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ABSTRACT

Vertebrate head formation encompasses successful neural tube closure and neural crest
development which ultimately give rise to the functional brain and craniofacial
structuresrespectively. These two processes take place during early stages of embryonic
development and involve distinct molecular events. However, to some extent, neural tube
closure and neural crest formation are interdependent on each other since the signalling
pathways involved in their regulation largely overlap. So far, the precise mechagisms
which these processes intersect remain poorly undersamaold better understanding

neededo improveour current knowledge of how congenital disorders arise.

Neural crest cells (NCCsre multipotent, transient population of cetlsat originate
from the neural plate border (NPBubsequentlythese cellglelaminate and migrate
extensively throughout the embryo to populate different targeted destinationghéyere
give rise to multiple cell lineages. Amotige different subtypes of NCCs, cranial NCCs
(CNCCs) contribute to the majority of the craniofacial features within a living organism.
The lowdensity lipoprotein receptaelated protein 2 (LRP2) is an erojtic receptor

that plays a pivotal role during the early stages of embryonic developyerdiating

the internalisation of various ligands, including folate a®¥yeralgrowth factors.
Additionally, LRP2 is crucial in regulating the subapical scaff@edtomplex within the
neuroepithelial cellsvhere it helpso ensurea proper cellular integrity during embryonic
morphogenesis. While our previous studies have highlighted the critical role of LRP2 in
regulating proper neural tube closure and subsequemnebfain development, the
craniofacial abnormalities observed linp2 null mutants have yet to be addressed.
Herein, thisdissertatiorprovides ample evidence that LRP2 is a key factor that helps in
ensuringproperneural crest development during eamnypuse cranial morphogenesis,
thereby providing a reasonable explanationthe craniofacial deformities associated

with its loss of function.

Most importantly the resultsof this dissertationdemonstrateghat LRP2 serves an
important role in maintaining aadequate neural crest fate during its initial phases of
developmentLoss of LRP2 resulted in a folatkeficient state that impaired cell fate
decision making during NPB specification, leading to an abnormal expansion of the NPB
without diminishing the neal plate fate. Sincghe NPB harbours a mixture of

intermingled progenitors that exist in the primed multipotent states, the expanded NPB
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opened up opportunities for a greater number of cells to adopt neural crest fate, as
represented by the ectopic expiam of the premigratory and migratory NCC territories
within Lrp2”- embryos. Besidetheinappropriate fate adopted by the presumptive NCCs
residing within the expanded NPBIajp2’ embryos alsoesulted irthe subsequemhtss

of the classical featuregquiredfor properNCC delamination and migration. Through
time-lapse imaging on the cranial neural tube explant cultures, our results demonstrated
that murine NCCs exhibited contact inhibition of locomotion (CIL) behavitwing
directed collective migratiorex vivo In particular, CIL behaviour during directed
migration of CNCCsex vivorequired the function of LRP2. As observed in g2
explants, migratory NCCs failed to exhibit CIL behavi@and showedlisorganised
actomyosin cytoskeletoiheading to the loss of directional persistence in their migration.
Finally, this study has successfully identified a number of potential candidates that
inform the possible molecular mechanisms in which LRP2 governs neural crest

development using spatial proteomics approach.

In summary, this study proposes LRP2 as a central regulator of vertebrate cranial
morphogenesis, essential not only for embryonic brain development but also for shaping
craniofacial frameworks through the regtibn of NCC formation. This study, for the

first time, unmasks the potential role of an endocytic machinery in governing murine
neural crest development, starting from cell fate specification to the downstream
migration. Altogether, these findings expand current understanding of the complexity

of embryonic cranial morphogenesis and can have broader implications that benefit not
only the field of developmental biology but also cancer biolgigsen the great deal of
similarities shared between the prsseof neural crest development and cancer

progression.
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ZUSAMMENFASSUNG

Die Bildung des Kopfes von Wirbeltieren umfasst den erfolgreichen Verschluss des
Neuralrohrs und die Entwicklung der Neuralleiste, aus der schlie3lich das funktionelle
Gehirn bzw. dikraniofazialen Strukturen hervorgehen. Diese beiden Prozesse finden in den
frhen Stadien der Embryonalentwicklung statt und umfassen unterschiedliche molekulare
Vorgange. In gewissem Mal3e sind der Neuralrohrverschluss und die Neuralleistenbildung
jedoch voneinander abhéngig, da sich die an ihrer Regulierung beteiligten Signalwege
weitgehend Uberschneiden. Bislang sind die genauen Mechanismen, durch die diese Prozesse
ineinandergreifen, nur unzureichend bekannt, und ein besseres Verstandnis ist effprderlic

um unser derzeitiges Wissen Uber die Entstehung angeborener Stérungen zu verbessern.

Neuralleistenzellen (NCCs) sind eine multipotente, transiente Zellpopulation, die vom Rand
der Neuralplatte (NPB) ausgeht. Anschlie3end delaminieren diese Zellen und wandern in
grofem Umfang durch den Embryo, um verschiedene Zielorte zu besiedeln, vathsieem
Zelllinien hervorbringen. Unter den verschiedenen Subtypen der NCCs tragen die kranialen
NCCs (CNCCs) zum Grof3teil der kraniofazialen Merkmale in einem lebenden Organismus
bei. Das LowDensityLipoproteinRezeptoiverwandte Protein 2 (LRP2) ist ein
endozytischer Rezeptor, der in den frihen Stadien der Embryonalentwicklung eine zentrale
Rolle spielt, indem er die Internalisierung verschiedener Liganden, darunter Folat und
verschiedene Wachstumsfaktoren, vermittelt. Dartiber hinaus ist LRP2 von efesdeei
Bedeutung fir die Regulierung des subapikalen GerlUstkomplexes innerhalb der
Neuroepithelzellen, wo er dazu beitragt, eine angemessene zellulare Integritdt wahrend der
embryonalen Morphogenese zu gewadhrleisten. Wahrend unsere friiheren Studien die
kritische Rolle von LRP2 bei der Regulierung des korrekten Neuralrohrschlusses und der
anschlielenden Entwicklung des Vorderhirns hervorgehoben haben, sind die kraniofazialen
Anomalien, die beLrp2-Nullmutanten beobachtet werden, noch nicht untersucht worden
Diese Dissertation liefert zahlreiche Belege dafiir, dass LRP2 ein Schliisselfaktor fur die
ordnungsgemaéle Entwicklung der Neuralleiste wéahrend der frihen Schadelmorphogenese
bei Mausen ist, und liefert damit eine plausible Erklarung fiir die kraniofazAalemalien,

die mit seinem Funktionsverlust einhergehen.

Vor allem aber zeigen die Ergebnisse dieser Dissertation, dass LRP2 eine wichtige Rolle bei
der Aufrechterhaltung eines adaquaten Neuralleistenschicksals wahrend der ersten
Entwicklungsphasen spielDer Verlust von LRP2 fiihrte zu einem Folatmangel, der die

Entscheidungsfindung Uber das Zellschicksal wahrend der -${feRifikation
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beeintrachtigte und zu einer abnormalen Ausdehnung der NPB fuhrte, ohne das Schicksal
der Neuralplatte zu beeintrachtige@a die NPB eine Mischung aus vermischten
Vorlauferzellen enthalt, die in den primed multipotenten Zustanden existieren, erdffnete die
erweiterte NPB einer grol3eren Anzahl von Zellen die Moglichkeit, das Schicksal der
Neuralleiste anzunehmen, wie die ektmbie Ausdehnung der pramigrativen und migrativen
NCC-Gebiete inLrp2-/- Embryonen. Dartber hinaus fiihrte das unangemessene Schicksal
der prasumptiven NCCs, die sich in der erweiterten NPBLvp2-/- Embryonen befinden,

auch zum Verlust der klassischen MKmale, die fur eine ordnungsgeméfle NCC
Delamination und Migration erforderlich sind. Mit Hilfe von Zeitrafferaufnahmen der
Explantationskulturen des kranialen Neuralrohrs zeigten unsere Ergebnisse, dass murine
NCCs wahrend der gerichteten kollektiven Migya ex vivo ein Verhalten der
Kontakthemmung der Fortbewegung (CIL) zeigen. Insbesondere erforderte das CIL
Verhalten wéahrend der gerichteten Migration von CN@&Lsivodie Funktion von LRP2.

Wie in denLrp2-/- Explantaten beobachtet wurde, zeigten damaernden NCCs kein GIL
Verhalten und wiesen ein desorganisiertes Aktomy@ginskelett auf, was zum Verlust der
Richtungsbestandigkeit inrer Wanderung fiihrte. Schlie3lich hat diese Studie erfolgreich eine
Reihe potenzieller Kandidaten identifiziert, diafschluss Gber die mdglichen molekularen
Mechanismen geben, mit denen LRP2 die Entwicklung der Neuralleiste steuert, indem ein

raumlicher Proteominsatz verwendet wird.

Zusammenfassend lasst sich sagen, dass diese Studie LRP2 als zentralen Regulator der
Morphogenese des Schédels von Wirbeltieren vorschlagt, der nicht nur fir die embryonale
Gehirnentwicklung, sondern auch fiir die Gestaltung des kraniofazialen Gerists durch die
Regulierung der NC@ildung wesentlich ist. Diese Studie entlarvt zum ersten dia
maogliche Rolle einer endozytischen Maschinerie bei der Steuerung der Entwicklung der
murinen Neuralleiste, angefangen von der Spezifikation des Zellschicksals bis hin zur
nachgeschalteten Migration. Insgesamt erweitern diese Ergebnisse unser gdsrzeiti
Verstandnis der Komplexitdt der embryonalen Schadelmorphogenese und konnen
weiterreichende Auswirkungen haben, die nicht nur dem Bereich der Entwicklungsbiologie,
sondern auch der Krebsbiologie zugutekommen, da der Prozess der

Neuralleistenentwicklungnd die Krebsentstehung viele Gemeinsamkeiten aufweisen.
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CHAPTER 1.
| NTRODUCTION






1.1 Early stages ofmouse embryonic development

The development a functional organism from small, spherical embryis driven bya
series ofsophisticatedcoordinatedcell fate decisions and morphogenetic events that
begin after the process of fertilisatioRroper mammalian embryonic development
encompasses successive establishment of patterning axes achieved dyraamghb,
spatiotemporally controlletissue organisatiowhich demands multifaceted cellular and
molecular events during morphogenedifese events converge into three different
stages of embryonic development, namely i) formation of blastocyst, ii) gastrulation, and

lif) organogenesis.

1.1.1Tissuepatterning in the early mouse embryo

Blastocyst is typically formed on embryonic day (E) 4.5 and composed of three distinct
tissuelineages: epiblast, trophectoderm, and primitive endodéRiveraPérez and
Hadjantonakis, 2015)The epiblastepresents a source of pluripotent embryonic stem
cells thatgives rise tothe three primary germ layers which genetdaissues of the
embryo properduring gastrulation The trophectoderm is destined form the
extraembryonic ectoderm that will eventually become part of the placenta. From the
foetal perspectiveshé primitive endoderm gives rise to the visceral endod&f)

which contributeso the extraembryonigolk sacand is of paramount importeefor the
embryonic anteroposterior axis pattern{Bgddington and Robertson, 1999; Mois

al., 2012)

At E5.5,a distinct population of VE cellsamelyanterior VE, occupiethe distal tip of

mouse embryos to specify the anterior region where the head will eventuallSfemm,

2002; Thomast al, 1998) Gastrulation commenceshen the primitive streak is forrde

at the posterior end of the embryo at E®&ring gastrulationepiblastis transformed

into the three primary germ layers: the ectoderm, which constitutes the nervous system
and skin; the mesodermuhich gives rise to the musculoskeletal system arernat

organs; and the endoderm, which shapes the respiratory and gastrointestinal systems
(Yamaguchi, 2001)

One main highlight of gastrulation is the formation ofhe notochord a cylindrical
structure that defines the midline thie embryo (Purveset al, 2001) The notochord

induces neural plate formatipmitiating from theinvagination ofmesodermal cellat



the primitive streakThe lining of the ectoderm overlyinghe notochordat the dorsal

most region oftheembryois fated to becom#heneural ectodergrfrom which the entire
nervous system arise®n the more ventrolateralde, the nomeural ectoderm (NNE)

is present and gives risetheepidermis together with its associated gla@faote, the

neural ectoderm includes a specific region called the neural (plate) hendgr is
locatedat itsimmediateboundary withthe NNE. Inductive signals from the notochord
stimulate a subset of midline neural ectoderm cells to undergo cell shape changes from
cuboidal to columnaugltimatelyforming the neural platéSmith and Schoenwolf, 1991)
Neural plate formatiorsubsequently initiates the process of neurulatibimus, he
notochordspecifiesnot onlythe basic topography ttieembryobut alsaaids the process

of nervous systerdevelopment

1.1.2 Neurulation

Neurulation is théundamentaprocesf embryogenas in which the neural platthat
has undegoneconvergent extensiois uplifted at its connecting site witthe NNE to
form the neural fold(Figurel). Neural folds then fuse at the midlinegstablish a closed
neural tubei the precursor othe central nervous systenn mammals neurulation

comprises of two phases, namely primary sexcbndary neurulatio@Coppet al, 2003)

Neural fold
._f’:ji:%%\iﬁ / V\
& MES
R Ci"; —
E 1
Closed
neural tube /

Figure 1. Process of neurulation in mouse embryo.

Schematiadiagram showing the process of neural tube closure in transverse sédéora. tube closu
begins when the neuroepithelium flat sheet (cyan) overlying the notochord (NC; blue) and m
(MES; yellow) is induced to become the neural plate (NRENP is separated from the adjoining r
neural ectoderm (NNE; magenta) by a specific area called neural plate border (NPB). The bend
NP results in the formation of neural folds which will then fuse along the dorsal midline to est
closed naral tube. The endoderm (E) is shown in purple. Figure drawn using Affinity Photo 2.



Primaryneurulation leads to the developmenthabrain andhe majority of the spinal
cord through three sequential stageseairal tubeclosure(Figure2) (Copp, 2005; Copp
et al, 2003) In mice, closure 1 is initiated at approximately six &wen somite stags)
during E8.5This begins at the areatbkhindbrainrspinal cordooundary and progresses
in rostrocaudal direction€losure 2 and closure 3 complete the process of fiursion
from the forebrairmidbrain boundary and theostratmost end of the forebrain,
respectively. Cranial neurulation is completed once closure 2 meetslegthie 3 at the
anterior neuropore and wittiosure 1 at the hindbrain neuropofée caudally directed
zippering of closure propels the closure d@he posterior neuropore which then serves
as the initiation site othe secondary neurulatio(Nikolopoulouet al, 2017). Hence,
primary neurulation in mice occurs sequentially from the anterior neuropore to the
hindbrain neuropore, and eventually to the posterior neurdpbtt@out involving neural
folding, secondary neurulatiayenerateshe most caudal part of tlepine through the

formation of a secondamneural tubeat the tail budSchoenwolf, 1984)

Anencephaly

Closure 2 /_\

Hindbrain

Posterior neuropore

neuropore

Open spina bifida

Figure 2. Sites of neural tube closure in mouse embryo.

Neural tube closure begins with the initiation of closure 1 at the hindfpaial cord boundary (mage
asterisk)at around six to seven somite stage of embryonic day (E) 8.5. Closure 1 progresses bidir
in rostral direction to allowranial neurulation and in caudal direction to allow spinal neurulation. C
2 occurs at the forebraimidbrain boundary (be asterisk) while closure 3 begins from the ro
extremity of the forebrain. Unidirectionally travel zippering from closure 3 meets with the rostrally
fusion from closure 2 at the anterior neuropore. Whereas the caudally travel fusion frora 2losee!
with the rostrally progress neurulation from closure 1 at the hindbrain neuropore to complete th
neurulation. Closure 1 that spreads caudally completes the process of primary neurulation
posterior neuropore is fused at arolitD. The site of the secongareurulation is shaded in orang:
the tail bud. The typical neural tube defects associated with the failure of these closure event
indicated. Figure drawn with Affinity Photo 2.



As neurulation progresses in thestyalating embrypthe cranial region gradually adopts
a change from biconvex tmconcave morphology, with deftive cell fatesbecoming
clearly distinguishedCopp et al, 2003; Nikolopoulouet al, 2017) The neural tube
consists of the neural precursor or neuroepithelial (NE) cetiereas the surface
ectodermconsists of the epidermal precursdhat are of a nonneural fate. As
mentionedthese two distinct fatepecific territories are demarcatedthg neural plate
border (NPB)a region that is composed of both neural andmeural fate precursors
(Thawani and Groves, 2020; Thiegy al, 2023) Lineage tracing studies have proven
thatcells that amalgamate at the NPB are divided into four different fatesuigal, ii)
neural crest, iii) placodal, and iv) epidermal precur@®rennerFraser and Fraser, 1988;
Groves and LaBonne, 2014; Thiesyal, 2023) The preciserole of NPBduring early
mouse embryonic development will be further discussed in the lattéBpation1.3.2).

1.1.3 Neural tube defects

The process ofieural tubeclosureinvolves a complex series of morphological tissues
remodelling thatrequires precise spatiotemporal control afarious cellular and
moleculareventsby a myriad of signalling pathways. Sualprocess is usually quite
highly resilient to perturbations, but dysregulation in any of the key staagesesult in
improperneural tubeclosure Depending on the site of closure failud#ferent forms of

neural tube defectN{TDs) can arise.

