficient cells and tissue. A direct role for P13K

AKT signaling in craniofacial morphogenesis is supported by the findings of Fantauzito
(2014) showi ng tbésedtactivawor df PIZKT SRydadg IRaAds to cleft palate
phenotype. We also showed that inhibition of the PAKT pathway is sufficient to alter AJs and

cell shape in U20S cells. Consistent with our findings, @ial, (2010) have shown that in
endothelial cells downegulationoP | 3K U110 subunit |l ed to-a si mi
catenin staining, termed as increased fAjunct.
already highly organized actin filaments, the dewgulation of PI3BKAKT pathway resulted in
arelaxation of cell shape. In contrast, BEECC1Ekd U20S cells show elongated cell shape.

This difference is likely celtype specific. While dowanegulation of PI3KAKT signaling
consistently affects the actin cytoskeleton, the effect on cell shaletased by altered tension

resulting from changes in central actin fiber density and organization. In U20S cells, we used the
cell shape change only as a marker of the SPE@eficient AJ change and rescue. Taken
together, we propose that suppressioAlKT pathway upon SPECCLL deficiency increases AJ

stability and reduces delamination of the CNCCs.

Interestingly, parAKT levels are reduced in addition to phospt8-AKT levelsin vitro
andin vivoupon SPECCLL deficiency, thus indicating regulation @KPAKT signaling at the
level of AKT protein stability or turnover. BotBPECC1Land MID1 genes, implicated in
Opitz/GBBB Syndrome, encode proteins that stabilize microtubules (8galj2011, Shor&
Cox, 2006). The mechanism through which SPECCI1L ailiD1 mediate microtubule
stabilization is not entirely clear. In the case of SPECCLL, this stabilization involves enhanced

acetylation ofa subset of microtubules (Saadi et 2011). Perhaps SPECCI1L utilizes a similar
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mechanism to stabilize other prateisuch as AKT. Acetylation of lysine residues in AKT protein
has been shown to result in reduced membrane localizatidphosphorylation (Sundaresan et
al., 2011). In addition, K63 chain ubiquitination of the same lysine residues on AKT is required
for its membrane localization and activation (Yaatgal.,2009, Charet al.,2014). Of the few
SPECCLL protein interactors identified in different high throughput yeashywiod screens,
four-CCDC8 (Hansonet al., 2014), ECM29 (Gorbeaet al., 2010), APC andUBEZ2I
(Bandyopadhyat al.,2010)- participate in protein turnover or stability through ubiquitination
or sumoylation. It is possible that SPECCI1L participates in thetowtlational modification of
AKT lysine residues, affecting AKT stability. Hower; a definitive role for SPECCI1L in AKT

protein localization and stability is yet to be elucidated.

A severe deficiency in SPECCI1L expressiouivoresults in increased AJ marker staining
and defective CNCC delamination, as well as in increased apoptasearly embryonic lethality.
Previous reports have shown that mouse mutants with increased levels of apoptosis have associated
neural tube (Homanicst al.,1995, Ikedaet al,2001, Rulancet al.,2001, Migliorini et al.,2002)
and craniofacial defec{deonget al.,2004). It is proposed that excessive cell death in the neural
folds or pharyngeal arches may result in insufficient number of cells required for proper
morphogenetic movement (Jeoag al., 2004, Copp 2005, Harris& Juriloff et al., 2007). In
contrast, our SPECC1dleficient cell lines with moderate reductiorSRECC1lexpression show
only AJ changes without evidence of increased cell death. However, chemical inhibition of PI3K
AKT pathway in these kd cells does indeed lead to increas@domsm Thus, a moderate reduction
in SPECCLL expression or function allows cell viability. This is consistent with the observation
that rareSpecclimutant embryos that escape E9.5 arrditely due to reduced gerteapping

efficiency - are able to clas their neural tubes and arrest later in development, frequeititly w