NTDs are devastating congenital degagtth an estimated global prevalenede of 2

per 1000 pregnancig&ancherla, 2023)With approximately 300,000 cases reported
worldwide annually, NTDsepresenthe second most common form of birth deformities,
after congenital heart defe¢tSopp and Greene, 2013; Zagargbal, 2016) NTDscan
bebroadly divided into two major groupsamelyopenand closed NTDOpen NTDs
arecharacterised bgxposed neural tissues that are not covered by thasldmesult of
thefailure in primary neurulation. Whereas closed NTDs are usually due to disruption of
secondary neurulatigmesulting in spinal lesionthat are coveed by the skin. Closed
NTDs are generally less severe and can be asymptomatic in most in§Gomest al,

2013)

The most severe form of open NTDs is craniorachisglasethal conditiorin which the

entire neural tube frorthe midbrain tothe lower spine remamopen due to closure 1



failure (Greene and Copp, 2014ppen NTDs affecting only the cranial region are
exencephalyand anencephalyrhe failure of craniaheural tubeclosure results in the
protrusion of neuroepithelium from the developing brain (exencephaly) which can
progress into anencephalythrelate gestation period, when there is a complete or partial
absence ofalvariumand brain tissue@ancherla, 2023)in contrast, an impairment in

the spinal neurulatiooreates a persistently open posterior neuropore, leadiogeto
spina bifida.While closed NTDs are much less severe and-dedihed,spina bifida
occulta or spinal dysraphismis commonly associated withpoma and anorectal

abnormalities, without the exposure of neural tig€i@pp and Greene, 2013)

1.1.4 Cranial neurulation and forebrain patterning as the

prerequisites for the head formation

Cranial neurulation primes the initial steps of brain morphogem@sists subsequent
progression results in the formation of three primary vesicles namely prosencephalon
(forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain).
Undoubtedly,complete craniaheural tubeclosure is essential for proper emdmyc

brain development_ooking from a broader perspectiviermation of the embryonic
head,the first major structure developed during embryogenésis general tightly

related tahe process afranialneurulation(Tamet al, 2016)

The head represents a composite structure made thgbfain and skull, twatructures
derived from very distinct tissue lineages. Wltile closedeural tubewill become the
future brain,he o6 New Headd hypothesis proposed
that the formation of vertebrateaniofacial featuesis largdy attributed to twalistinct

cell lineages, the neural crest and cranial plac{@lestion 1.3.4.1(Gans and Northcutt,
1983) These two populations of cellre derivedfrom the NPB,in parallel to the
processes ofcranial neurulationand forebrain patterningindeed, the positional
patterning okarly embryonic tissueslows for theregionalised activation and inhibition

of molecular signals which ieritical not only for the regulation &uch eventgut also

for thedraftingof the skull structure(Koontzet al, 2023; Thawani and Groves, 2020)

The nitial formation of theheadskeletan framework employs the area occupied by the
embryonic brain tissues as a physical temp{ateorogood, 1993)For instancethe
cranialneural tubehatfails to close properlys always associated withe absence of



dorsal skull elements, as seen anencephaly(Copp, 2005) Moreover, forebrain
patterning is closely related twaniofacial patterningasfailure of neural tubdusion at
the anterior neuropore (closure 3) results ingihlé-face phenotypgCoppet al, 2003;
Marcucioet al, 2005) The forebrain can therefore be regat@ds a structural support
for craniofacial developmerfMuenke, 1994)This is reflected in holoprosencephaly,
the most common forebrain defetsociated with incomplete separatiorthafcerebral
hemispheres, but also oftemvolving malformation of the midline facial bones and
sphenad bone(Kjaer et al, 1991; Raanet al, 2011) Hence, the development of
embryonic brain andraniofacialstructuress contingent on successful craniaural
tube closure and forebrain patterningdespite involving different cell types and

mechanisms

1.1.5 Signalling pathways involved in the early embryonic

forebrain morphogenesis

The forebrain, being the largest part of the brain, gives riseanajority of the
structures involved in higher intellectual and sensory integration funcif@éitson and
Houart, 2004) Thus, it represents one of the most complex structures that require
tremendous spatiotemporal regulation from a multiplicity of signalling pathwalys to
involved in its specification and patterninglong the properly patterned embryonic
axes, several local signalling centresare defined to provide instructions to the
neighbouring tissues for the adoption of specific téhe appropriate timingthus
orchestrating theequentiakvents of forebrain morphogeneftsgure3) (Beccariet al,

2013) These signalling events also have important rotesdriving neural crest

developmen{Sectionl.3.9.

Anterior neural induction typically involves trectivation of fibroblast growth factor
(FGF) signallingogether with the suppressiontofnsforming growth factds ( T GF b))
and Winglesselated integration sit&(NT) signalling(Hochet al, 2009) This is based

on robust evidence fronthe studies in mouse, atk, Xenopus and zebrafish,
demonstratinghe dysregulatiorof thesesignallingpathwaysesults in caudalisation of

the anterior identitYAndoniadou and MartineBarbera, 2013) Together, the anterior
visceral endoderm (AVEand gastrula organisgarovide a constant supply of FGF

ligands, and antagonists forNWand TGFb signalling such as



(DKK1), cerberudike-1 (CER1), chordin, and nogg{#rkell and Tam, 2012; Arnold
and Robertson, 2009)

1.1.5.1 FGF signallingin the anterior neural ridge

Soon after the anterior neural induction is achietledanterior neural ridgeANR)
becomes the home BGFsignalling regulatioffHochet al, 2009) The ANR is an area
in the most rostral part of the neural platethe boundary between neural ectoderm and
NNE, that will form the rostrodorsal midline following neurulatiRubensteiret al,
1998) During forebrain patterning, the ANR secrekg3F8 other FGF ligandsWNT,
andbone morphogenetic protein (BM&)tagonisten response ttheregulatory signals
from the axial mesendoderm (AME}lnd neighbouring tissueto promote the
telencephalic identityn the anterior neuroectodefiidouartet al, 1998; Shimamura and
Rubenstein, 1997 the subsequent stages, FG¥sitive ANR cells converge towards
the dorsal midline of the embryo to form the telencephalic primordRhinn et al,
2006)
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Figure 3. Regionalisedsignalling activities during early forebrain morphogenesis.

Proper embryonitorebrain development is contingent on the regionalised activation of specific sic
pathways. On the rostrahost part of the developing forebrain, anterior neural ridge is the site of Ft
WNT antagonistic signalling. Ventrally, Nodal and SHIdrsilling are active, with SHH plays a m
specific role during embryonic forebrain patterning. Along the dorsal midline, both BMP &t
signalling act synergistically to ensure successful forebrain morphogeBesiwrsal; V, ventral; £
anterior; P, psterior; M, medial; L, lateral; Tel, telencephalon; Di, diencephalon. Figure draw
Affinity Photo 2.

1.1.5.2Signalling centres along thedorsoventral axis

Nodal and sonic hedgehog (SHH) signalling r@srictiveto the ventrategion within

the developing forebrain. Whereas B8P and WNT ligands are localised specifically



to the dorsal region. The speeifi territories of these signallin pathways without
invading the neighbouring areaare critical to ensure a proper embryonic forebrain

patterning.

Nodal signalling

Nodal is expresseth mesendodermal cells aroutite ventral nodewhere it plays an
important roldan the initial formation othenotochord and prechdal plate(Zhouet al,

1993) These structures subsequently serve as important organising centres needed for
proper embryonic patterningSubsequently,nodal signalling is involved in the
specification of theventral téencephalor{Rohret al, 2001) Despitenodal expression
beinglimited to only the ventral tissues, severe classical holoprosencephaly phenotypes
at not onlythe ventralput also thedorsal, andostral levelsareobserved in theodal
mutantmice (Lowe et al, 2001) This is likely due to the diverse role$ nodal in the
patterning otheanteroposterior, leftight, and midline axigBrennaret al, 2002; Varlet

et al, 1997) Nevertheless, the genermpictedrole of nodal in the embryonic axes
patterning suggests that its implication in forebrain patterning is most probably indirect
(Loweet al, 2001)

Sonic hedgehogsignalling

Within the developing forebrain, the prechordal plate acts asstasd source of SHH
secretionin response to inductive signals frdaire nodal pathway(Rohr et al, 2001)
SHH signalling serves to induce the specification and patterning of venitéhe
telencephalidatesin cooperation with FGF signalling, since these signaltiathways
have positive reciprocity effects on each otftéoch et al, 2009; Monuki, 2007)At
later stages, SHH induces the development of medial and lateral ganglionic eminence
(Kohtz et al, 1998) The importance of SHH signalling during forebrain development
can be illustrated by the phegpes of ShiY- mouse embrygswhich are initially
characterised by the absence of ventral cell fates leadingolmprosencephaly
(Rubenstein and Beachy, 1998) severe casedefective SHH signalling can result in
cyclopia associated witthe failure of telencephalic vesicle and eye field subdivision
(Chianget al, 1996)
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Bonemorphogenetic proteinsignalling

Prior to gastrulation, BMPs are expressed in the ectodadits activation is needed to
promote the formation of NNE whereas its inhibition ée@ssaryor neural induction
(Bond et al, 2012; Wilson and Houart, 2004)nceneurulation commencethe roof

plate becomes the hub for BMPs production which is then essential to induce dorsal
midline formation(Bondet al, 2012; Furut&t al, 1997) BMPs secreted from the dorsal
midline of the telencephalonpromotes dorsomeali fates and regional apoptosis,
eventually leading to the formation thfe choroid plexugFurutaet al, 1997) Of note,

BMP signalling has a mutdglantagonistic relationship with SHH and FGF signalling
(Monuki, 2007; Ohkubet al, 2002)

Winglessrelated integration site signalling

Similar toBMPs,WNTsare secreted from theof plateandit acts antagonistically with
the FGF andSHH signallingduring early stages of forebrain morphogenéSeronia
Brown et al, 2014; Shimogoriet al, 2004; Ulloa and Marti, 2010Being highly
enriched in the cortad hem, WNTs are critical to promotsubsequendevelopment of
the hippocampus and choroid plex(Srove et al, 1998) Within the dorsal domain,
WNT signalling is not directlyinvolved in the primary patterning, instead it exerts
mitotic effects to stimulate the expansion of dorsal progenitor cells incltitgnrgural
crest(Dickinsonet al, 1994; Ikeyeet al, 1997) For exampleWnt3anull mice shows a
normal specificatiorbut defective proferation of hippocampal progenitor ce{lSeng

et al, 2023; Leeet al, 2000)

1.2 LRP27 Low density lipoprotein receptor-related protein 2

Low density lipoprotein receptaelated protein 2L(RP2), otherwise known as megalin,

is a giantransmembrane glycoprotaiwth amolecular weight o&dpproximately 600kDa
(Saitoet al, 1994) It is one of the largest cell surface proteins in vertebrates that belongs
to the lowdensity lipoprotein (LDLYyeceptor family.

1.2.1 LRP2, a member of the LDL receptor family

The LDL receptor family consists of a group of transmembrane proteins that function as
endocytic receptors which bind and internalise a wide range of ligartiks cell surface.
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All membersof the LDL receptor family shara common architecture that is highly
evolutionary conserveacross a variety of species ranging from roundworms to h&iman
(Figured) (Nykjaer and Willnow, 2002)There are sevestructurallycloselyrelatedcore
members of the LDL receptor family) LDL receptor, the founding member of this
family, ii) LRPZ, iii) LRP1b, iv) LRP2/megalin, v) very lo@ensity lipoprotein receptor
(VLDL), vi) LRP4, and vii) LRP8. In addition, the family alsccindes LRP5 and LRP6,

two slightly more distantly related members that share some but not all of the structural
motifs with the core membe($ierz, 2001)
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Figure 4. The low-density lipoprotein (LDL) receptor family.

The members of the LDL receptor family expressed in mammalian cell typsisoave. LRP2 is a memt
of this family and shares structurally similar motifs with the other members. LRP2 has a large extt
domain and a short cytoplasmic tail. The cytoplasmic tail of LRP2 with its functional motifs is er
Figure made uson Affinity Photo 2.

LRP2consists of a large extracellular domain, a transmembrane spanning domain, and a
relatively small intracellular domain. The extracellular domain is made ujounf
cysteinerich complementype repeats separated from each other byefhidermal
growth factor EGF-type repeaflanked b-propeller domaingSaitoet al, 1994) The
complementype repeat is a unified component found in the extracellular dom#e of

LDL receptor familymembersandis responsike for calciumdependent ligand binding

(Fasset al, 1997) The EGFtype repeat together with thepropeller domain is
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important for the proper protein folding and dissociation of bound ligantifeiacidic

endosomegCuli et al, 2004; Rudenkeaet al, 2002) The transmembrandomain of
LRP2 helps to anchor the receptothe membrane aretisat arerich in cholesterol and
glycosphingolipid{Marzoloet al, 2003)

Having 209 amino acid residudhge cytoplasmic tail of LRP2 harbounse dileucine
two postsynaptic density 95, disks large, zona occludeff®2) domainbinding,and
threeNPxY motifs. Additionally, it containamultiple consensus phosphorylation motifs
including one highly conserved prolinerich sequence PPPSP which is a
phosphorylation target of glycogen synthase kinag&SK3) (Yuseff et al, 2007)
Phosphorylation of this site by GSK&gulateghe cell surface availability and recycling
rate of LRP2.Along with the dileucine motifs,he first and third NPxY motifs are
necessary to mediate clathnmediatedendocytosis whereas the second NPstiKe
motif is important for apical sorting of the recepfblirst and Robinson, 1998; Maurer
and Cooper, 2005; Takedst al, 2003) There is also \@dence for the endocytic
trafficking of LRP2via a clathririndependent mechanismijth the help ofcaveoin 1
and small GTPasADP-ribosylation factor 6 ARF6) (BentaAbreuet al, 2009; Wolff
et al, 2008)

The PDZ domaifbinding motifsof LRP2 offer opportunites forits interaction with a
wide range of intracellular adaptor scaffoldproteins.Through binding with a number
of different PDZ domairtontaining proteins, LRP@animplicate a variety of signalling
transduction cascadesther directly or indirecyl to help media different cellular
functions(Gotthardtet al, 2000)

1.2.2 Ligands of LRP2

LRP2 is a multligand endocytic receptor that helps in mediating cellular uptakes of
many different component$o datethere are more than 75 ligands of LRP2 which have
been identified(Beenkenet al, 2023) These identified ligandenclude hormones,

lipoproteins, enzymesnorphogensand carrier proteinflablel).

The ligands of LRP2 can exist in the form of individual components or proteind
complexes. The diverse ligand profiles of LRP2 are partially due to the presence of
multiple complementype repeats in their extracellular domain which allow for many

different ligandrecognition sites to be encodédykjaer and Willnow, 2002)More
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importantly, LRP2 can further expand its ligand profiles through tandem receptor
mediated edocytosis(Nykjaer et al, 2001) In this scenario, ligands that are not
recognised by LRP2 bind to their-ceceptors such as cubilin. LRP2 then acts in concert

with the cereceptors to drive ligand internalisation.

Table 1. Ligands of LRP2.

Ligands

Insulin, Leptin, Angiotensin IIThyroglobulin,

Hormones Parathyroid hormone

Sonic hedgehog protein, Bone morphogenic protein 4

Signalling molecules Epidermal growth factor, Insulilike growth factor

Lipoproteins Apolipoprotein B, E, HM

Enzymes Lysozyme, Prau r 0 k i +Amnydase, Lipbprotein lipasqd

Vitamin D-binding protein, Retinebinding protein,

Vitamin carrier proteins Folatebinding protein

Other carrier proteins Albumin, Lactoferrin, Myoglobin, Haemoglobin

Followinginternalisation by LRP2, the fate of these ligands diffiepending on the cell

types and the physiological demarf@éilinow and Christ, 2017)It is known that there

are three possible outcomidlowing LRP2mediated uptake. In most cases, proteins
endocytosed by LRP2Zhrough clathrincoated pitsare directed for degradation in
lysosomeawvhile the receptor is recycled back to the apical surfatternatively, some

ligands can reside in the endosomes and be secreted again at the cell surface after vesicle
recycling (Moraleset al, 2006) Another possibility isthe transcytosis of the bound

ligands from the apical to the basolateral surface of th¢Malino et al, 2003)

1.2.3Cytosolicinteracting partners of LRP2

As mentioned in Section 1.2.1, the cytoplasmic tail of LRP2omprised of several
highly conserved motifs critical for the regulation of receptor traffickinglacalisation

as well as their function. These motifs particular the NPxY and PDZ domamnding
motifs, enable interactions with a broad range of intracellular adaptor or scaffold proteins

that functionally link the receptor to diverse cellular pathways.

14



A very welkknown group ofadaptor proteins that bind to the cytoplasmic tail of LRP2
include the clathn adaptor protein complex (AR), AP2, Disabled (DAB) 1, DAB2
and autosomal recessive hypercholesterolemia (Aptbiein (Bonifacino and Traub,
2003; Gravottat al, 2019; Morris and Cooper, 200DAB1, DAB2, and ARHcontain

a phosphotyrosinbinding (PTB) domain that recognises the NPxY nsabif LRP2
(Bonifacino and Traub2003; Nagaket al, 2003) Besides interacting with theNPxY
endocytic motifs of LRP2AP1 and APZ2associate at the clathrooated pits ofthe
plasma membrane. This group of adaptor proteins can also im&traeach other which
then altogether mediate trafficking and clatkdgpendent internalisation of LRP2.
Interestingly, DAB2and AP2have been found tayuide the clathrircoated endocytic
vesiclesalongthe actin cytoskeleton througime interacton of DAB2 with myosin VI,

an actin motor protein known to localise to the clatieoated pitgMorris et al, 2002)
This provide further evidence showing the importance of cytosolic adaptor proteins in

regulating receptemedided endocytosis.

Apart from this, therés another group of proteins that interact with LRR&ugh the
recognition of PDZ domaibinding motifs. GAIP interacting protein, C terminus 1
(GIPC1) outer membrane protein 25 (OMP2&nd Nd-H* exchanger regulatory factor
1 (NHERF1) are all knowRDZ domaincontaining proteiathatbind to the cytoplasmic
tail of LRP2 (Gotthardtet al, 2000; Slatteryet al, 2011) Specifically, GIPC1 is an
important adaptoof LRP2 required tofacilitate the movemendf endocytic vesicles
through the cellular actin cytoskeletal framewanking to their ability to bind with
myosin VI(Naccacheet al, 2006) By establishing a link between LRP2 and myosin VI,
GIPC1 regulates the endocytosis of uncoated vesicles as dppoBPAB2 and AP2
(Aschenbrenneet al, 2003; Naccachet al, 2006) The interaction with different PDZ
domainricontaining proteins allows LRP2 to participate in different cellular events

ranging from cytoskeletorearrangements to cellular communication.

1.2.4 Clinical relevance of LRP2

1.2.4.1 DonnaiBarrow syndrome

DonnatBarrow syndromeBS), previously also known dacio-oculo-acousticerenal

(FOAR) syndrome, is an inherited autosomal recessive disordeed@y mutatiosin
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the LRP2gene(Kantarciet al, 2008) Missense, nonsense, and frameshift mutations of
LRP2gene have all been reported in DBS patidKtsntarciet al, 2007) The exact
mechanisms on how these mutations lead to BE&Yet to be elucidated but evidence
demonstratethat the absence of functional LRP2 is mostly likely the common ground
(Kantarciet al, 2008, 2007; Yuamet al, 2023) Despite itsunknownprevalence rate,
DBS s an extremely rare condition with only about 62 cases reported thi(Yautamet

al., 2023) Neverthelesghewide spectrunof phenotyes accompanied DBS hathat
LRP2 has very diverse rol@sthin a living organism.

Patients with DBS display craniofacial dysmorphism including prominent eyes,
hypertelorism, a short bulbous nose, large anterior fontanel, posteriorly rotated ears, and
awi dowods p g@hkssamgtial, 20030 BBS is also characterised by other
malformations including severersorineural hearing loss, high myopia often rasglt

in retinal detachment, and congenital diaphragmatic hernia. Additionally, almost all DBS
patients have brain anomalies presented as the partial or complete agehesisrpfis
callosum(Donnai and Barrow, 1993)0ther brain structural abnormalities may also
presenthence DBS patients usually have intellectual abnormalities and developmental
delay. In some cases, heart anomalies including ventricular septal defects, double outlet
right ventricle (DORV), and peigent left superior vena cava haalsobeen reported
(Poberet al, 2009)

Not surprisingly, DBS patients also develop defective proximal convoluted tubule
function (renal Fanconi syndrome), leading to inadequate ogatitsn of essential
nutriens (Stormet al, 2013; Willnow and Christ, 2017This is often characterised by
low molecular weight proteinuria or urinary loss of the plasma carrier preteinsd
vitamins A, B12, Dand other LRP2 ligands in DBS patients.

1.2.4.2 LRP2 and itsassociation withother human disorders

LRP2 has also been reldt® several other human disordersd@ novomutation in
LRP2has been implicated in human congenital heart defealicatingthat genetic
variants inLRP2may also confea genetic risk to heart anomali€zaidi et al,, 2013)

Althoughevidence is limited, the@eproofs that LRP2 is related to humanibreelated

disorders. For example, genetic variants of LRP2 confer risksltw hei mer 6 s di
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autism spectrum disordeend norsyndromic autosomal recessive intellectual disability
(lonita-Lazaet al, 2012; Varga®t al, 2010; Vasliet al, 2016)

In fact,LRP2has beendentified as a candidia genetic locus for holoprosencephaly, a
condition characterised by improper separation offdinebraincerebral hemispheres
(Kim et al, 2019) Studies havesuggested that haploinsufficiency of thRP2 gene
results in holoprosencephaly microforms with mild facial dysmorpho{Bggenfeldet

al., 2010) Besides, single nucleotide polymorphisms (SNPsLRP2 have been
proposed as genetic risk factors for NTDs in hus{®&angilinaret al, 2012; Prasoona
K. et al, 2018) Intriguingly, numerous SNPs @UB gene which encodes cubilin are
also positively associated with NTD@angilinanet al, 2012) Since cubilinis
functionally dependent on LRP2, this provides additional evidence that LRP2giays

important role in human neural tube development.

1.2.5 Animal models resembhg the phenotypes observed in

patients with LRP2-related disorders

To explore the potential roles of LRAZp2 gene targetethice werefirst generated in
1996 (Willnow et al, 1996) Studies ofLrp2-deficient mice revealed abnormalities in
kidneys, lungs, cardiovascular and centrervous system, corresponding to the site in
which LRP2 is expressd&ectionl.2.6 (Baardmaret al, 2016; Willnowet al, 1996)
Targeted disruption dheLrp2 gene is perinatally lethal and all mutant pups die before
or shortly after birthmost likely due to respiratory insufficiency aseault of defective

alveolar expansion and pulmonary inflatidiilinow et al, 1996)

Craniofacial and forebrain anomalies inLrp27- mice

Subsequent studies in thep2” neonates revealed that loss of LRP2 is associated with
a diverserangeof craniofacial and forebrain anomali@d/illnow et al, 1996) For
instance, absence of LRP2 is accomparigdbnormal development of frontonasal
bones, reflected as a shortened nose, a flattened foreheafhcraldclefting, and
unusual eye formation. Another typical phenotyiserved in thérp2’ neonates is
holoprosencephalywith a wide range of sevess in the forebrain separation noted
between mutants.In addition, exencephalus phenotypesvenabeen observed

occasionally. A closer lookt Lrp2” neonates highlighted éhabsence of olfactory bulbs
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and corpus callosum, as well as fused lateral ventricles into a single central cavity
(Spoelgeret al, 2005; Willnowet al, 1996)

Rend and heart anomalies inLrp2”- mice

By appearancehekidney seems to develop normally in tg2” newborngWillnow

et al, 1996) However,further electron microscopy analysis shoveagduction in the
number of apical endocytic vesicles, indicating a defect in renal function. Cardiac
phenotypes have also been shown to accomipahyss of LRP2 function, with the most
obvious one beima common arterial truraardmaret al, 2016) BesidesLrp2’ mice
display abnormal coronary arteries and epicardial blebbimpgronof Lrp2’- neonates
demonstrate DORYV, consistent with some DBS patigviecklenburget al, 2021)

1.26 Diverse epressionpatterns and functions of LRP2

1.26.1 LRP2 in the adulthood

Expression of LRP2 is detecténd severalmajor organsincluding the brain, heart,
kidneys, intestines, and lungs. In specific, LRP2typically highly expressed on the
apical surface athe absorptive epithelium of these organs to seredtecal role in the
process of endocytosig few most wellstudied examples will be elaborated in this

section.

LRP2 in the central nervous system (CNS)

In aduls, expression of LRP2 within the CNS is restricted to several specific regions
LRP2is expresseth the choroid plexus epithelium and dera vascular endothelium,
where itserves a very important role regulatingthe uptakeof numeroudigandsat the
blood-brain barrier (BBB) and bloaderebrospinal fluid (CSF) barriéChun et al,

1999) For instance, it has been reported to help in the clearance of amyloid beta protein
through the BBB and bloe@SF barrier(Zlokovic et al, 1996) Additionally, LRP2
regulates the uptake of leptin andulin-like growth factor 1 (IGF1xcross the epithelial

cells ofthechoroid plexus into the CSEarroet al, 2005; Dietrichet al, 2008)

LRP2 expressions also detected on the apical surface of ependymal cells lining the
lateral ventriclesparticularly at the region involvé in adult neurogenesisvhereit

serves tonegatively modulate the BMP2/4 signalling activiti€ajeraet al, 2010)
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Suppression oBMP signalling promotethe proliferation of neurgbrogenitor cellsn

the subependymal zonenabling the production of neuroblasts which will then migrate
towardsthe olfactory bulb.Recently, it has been added that LRP2 is localised to the
ciliary patch of these ependymal cells wherbalps to control coordinated baweyg of
motile cilia. This is due to the ability of LRP2 in ensuring a proper cytoskeletal
organisation of planar cell polarity (PCP) pathway components, probably via the
NHERF1 adapto(Bunatyanet al., 2023)

Within the spinal cord, LRP2 igredominantlyexpressed in the nuclei afiyelinated
oligodendrocytslocalised in the white matt€wicheret al, 2006) This indicates that
LRP2 is most likely involved in the regulation of membranelear signalling within

the oligodendrocytes.

LRP2 in the kidney and intestines

The absorptiveepithelium lining ofthe proximal convoluted tubulebBas longbeen
known to beone of the regionm which LRP2 shows the highest expression leAkbut
three decades ago, studies by Christersahidentified the most mminent expression

of LRP2 in Segment 1 and 2 of the renal proximal convoluted tuf@lesstenseret al,
1995) LRP2 is mostly found in the clathrcoated pits, endocytic vacuoles, and dense
apical tubules of the proximal convoluted tubule ¢elisere ithelps in the rdrieval of
essential substances from the glomerulus filt¢@teristenseret al, 1998) Supporting
this, LRP2 and its coeceptor cubilin, are believed to be the key proteins involved in
endocytic uptakewithin theproximal tubule cells as manifestedLirp2-deficient mice
and doggacking functional cubilin(Birn et al, 2000; Lehestet al, 1999) Since cubilin

is unable to initiate endocytosis on its own,stdependent on LRP2 to drive the

internalisation of ligandwithin the kidney(Moestrupet al, 1998)

Ligands of LRP2during the renal reabsorptiosan be typically clustered as low
molecular weight transport proteins for vitamins, lipids, and horm{h&énow and

Christ, 2017)LRP2 alone, or in conjunction with cubilin, mediaties upt&e of retinot

binding protein, vitamifrD binding protein, transcobalamin, as well as plasma carriers
for vitamin A, B12, and D. They are also involviedthe uptake of iron carrier protein

such as transferrin, haemoglobin and myoglofnristensenand Gburek, 2004)
Interestingly, LRP2 has also been shown to bind and mediate the uptake of soluble folate

binding protein (FBP), also known as folate receptor alpha or folate receptor 1 (FOLR1),
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in the proximal convoluted tubulgBirn et al, 2005) In most scenari these transport
proteins are targeted to the lysosomes for catabolism to allow the bound substances to be
liberatedand recirculated(Willnow and Christ, 2017)

As for the intestines, LRP2 is expressed in the apical brush betdse cubilin is also
presentYammaniet al, 2001) Similar to its duties in the kidney, LRP2 regulates the
reabsorption and feecretion of various substances inclgdiritamin B12 and folate
(Birn et al, 2005; Yammanket al, 2001) Thus, it isnot surprisingthat the lack of
functional LRP2 is commonly associated witleficiencies invitamin A, B12, Q) and
othernutrients(Christenseret al, 1999; Moestrugt al, 1996; N/kjaeret al, 1999)

LRP2 in the reproductive organs

Studieshaverevealed that LRP2 is detected saveralsteroidresponsivetissues, in
particular the prostate and epididymis of male reproductive syganwell as theterus
and ovaries of femaleeproductive organ§Zhenget al, 1994) LRP2 facilitates the
endocytosis of androgens andstrogens bound to the sex hormone binding globulin
(SHBG) (Hammeset al, 2005) These hormonesupon entry into the intracellular
compartmentshelp to induce the expression of steroid target gertesimprtance of
LRP2-mediated uptakevithin the reproductive orgaris reflected in the adultrp2”

mice that show a failure of genital maturat{ptammeset al, 2005)

1.26.2 LRP2 during the embryonicdevelopment

The fact thatheabsence of functional LRP2 is mostly embryonically lethal suggests that
this receptor most probably has a diverse role during embryonic developmémg.

early stages of mouse embryonic development, expression of LRP2 is mainly observed
in the visceral endoderm of the yolk sac #meheuroepitheliunfWillnow et al, 1996)

As embryos develop further, LRP2 expression caddtectedn different areas othe
developing brainkidneys, heart,ears, thyroid, and intestinédkounnaset al, 1994)

While LRP2 shows a broader expression pattern during embryogenesis across different
developmental stges, this section will focusolelyon the role of LRP2 in the early stages

of embryonic forebrain development.
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LRP2 in the early stages omouseembryonic forebrain development

During neurulation, LRP2 is highly expressed on the apical surface tloé
neuroepitheliumand NNE.Expression of LRP2 is detected apically as early as E7.5 on
the induced neural plate of mouse embryG#irist et al, 2012) Since forebrain
anomalies are one of the most prominent phenotypes obserkegulih mice, the role

of LRP2 in the neuroepithelium has bestensivelystudied.

As mentioned, mousé&rp2” neonates and embryos exhibit forebrain defects, or
holoprosencephalgssociated with craniofacial abnormaliti@¥illnow et al, 1996)
Since then, numerous studies have shed lighthe molecular mechanisms in which

LRP2 patrticipates to help in the regulation of embryonic forebrain development.

LRP2 regulates SHH signalling in the ventral midline of developing mouse embryo

An intricate balance and regulation of multiggnalling pathways are necessary to
ensure proper embryonic forebrain developmé8ection 1.1.5. For instance,
dysregulation of different signalling pathwaysshseen implicated irthe aetiology of
holoprosencephalylhe lbssof SHH expressiona morphgen specifically localises to
the ventral developingeural tuberesults in holoprosenpkaly in humans and mice
(Chiangetal., 1996; Roesslest al, 1996) Besides, upregulation of BMPs and\Ws
whichare involved in the dorsal signalling pathwdyave also been shown to contribute
to such phenotypd#&\ndersoret al, 2002; Golderet al, 1999; Lagutiret al, 2003)

In relevance to LRP2, our early studies have provided evidence that the
holoprosencephaly phenotypes observed in the mutantsaamdnsequence of
dorsoventral signalling dysregulation at the rostraliral tubeduring early stages of
embryonc forebrain patterning(Spoelgen et al, 2005) Foremost there is a
downregulation of SHH signalling at the ventral midline areghefdiencephalorin
Lrp2’ embryos at B.5, during the critical timepoint of earlyforebrain patterninghat
decides the subsequent hemispheres sepaf&forstet al, 2012) At this timepoint,
the loss of LRP2 expression does not aftaetBMP4 and FGF8 signalling within the
developing forebrainLRP2 facilitates the binding and uptake of SHpatchedl
(PTCH1) complex into the NE cells which theliberates the inhibition orthe
transmembrane protesmoothened SMO) (Christet al, 2012) The activated MO
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accumulates in the primary cilium atreggers downstream expression of various target
genes through the GLI transcription factfrgs) (Dai et al,, 1999)

Dorsally, there is an enhanced BMP4 signalling that follows the impaired SHH signalling
at the ventral midline ofrp2’ embryos.Similarly, an expansion of FGF8 expression
towards a more dorsalomain is observednost likely a downstream effecof the
coordinated dysregulation of SHH and BMP4 signalling following the loss of functional
LRP2(Christet al, 2012; Spoelgert al, 2005)

LRP2 is involved in the regulation of cranialneural tube closure

Despitethe dysregulation of ventral SHH signalliegplainingthe holoprosencephaly
phenotypes observed in thep2’- embryos, therareadditional cranial NDs observed
in the mutantsvhich arebeyond the responsibilities of such signalling path(ragure
5). In our previous studiesparoximately 38% ofhe Lrp2”- embryos at E9.5 listher
neural tubesemainng open while tle neural tubes in the control wemkeady fused
properly(Figure5 A) (Kur et al, 2014) Unfusedneural tube# theLrp2” embryos can
ultimately culminate irexencephaly phenotypes. Even if tieural tubesverefused in
the remaining_rp2’ embryos, theravasan obvious dilation of thaeural tubest the

dorsolateral regiofKur et al, 2014)

E9.5

Lrp2”

Figure 5. LRP2 regulates neural tube closure during early stages of mouse embryo
development.

(A) The reural tube (NT) of theontrol embryos is fully closed at E9.5 wherdasNT of Lrp2” embryo:
remain unfused, suggesting NT closure defects following the loss of LRP2 function. (B, C) LRP2
with the cytosolic adaptor proteins (BHERF1 and (C) GIPC1 in theeuroepithelium to help meda
the process of apical constriction underlying successful NT closure. (D) LRP2 helps in medie
uptake of folate into the neuroepithelial cells. Folate is an important supplemesthihaceshe chance
of successfuNT closure Figure adapted from published d@kowalczyket al.,2021; Kuret al.,2014)
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Additionally, aur previous works depicted thalRP2 serves as ageceptor for FOLR1

and thus helps in mediating folate uptake into the NE cells during early stages of
neurulation(Figure5 D) (Kur et al, 2014) The lack of LRP2 results in a significant
reduction of folate endocytosis, as FOLBHrves as a very high affinity folate binding
machinery(Zhaoet al, 2009) Since folate is known to reduce the risk of NTDs, this
partially explains the mechanisnrswhich LRP2 is involved in the regulation of proper
neural tubeslosure(Blom et al, 2006; de la Fourniéet al, 2020; Sabatinet al, 2017)

Besides,we have shown that LRAZp2 is necessary to ensure efficient apical
constiction of the NE cells in both mouse akénopugembryos, a process that underlies
hinge point formation to drive the neuroepithelialavation andipfolding duringneural
tube closure (Kowalczyk et al, 2021) This is achieved duéo the functionallinks
establishedbetween LRP2and the cytoskeleton througtthe intracellular adaptors
including GIPC1 and NHERF1 in mou@éigure5 B, C). Whereas irKenopusLrp2 is
shown to functionally interact with Shroom3 and Giptinediating apical constriction.
Our previous findings also suggested a role of LRP2/LrpRemmainenance of cellular
polarity through apical recycling of a core PCP proteWan Goghlike 2
(VANGL2/Vangl2), to spatiotemporally regulatei$s localisationwithin mouse and
Xenopuembryos(Kowalczyket al, 2021) A preciselyregulated PCP signallindgpoth
spatially and temporally, is needed for gieperepithelial convergent extensioaring

neural tubeclosure(Ybot-Gonzalezt al, 2007)

1.3 Neural crest

Neural crest cells (NCCs) represent a transient, migratory population of multipotent cells
derived from the NPB. Early in neurulation, NCCs emerge from the eoisst aspect

of the developing NT where they are integrated within the neuroepithelium aathrem
morphologically identical to the neighbouring NE ce{Bronner, 2012) Shortly
thereafter, these cells undergo an epithétiahesenchymal transition (EMT) and lose
intercellular connections to delaminate from the neuroepithelium and then emigrat
extensively throughout the developing embryo to reach different targeted destinations.
Once arrive at the final destinations, NCCs give rise to diverse cell lineages that shape
the formation of different tissues and orgéBstancuret al, 2010) In humars, there are

at least 47 identified derivatives of the neural cfegtkaryous and Hall, 2006)
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Neuroendocrine
neurons

Craniofacial bone

+ ] and cartilage

Gingiva tissue K Odontoblasts

Thyroid gland
Heart structure

Adrenal gland

Enteric neurons

Sensory Leydig cells

neurons

Schwann cells

Figure 6. Neural crest derived structures.