83



craniofacial defects (Fig3.11). Also, consistent with this is the rare occurrenceSpeccll
heterozygous embryos with craniofacial malformatidikely due to increased gettepping
efficiency - and findings in zebrafish where morphants for one of 8RECC1Lorthologs
(speccllb lead to late embryonic phenotypes including a loss of mandible and bilateral clefts
(Gfrerer et al., 2014). Thus, heterozygouBPECC1Llossof-function mutéions identified in
human patients may lead to mild perturbation in SPECCI1L function during craniofacial
morphogenesis, sufficient to account for their orofacial clefts. SPE@a@4é&d modulation of cell

cell contacts may also play a role in palatogeneasispharyngeal arch fusion. Further studies of
SPECCLL function will help elucidate the role of transientcell contacts in neuroepithelial cell

movement during neural tube closure and in CNCCs during craniofacial morphogenesis.
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Supplemental Figure 3.9

85



Supplemental Figure 3.9. SPECCI1L-Kkd cells and tissue show altered cell-cell boundaries
in electron micrographs. Low magnification analysis of transverse sections show the normal
honeycomb pattern for Control U20S cells (A, arrow). However, SPECC1L-kd U20S cells
show jagged edges that appear intercalated (B, arrow). Higher magnification sections looking
at the apical-basal boundary shows distinct electron-dense regions indicating adherens
junctions (C, arrow). In contrast, the entire apical-basal boundary appears electron-dense in
SPECC1L-kd U20S cells (D, arrows), suggesting increased density of adherens junctions (E-
H). Importantly, the same increased density was noted in vivo in Speccll mutant E9.5 embryo
sections. Regions shown for control and wildtype embryos (E, G) were taken from dorsal
hindbrain (E) and maxillary pharyngeal arch (G) epithelia, while those for mutant embryos
were taken from the open neural folds (F, H). Corresponding higher magnification images are
shown in E’-H’, indicating increased electron dense regions in the mutatnt cell-cell
boundaries compared to those between control cells.
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Supplemental Figure 3.10. Confirmation of genomic locations of Speccll DTM096 and
RRHO048 genetrap constructs. Genomic DNA from pecc//DTMISO/RRH04S mytant embryo was
analyzed by whole genome sequencing. As expected, disrupted mapping with clustering of
un-mapped paired-ends was observed in Speccl/ intron 1 and 15 corresponding to DTM096
(A) and RRH048 (B) reported locations. These insertions were confirmed by conventional
PCR using a primer in the vector, thus establishing specific genotyping protocols for
SpecclP™0% (C) and SpecclI®RH04¢ (D), respectively. Primer sequences and approximate
locations are indicated for reference.
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Heterozygotes

X
Specc 1IRRH048/+

Supplemental Figure 3.11. Rare late gestational phenotypes of heterozygous and
homozygous Speccll deficient embryos. A, B) In very rare cases, heterozygous Speccll
embyos show perinatal lethality. Shown are lacZ stained control 11.5 wildtype (A, clear) and
a heterozygous littermate with hypoplastic facial processes (B, blue stained). C-E) in some
cases, homozygous mutants escape early growth arrest and show a range of phenotypes
including sub-epidermal blebbing (D, arrows) and severe craniofacial, limb and spine
malformation (E), compared to WT littermate (C).
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Analysis at birth: WT Het Hom Litters
Specc1P™" x Specc1/P™* 29 43 0 13
Specc1lP™"* x Specc1/RRH* 34 43 0 12
Specc1/RRH* x Specc1/FRA* 16 20 0 8
Total 79 106 0 33
Mendelian| Observed 1 1.34 0
Ratio Expected 1 2 1

Supplemental Table 3.1. Specc1/P™ and Specc1**H heterozygotes show reduced Mendelian
ratio and homozygous mutants do not survive until birth.
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Supplemental Movie 3.1. SPECCI1L-kd U20S cells elongate upon high confluency.
Equal number of Control (left) and SPECC1L-kd cells (right) were plated onto 35mm dishes
and imaged. While control cells stay cuboidal, SPECCIL-kd cells elongate upon high
confluency. Elapsed time is shown in hours.