Four subgroups of neural crest cells (NCCs) including cranial, cardiac, trunk, as well as vagal al
contribute to the formation of tissues and organs along the &uotile axis of a living organism. Ima
taken from BioRender and figure made using Affinity Photo 2.

1.3.1 Subtypes of NCCs and their derivatives

NCCs can be divided into four main populations: i) cranial, ii) cardiac, iii) trunk, as well
as iv) vagal andagral. Together, these fogroupsof NCCs contribute to a prodigious
number of structures that exist along the entire body axifivahg organism(Figure6).

1.3.1.1 Cranial neural crest

Cranial NCCs (CNCCs) arise from three different regions of the developing head,
namely the forebrain, midbrain, and hindbrétigure 7). CNCCs emeligg from the
forebrain migrate ventrally in a sheet towards the levii@bptic vesiclgSerbedzijaet

al., 1992) From the midbrainCNCCs migrate ventrolaterally as dispersed cells to
colonise both the maxillary process and optic vesicle. WBNECsfrom the hindbrain

also migrate ventrolaterally, they are separated into three streams to reach the first,
second, and third pharyngeal arcli@srbedzijeet al, 1992) CNCCs diffe from other

populations of NCCs in that only they have the ability to generate bone and cartilage
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(Bronner, 2014)In fact, cranial neural crest contributes to the majority of craniofacial
bone and cartilage, in addition to the cranial nerve ganglia, smooth muscle, connective

tissue, and melanocytéAchilleos and Trainor, 2012)

P l A Midbrain

Hindbrain

Forebrain

Craniofacial
features

Figure 7. Distinct cranial neural crest migratory paths and thecorresponding craniofacia
features derived.

Three migratory streams of cranial neural crest cell (CNCC) from the forebrain, midbrain, and h
contribute to majority of the craniofacial features in the addithin the forebrain, CNCCs migre
ventally to reach the level of optic vesicle (OV). The streams from midbrain and hindbrain (rhom
(R) 17 6) both migrate ventrolaterally to reach the OV and maxillary process, and to colot
pharyngeal arch (PA) 1 3, respectively. D, dorsal; Vewntral; A, anterior; P, posterior. Figure ada,
from Martik and Bronner, 2021

Specifically, CNCCs from the diencephalon and rostral mesencephalon colonise the
frontonasal and periocular regiondogether with CNCCs from the caudal
mesencephalon that occupy the maxillary process of thardh, they érm the
frontonasal bones, extrinsic ocular muscles, uigveand part othelower jaw. Whereas
CNCCs from the hindbrain populate the pharyngeal arche&stt give rise tahe lower

jaw, middle ear bones, and neck skeletdnhartik and Bronner, 2021; Trainor, 2010)

1.3.1.2 Cardiac neural crest

Cardiac NCCs are a small subset of vagal neural crest that originate from rhombomeres
61 8, at the level between the otic placode dAd@nite(Yamagishi, 2021)These NCC
populations migrate into the caudal pharyngeeh 3, 4, and 6, as well as the embryonic

outflow tract. Following differentiation, cardiac NCCs are involved in the development
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of the cardiovascular system along with the cardiac ganglia, as well as the thymus,
thyroid, and parathyroid glang&rhardtet al, 2021)

1.3.1.3 Trunk neural crest

There are two major pathways of trunk NCC migration: a ventromedial pathway in a
segmental manner through the somitic mesoderm into the rostral sclerotome, and a
dorsolateal pathway in an unsegmented manner between the somite and ectoderm
towards the ventral midline of the bellilbert, 2000; Krull, 2001; Serbedzigt al,

1990) Trunk NCCs that te the dorsolateral pathway give rise to the melanocytes,
whereas those that migrate ventromedially form the dorsal root and sympathetic ganglia
of the peripheral nervous system, as well as the secretory cells of the endocrine system
(Gilbert, 2000)

1.3.1.4 Vagal and sacral neural crest

Vagal and sacral NCCs together are responfiblierminga small portion of the enteric

and sympathetic nervous syst¢Rao and Gershon, 2018)jagal NCCs arise between
somite 1i 7 and colonise the entire gut. Thegga NCCs arigg from somite 1i 2
migrate towards the oesophagus whereas thosegiriem somite 3 7 are involved in

the formation of sympathetic ganglia. Sacral NCCs originate from the caudal part of
somite 28 and they migrate in a postetimanteror fashion to form the postmbilical
gut(Fanet al, 2023; Rao and Gershon, 2018)

1.3.2 Stages of the neural crest development

Before neural crest can give rise to a multitude of their derivates at different locations,
they first need to go through several stages of development in a sequential manner:
induction, EMT, delamination, migration, and eventually differentiatieigure 8). Of

note, molecular mechanisms underlying the neural crest formation can have indefinite
variabilities between species. While this section provides an overview of the general
mechanisms tha@re mainly conserved among species, it is worth taking into
consideration that most information was gathered from studies in, @@bkafishand

Xenopus
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Timeline of cranial neural crest development in mouse

1-3s 4 — 6s 7-12s 13 - 20s
Induction

Delamination

Premigration Migration
BMP, FGF, WNT,
Notch signalling

WNT/B-catenin,
TGFp signalling

Zic1, Msx1/2, Pax3/7, DIx3/5 +— NPB specifiers
NCC specifiers — FoxD3, Tfap2, Snail/Slug, Twist, Sox9, Sox10, Ets1

Figure 8. Timeline of cranial neural crest development in mouse.

Formationof cranial neural crest cells (CNCCs) in mouse involves multiple sequential stages that
around E7.5. Different signalling pathways and transcription factors play important role at distinc
of CNCC formationFigure made using Affiity Photo 2.

1.3.2.1 Neural crest induction

Origin of the neural crest, the NPB, becomes specified dutiegearly-to-mid
gastrulation phase, prior to the detection of any neuratspesific markers at around 5

I 7sin mouse(Milet and MonsoreBurg, 2012) The timing corresponds to the process

of neural plate induction, when the neuroectoderm and NNE are made distinguishable
from each other. Neural crest induction is highly dependent on the-tssdiated
interactions between the neuroectoderm, NNE, and the underlying mesoderm, which
altogether bring about precisadgordinated signals from a combination of BMPINWY

FGF, retinoic acid (RA), and Notch pathwajdilet and MonsoreBurg, 2012) The
resulting signals instruct a population of cells within the neuroectoderm to adopt the fate
of neural crest precursors and maintain their identity following indu¢Baschet al,

2004)

An immediate downstream resporedehese signalling activitieis the upregulation of
a subset ©TFs, collectively known as the NPB specifiers, which inclade finger
protein of the cerebellum (Zicl), paired box(PaxX3/7, msh homeoboXxMsx1/2, and
distatless homeoboxDIx)3/5 genes(SaukaSpengler and Bronndfraser, 2008)The

NPB specifiers subsequently act in a welthestrated, spatiotemporally fashion to
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induce the formation of neural crest specifigvhich distinguish the neural crefsbm

the other NPRBlerived populations such as the placodal precursors. Impaoranal

crest specifiers argnail family zinc finger(Shai)1/2, transcription factor AR2 (Tfap2),
forkhead box D3FoxD3), twist basic helixioop-helix transcription factofTwis), SRY

(sex determining region Yhox (SoxX9, andSox10 which will continueto serve diverse
regulatory roles throughout upcoming stages of the neural crest development
(Meulemans and Bronnéiraser, 2004)

1.3.2.2 Epithelialto-mesenchymal transition

After neural crest specification, the pragratory NCCs reside within the NPB and retain
epithelial fate until they undergo th@mocess of EMT to acquire delaminating and
migratory capacit (Figure 9). As such, EMT involves massive cytoskeletal
rearrangementss well asremodeling of cellular junctions and extracellular matrix
(ECM) components, leay to substantial changes in cell polarity and cell adhesion
(SaukaSpengler and Bronndfraser, 2008 EMT is associated with downregulation of
the epithelial genes including&dherin, and the upregulation of mesenchymal markers

sud as vimentin and fibronectin.

The integration of multiple extracellular signals, including collagen and hyaluronic acid
from the ECM, as well as a number of secreted growth factors such as those from the
TGFb and FGF families, triggerEMT by upregulating expression of theural crest
specifiers(Thiery and Sleeman, 2006)hese TFs then orchestrate the cellular changes
needed for th@ccurrence oEMT. Successful progression through EMT is needed to
allow for NCC delaminatin, a process in which the pmagratory NCCs separate

themselves from the neuroepithelium to start directional migration.
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Migration

Figure 9. Formation of neural crest cells at the neural plate border.

Schematic diagram showing the initial stages of neural crest cells (NCCs) formation at the nel
border (NPB), a region flanked by the neuroepithelium (NE) aneéheanal ectoderm (NNE). Presumpt
NCCs undergo epithelidb-mesenchymal transitiofEMT) at the NPB to acquire motility f
delamination and migration. Typically, EMT involvergedissolution of cellular junctions (tight junctic
TJ; adherens junction, AJ) and reorganisatiothefctin cytoskeleton, leading to altered cell polaritgt
cell adhesion. Cellular junctions and cytoskeletal arrangements are illustrated in only one cell v
NPB. Localisation of LRP2 at the base of primary cilia is also shBigare drawn with Affinity Photo !

Cadherin switching and deconstructionof adherens junctions (AJs)

An initial global switch from type | cadherins to type Il cadherins is essential for the
presumptive NCCs to acquire motility. The upregulated NCC specifiers, in particular the
snail family members, repressdadherin expressian weaken the epithelial features of
the cells(SaukaSpengler and Bronnéfraser, 2008)Abolishment of the fadherin
disrupts cellular polarity and enhances several signalling pathways includiigbw
catenin andphosphatidylinositol &inase/protein kinase BP(3K/AKT) to modulate

EMT (Loh et al, 2019) At the same time, Madherin is upregulate@onversion ok-
cadherin into the weaker-Badherin expression is considered a typical hallmark of EMT
that allows acquisition of the mesenchymal fat@sring the onset oflelamination
another switch from abating-tadherin expressioim promoting the expression ofoky

Il cadherins (cadheri/7/11) occurswithin the premigratory NCCsmost likely due to
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the concerted action &nail/2, FoxD3as well asSox9/1(Leathers and Rogers, 2022;
Leeet al, 2013)

Disassembly of tight junctions (TJs)

TJs serve an important role maintainingepithelial integritythrough the organisation

of the junctional complexes at the subapical regions between adjacent epithelial cells. To
allow detachment of the NCCs from the neuroepithelium, dissolution of mésded to
disrupt the intercellular connections. As EMT begins, TFs inclu8ima1/2 zinc finger
E-box binding homeobo¥Zeb1/2, and Twistl/2have been shown to contribute to the
downregulation of occludin and claudins, which constitute the backboh#s@yuno

et al, 2021) Apart from establishing the physical connections between cells, TI®help
cluster the polarity complexes such as the partiticdieigctive (PAR) and Crumbs
complexes to define the cellular apical compartn(&amouille et d., 2014) Thus,
disassembly of TJs initiates the loss of cell polarity and cell adhesion to drive the
delamination of NCCs at the NPB.

Through zonula occludens (ZO) proteins, TJs associate with the actin filaments at their
cytoplasmic domain. Followindissociation of TJs at the onset of EMT, -pnggratory

NCCs reorganise their cytoskeletal actin arrangements to prime themselves for dynamic
morphological changes and directional moti({ihao and Trainor, 2023)n particular,
actinrich membrane protrusions called lamellipodia and filopodia developed at the
leading edge to guide cell migration by sensing and degrading ECM components
(Lamouilleet al, 2014) Towards the end of EMT, praigratory NCCs have established
front-rear polarity and areharacterised by increasedntractility aswell as actin stress

fibre formation.

Remodelling of ECM

To navigate towards tiretargeted destinations, NCCs are required to penetrate through
the basement membrane and E@dr this, NCCs acquire proteolytic and invasive traits
that resemblemetastatic cancerous celiliring EMT, but undem precisely control
manner As cells gradually adopt mesenchymal features, they modulate their integrin

mediated interactions with the basement membrane by downregulating the expression of

epitheliatlike integrissuchasJ6 b4 i ntegrins, and upregul at e
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i ntegrins i nclamodilieetal,2014) i Ml eignrti esgprograssiona c i | i t
t hrough EMT byc areedniiant ianngd t(FRa@Etlb, 2009gnal | i ng

Integrins have been demonstrated to promote the expression and function of matrix
metalloproteinases (MMPs), which are responsible for the degradation of ECM
componentgYue et al, 2012) For instanced5 and b1 integrins hav
activate MMP2 and MMP9, both ofhich serve important roédor the delamination and

migration of NCCs(Christianet al, 2013; Yueet al, 2012) In addition to MMPs,

another group of proteases, namely a disintegrin and metalloproteinases (ADAMS), is

also upregulated during EMT to aid NCC develegmmn Studies highlighted that

ADAM10, ADAM11, and ADAM13, are deemed important factors during NCC
migration in both mouse antenopugChristianet al, 2013; Pandegt al, 2023; Sauka

Spengler and Bronndfraser, 2008)

1.3.2.3 Neural crestdelamination and migration

The process of EMTransforns theprospective NCCs into a less adhesive, highly motile
and invasive population, which is ready for leragnge migration to reach the destined
locations. Variationgn the process of neural crest delamination and migraaorexist
betweenspecies and subtgp of NCG (Theveneau and Mayor2012) A major
difference between species is the onset of delamination and migration, such that NCCs
in mouse and frog start delaminating while the neural plate is still open, whereas it
happens only after NT closure in avian embr§@sband and Thiery, 1982; Horstadius,
1951)

Moreover, studies in all animal models have shown that cranial and trunk neural crest
delaminate in distinct patternuband, 2010)Unlike CNCCs which delaminate
altogether at once, trunk NCCs delaminate progressively, one at @ltweeneau and
Mayor, 2012) Although all neural crest subtypeare important during embryonic
developmentthe upcoming subsectionill provide in-depth explanations of only the
mechanisms underlying CNCC migratjdocusing mainlyonmousewhenever possible.
However, owing to the difficulties of tracing murine neurastmigrationn vivo, their

precise mode of migration at all axial lewegmains largely unknown.
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General pattern of cranial neural crest migration

Being generally conserved between species, CNQi@d detached from the
neuroepithelium quickly organised themselves ihteedistinct segregated streams to
mark the onset of migratiofirainor,2005) These are the frontonasal and mandibular,
hyoid, as well as branchial strearf®&eventonet al, 2014) CNCCs do not migrate
randomly, insteadeach stream follows a precise track, invading the region betiveen

surface ectoderm and cranial mesodéserbedzijeet al, 1992)

NCCs can take the form of solitary migration, in which cells migrate individually, or
more commonly, NCCs migrate collectively in chains, groapsheet§Theveneau and
Mayor, 2011a)As opposd to solitary migration, collective migration requires cells to
remain highly synchronised and coopera{i8&ellard and Mayor, 2019Hence, cells
tend to migrée with greater persistency and directionality, wharethe keyfactorsof
successful CNCC migratiaiMayor and Etiennéanneville, 2016)

An important characteristic of collective cell migration is the presence of a-goalg
polarisation, involving a division of cells within the collective migrating group into tw
distinct populations, namely the leaders and followErgure 10) (Qin et al, 2021)
During directed migration of the neural crest, only the leader cells are polarised to sense
the surrounding microenvironmemind depending on the external cues, they decide the
direction and velocity of migration of the entire cell clus{stayor and Etienne
Manneville, 2016) Whereas the follower cells constantly maintain tramsiceltcell
contacts through AJs with their neighbours anth the leaders, leading ®Rac family
small GTPase 1Racl) inhibition thatprohibitstheir protrusive behaviours. As a result,
the follower cells through communication with the leader celd, them to migrate in

a cohesive grou(Mayor and Etienndannevile, 2016) Natheless, it is possible for the
leaders and followers to exchange theineiduring migration especiallthe CNCCs
(Richardsoret al, 2016; Theveneaet al, 2010) Several crucial mechanisms that have
beendefined to guide the collective, directional migration of CNCCs will be outlined

below.
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1.3.3 Mechanisms of cranial neural crest migration

1.3.3.1Collective migration of CNCC in the segregated streams

Since the ultimate fate of CNCC is dependent on tigeatory stream that they are part
of, distinctmechanisms must exist to confine each stream within their migratory tracks.
For this, two main pathways that involve signals exchange between the neural crest and

surrounding tissues are known to have impurtales.

Specific expressionrpfile of ephrins and Eph receptors on the surfaced€Csavoid
mixing of distinct streamsby inhibiting the invasion of CNCCs into the area where
surrounding tissues present a different set of ephrin/Eph (@daseneau and Mayor,
2012) This feature is evident in the cranial neural crest of mouse, chick{emapus
although different combinations of ephrins/Eph are reported between s{itait@sson

et al, 1997) In mouseEphA4, EphB1, and EphB3 are expressed on the CN&dams

et al, 2001) Upon interaction with ephrin B2 expressed in the surrounding mesenchyme,
activated forward signalling within the CNCCs guide their migratawards the ephrin
B2-expressing pharyngeal archésdams et al, 2001; Davy and Soriano, Q0).
Similarly, ephrin Bimediated reverse signalling within the CNCCs has been shown to
involve in the regulation of directional migration in mouse, such that the CNCCs of

ephrin B1 mutant embryos preseditvandering behaviour®avy et al, 2004)

Besides ephrin/Eph signalling, repulsive signals between the class 3 semaphorins and
neuropilin (NRP) receptors are essential to restrict CNCCs within their specific stream
(Theveneau and Mayor, 2011bDRP1 and NRP2 receptors are expressed on the surface
of CNCCs whereas semaphorin ligands are secreted by the neighbouring ¥issaed
Moens, 2005)Being complementary to each other, CNCCs migrate in the region devoid
of the secreted semaphorins to reach ttiestinations. For example, the lack of NRP2

or semaphori8F alone is sufficient to induce ectopic migration and mixing of CNCCs

in the mouse embry@ammill et al,, 2007)

1.3.3.2Contact inhibition of locomotion

As NCCs embark on their migration routes, they mainéacertain extent of cetlell
interactions with one another throughout the journey. Such contacts can either be within

a short range, involvinthelamellipodia, oovera long range througthmefilopodia, and
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are usually transieniSzab6 and Mayor, 2018pPynamic cellular interactions help to
keep NCCs within the collective migrating group, thus promoting the overall

directionality of their migration patteiiiKulesa and Fraser, 1998)

Collective migration Contact inhibition of locomotion (CIL)

—_— -—
ol Follower cells C\/? E\/J
\ 1 :
i A D RhoA
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direction CIL <\/_3 C\/\/,
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Figure 10. Collective migration and contact inhibition of locomotion in the neural crest.