This video can be accessed at:
http://www.nature.com/article-assets/npg/srep/2016/160120/srep17735/extref/srepl1 7735-s1.mov
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CHAPTER FOUR:

MODERATE DEFICIENCY OFSPECC1UMPAIRS COLLECTIVE MIGRATION OF

PRIMARY PALATAL MESENCHYME CELLS
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Chapter Four: Moderate deficiency of Speccllimpairs collective migration of primary

palatal mesenchymeeells

Nathan Wilson, EveretHall, Edina Kosa, Dona Greta Isai, Jeremy GoeriAgdras Czirdk Irfan

Saadi

Contributions

Mouse crosses and palatal shelf dissection was performed by EH, Cell culture was performed by
NW, Live imaging was performed by NW and EK, cell tracking wasqoeréd by EK, JG and

NW, computational analyses were performed by EK, Gl and AC.

4.1 Abstract

Cranial neural crest cells (CNCCs) migrate from the embryonic neural folds to the
pharyngeal arches, contributing to maxillofacial developm€allective cell mgration is a
cooperative process fundamental to embryonic development, which shapes and populates
emerging tissues. Unlike directional migrati@uring whicheach cell acts as an independent
player,collective migratiorrequires dynamic relationships betn members in the coordination
of movement. Theollective migration required for CNCC infiltration of the pharyngeal arches
relevant to the aberrant development seen in orofacial cleftindemonstrated by deficiency of
the tumor suppressor Merlione of the few known proteins which disrupts collectiigration,
Merlin mutant mice have cleft palate, among other defects (Gnittle et al.,2008, Daset al.,
2015).SPECC1Ekd U20S cells show impaired wound healing, taking longer to fill wounds than
wildtype U20S cells (Saaét al.,2011). We have shown that this impairment is dependent upon

the elongated cell shape change, which occu8PIBCC1kkd U20S cells (Chapter Thred@)he
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extent of collective cell migration can be quantifiednbgasurementdf correlation lengthwhich
represerdthe distance fronan observed ceWhere its neighborsontinuemigrating in the same
directionas it(Szaboet al.,2010. Here we report thaBPECC1kkd U20S cells show reduced
correlation lengthsvhen compared ith wild type counterparts, indicating a defectcimllective
migration Compound mutant mice hanting severe gene trapp&peccIi*™ andhypomorphic
deletion Specc1®® ® Hlleles SpeccTiRH®3 § Show incompletely penetrant CR/ound assays
using wild type andSpeccIiR™3%° embryonic palatal mesenchynoells (MEPM) showed a
comparable reduction in correlatitength, indicating defects in collective migratid®revously,
we reported thatheseU20S SPECC1Ekd cells exhibitadherens junction and morphological
phenotypesiue to downregulation d?I3K-AKT signaling pathway. We report that the delayed
wound closure time seen BPECC1kkd U20S cells is partially rescddoy AKT activation,in
vitro. Together, these data indicate SPEC@%a novel modulator ahe functions oPI3K-AKT

signalng in CNCC migration

4.2 Introduction

CNCCs differentiating within the dorsal neuroectodersybsequently delaminate and
migrde into the pharyngeal arches, where they contribute to most craniofacial cartilage @nd bon
(Trainor et al., 2000). However, many questions remain concerning CNEllective cell
migration, a process marked byleeell interactions (Thevened&Mayor, 2012).

Frequently the disruption of genes regulating CNCC functisns@ssociated with
craniofacial malformations such as orofacial clefts, a common congenital deformity affecting

approximately 1/800 live births. Of intereate genes whiclkaffect collective migration and
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associate withiacial clefting such ag-ilamin A, which disrupts epithelial migration (Simpset
al., 2008) and is also associated with the syndroadt palateof Otopalatodigitial type 1
syndrome PassosBuenoet al.,2009. Neural cestspecificFilamin Aknockout in mouse causes
abnormalitiesof the cardiac outflow tragFenget al.,2006.

Collective cell migration requires caikll and ceHECM interactions (Rorth2009).
Migratory CNCCs interact with each other through trartsaeimesions involving dadherin (Xu
et al.,2001).These interactionsiay negat€€NCC proliferation throughout migration, as cells at
the leading edge enter mitosis more frequently than those following them. Migratory CNCCs also
show chemotactic responsiessecreted factors such ¥EGF and Sdfl (Kules& McLennan,
2015), as well as other cadhvironment signals including contact with Ephrins and Semaphorins,
as well as proteoglycans (Kule&aMcLennan,2015).