Contact inhibition of locomotion (CIL) guides the directed migration of neural crest cells (NCCs)
the collective migratingroup. CIL between the inner cells (followkilower or followerleader) preven
protrusion formation and cell polarisation. Whereas CIL between the leader cells results
polarisation, lamellipodia and filopodia are formed to guide the directed migration of the entire
This is achieved through the trérst contact mainly mediated by-&hdherin that leads to Rh
upregulation and Rac1l inhibition at the site of contact. As such, Racl activity is promoted at¢lolgé
resulting in the rapid actin polymerisation and generation of traction forcesl ting@ulells apart. Figu
drawn with Affinity Photo 2.

Upon contact, NCCs undergo a series of reactions collectively knowsordact
inhibition of locomotion CIL), a phenomenon during which two colliding cells
temporarily cease migratipnetract theiprotrusionsand repolarise themselves to start
migrating in the opposite directions, away from the site of physical cqjfigctre 10)
(Mayor and Carmon&ontaine, 2010)As such, CIL prohibits the protrusion extension
at the site of collisionglivertingthe generation of protriss and traction forces at the
cellular freeedge. Numerous studies Xenopuszebrafish and chickhave suggested
that CIL is essential for proper directional migration of CNCCs botlivo andin vitro
(CarmonaFontaineet al,, 2008; Scarpat al, 2015; Teddy and Kulesa, 2004; Theveneau
et al, 2010) To date, there is no study relating the importance of CIL in the migration
of murine CNCCs. Nonetheless, CIL has been showméonvolved in guiding the
directional migration of CajaRetzius cells to the cerebral cortex in mouse embryo
(Villar-Cerviioet al, 2013)
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Molecular mechanisms underlying CIL within the cranial neural crest populations of frog
and zebrafish have been addressed. Colliding cells make transient adhesion mediated by
N-cadherin and rapidly activate the ncemonical WT/PCP signalling at ceklel
contact(CarmonaFontaineet al, 2008; Theveneaet al, 2010) A prominent outcome

of WNT/PCP pathway activation is tHecal upregulation ofRas homolog family
member A RhoA), which in turnpromoesactomyosin contraction. Together with the
N-cadherinmediated inhibition of Rac1l at the site of contact and the localisation of Racl
at the freeedge,an intracellular small GTPases RhoA/Racl gradiengstablished
(Theveneaet al, 2010) The resulting gradiemrevents protrusion formation at the eell

cell contact ancpromotes a@h polymerisation at the freedge, thus generating the
traction forces to pull the contacting cells ag&idley et al, 2003) Additionally, the
N-cadherinmediated adhesion upon cellular contact activated~AK (focal adhesion
kinase) signalling, leading to the disruption of €e@M interactions at the contact site
and generateéension across cedlell contact to promote separatigRoycroft et al,
2018)

Neither RhoA/Racl nor Src/FAK activities have been directly relatéhe migration of
murine NCCs. However, WT/PCP signalling is likely tplay a role irregulatngtrunk
NCC migration in mouséBanerjeeet al, 2011) While RhoA, Racl, and FAK mutant
mice all develop craafacial abnormalitieghese proteinsavealsobeenassociatewith
the formation of protrusiongn the CNCCqGonzalez Malagoet al, 2018; Phillipset
al., 2012; Thomast al, 2010; Vallejelllarramendiet al, 2009)

1.3.3.3Chemotaxis

CIL results in dispersed cell migration. To counteract theilpitises of adapting a
randomly dispersed migration pattern, chemotactic interactions between NCCs serve to
ensure continuous collective migration behavidi@zabo and Mayor, 2018A well-
established example of chemotactic interaction that facilitates the collective migration of
CNCCs is the cattraction of complement factor C3a and its receptor C3aR, described
in studiesusingXenopusand zebrafisimodels(CarmonaFontaineet al, 2011) CNCCs

that areundergoing collective migration express C3aR on their surface and locally
secrete abundant C3a, attracting any diverted CNCCs in the vicinity. TRE3ZRBa

complex triggers enhanced Racl activity in the escaped cells, allowing a cellular
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repolarisation that promateheir recruitment back to the grog@armonaFontaineet
al., 2011)

The mportance of C&C3aR signalling has never been reported in the coherent
migration of CNCCs in mice despite previous ggthdicaing that such signalling has

a role in the proper murine neuronal migration during brain developi@entlik et al,

2017) Instead, chemotactic interactions between FGF2/FGF8 and their corresponding
FGF receptors (FGFRs) have been demonstrated to facilitate the directed migration of
murine CNCCgKubota and Ito, 2000)

Additionally, chemotactic interactions aldtave essentiatoles to guidethe proper
migration of botiNCCs and placodal celland alsao prevent the mixing of these two
distinct cell lineage&Steventoret al, 2014) Neural crest and cranial placode are derived
from a common origin and migrate in close proximity to colonise their targeted
destinations, but eventually contribute to different cranial features. In this scéhario,
complementary expression pattern of the stromaldmrived factor 1 (SDF1) and its
recepor C-X-C motif chemokine receptor £KCR4) on the juxtaposing placodal cells
and CNCCs, respectively, promotes the heterotypic CIL to guide the directed migration
of the twopopulationgTheveneaetal., 2013) The SDFICXCR4 signalling promotes
CIL through RhoA/Racl activities astailed in Sectiorl.3.3.2 and such interaction
between NCCs and placodal cells is called claambrun (Theveneawt al, 2013)

This chemotactic interaction has been stddigtensively inXenopus zebrafish, and
chick, highlighting that CNCCs and placodal cells are dependenthrodeer for proper
directed migratiorfOlesnicky Killianet al,, 2009; Rehimet al,, 2008; Theveneagt al,

2013) In mouse, the importance of SDF1/CXCR4 signalling during directed migration
is illustrated in the trunk NCO®elmadaniet al, 2005) While it is yet to be studied in

the murine CNCCghe complementary expssion pattern of SDF1/CXCR4 is evident
within the developing head of mou@dcGrathet al, 1999) Absence of either SDF1 or
CXCR4 obstructs murine neuronal precursors migration and is also associated with

craniofacial abnormalitie@Bagriet al, 2002; Yahyaet al, 2020)

1.34 Abnormal development of the neural crest

Dysregulation in any stages of the neural crest development can lead to a group of

heterogenous syndromes known as neurocristopathies, comprising of diverse congenital
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malformations affecting newbor@gegalLopezet al, 2018) Depending on the subtypes
of neural crest and its stages of developmafifected, malformations of different
structures caroccur concomitantly Aberrant CNCC integrities due to defectsin
induction, EMT, delamination, migration, and/or differentiation, give rise to multiple

syndromes and disorders that are commonly assodidttedraniofacial anomalies.

1.34.1 Craniofacial abnormalities

Craniofacial malformations are among the most common phenotypes observed in a wide
range of birth defect@rainor, 2010)In fact, it is estimated that about etférd of babies

with congenital defects present at least a certain extent of craniofacial anq@aties

et al, 2001) Ranging from cleft lip, left palate, improperly positioned eyes, ears, and
nose, as well as absent facial and skull bones, craniofacial abnornraliresent a

major source of mortality and morbidity among newborns

As mentioned, neural crest and cranial placodes togetheitbeaattothe majority of the

unique craniofacial features in vertebrat8ection 1.1.4)While cranial placodes give

rise to most of the cephalic sensory organs, cranial neural crest provides the basic
framework that shapes craniofacial structi{&sventoret al, 2014) Indeed, aside from

the neurocranium that is partlyeural crestlerived, the viscerocranium is formed
exclusively from the cranial neural crggianget al, 2002; Theveneau and Mayor,
2011b) Thus, craniofacial malformations are predominantly the outconmambper

cranial neural crest developméhatcan also impaatmbryonic brain formation.

1.35 How does LRP2 relate to the cranial neural crest?

Among the cranial phenotypes illustrated in dup2’” mice, we have previously
addressed the role of LRP2 in regulating the ventral midline SHH signalling during
embryonic forebrain developmef8ection 1.2.6.2{Christet al.,2012; Spoelgest al,

2005) Besides, we have also partially uncovered the duties of LRP2 dorsally, where it
serves to mediate neural tube closure by facilitating the uptake of folagstatdishing

a link with the cytosoti adaptors to drive apical constriction of NE céection 1.2.6.2)
(Kowalczyket al, 2021; Kuret al, 2014) On top of the phenotypes that centred around
forebrain dysgenesikrp2”’ mice also displayed craniofacial abnormaligesh as mid
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facial clefting in which the mechanism is yet to be @tated (Figure 11 A)
(Mecklenburgetal., 2021)

Intriguingly, our previous bulk RNAeaqiencingdata gathered from the head region of
E9.5 embryos denoted a number of genes involved in neural crest development that
appeared to be differentially regulated following the loss of LRIFRure 11 B)
(Mecklenburget al, 2021) While endocytosishasbeen shown to govern important
processes during embryonic development, thererdydimited studies depictings role

in cranial neural crest developmgadmanabhan and Taneyhill, 2015; Piacengino

al., 2022) Altogether, thisarousesour curiosity to investigate the potential roletioé

endocytic receptdrtRP2 during CNCGQlevelopmentrepresentinghe primarynotion of

this work.
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Figure 11 Potential role of LRP2 in the cranial neural crest development.

(A) Lrp2- embryosdisplay craniofacial malformations at E18.5, represented as absent eyes (aste
cleft lip (arrow). Scale bar: 1mm. (B) Volcano plot showing differential expression of multiple
involved in the neural crest development between the craniahrefi@ontrol and.rp2”- embryos at E9.
based on bulk RN&Aequencing. Ralues were adjusted for multiple comparisons. Figure was made
on published datéMecklenburgetal., 2021)
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CHAPTER 2.
RESEARCH AIMS






2.1 Primary aim

The overarching aim of this dissertatiortasascertain the central role thfe endocytic

receptor LRP2 duringarly mouse embryonic cranial morphogendsisddition to the

previously defined functions of LRP2 within theuroepitheliatells during embryonic
forebrain development, this study aims to addwesstherthe endocytic receptor also
has an overt influence on the cranial neural crest integrity. In other words, this
dissertation presents tkéudies intended to unravel the possibility of LRP2 in bridging

the brain and craniofacial development during the procesaiohehead formation.

2.1.1 Specific ans

Firstly, our previous findings depicted that LRP2 helps in regulatiegral tube
morphogenesis by mediating the convergent extension and apical constriction of NE cells
(Section 1.2.6.2)Kowalczyk et al, 2021) Along with the disrupted NE integrities

observedin the Lrp2” embryos, this prompts the initiativés look into the cellular

junctional complexes during early stagesnfbryonic developmerind to spedically

explore the potential roles of LRP2 in mediating-cell contacts through their cytosolic

adaptorsOwing to their abilities to regulate the cytoskeletal actin organisations and cell
polarity, cellular junctions play important role driving cel shape changes and cell
rearrangementsyhich arethe fundamental processes of tissusphogenesiBesides
dynamic remodelling of cellular junctions is essential during early stages of embryonic
development to allow proper delamination and migration NdECs from the
neuroepithelium. Hence, it jgstifiableto bring the initial focus of this study towards

the perspectives of ceatlell connections.

Additionally, craniofacial malformations are presented in Ilthg2 mutant embryos.
Given that cranial neural crest is primarily responsible for the formation of craniofacial

features, this study ainte examine the exact neural crestrived craniofaciategiors

affected followingthe loss of LRP2 based on lineage tragj studiesusing Sox10®":

Ai14¥™ | rp2*/- reporter mouse line

Furthermore, a major aim of this studytdisassess the potential rolestioé endocytic

receptor LRP2 during thearly stages ofranial neural crest developmeitespite the

tremendos research effortdedicatedo better understainty the nature of neural crest

over decadedittle is known abouhow endocytic receptorsan potentiallyinvolve in
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murine NCC formationWith craniofacial deformationseing an obvious phenotype
shownby the Lrp2 mutants,these observatiorfsintedat a link of LRP2 to the proper
cranial neural crest integrities. If this holds true, further investigations into the exact
stages and molecular mechanisms of CNCC development in which LRP2 is involved will

follow.

The hypothesis that LRP2 could exert itadtion at the NPB, the home of neural crest,

is drawn on the basis that:LiRP2 is highly expressadithin the neuroepitheliumand

(i) it is involved in the regulation of several signalling pathways during the early stages
of cranial morphogenes{§ecton 1.2.6.2)(Christet al, 2012; Spoelgeet al, 2005)

Thus, this dissertation involseelaborate worksn attemptto evaluate any potential

differences at the NPB between control ang2’~ embryos If so, the plan of integrating

stateof-the-art omics analysis into the understanding of LRP2 function within the NPB
and/orthe CNCCs is on the agenda.
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CHAPTER 3.

M ATERIALS AND
M ETHODS






3.1 Materials

3.1.1 Technical equipment

Table 2. List of equipment used.

System scanning electron microscof]

Equipment Software Manufacturer
C1000 Touchrhermal Cycler N/A Bio-Rad
ChemiDoc Imaging System N/A Bio-Rad
Cryostar NX70 cryostat N/A Epredia
EASYNnLC-1200 N/A Ther mo Sci
Helios Hydra 5 CX Dual Beam Auto Slice and View Ther mo Sci

Leica LMD 7 Leica LMD . .
laser microdissection microscope V 8.3.0.08259 Leica Microsystems
Leica MZ 10F stereomicroscope LAS X Leica Microsystems
Leica TCS SP8 LAS X Leica Microsystems
confocal microscope V 3.5.7.23225 y
Leica TCS SP8 STED microscope LAS X LeicaMicrosystems
NanoDropE One Mi { . :
UV-Vis Spectrophotometer N/A Fisher Sci
Nikon CSUW1 NIS-Elements Ar L e

A ; . Nikon
spinning disk confocal microscope V4.5
Olympus IXplore SpinSR10 cellSens Dimension Olympug’
spinning disk confocal microscope
S1000 Thermal Cycler N/A Bio-Rad
timsTOF Pro 2 mass spectrometry N/A Bruker Daltonics
timsTOF SCP mass spectrometry N/A Bruker Daltonics
Zeiss EM 910 80kV _ TEM Zeiss
transmission electron microscope
Zeiss LSM 980 with Airyscan 2 ZEN Blue 3 Zeiss
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3.1.2 Chemicals and reagents

Table 3. List of chemicals and reagents.

Chemical/reagent Supplier Catalogue number
Bovine fibronectin PromoCell C43050
Bovine serum albumin (BSA) SigmaAldrich A9647
Cresol Red sodium salt SigmaAldrich 114480
Cy3 PEG Folic acid Nanocs PG2FAS3-3k
DAKO fluorescence mounting medium Agilent S3023862
Dimethyl sulphoxide (DMSO) Carl Roth 47204
Disodium hydrogen phosphate (RdPQn) Carl Roth 4984.1
dNTP ROTRMix PCR 3 Carl Roth 0179.2
Donkey serum Biowest S2170500
(4PES). no calcium, no magneqtm Gibeok 14190250
Dulbecco's Modified Eagle Medium A

(DMEM), high gluco Gi bcoE 31966021
Supplement

Ethanol Carl Roth 1HPH.1
Ethylenediaminetetraacetic acid (EDTA) Carl Roth 8043.2
Fetal bovine serum (FBS) PAN-Biotech GmbH P4037500
FluoromountG E Il nvitroge 00-495802
Folate binding protein from bovine milk SigmaAldrich F0504
Glycerol Carl Roth 3783.1
Glycine Carl Roth 3790.2
Hydrochloric acid (HCI) Carl Roth 6792.2
Hydrogen peroxide Carl Roth 80702
L-glutamine Gi bcoE 25030081
Magnesium chloride (MgG) Carl Roth 2189.1
?I/I\IIEEmon-Essential Amino Acids GibcokE 11140050
Methanol Carl Roth KK44.1
Paraformaldehyde (PFA) SigmaAldrich 16005
Penicillin-Streptomycin Gi bcoE 15140122
Potassium chloride (KCI) Carl Roth 6781.1
gifgrr?ggz?tbggﬁan fibroblast growth R&D Systems 233FB
Recombinant murine Wnt3a protein Peprotech 31520
ROTI® Gel Stain Red Carl Roth 3865.1
Sheep serum SigmaAldrich S2263
Sl owFadeE Diamond Il nvitroge S36967
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SmartLadder (100bp) Eurogentec MW-180004
Sodium acetate (NaAc) Merck Millipore 106268
Sodium chloride (NacCl) Carl Roth 3957.1
Sodium citrate Carl Roth 3580.3
Sodium diphosphate (NaQy) Carl Roth 0269.3
Sodium dodecyl sulfate (SDS) Serva 20765.03
Sodium hydroxide (NaOH) Carl Roth 9356.1
Sodium pyruvate SigmaAldrich S8636
Taq polymerase New England Biolabs MO0267L
ThermoPa® buffer New England Biolabs B9004S
TissueTek® O.C.T Compound Sakura Finetek sa4583
Tris-HCI Carl Roth 9090.5
Triton X-100 Carl Roth 3051.2
Tween20 Carl Roth 9127.2
i -Mercaptoethanol Gi bcokE 31350010

3.1.3 Consumables and reagent kits

Table 4. List of consumables and reagent kits.
Consumable Supplier Catalogue number
p-Slide 4 Well Glass Bottom Ibidi 80427
p-Slide 8 Well high Glass Bottom Ibidi 80807
384-well PCR plate Eppendorf 0030128508
Coverslips 1.5 H CarlRoth LH25.1
Millicell ® Hanging Cell Culture Insert Merck Millipore MCEPO6H48
Eg%ghselﬁge;; sulphide (PPS) membrar Leica Microsystems 11600294
SecureSeal E spacer I nvitroge S24737
Reagent kit Supplier Catalogue number
Al e x a B47 BroteirB_abelling Kit I nvitroge A20173
Glgeﬁaﬂilgciri?k%% Conjugation Kit (Fast) Abcam ab269820
Glge;% iEI;OLri?k?@M Conjugation Kit (Fast) Abcam ab269823
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3.1.4 Antibodies

Table 5. List of primary antibodies.