Proper migration, mliferation and differatiation of CNCCs are required for
palatogenesisThedisruptionof any ofthese processesin causéacial clefting (Itoet al.,2003).
Previously,SPECC1Lwas identifiedas the first gene mutated in seveagypicalfacial clefting
which extend from theral cavity to the eye, in two human patie(Baadi 2011)SPECCI1L
mutations have been identified in two families affected by autosomal dominant Opitz G/BBB
syndrome (OMIM #14541QKruszka & McLennan,2015) which manifestcleft lip/palate. Other
Opitz G/BBB syndrome cases arelidked (OMIM #300000) and are caused by mutations in
MID1, encoding a protein associated with the microtubule cytoskeleton (Schetajed999).
SPECCl1Llalso interact with both the microtubule and actin cytoskeletons. Ingegtbskeletal
regulation is critical in neural crest migration, such as seen in the disruption of actin
depolymerizing protein-gofilin, which causes defective neural tube closure and impaired neural

crest migration (Gurniakt al.,2004). Recently we deribed a role foEPECC1Lin modulation
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of the actin cytoskeleton and subsequent cell shape, through aARIBKlependent mechanism
(Chapter Three Specifically, SPECC1Ekd U20S cells change from a cuboidal to an elongated
cell shape, upon high confluen(SPECC1Ekkd phenotypes also include increased ajhiasal
adherens junction (AJ) dispersion, with severe mouse mutants showing impaired delamination of
CNCCs from the open neural folds. These phenotypes were revearsiibte, through reactivation

of AKT signalingby a smallmolecular activatorSC79, complementing our finding that severe
mutants show reduced p&KT levels.

Previously we reported the homozygous lethal phenotyp8pexfcljene trapped mouse
embryos. This lethality occurs prior to emibnic day 9.5 (E9.5), marked by phenotypes which
include reduced embryonic sizdative to developmental staged importantly, failure cENCCs
to delaminate from the still openeural folds Chapter Three Thus, this severe model of
SPECC1Ldeficiencyprohibitsthe investigation of post E9.5 developmental processes.

To expand our understanding of additional roles playe@®&BgECC1LIn CNCCs, we
generated zinc finger deletions3pecclto allow modeling of less severe, moder@RECCI1L
disruptions likey more reflective of human clefting pathogenesis. SRECC1E RH ®3fAdfuse
shows delayed palatal fusion in approximately 50% of embryos and frequently shew sub
epidermal blebbing associated with defects in the PABR signaling pathway Fantauzzo%
Soriano, 2014. We usedin vitro studies of SPECC1kkd U20S cultured cells and
SPECC1RRH®3fR8usederived primary MEPM cellsto demonstrate a defect in collective
migration, as identified through reduced correlation lengths of migratory stréé&n®port that
this defects responsive to modulation tife PIBKAKT signaling pathway complementingur
previous findings showing the sameessponsiveness to the shape and AJ changes seen in

SPECC1Ekd U20S cells (Chapter Three)
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4.3 Materials and methods

Cell lines
U20S osteosarcoma control aBRECC1Ekd cells were previolg described (Saadi et

al., 2011).

Cell shape change in U20S cells

U20S control and SPECC3Kd cells were cultured in standaRMEM high glucose
media supplemented with 10% fetal bovine serum (Life technologies, Ca&pad,o modulate
the PIBKAKT pathway, cells were cultured in described concentratadrBI3K-AKT inhibitor,
Wortmannin (TOCRIS Biosciences, Minneapolis, MN), or activat8i-79 (TOCRIS

Biosciences, Minneapolis, MN). Media with chemicals was replaced daily.

Primary culture of mouse embyyonic palatal mesenchyme (MEPM)
Mice heterozygous for the sevepeccligene trap allel&peccliR* were mated with
heterozygous mutants of thgpomorphicSpecci®? ¢ Béletion dele, yielding compound mutant

SpeccIiRP3 08mbryos for primary culture. At E13.5, WT, heterozygotes @pdccIiRH®s 00

embryos were harvested for excision of the palatal shelves. Subsequent incubation in Liberase DL

(Roche, Basel, Sizerland) allowed mechanical separation of palatal shelf epithelium and

dissolution of remaining mesenchyme into sirggdl suspension. Primary MEPM cultures were

seeded onto fibronectin treated tissue culture plastic vessels-mirf@@d rings with thesame

dimensions as one well of a standard 96 well plate. Upon overnight incubation in standard

conditions, MEPM cul tures were wounded with
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Live-imaging

Time-lapse recordings were performed of live control and kd cells in regulture
conditions with a phase contrast image collected every 10 minutes over a period of seven days.
Images were taken with a computemtrolled Leica DM IRB inverted microscope equipped with
a poweredstage and a 10 x-RLAN objective, coupled to a Qbging RetigsSRV camera.

During imagingcell cultures were kept at 37C in a humidified 5% CO2 atmosphere.

Live-imaging analysis

Live-imaging of U20S cells and primary MEPM cultures were manually tracked to
identify the position of each cell migrating anthe wound, per frame, until wound closure, using
tracking software developed at the University of Kansas Medical Center (Dr. Andras Czirdk,
Ph.D.). Resulting coordinate tables were then analyzed using particle image velocimetry, as
previously describedZ@miret al.,2005) and correlation length analysis using software developed

by Dr. Andras Czirok, Ph.D.

4.4 Results

4.4.1 Speccldeficiency impairsthe collective migration of U20S cells

Prior work showed thatSPECC1Ekd U20S cells aredefective in wound closure,
compared to WT U20S cellgstablishing a role foBPECC1Lin cell migration (Saadet al.,
2011). Thus, we first explored which qualities of cell migration were disrupted, since embryonic
migration, can largely be disrupted by many factoiducting disruptions between individual cells
and their neighbors (Saadoen al., 2015), individual cells and their environment (Kulesa

McLennan,2015), as well as disruption of the ability of cells to atlkely migrate as a group
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(Das et al., 2015). The latter is especially important to craniofacial development, given the
migratory patterns they exhibit, which specifically feature formation of migratory streams, where
each individual cell physically interacts with its neighbors, during migration ifRktvet al.,

2007).

Due to the functionaimportancethat the actin cytoskeleton serves in establishing cell
shape, we first investigated cell migration, considering the altered actin cytoskeleton and
morphology ofSPECC1LEkd cells.SPECC1Ekd U20Salterdion is density dependent. Thuee
performed wound healing assays, using wild type 8R&ECC1tkd U20S cell cultures, both
before and after these changes. Interestingly, frame rate counting and kymographs derived from
live cell imaging show wound closurates equivalent between wild type SRECC1Ekd U20S
cells, before shape change (Hgl A). However, in cultures wounded after high density and
subsequently altered morpholo@PECC1Ekd U20S cells exhibited notably increased time in

closing the woundwhen compared with their wild type counterparts (&it).B).

To investigate what aspect of cell migration this derd#gendent change perturbs, we employed
particle image velocimetry (PIV), an analytic method commonly employed in understanding the
dynamics present in fields of individual objects in dynamic movement (Zetnait.,2005. PIV
generates coordinate tables describing the position of individual objects in motion, over time.
These coordinates allow the calculation of correlation length, wieiglesents how effectively

cells are migrating in each direction, with respeaach other (Zamir 2005), andasnsidered a

measurement of collective cell migration (Casl.,2015).

Suchanalyses were performed on low and high density fields, withhounds, as well as