Antigen Host Dilution Supplier Catalogue number
AcetylatedU-tubulin Mouse 1:1000 SigmaAldrich T7451
AP20 Mouse 1:100 Santa Cruz scl2726
ARL13b Rabbit 1:500 Proteintect® 1771%1-AP
Cingulin Mouse 1:100 Santa Cruz sc365264
Claudin3 Rabbit 1:100 Abcam ab15102
Claudin 3 Rabbit 1:100 I nvitro 34-1700
Claudin 4 Rabbit 1:100 I nvitro 36-4800
E-cadherin Mouse 1:100 Merck Millipore MABT26
GFP Chicken 1:500 Abcam ab13970
Ki67 Rabbit 1:200 Thermo Scientific RM-9106S1
Lamin B1 Mouse 1:200 Proteintect® 660951-Ig
LRP2 Rabbit 1:1000 Abcam ab76969
LRP2 Guinea Pig 1:2000 Homemade N/A
N-cadherin Goat 1:100 Santa Cruz sc31030
N-cadherin Rabbit 1:200 (ﬂ:r?r:%?:ggg 13116
PAX7 Mouse 1:20 DSHB N/A
pMLC-II, Ser20 Rabbit 1:200 Abcam ab2480
RAB5 Mouse 1:100 Santa Cruz sc46692
SOX10 Goat 1:200 R&D Systems AF2864
SOX2 Rabbit 1:100 Abcam ab97959
SOX9 Rabbit 1:200 Merck Millipore AB5535
Vimentin Rabbit 1:500 Abcam ab92547
Z0-1 Mouse 1:100 Il nvitro 339100
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Table 6. List of secondary antibodies.

Antigen Dilution Supplier Catalogue number
Alexa FluorE 59 1:500 I nvitro A12381
Al exa FluorE 64 1:50 Il nvitro A22287
DAPI 1:1000 I nvitro 62248
Donkey AnttGoatlgG H&L .

(Alexa Fluor® 488) 1:500 Abcam ab150129
Donkey AntiGoat IgG H&L .

(Alexa Fluor® 647) 1:500 Abcam ab150131
Donkey antiMouse IgG (H+L)

Highly CrossAdsorbed, Alexa 1:500 I nvitro A32744
FluorE Plus 5914

Donkey AntiMouse IgG H&L .

(Alexa Fluor@488) 1:500 Abcam ab150105
Donkey AntiMouse IgG H&L .

(Alexa Fluor® 555) 1:500 Abcam ab150106
Donkey AntiMouse IgG H&L )

(Alexa Fluor® 647) 1:500 Abcam ab150107
Donkey antiRabbit IgG (H+L)

Highly CrossAdsorbed, Alexa 1:500 Il nvitro A32795
Fl uorE Plus 647

Donkey AntiRabbit IgG H&L .

(Alexa Fluor® 555) 1:500 Abcam ab150074
Donkey AntiRabbit IgG H&L .

(Alexa Fluor® 647) 1:500 Abcam ab150075
Donkey AntiSheep IgG H&L )

(Alexa Fluor® 488) 1:500 Abcam ab150177
Donkey AntiSheep IgG H&L .

(Alexa Fluor® 555) 1:500 Abcam ab150178
Goat AntiGuinea Pig IgG H&L .

(Alexa Fluor® 647) 1:500 Abcam ab150187
WGA-CF®640R 1:500 Biotium 29026
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3.1.5 Buffers and solutions

Table 7. List of buffers and solutions.

Buffer/solution

Composition

- Immunofluorescence staining

Blocking buffer (sectionand fixed explanis

10% donkey/goat serum in 0.1% PBST

Blocking buffer (wholemount)
- Immunofluorescence staining

1% donkey/goat serum + 2% BSA in 0.1% PBS

Blocking buffer (uptake)
- Whole embryo culture

1.5% BSA in DMEM, high glucosé& | ut a M

Basic reagent T 25 mM NaOH
: 1 0.2mMEDTA
- DNA HotSHOT
extraction (HOtSHOT) 1 deionised HO pH 12.0
Neutralisation buffer % ifl)vg\g;(;ls-HCI
- DNA i HotSHOT
extraction (HotSHOT) 1 deionised HO
1 15% FBS
7 0.1 mM MEM NEAA
1 1 mM sodium pyruvate
Neural cresbasal medium 1 55uM b-Mercaptoethanol
- Neural crest explant culture 1 100 units/mL penicillinstreptomycin
1 2 mM L-glutamine
1 25 ng/mL basic FGF
1T DMEM-hi gh gl ucose,
3.1.6 Software for data processing
Table 8. List of software used for data analysis.
Software Version Provider
Affinity Designer 2.1.0 Serif (Europe)
Affinity Photo 2.1.0 Serif (Europe)
Demichev, Ralser and Lilley labs
DIA-NN 181 (Charie, Berlin)
HuygensProfessional 23.10 Scientific Volume Imaging
ImageJ 2.14.0 Fiji, NIH
Imaris 10.1.0 Bitplane
MATLAB ® 23.2.0 MathWorks
MaxQuant 2.49.0 Max-PlancklInstitute of Biochemistry
Migration and Chemotaxis Tool 2.0 Ibidi
Perseus 2.0.11 Max-PlancklInstitute ofBiochemistry
Prism 10.1.0 GraphPad Software
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3.2 Experimental methods

3.2.1 General statement

All experiments were done in compliance with the relevant ethical regulations at the Max
Delbrtick Center fur Molekulare Medizin (MDC)nimals were kept and handled based

on the German animal protection act (Tierschutzgesetz: TierScH@)8AIl animal
procedures were performed accordingheinstitutional animal welfare guidelines and
regulations approved by the logadvernmentaauthorities(X9005/12and X9001/2}).

3.2.2 Mouse strairs
Mouse strains used in this study are liste@able9. Mouse strains.

Table 9. Mouse strains.

Strain name Background Source and reference

Lrp2+" mutant (C57BL/6N) Previously describe{Willnow et al., 1996)
Sox1@Pmt mutant (C57BL/6N)  Provided by Prof Dr Carmen Birchmeier (MDC, Berlir
Sox10" M mutant (C57BL/6) Previously describe(Matsuoka et al., 2005)
Rosaz@9™omate  mutant (C57BL/6) Previously describe(Madisen et al., 2010)

3.2.2.1 Generation ofLrp2* mouse line

Targeted disruption dheLrp2 gene to generate thep2*- mouse line has been detailed
previously(Willnow et al, 1996) In this studytheLrp2*- mouse line was crossed onto
a pure C57BL/6N background as previously descrii@mbelgeret al, 2005) Lrp2*'-
C57BL/6N mice were then bred to obtain embryos with the genotypep2t*, Lrp2*-

, andLrp2™”.

3.2.2.2 Generation ofSox10™%t rp2*- reporter mouse line

The Sox16™" mouse line (unpublished) was kindly gifted by Prof Dr Carmen
Birchmeier (MDC, Berlin). This represents a knaokmouse line in which the green

fluorescent protein (GFP) is expressauly in the cells to which theSox10gene is
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transcriptimally active. Since SOX10 is a walefined markethat labels virtually all
NCCs following their delaminatiqrihis mouse line is a valuable tool that akdvacing
of dynamic cellular behaviours withthe NCC population(Hari et al, 2012) To study
the role of LRP2 in NCC development, t8ex168™"“'mouseline was crossed with the

Lrp2*- C57BL/6N mice to generate t18ox16™" Lrp2*'- reporter mouse line.

3.2.2.3 Generation of Sox1G™"t: Ai14™™: |rp2*- reporter

mouse line

Rosa28™M%mjice(B6.CgGt(ROSA)26SEp4(CAGTomaoHzey ‘\G1:3809524)0r more
commonly known a#\il4 mice, weregenerated by Zeng lab (Allen Institute for Brain
Science, Seattle) as describle@010(Madisenet al, 2010) Sox10*"'mice (B6;CBA-
Tg(Sox10cre)1Wdr/J, MGI: 5603117yere originally generated by Prof. William
RichardsonUCL, London) and described befofl@atsuokaet al, 2005) These mice
express nucleamargeted Cre recombinase under the regulation oSth&0 promoter.
Both Ai14™™andSox10™®"mice were initially crossed with thep2*- C57BL/6N mice

to obtain theAil4d™™: Lrp2*- andSox10®"t Lrp2*- mouse lins, respectively

To allow lineage tracing afhe NCC derivativesin both the presence and absence of
LRP2 expressior5ox10™®" Lrp2*- mice were crossed withi14>*™; Lrp2*- mice. The
resulting mouse line expresses robust red tdTomato fluorescent protein following stop

codon excision upon Gimediated recombinatioffrigure12).

-@-ﬁi ‘ o

— PAC —|: cre — | X | — Rosa26 —m—- loxP ~loxP— tdTomato —

Sox10

Sox10°"t; Lrp2*- Ai147%; Lrp2*

Figure 12. Generation of Sox10"™™ Ai14™™; Lrp2*" reporter mouse line.

Schematic diagranshowing permanent genetic lineage labelling of neural crest deri
achieved through crossing of transgenic mice carryin@the Ocre construct with the report
mice carrying a floxed stop cassette upstream oftdi@matogene inserted afteRosa®
promoter. Cre expression under the controSok10promoter results in excision of the s
cassette (orange line), leading to the expressidrtdTomato fluorescent proteiRigure wa
drawn using Affinity Photo 2.
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3.2.3 Animal husbandry and breeding

All animals were maintained under pathofre® conditions in a fixed 2Rour light
dark cycle 06:007 18:00) and provided withd libitumfood in addition to water. Mice
from eightweeksonwards were used for timed mating to collect embryos at theedesir
developmental stageBor timed mating, sexually mature male and femaileenwvere
housed together in the same cage overnightthagresence of vaginal plugs was
checked on the next morning to allow precise tracking of the gestationalThgeday

when a vaginal plug was noted was considereB@S.

3.2.4 Genotyping

3.2.4.1 Samplecollection for genotyping

Adult mice were kept withirthe animal facility and ear punches were performed by
animal caretakers to provide genomic deoxyribonucleic acid (DNA) samples for use in
genotypingFor the embryos collected during dissectiasceralyolk sacs were kept for

subsequent use in genotypimgboth cases, samples were collected inndl.aubes.

3.2.4.2DNA extraction

From thesamples collectedhot sodium hydroxide and TrislptSHOT) DNA extraction
method previously describéy Truettet al.was performed to allow a rapid, inexpensive
isolaton of genomic DNA from other tissue components for genotypimgettet al,
2000) The recipesof reagentausedin the HotSHOT methodrelistedin Table7. In
brief, samples were first subjected to heating &%or 30 mins inan alkaline lysis
reageniand then cooled to°€ beforeneutralisation buffer was added to neutralise the
solution.Samples were briefly centrifuged to evenly neutralise the soluTio@.volume

of reagents added to different tissue sammesutlined in Table 10. The resulting
solution containing isolated DNA cathen readily be used in PCR.PCR was not

carried out immediately, the isolated DNA solution was storedGudtil use.
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Table 10. Volume of reagents used in HotSHOT method.

Samples Volume of Volume of
P alkaline lysis reagent neutralisation buffer
E8.5 20ul 20ul
> E8.5, ear punche 30ul 30ul

3.2.4.3 Polymerase chain reaction

Themaster mix and conditions pblymerase chain reactioRCR) assayare detailed in
Tablel2andTablel3, respectivelyusing specific primers designed to amplify different

targeted gene sequencésiflell).

Table 11. List of primers used in gaotyping.

Primer Sequenicded )( 506 Band size
Lrp2
G207 WT allele forward GAC CAT TTG GCC AGC CAA GG WT: 250 bp
G217 WT + mutantallele reverse CAT ATC TTG GAA ATA AAG CGAC Mutant: 320 bp
BPAT mutantallele forward GAT TGG GAA GAC AAT AGC AGG

CAT GC
Sox10®
WT17 WT allele forward GTG CTC AGC GGC TAC GA WT: 355 bp
WT27 WT + mutantallele reverse GTA GAT GGG TGG GCG AGAT Mutant: 515 bp
GFP1 mutantallele forward CAT GGT CCT GCT GGAGTT CGT G
Sox10™®
WTL17 WT allele forward GAC AAA ATG GTG AAG GTC GG
WT2i WT allele reverse CAA AGG CGG AGT TAC CAG AG | WT-217Dbp
Crel i mutantallele forward CAC CTAGGG TCT GGC ATG TG Mutant: 300 bp
Cre2i mutantallele reverse AGG CAAATT TTG GTG TAC GG
Ail4
WT17 WT allele forward GGG AGC TGC AGT GGA GTA GG
WT27 WT allele reverse CCG AAA ATC TGT GGG AAG TC | WT:279bP
Flox1i mutantallele forward CTG TTC CTG TAC GGC ATG G | Mutant: 196 bp
Flox21 mutantallele reverse GGC ATT AAA GCA GCG TAT CC
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Table 12. Master mix of standard PCR assay.

Reagent Stock concentration Final concentration

Buffer Thermopol 10x 1x

Cresol red 10x 1x

dNTPs 10 mM 0.25 mM

Taq polymerase 5 Ul 0.03 Ul

Forward primer 10puM 0.25uM

Reverse Primer 10puM 0.25uM
Volume per reaction

Template DNA 2u

dHO Fill up to final volume

Table 13. Conditions of PCR.

Lrp2 and Sox10" Sox10™ and Ail4
. Number of " Number of
Step Condition Condition
cycles cycles
Initial denaturation 94°C 2 mins 1 94°C 1 min 1
Denaturation 95°C 30 secs 94°C 30 secs
Annealing 56°C 40 secs 40 56.2C 30 secs 30
Extension 72°C 35 secs 72°C 1 min
Final extension 72°C 5 min 1 72°C 1 min 1
Final hold 12°C b 1 12°C b 1

Following PCR the fragment®f DNA were separated by agarose gel electrophoresis
and analysed based on comparison wWithSmart.adder 100 bpnolecular ladder. Gel
was prepareth Tris base, acetic acid and EDTA (TAE) bufédr2.5% weight/volume
with ROTI®’GelStain Redadded to allowisualisation of DNA under ultraviolet (UV)
light using BicRadChemiDocgel imaging system
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3.2.5Embryo collection and fixation

Pregnant females were sacrificed by cervical dislocation based on the German animal
protection ac{Tierschutzgesetz: TiecBG 8111)on the day of defined developmental
stages.Embryo dissection was performed undekteica MZ 10F stereomicroscope.
Embryos were collected at different developmental stages including E8.5, E9.5, and
E13.5, following dissection from the uteri ofggnant females iphosphatebuffered

saline (PBS) on ice unless otherwise statésing forcepssurrounding layers athe

embryo were carefully removed, starting fréime muscle lining and then progressed to

A

the deci dual ti ssue, Reichertds membr ane,

expose the embryo propéior embryos collected at E8.5 and E9.5, further staging was
done by somite counting during dissecti&8.5 embryos were cut at the area slightly
belowthe heartafter somite countingp collect only thecranial neural tube tissues for

fixation.

DissecteE8.5 and E9.5 embryos were fixed in 4% paraformaldehyde (PFA) for 1 hr at
room temperature (R@nd tken washed tige in PBSfor 10 minseach E13.5 embryos
were decapitated before fixing in 4% PFA overnight°@& 4nd then washed overnight

twice in PBS. All enbryos were stored in PBS &Cluntil use.

No obvious phenotypical differences were observedvéet Lrp2 wild-type, WT
(Lrp2*"*) embryos andLrp2 heterozygous, HETL¢(p2"") embryos with only one
functionalLrp2 allele. ThusLrp2** andLrp2*- embryos were both classified as control
embryos. All analyses in this work were done basethermomparson betweerirp2
mutant (rp2”) and control embryos to investigate the importance of LRP2 during early

stages of embryonic development.

3.2.6Whole embryo culture

Whole embryo culture was performadingembryos from E8.50 assess the ability of
endocytic receptotRP2 in modulating cellular uptake of NW3a growth factor and
soluble folate receptor 1 (SFOLR&y vivo
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3.2.6.1Labelling of WNT3a ligands

To visualisethe uptake of WIT3a growth factorrecombinant murine WT3a protein
(PeproTech) as labelled witlthe Alexa Fluof 647 LightningLink® Rapid Antibody
Labelling kits(Abcam)ac or di ng t o the manufactureros i
labelled WNT3a ligands are referred to asNW3a-A647 and were stored af0°C,

protected from lightuntil use.

3.2.6.2 Labelling of sFOLR1

Prior to the uptakassayfolate binding protein from bovine milk (Sigmajas labelled
using the Alexa FIuoE 647 Protein Labelling Kit (Invitrogdh) according to the
manuf act ur e togenerataFrOLUREABALY. tAfteplabellingtheconcentration
of protein within the labelled solution was measuresing NanoDr opE One
Microvolume UVMVWi s Spectrophot omet sROLREAB4A7svase r Sci

stored at20°C, protected from light, until use.

3.2.6.3 ptake assay

Immediately lefore embryo dissection, labelled protein solwivere diluted in whole
embryo culture medium (high glucose Dulbecco's Modified Eagle Medium, DMEM
containing 1.5% bovine serum albun{BSA) at the desired concentratiofiaple 14).

For the study ofolic acid (FA) uptake througeFOLR1, labelled sFOLRA647 was
premixed with FA-Cy3 (Nanocs) for 30 mins at RT to form bouodmplex before
incubation with embryos The prepared whole embryo culture medium containing
labelled proteins was then addedatsterile 12well platewrapped with aluminium foil

and kept at 3T before dissected embryos were added.

Table 14. Concentration of labelled proteins used in uptake assay.