for wounds made before and after tRRECC1Ekd shape change phenotyild type and
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Figure 4.1. SPECC1L-kd wound closure delay and reduced collective cell migration occur
upon shape change. Kymographs show delayed wound closure in SPECCIL-kd (B) when
compared with WT U20S cells (A). Cultures wounded before SPECCI1L-kd cells change
shape (A, B, white hashed line) show no delay in the rate of wound closure (red funnel)
observed over time (white arrow). SPECC1L-kd cells (B) show delayed wound closure only
when wounded after shape change (black hased line). C) SPECCI1L-kd displacement (red) is
higher than WT (green) in the initial pre-shape change wound (Wound 1) and in low density
controls (Low density). The equivalent displacement shown by WT and SPECCI1L-kd post-
shape change wounds (Wound 2) show displacement itself does not explain delayed wound
closure (B, red funnel). D) Comparing correlation lengths between WT (green) and SPECC1L-
kd (red) wounds made before (Wound 1, black hashed line) show that SPECC1L-kd correlation
lengths are not reduced (red arrows). Only wounds made after shape change (Wound 2, black
hashed line) show reduced correlation lengths (red asterisk) when compared with WT (green
arrows).
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SPECC1Ekd U20S cellsdo not show a dispayi in PIV displacement which cagxplain the
impaired wound closureSPECC1LEkd cells show increased dlapement upon wounds made
before shape change and comparable displacement in wounds made after thishbamggthat
SPECC1Ekd cells have the displacement potential necessary to close wounds as quickly as their
wild type counterparts (Figt.1C). An example of such a finding can be seen when correlation
length is reduced upon deficiency of Merlin, which is also accompanied by an increase in velocity
(Daset al.,2015). As a difference in velocity cannot explain impaired collective migration in

SPECC1Ekd U20S cellsyve next examined collective cell migration (FiglD).

Measuring the correlation lengths of migratory cell streams is a measure of collective
migration Correlation lengths can be assessed directionally, describing the lengths of streams of
cells moving perpendicular or in parallel with each other (Skttet.,2013). Correlation length
measurements show that wild type &BECC1Ekd cells provide similar stream lengths, in
wounds made before cell shape change, &id, Wound 1) Woundsmade afteSPECC1kkd
induced shape change (F§1D, Wound 2)show wild type U20S:orrelation lengthslo not
change between low and high conflueridewever, SPECC1Lkd cells show a notable decrease
in correlation lengths (Fig4.1D, Wound 2), suggestnthat defective wound healing after
SPECCI1Ekd induced shape change is due to defects in the ability of these cells to collectively
migrate. Directional measurement of correlation lengths involving parallel and perpendicular
streams support this (Fig.1D) as well as nowlirectional analyses of the same experiments (not

shown).
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4.4.2 ModerateSpecclimutants show altered adhesion in a model of CNC migration

As severe deficiency of Specctdsults in an embryonic lethal phenotype prohibiting
investigaton of neural crest migration, we generatedypomorphicSpecclhkllele toallow this
(Fig. 4.2A). The hypomorphicSpeccI?® ® &llele generates a &mino acid iAframe deletion
between coiled coil domains 5 and 6 (F@A), which transcribes a protein of reduced molecular
weight detectable bywestern blottingHKall, et al., in preparatignUnderstanding the underlying

hypomorphic function of this allele is work still ongoing.

Mating of SpeccTiRH" with SpeccI?? ¢ Meterozygus mice yields compound mutant
SpeccftR*/ ®&Mhbryoswhich are perinatal lethal, showing incompletely penetrant (~50%)
delayed palatashelf eleration (Hall, et al., in preparation)NVe theninvestigatedn vitro neural
crest progenitor migration by combining these alleles on a background which geneticallg labels
cell population includingpeural crest progenitors, using Wat:-GFP marker backgund. Using
established neural crest explanation technique, we investigated whggmmorphicSpeccll

disruption impacts migration.

Upon exision of the neural folds from EB WT, SpeccIi? Specc1®? ?%and
SpeccIiRH/ ®hdlise embryosthey were placed upofibronectincoated plasticto facilitate
adhesion and migration aVnt:-GFP cells out of the tissuéeuralfolds isolated from WT
embryos quickly adhered to this substrate, showing adhesidnsubsequent outward cell
migration (Fig.4.2D, upper panel)Wntl-GFP expressing cells can be seen migrating out of the
adhering explant, migrating away from its bulk in constant waves &2, lower panel).
Interestingly, Specc1tR"3%0 compound munt neural fold explants never adrempletely,

with most never adhering long enough for analysis. The few that did adhered transieahtly,
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producedalmost m Wnt:-GFP positive migratory cells (Fid.2E, lower panel, Supplemental

video).