Labelled protein Final concentration
WNT3aA647 2.5ug/ml
sFOLRXAG647 5 ug/ml

FA-Cy3 5 ug/ml
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Following excisionfrom the uteri of pregnant females, embryos weashed briefly in
warm PBS and theimmediatelytransferred intdresh dissecting medium (high glucose
DMEM) prewarmed to 37C. Embryo dissection was performeddissecting medium

on a heating plate to maintain the temperature atC3throughout the pracure.
Embryos were dissected to remabe surrounding muscle layer, decidual tissue, and
Rei chert 6s ihevisteralgolk sacwasinmateivisibleA small incision was
made to the yolk sac and amnion to allow embitgogain acces$o the fluorscently
labelled proteins during incubation. Embryos were kept within the yolk sac throughout
the entire incubation periodDissected embryos kept within theyolk sas were
transferred to whole embryo culture mediam37C while dissection was performed

one at a time on the remaining embryos.

Once dissection was completed, dissected embryos were transbettiedL2well plate
containing labelled proteins in whole embryo culture medium and inaclivetiee dark

for 2 hrsat 37C with 5% CQ. The pate was gently swirledvery 30 minutes to evenly

mix the labelled proteins with embryder an adequate uptakeAfter incubation,
embryos were transferred to cold PBS to continue with somite counting and yolk sac
collection forgenotyping before fixation (Section 3.2.5).

3.2.7 Granial neural tube explant culture

3.2.7.1 Preparation of culture chambered coverslips

The stock bovine fibronectin solution (PromoCell) was dilutedgogd® ml i n Dul becco
PBS (dPBS)Diluted fibronecin solution was added into theells of +Slide 8 Wellor

4 Well high Glass Bottom (Ibidi)o completely cover the bottom of each well. The

chambered coverslip was incubated for 30 mins 4C3Afterward, the fibronectin

solution was aspirated and the wells were rinsed once in dPBS bséore
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3.2.7.2Preparation of explants

Ex vivocranial neural tube cultures were preguawith E8.5 and E9.5 embrydsom the
Sox1@®; Lrp2*- reporter miceas previously described with modificatiots allow
investigation of CNCC behaviou(§&onzalez Malagomet al, 2019; Wang and Astrof,
2017) All dissecting tools were cleaned thoroughiligh 80% ethanobeforedissection

to keep the mcedures as sterile as possible prepare for the explant cultures, embryos
were dissected in codPBS after removal from the uteri of pregnant femdesh E8.5

and E9.5 embryos wenmgitially dissected as mentioned above (Section 3.2.5).

AI
D - *
A—‘— P (\ﬂ
Vv < ,
—_—
E8.5
dorsal midline
> (N '
/ % \ \ 7' f’. E
1 )| B -~
)
e |
E9.5
Lateral view Dorsal view Cranial NT explant
i. Half of cranial NT ii. Whole cranial NT iii. Two halves of cranial
NT in close proximity

Figure 13. Preparation of cranial neural tube explants.

(A) Schematic diagram showing the positions at whiéh5 and E9.5 embryos were cut during exj
preparation. E8.5 embryo was cut just above the heart whereas E9.5 embryo was cut at the lev:
the otic vesicle and first somjtéhen along dorsal midline to open up the neural tube (NT) (red dasbg
The cleaned NT tissue can be further cut into two halves before explanting, if needed (aster|
Following dissection, cranial NT tissues were explanted onto the fibroreasied chambered covers
in the form of: (i) one half of the wholeanial NT; (ii) whole cranial NT; (iii) two halves of cranial NT
close proximity; depending on the experimental need. A, anterior; P, posterior; D, dorsal; V, ventre
drawn using Affinity Photo 2.
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For E8.5 erbryos, cranial neural tube tissue vissated from the rest of the embryo by
cuttingat an area just above the he&ig(rel3). For E9.5 embryos, a cut was made at
the level just below the otic vesicle but before the first sorfitgufe 13). To open up
the closed neural tube of E9.5 embryos, embryos were pinahede hindbrain
neuroporeausingafine insect needle (Fine Science Toasg then cut along the dorsal
midline in a caudatostral directionThe floorplate at the level of cephalic flexure was
slightly cut with forcepgust enough to flatten the tisswathout complete separation.
Using forcepsthe underlying mesodermal tissuasgarefully removed to keep only the
cleaned neural tube tissue for cuitg. The cleanedranialneural tube can either be
explaned directly as a whole durtherdivided into two halves bgutting longitudinally

atthefloor plateand then explanted individually.

Following dissection, the cleaned neural tube tissueretransferrednto afibronectin
coatedu-Slide 8 Wellor 4 Wellhigh Glass Botton{ibidi) containingNCC basal medium
prewarmed to 3T, andthenpositionedusing fine insect needt® the centre of each
well with the ventral part facing upthe explants were incubated overnight at 37 with
either 5% CQ(E9.51 normoxia) or 5% CQ 3% G (E8.51 hypoxia) Survived explants
were subsequently usaitherfor live tracking of CNCC migration at 24 hours post
explantation(Section3.2.9.3 or immunofluorescence staining after fixation at 48 hours

postexplanation(Section3.2.84).

3.2.7.3 Contact inhibition of locomotion assay

To investigate how NCCs reagpon making contastith each othera CIL assay was
established as previously descdli§€armonaFontaineet al, 2008) Cranialneural tube
explants were preparécbm E9.5 embryoas explained above including the final cut to
further divide the explants into two halves (Section 3.2.7.2). The resulting two halves of
theexplants were cultured within the same well with a small dicgtan betweeFigure

13). NCCs from each half of the explant were allowed to grow and migrate towards each
otherunder the same condition mentioned in Section 3.2A1.24 hr post explantation,
dynamic NCC behaviairs upon collision were tracked with live imagiti§ection
3.2.9.3)
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3.2.8Histology

3.2.8.1 Cryosectioning of mouse embryos

After fixation, embryos were subjected to cryoprotection through incubation in a graded
series of sucrose solutions. Firstymbrys were incubated in 15% sucrose in PBS

RT for 30 mins. Once equilibrated, embryos were transferred into 30% sucrose in PBS
and further incubated for another 30 mins at Rjuilibrated enbryos were then briefly
washed in the Optimal Cutting Temperat(@C.T) Compound(TissueTek®, Sakura
Finetek) on a petri dish to remove any excess sucrose solution before embiedging.
tissues were embedded within O.C.T in plastic embedding moulds of 10mm x 10mm x
5mm in size, and snap frozen in 100% ethanol battiry ice Fresh frozen O.C.blocks

were storecht-20°C.

For embryo sectioningthe cryostat was equilibrated tdl8°C chamber and16°C

specimen temperature. Onite temperature was reached,C.T blocks werenounted

onto the cutting blockscontaining a small amount of O.C.$amples were cut at a

thickness of 10 pym in coronal plane and then sequentially transferred onto the
SuperfrostE PLUS adhesion glass slides (Ep
proteomic studies, sections wereumted onto th@olyphenylene sulphide (PP&)um

membrandrame slides (LeicMicrosystemy Sections were stored -&0°C until use.

3.2.8.2 Immunofluorescence staining on sections

Tissue sections were thawed and let dry at RT before proceeding tdatitzarg
immunofluorescence staining protocol. In brief, sections were washed four times for 7
mins each in PB®%ith 0.1%Triton X-100 (PBST) at RTo remove any residual O.C.T
compound. Blocking was then performed with 10% dordkeyoatserum in 0.1% PBST

for 1 hr at RT with gentle rockinglissues were incubated with primary antibodies
diluted in 0.1% PBST containing 1% donkey or goat serum overnighiCaiTe rext

day, after five rounslof 7 mins washes in 0.1% PBST at Risues were incubated with
secondary antibodies diluted in 0.1% PBST for 1 hr at RlTantibodies used in this

study and their corresponding dilutions were outlined@able5 and Table6. In most

cases, samples were also counterstained with DAPI. Secondary antibodies were washed

away with 0.1% BST at RT, 7 mins each for five time$ollowing washes, tissues on
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glass slides were mounted wiPAKO fluorescent mounting medium (Agilent) while
tissues on membrane slides were mounted with Fluoror®@nt ( | nvi t r ogenE)

can be washed away subseqlyefadr laser capture microdissecti¢@ection3.2.10.).

3.2.8.3 Wholemount immunofluorescence staining of E8.5

embryos

Embryos were first permeabilised with 0.1% PBST for 15 mins at RT bkfocking

with 1% donkey serum and 2% BSA in 0.1% PBST overnight at #dllowing
blocking,embryos were incubatesith primary antibodiegTable5) in blocking buffer

for 48 hrs at 4°Qvith gentle rocking. Embryos were then washed five times for 1 hr each
with 0.1% PBST at RT, before being transferred into secondary antid@dbe 6)

solution diluted in blocking buffer and left incubated overnight at 4°C. DAPI was also
included to visualis¢he cell nuclei ofthe samplesFive washes of hr each in 0.1%

PBST were performed at RT to remove any unbound secondary antibodies. Embryos
were mounted either laterally or withe anterior side facing up between two high
precision cover slips separated by SecsealM Spacer (I nvitmdedenE) in
Di amond Antifade Mountant (IlnvitrogenE).

3.2.84 Immunofluorescence staining of cranial neural tube

explants

At 48 hrs after culturing, cranial neural tube explants were fixed with 4% PFA for 30
mins at RT.Explants were then washed three times fonifs each with cold PBS.

Explants were stored in PBS &CAuntil usefor immmunofluorescence staining.

All procedures were carried owithin the prSlide 8Well or 4 Well high Glass Bottom

(Ibidi), with the explants remaimg firmly attached to the bottorof the well. Fixed

explants were first permeabilised in 0.1% PBST for 15 mins at RT Heforgsubjected

to the standard immunofluorescence staining protocol. All following steps were
performed as described above (Section 3.2.8.2) with the exceptiguithary antibody

incubationwas performed at RT for 2 hro visualise the factin filaments, phalloidin

staining was performed aftavashing of the secondary antibodieExplants were
incubatedwitPhal | oi din A647 (1l nvit ford@greinsBtRT.di | ut ed
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After two rounds of 5 mins wasiy stepswith 0.1% PBST explants were mounted with

the nonhardeningbidi mounting medium.

3.2.9 Microscopy and imaging

3.2.9.1 Confocal microscopytissue sections

All fluorescently stained tissugections were imaged using a Leica TCS SP8 confocal
microscope equipped with the Leica LAS X softwtrat isavailable at the Advanced
Light Microscopy (ALM) platform of MDC. Imaging was done using the HC PL APO
63x/1,40 OIL CSZLeica Microsystems)il immersion objective. Optical zoom of 2x or
3.5xwasset for the acquisition of higher resolution imagegtical zstacks were taken

at an interval of 1 um through the 10 gthick tissue sections.

For image acquisition, DAPI was excited at 405 nm (detedieiween 420 450 nm).
Alexa Fluor 488 was excited by the 488 nm laser (detection betweeh 580 nm),
Alexa Fluor 555 was excited by the 555 nm laser (detection betweeh &Z0 nm),
Alexa Fluor 647 was excited by the 633 or 647 nm laser (deteaitovebn 660 730
nm) with a pinhole set to Airy unit (AU) for normal scanning. For stainimgth weak
antibodiesimages were acquired by setting the pinhole to 1.5 AU to allow moresignal

to be capturedAll acquired images were processed using Im&gig) NIH).

3.2.9.2 Confocal microscopywhole-mount samples

Whole-mount samples were imaged with the HC APO 20x/0,75 IMM CORR CS2
multi-immersion objective of the Leica TCS SP8 confocal microscope. Glycerol was

used as the immersion oil to match tefactive indexo8| owFade E Di amond A
Mountant (1 nvi t rbettgeguality)mage acduisiionOpiical zstacks

were taken at an interval of 1 um throughout the entg®ie sampledmaging was

performed at the optical zoom level ok %0 acquire high resolution images with

approximately 80 nm in pixel size.

All 3D images were imported into Huygens Professional 23.10 software (Scientific
Volume Imaging)to improve signato-noise ratio and axial/spatial resolution by

applying deconvaltion with the CMLE algorithm and background correction.
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Deconvolved images were then ready to be visualised and processedmnssiisd.0.1

software (Bitplane).

3.2.9.3 Live imaging neural crestdynamics

Incubation for 24 hrs 18 hrs; 15 min interval
. Explant fixed

Day 0 Day 1 Day 2

Neural tube explant preparation Live imaging begin Live imaging complete

To study thedynamicmigrationbehavioursof NCCsex vivq neural tubeexplantswere
imaged at approximately 24 hrs after culturinyligration patters of NCCs were
recordedusing a Nikon CSEW1 inverted spinning disk confocal microscaapiipped
with an Okolab cage incubation chamber {87 5% CQ) andtwo IXon Ultra 888
EMCCD cameras (Andorrontrolled by NISElements Ar V4.5 softwaret the ALM
facility. For following NCC migrationtime-lapse cinematographwas performed at 10x
magnification using a Nikon CFI Plan Fluor 10x/NA 0.3 phase contiajgictive to
acquire bothbrightfield and 488 nm(SOX10GFP) channelsat 40 ms and 300 ms
exposure time, respectively. NCCs migratioastracked over a total time frame of 18
hrs, with 15 mins interva between frame®ptical zstacks were taken at 5 um interval
and tile scanwas set to cover the entire outgrowth area of the explants so that the
migration paths of NCCsotlld be tracked from their origirsettings were kept the same

for all imagingto allow subsequent gatification and analyses.

To assess CIL in NCCs, tiflapse imaging was performed at 20x magnification either
using the Nikon CSWW1 inverted spinning disk confocal microscope or Zeiss LSM 980
with Airyscan 2 confocal microscopguipped with ZEN Blue 8cquisition and analysis
software.The objectives used were CFI Plan Apo 20x/0.75 (Nikon) for Nikon-@8U
spinning disk confocal microscope and Plan Apo 20x/0.8 (Zeiss) for Zeiss LSM 980 with
Airyscan 2 confocal microscope. A minimum of three regionsatefést (ROlIshetween

two explants cultured in close proximityere imaged to captuthe moments when
NCCs fromthetwo different origins make contact. Imaging was performed over the same

total duration and time interval as mentioned above.
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3.2.9.4Confocal microscopy: fixed cranial neural tube explants

Immunofluorescence staining of cranial neural tube explants fixed at 48 hrks post
explantation was performed as mentioned (Section 8)2:Bhe fluorescently stained
explants were imaged using an Olympg¥plore SpinSR10inverted spinning disk
confocal microscope equipped witYokogawa CSWUW1 scanner. The system was
controlled by the cellSens Dimension software. Overview images of explants were
acquired using the UPLXAPO20X (Olympus) objective whereds tggolution images

of specific ROIs were acquired with the UPLXAPO60XO (Olympus) objective. Optical
z-stacks were taken at an interval of 1 pocoverthe entire explants from bottom to
surface All acquired images were processed using ImageJ (Fiji, NIH)

3.2.9.5 Stimulated emission depletion microscopy

NCCs atthe migration front ofthe neural tube explant&ere imaged witrstimulated

emission depletionrSTED) microscopyto visualise their cytoskeletal machinemydera

higher resolution STED imaging provides significant resolution improvements

compared taconventional confocal microscopy, allowing more sigrialbe resolved

under the same magnificatiofixed explants were stained as described above (Section

3.2.84) with theexception that AF594 Phaidin (AAT Bioquesf) was usedor F-actin

visualisationi nst ead of Phal |l oi,dridB8| AMRB&d e(A nDii d mmr
Antifade Mount ant ifsteadwibiti mougtisgmediumBesides,u s e d
highlycrossad s or bed Al ex a F 47weconfBaryRuitibodies ¥@etused n d 6

instead of the standard secondary antibodies.

STED imaging was performed with thEC PL APO 100x/1,40 OIL CS2 objective on a
Leica TCS SP8 STED microscope controlled by the Leica LAS X software. The
microscope was equip@eavith a pulsed whitdight excitation laser and two STED laser

for depletion at 592 nm and 647 nAFE594 Phalloidin (AAT Bioquest) was excited at

590 nmwith the emission range set between 60810 nm. Specifically, images were
acquired using the scaing format of either &it sampling; 1024 x 1024 pixels; 16x line
averaging; 6x optical zoom, orl8t sampling; 4096 x 4096 pixels; 16x line averaging;
1.5x optical zoom, yielding a pixel size of 18.9 x 18.9 nm in both cases. A confocal image
under the sae settings but with just 1x line averaging was always acquired in addition
to the STED image.
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3.2.9.6 Electron microscopy

To visualise the intracellular organelle structures of migrating NG&sctron
microscopy EM) was performed on the cranial neuxabe explants fixed after 48 hrs in
culture. Explants were prepared as detailed in Section 3.Buf.#xation was done
differently. In brief, explants were first fixed at RT for 10 mins using the double strength
fixative solution(4% PFA in 0.1M phosphatbuffer at pH7.4) prepared in a 1:1 ratio to

the NCC basal medium. Then, explants were further fixed overnigtiCairdsingle
strength fixative solutioii2% PFA and 2.5% glutaraldehyde in 0.1M phosphate buffer
at pH 7.4) After fixation, explants werstored at 4C in 1% PFA in 0.1M phosphate
buffer at pH 7.4 untifurther processed f&M imaging.

Image acquisition was done in collaboration with @& platform of MDC. All
procedures after fixation were performed by Dr M@enelia RusEM department
MDC, Berlin) based on the published protocol from Beznousseekal. with
modifications(Beznoussenko and Mironov, 2015jrstly, samples were washed with
0.1M sodium cacodylate (NaCac) buffer at pH 7.2 bebeiag incubatedbr 1 hr on ice

and in dark using 1% osmium tetroxide, 1.5% potassium ferrocyanide in 0.1M NaCac,
pH 7.2 buffer. Then, washing was performed again using 0.1M NaCac, pH 7.2 buffer
before samples were incubated at RT for 5 mins in freshlyaped 0.3%
thiocarbohydrazid in dH20. Explants were washed with d&l and subsequently
incubated in 1% osmium tetroxide in gl beforebeing subjected to dehydration in
graded ethanol series &iCl After dehydration, samples were gradually infiltrateith
Poly/Bed® 812 epoxy resin at RT as follows: 1 hour in 30% resin in ethanol, 1 hour in
70% resin in ethanol, overnight in 100% resin and 2 hours in freshly exchanged resin.
The plymerisation step immediately followed the infiltration process and was
performed at 68C for 24 hrs. The resin blocks were then sliced with an Ultra 45°
diamond knife (Diatome) on a Reichert Ultracut S ultramicrottesllect the sections

of either 70 nm or 100 nm in thickne€sM images were then acquired either using a

Zeiss EM 910 8®&V transmission electron microscope or Helios Hydra 5 CX Dual Beam

System scanning electron microscope (Ther mo
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3.2.10 Spatial proteomics

Tissue sections from E8.5 mouse embryos were cryosectioned according to the standard
procedires and transferred onto the LeBS 4 um membrane frame slides (Section
3.2.8.1).In case immunofluorescence staining was perforrpear to the spatial
proteomicstudies, aqueoubased FluoromourGE (I nvi trogenE) mount
was used (Section 382). Simplified workflow of spatial proteomic analysds

summarised ifrigure14.