Although visilde in phase contrast, th&nt1-GFP signal in these explants is harder to
visualize, as the neadhering tissue is outside of the live imaging focal plane4Ri¢t). Wealso
verified that neural crest inductiaoes occur, agVnt:-GFP expressing cells apgesent in the
neural foldsof Specc ™™ mutant embryasAdditionally, fluorescence assisted cell sorting of
embryonic lysates show thatld type and sever8peccld™P™ mutant embryoshow equivalent

proportions oWntl-GFP positive and negatieells(Fig4.2 B, C).

4.4.3 Wound assays show reduced collective migration 8PECC1RRH/300 MEPMs

Culturing of explantedeural foldtissuesvas an unsuitettchnique to assess migration of
CNCCs from Speccll deficient embryd$ius, we employed an exisively used method, primary
culture of embryonic palatal mesenchyme, as describee@t(dlL,2005). MEPM cellswere used
as a proxy for CNCCs, as they are derived from the neural crest. MisBlslted from wild type
and SPECC1ER*2%palatal shelves we isolated from E13.5 embryos aadltured for wound

assays.

Wound assays performed upon cultured wild type SRECC1ERH00 MEPM cell
cultures showdthatSPECC1RRH3OMEPM cells showreduced speed of woumtbsure, as seen
in kymographic representah of frame by frame cell movements (Fig 4.3. A, B). Like our U20S
displacement results (Fig. 4.1, C), SPRCEH30 MEPMs show increased displacement, as
shown by PIV analyses of liveell imaging (Fig 4.3, C). This increased displacement was
consistenthroughout the wound closure proceBkis increase in displacement corresponds to a
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Figure 4.2. Moderate Speccll mutants show defective adhesion in an in vitro model of
neural crest migration. Alleles employed in generating moderate Speccll mouse mutants
(A). Cultured neural fold explants from a Wntl-GFP expressing reporter mouse line show
adhesion (D, upper panel, solid black arrow) and subsequent migration of Wntl-GFP-positive
neural crest precursors (D, lower panel, white arrow) and neural fold adhesion (D, lower
panel, hashed arrow) (n=8). In contrast, moderate mutant Speccl/RR¥3% peural folds show a
general defect in explant adhesion (E, upper panel, solid black arrow) with reduced migration
of adhesive cells (E, upper panel, hashed black arrow) and increased shedding of non-
adhesive cellular material (E, upper panel, black asterisk). Very rarely, a small number of
Wnt1-GFP expressing cells would successfully migrate from the explant (E, lower panel,
hashed white arrow), showing erratic movements. The bulk of Wnrl-GFP expressing cells
remain within the explant (E, lower panel, solid white arrow), which shows weak GFP signal
due its impaired adhesion leaving it outside of the focal plane (n=4). Previous experiments
have shown that Speccll deficiency doesn’t noticably impact WntI-GFP expression in the
developing neural folds, using FACS analyses to compare the proportion of GFP positive and
negative cells from dissociated wild type (B) and Speccl/P*PT™ mutant E9.5 embryos (C).
SpecclPTMPTM mutant embryos show impaired delamination of GFP positive cells from the
developing neural folds (C, yellow arrow) when compared with the delaminated GFP postive
population shown in wild type embryos (B, yellow arrow).
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higher average velocity oSPECCLRRH300 MEPMs, when compared wittheir wild type
counterparts (Fig.3, D). Superficially it would seem as though cells with higherage velocity
would be able¢o close a wound more rapidly and would not slaomotable delay in closure time.
However,SPECC1ER*30OMEPMs show reduced correlation lengths when compared with their

wildtype counterparts (Fid.3, E), indicating impaired allective migration

4.4.4 Activation of AKT rescues delayed wound closure in SPECC1kd U20S cells

Previously, we reported thatvereSpeccligene trapped mouse mutastsow reduced
panAkt protein level, which is independent Akt transcription (Chater Three) Modulation of
the PIBKAKT signaling cascade with molecular activators and inhibitors could rescue or
phenocopyrespectivelythe morphological and adhesive phenotypes associate SRECC1L
deficiency, in U20S cellGhapter Three Specifially, we found that inhibition dPhosphatidyl
inositol kinase JPI3K) with Wortmannin (Abbast al.,1998), induced in wild type U20S cells
an elongated morphology and an increase in the density of adherens junehimisare the
hallmarks ofSPECC1Ltkd. Additionally, we reported that activation of downstream PI3K effector
V-Akt murine thyoma viral oncogene homologAIKT) with the small molecule modulat&C79
(Joet al.,2012) inSPECCC1tkd U20S cellgescud the elongated morphology and altered AJs.
Thus, we next investigated the possibility that modulating PABR signaling could also rescue
delayed wound closure.

Upon examination of the number oaimes required for wound closureepeatment of
wild type U20S cell cultures with Wortmannin cadserobust negative effect on wound closure
speed seen in untreated wild type wounds (Fig 4G @at the same concentratibn3 0 € M) us e c

previously (Fig 4D)Complimenting this findingSPECC1Ekd cell cultures pretreated wiBC79

105



O

B widtype Il sPECC1LRRHE30

Displacement (um)
O = NDNWH 0O N

0 2 4 6 8 10 12 14 16
Time (h)

D E B wiidtype [l sPecC1LRRHE0
7 500
e £ 400
£5 =
£ 4 2 300
= 3
g3 S 200
25 2
2 £ 100
1 o
0 0

Perpendicular  Parallel

Figure 4.3. Wound assays show reduced collective migration in Speccl/®RH3% mouse
embryonic palatal mesenchyme cultures. Kymographs show the rate of wound closure for
wildtype mouse embryonic palatal mesenchyme (MEPM) cell cultures (A, black arrow) and
moderate mutant Speccl/RR#3%0 MEPMs (B, black arrow). Note the reduced wound closure
rate shown by mutants (B, black arrow), when compared with wild type (A, black arrow).
Particle image velocimetry analyses of MEPM wound closure show that Speccl/RRE/300
MEPM (red) show consistently increased displacement (um) over their wild type counterparts
(green). Elevated Speccl/RR#/300 MIEPM displacement is consistent throughout wound closure
(O). Distinct from displacement, Specc/®R#30° MEPM (red) velocity (um/h) is greater than
their wild type counterparts (green) (D). Measurement of correlation length (E), a
quantification of collective migration, shows decreased correlation length (um) of
SpecclRR#3%0 MEPM (red) when compared with their wild type counterparts (green),
whether correlation length was measured with respect to perpendicular (left), parallel (right)
stream length or when analyzed in bulk, without respect to directionality (not shown).
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show an improvement in wound closure sp@ben compared with vehicle treated wound cultures
(Fig 4D06) . These exper i meedaoncentratoa ofeSC7@ 6 A 8 u etMg d
required to rescue morphological and adhesion defects we reported prev@hegyef Three).

Thus, we have demonstrated SPECCI1L deficiency causes defects in the collective
migration of U20S and MEPM cells which resultorh a reduction in the parallel and
perpendicular correlation lengths of migrating streams. This defect, as assessed by wound closure
time, is rescued upon AKT activation, suggesting a common mechanism underlying this defect
and the morphological and adfas phenotypesPreviously, others have shown an increase in
wound closure time correlating with AJ density, in retinal pigment epithelial cells (l¢hidlk,

2000), suggesting th&PECC1kkd U20S altered AJs may cause reduced wound cloSiven
the temporal sensitivity of various aspects of tissue morphogenesis relative to collective cell
migration, these results contribute to furthering our understarafitige link between cellular

phenotypes and both normal and aberrant embryonic craniofacial plenait

4.5 Discussion

Collective migration of CNCCs is required for the contribution of CNCCs to the
developing maxilla and mandible (Cletial.,2000). The reduction in correlation lengths shown
by SPECC1l-kd U20S cells andSPECC1RRH3%0 MEPMs supporta role for SPECC1Lin
collective cell migration, as stream formation is a fundamewveht InCNCC migration (Tangt
al., 2007). Protein interactions witBPECC1Lsupport this role as welas an siRNA mass

screening forgenes which inhibit epithelial igration found 42 contributing factors, which all
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