3.2.10.1 Laser capture microdissection

A ( _
Neural plate ‘
border .
W S==
‘\ : e Neural crest —_—
LA Neural crest_ 3 8@%
e Neural plate border
Tissue sections of E8.5 mouse embryo E %Ea
Laser capture microdissection Sample preparation Ultra-high sensitivity mass spectrometry

Figure 14. Workflow of spatial tissue proteomics analyses.

Neural plate border and neural crest tissues were isolatedtfeocoronal sections of E8.5 mouse emh
by laser capture microdissecti(ned dotted lines). Isolated tissues were collected in separate well:
384well PCR plate, with one empty well between sargaetaining wells. Samples were then proce
before being subjected to the utnayh sensitivity mass spectrometry analyses. Figure drawn with A
Photo 2.

To isolatethe NPB and neural crest tissués spatial proteomic analyses, laser capture
microdissection was performedanuallyon thelLeica LMD 7 system equipped with

Leica Laser Microdissection V 8.3.0.08259 software. Tissues were cut at 40x
magnification with a HC PL FLUOTAR L 40x/0,60 CORR PH2 (Leica Microsystems)
objective under brightfield mode The following settings were used fdaser
microdissection: power 58, aperture 5, speed 18, middle pulse count 1, finatlpulse

head current 44%, pulse frequency 1500, and offsetQdtitissues were collected and

sorted into a lowbinding 384well PCR plate (Eppendorf) configured oveeth 6 uni ver s a
hol derd function with oNPBandnewmahdest tissuef bet we

each samples were sorted into separate wells to generate wistomoteomic profiles
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for these two populations of cells. Tissue regions of approximaff0aum? were

collected ineachwell.

3.2.10.2 Sample preparation for liquid chromatographymass

spectrometry

Spatial proteomic analyses were done in collaboration with the Coscia lab (MDC,
Berlin). All procedurs in liquid chromatographynass spectromgt (LC-MS) were
performed byMs Janett Konig/Coscia lab, MDC, Berlin)The detailed protocol for
sample preparation was described previo(Shsciaet al, 2020; Makhmugt al, 2023;
Mundet al, 2022)

Firstly, 20 yul of ammonium bicarbonate (ABGyas added to eactamplecontaining
well andbriefly vortexed The pate wasthen centrifuged at 2,000 g for 10 mins before
being heated in a S1000 thermal cyalath a 384-well reaction module (Bidrad)at
95°C for 60 minsNext, samples were heated for another 30 mins“& 7&@lowing the
addition of 5ul of 5x digestion buffe(60% acetonitrile in 2100 mM ABCyamples were
then shortly cooled down beforgullof LysC (prediluted to 4 ngil in dH>O) was added
to each well and digested at°&7for 4 hrs in the S1000 thermal cycler. Following this,
samples were added with Jubof trypsin (prediluted to 4 ngdl in dH20) and incubated
overnight at 37C in the S1000 thermal cyclefrifluoroacetic acid (TFA) at 1% v/v
concentration was added to stop the digestion and samples were vacuui@ainplbs
were storect-20°C until use in IC-MS analysis. To continue with@-MS, 4pl of MS
loading buffer (3% acetonitrile in 0.2% TFA) was added. The plate was briefly vortexed

beforebeingcentrifuged at 2,000 g for 5 mins.

3.2.10.3 LGMS analysis

LC-MS analysis was conducted usingrapped ion mobility spectrometry quadruple
time-of-flight mass spectrometer (timsTOF SCP and timsTOF Pro2, Bruker Daltonik)
with a naneelectrospray ion source (CaptiveSpray, Bruker Daltonik) equipped with an
EASYNLC1200 system ( T hagpreioosly8esdritedMakhnutecak )
2023; Mundet al, 2022)

In brief, peptides were loaded o8 cm inrhousepacked HPLC column (7& m i nner
diameter packed with 1.9 m R e pPuroC38AR silica beads, Dr. Maischand
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separated using a linear gradient frorh 30% bufferB (0.1% formic acid and 90%
acetonitrile in LEMS grade waterin 55 mins before increasing to 60% fomin. Then,

a 10-minutewash using 9% buffer B was performed &00 nl/min. The total gradient
duration was 70 mins. A column oven was used to keepdlumn temperature constant
at 60C. The mass spectrometer was operatedier datalependent and data

independent mode, as previously explai(dnd et al, 2022)

3.2.11 Dataanalysis

3.2.11.1 Immunofluorescence signal intensity anbbcalisation

All samples intended for both qualitative and quantitative pairwise comparisons were
imaged undeirdenticalimaging settings including laser power, bit depth, and pixel size
Images wee also subjected to the same posicessing steps using Imaged. In all
analysis, maximum projection of-&tack confocal images was used unless otherwise

indicated.

For quantification of Ncadherin fluorescence intensity withtime neuroepithelium, the
freehand selection tool in ImageJ was used manually outline the entire
neuroepithelium of each embryo sectidvhereas for selecting ROIs within only the
NCC population, two equaized boxes weredrawn per section. All outlined regions
were then subjeetl to manual thresholding to capture alt&tiherin signalfor mean
fluorescence intensity quantificatioh minimum of three tissue sections were quantified

per embryaand then averaged

For visualising the localisation tfie vimentin fluorescence sigh the neuroepithelium

of each embryo sectionasmanually outlined anddjusedfor thresholdas mentioned
above.The sgnal intensity profile was then plotted in ImageJ. To quantify the area of
vimentin fluorescence signal localisation withire neuro@ithelium, the area positive
for vimentin expression was normalised to the total areheaieuroepithelium. As for

the quantification ofthe N-cadherin fluorescence signal, a minimum of three tissue

sections were analysed per embryo and averaged.
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3.2.112 Uptake of WNT 3a

For quantifying WNT3a uptake at the NPB, freehand selection tool in ImageJ was used
to manually outline the NPB regions on both the left and right sides of each cranial neural
fold section. A minimum of three sections were analysed aadtdied per embryo. For

this analysis, the left and right sides of cranial neural folds were considered

independently.

Within the selected ROIs, MT3a signal was subjected to manual thresholding and then
the total area ahe WNT3a signal was measured.narmalisation to the total NPB area
was performed before any comparison was made between the contralrpaid
embryos.The mmparison was based on averaged data from all ROIs capturing the left

and right NPBs of each embryo.

3.2.113 Cell surface area of neural crest

Tissue sections from E8.5 mouse embryosstained with the neural crest marker,
SOX10, and plasma membrane marker, wheat germ agglutinin (WGA), were used for
cell surface area quantification. Twquatsized ROIswere séected per embryo section,

one on the left half dhedorsal neural tube, and one on the right. All ROls were imported
into Imaris Cell 10.1 (Bitplane) for further analys@¢gorithm for cell detection based
onthecell membrane was used. The smalleftdiameter and membrane detail for all
ROIs were manually measured before cell detection. Manual thresholding was performed
to ensure that the actual membrane around cell periplassehected for quantification.

The following filters were used durirtbe analysis: i) cell distance to image border XY,

to exclude any incomplete cells at the image border; ii) cell intensity mean based on
DAPI channel, to exclude any empty area between cells. Additional manual addition or
subtraction of cell surface area wesformed to make sure that only the membrane area

of one complete cell waseasuedfor aparticular cell if necessary.

3.2.114 Neural crest migration ex vivo

Time-lapse movieacquired with the Nikon CSW1 spinning disk confocal microscope
at 10x magification were processed in ImageJ (Fiji, NIFDhannel488 to which

SOX10GFP NCCs were labelled was used to track cell migration. Individual cells were
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manually tracked over the total time frame of 18 hrs using the Manual Tracking plugin
of ImageJ. This method demands manual identification of the tracked cells at each
individual time point.A total of ten cells per explants were randomly selected and
manually trackedCentre of each cell was used as the reference point during manual
tracking Only cells that were within the microsdogdield of imaging throughout the
entire time point of imaging were trackedells that were undergoing cell division or

constantlyin closecontact with another cell were excluded in this analysis.

Following manual tracking, results in .txt format showing individual cell track nusnber
slice numbes, and XY coordinatesvere imported into the Migration and Chemotaxis
Tool software (lbidi) for further analyses. The Migration and Chemotaxis Tool software
(Ibidi) allows forthequantification oimean totatrackdistance, meatrackvelocity,and
mean trackEuclidean distancef migrating NCC . Trackvelocity is calculated based on
the equation of velocity = displacement (dx)/ time (dt) using the XY coordinates fro
the cell tracks throughout the entire tifmame Euclidean distance is defined as the

straightline distance betweeheorigin and final destination of a cell track

In addition, raw datasets were gyeganised into the format showing cell identifioati
time frame, and XY displacements across all time points béfeirey imported into
Microsoft Excel. DiPeran open source program opergtunder Excel environment
developed by Gorelik and Gautreau, was used to generate the migration raaplgse
the directionalpersistencef migrating NCCgGorelik and Gautreau, 2018arameters
measured to assess the directional persistenceewfal cresimigration trajectories
include directionality ratio, mean square displacement (MSD), and direction

autocorrelation.

Directionality ratio reports thdirectionality of migration trajectoryguclidean distance
divided by total migration distanceyer time.The values for directionality ratio range
between 0 and 1, witkthe value of 1 correspomag to perfectly straight mgration
trajectory andhevalue of O correspomag to ahighly curved trajectory. MSD takes into
consideration bothvelocity and directional persistence of migration trajectory, and
reflects the surface area explored by cells over {Bwelik and Gautreau, 2014n
contrast, direction autocorrelatioexcludes the potential confounding effects from
migration velocityduring cell directionality analysisaking into consideration ontye

migration angle of cedlwith respect to each othr compare the direction of a trajectory
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to an idealdirection of migrationFigure15). The rate of decay of these curves reflect

thetendencyof cells toturn (Gorelik and Gautreau, 2014)
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Figure 15. Analysis of direction autocorrelation.

Schematic diagram showing a hypothetical migration trajectanpdsing of three displacements. Dut
analysis, the displacemewtctors showing migration paths were normalised to the same length,
vector anglesl) were compared pairwise over time by computing the angle differé)c&esults wer
displayedas the cosine of angle difference. Figure made using Affinity Photo 2 based on th
proposedGorelik and Gautreau, 2014)

3.2.115 Localisation of F-actin at the neural crest leading edge

Fixed neural tube explants were staimeth phalloidin to visualise the localisation of F
actin filaments within ngratoryNCCs.Two equalsized ROIs were selected per explant
and the total number of cells with positive actin localisatiothateading edge were
counted and averaged. For this analysis, both lamellipodia and filopatialeading
edge were considered. Onlgells with continuous expression of actin at both
lamellipodia and filopodia ofhe leading edge were classified as positive for actin
localisation. Cells without actin expression at both lamellipodia and filopodia of leading
edge, as well as cells with lgrspiky expression pattern of actin within the filopodia are

all considered negative for actin localisation.

3.2.116 Cell dispersion

To calculate the distance betweeraighbouring migratory NCCgranial neural tube
explants at 48 hrs pestilturing were analysed using the Delaunay Voronoi plugin of
ImageJto generate the coordinates of Delaunay triangulafbmtaunay triangulation

informsspatial relationships between neighbouring cells by connecting the centre of each
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cell to generate a network ofangles witha defined area. This algorithm offers a more
accurate assessment of celludistancesver pairwise distance measurement between
cells such that the area of triangles directly refleccomprehensive spatial proximity
relationship of cellsvithin the close vicinity.

Two equalsized ROIs capturing only themigratoryNCC populationvereselectedoer
explantand centre of all cells within the ROMere marked for Delaunay triangulation.
Results were then imported into Matlab (Matbrks) for @lculating the areas of all
triangles. Colowcoded 3D Delaunay triangulation diagrams of all ROIs were plotted
based on the area of trianglesedh triangle areas of both RQier explantwere

averaged talefine he final value of each explant.

3.2.117 Spatial proteomics

Initial processing of mass spectrometric raw fdes all preliminarproteomicanalyses
were performed by Dr Fabian Coscia (MDC, Berlin). Brieflgw datasets generated
from mass spectrometry analysis wemnalysed under datiependen and data
independent modeRaw files acquired in datdependent and datadependent mode
were analysed with MaxQuant V 2.4.9.0 dpid\-NN V 1.8.1, respectivelyDemichev

et al, 2020; Prianichnikoet al, 2020) Subsequergreliminaryproteomics data analysis
was performed within the R environment using Perseus V 2(TyBhovaet al, 2016)
Prior to differential expression analygisvo-sided unpaired-test or ANOVA) data
filtering was performed to keep only pratsiwith greater than 70% nanissing values

in at least one groupissing values were imputed based on a normal distribution (width
= 0.3; downshift = 1.8) before statistical analysawing to the fact that even LRP2 was
below the 10% false discovery ea{FDR) thresholdno multiple hypothesis testing
correction was applied. Guiff values were set to P<0.01 and 2 times fold change.
Volcanic plots wereseli-generatedusing Curtain 2.0veb-based tool for visualising
differential protein expression analysesult{Phunget al, 2023)

3.2.12 Statistical analysis

Statistical analyses were performed using Prism 10.1.0 (GraphPad) unless otherwise
indicated. Datasets were tested for normality prior tocimparison of differense

between groupDifferencesbetween normally distributed datasets wassessd with
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unpai r e dttsSttwhedeadifféerénsedor nonnormally distributed datasets were
assessewith the ManaWhitney U test as indicated ithe text and the corresponding
figure legendsFor the number of replicates, n refers to the total number of embryos or
explants, unless otherwise specifiddl.data were presented agant standard error of
mean (SEM)unless otherwise indicated p-value ofP<0.05 is considered statistically
significant.The exact pvalues and number of replicai@® specified inhetext and the

corresponding figure legends.

Figures were made either using Affinity Photo 2 or Affinity Designer 2 softwae.
compari®ns other tharhe size between control antlrp2’- embryos scale bars were
adapted based on the image size for improved visual clarity and consistenclrsihce

"~ embryos are generally smaller in size compared to the cemitmlyos
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CHAPTER 4.
RESULTS






4.1 Characteridang the expression pattern of cell adhesion

proteins during early mouse embryonic development

4.1.1 Claudin 4 is expressed exclusivelyn the non-neural

ectoderm during early embryonic development

Our previous studies highligdd the impairment of cranialeural tubemorphogenesis
and disrupted NE integrity in thep2’ embryogSection 1.2.6.2)The fact that dynamic
remodelling of cdladhesion complexekasa direct influence on successful cranial
morphogenesigrompted investigations into the potential sm&LRP2 in regulating the
expression and localisation apicaljunctional proteins.

TJ proteirs have been reported to mediafgcal constriction and convergent extension
of NE cells during neural tube formatigBaumholtzet al, 2017; Yancet al, 2021) In
particular, CLDN3 and CLDN4 genes which encode for the two different TJ proteins,
claudin 3 and claudin 4, respectivehave beerassociatedvith neurodevelopmental
disorders presentingith phenotypesimilarto DBS patient§Lameriset al,, 2010; Mak

and Hammes, 202470 study thepotentialrelationship between the apically enriched
LRP2 and these TJ protejritie expression patterns of claudin 3 and claudwete
examined in the murine cranial neural folds during early stages of embryonic

development.

At E8.5, daudin 4 was localised specifically to the NNE in both control a2’

embryos. Expression of claudin 4 perfectly colocalised with the NNE mardaqiierin

(Figure1l6 A). Co-staining with ZG1 confirmed that the localisation of claudin 4tfve

NNE was TJspecific Figurel6B , B6, and B66). No obvious d
the expression pattern of claudin 4 between the cranial gfocontrol andLrp2”

embryos at E8.5Higure 16).
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Lrp2" Control

Control

Lrp2”

Figure 16. Claudin 4 is specifically localised to the tight junctions of nomeural ectodern
during early murine cranial morphogenesis.

(A) Representative confocal images of coronal tissue sections from 9 somite (s) stage cohti?:
embryos stained with claudin 4 (CLDN4, yellow) and sm@ural ectoderm marker-&dherin (ECALC
magenta). DAPI (cyan) marks cell nuclei. Overlappingression pattern of CLDN4 and ECAD in b
control andLrp2’- embryos indicates a specific localisation of CLDN4 to the-mewaral ectoderr
independently of LRP2. Scale bar: afh. (B) Frontal view of wholenount control and.rp2” crania
neural folds with immunofluorescence labelling against CLDN4 (magenta) andlZ@yan)
Colocalization signals between CLDN4 and-Z@how a tight junctiospecific expression of CLDN4
the nonneural ectoderm. Scale bar:gthh. ( B6, B66) Hi g h efboxedaegioniinfE
Scale bar: 1(um. Figure was adapted from published wiivkak and Hammes, 2024
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4.1.2 Claudin 3 shows nofunctional localisation in the early

developing cranial neuralfolds

Claudin 3 represents another member of the claudin superfanghpup of structurally
similar proteinghatconstitute the backbone of TJ strandile previous stués have
demonstrad the expression of claudin 3 in the choroid plexus epithelium of mouse
embryos from E13.5 onwardshere was no existing study that ever reported the
expression pattern of claudin 3 in the earlier stages of mouse embryonic development
(Steinemanret al, 2016)

Control

Control
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Lrp2-
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Figure 17. Non-junctional localisation of claudin 3 in the developing cranial neuraffolds
during early stages of embryonic morphogenesis.

(A) Representative confocal images of coronal tissue sections from the 10 somite (s) stage contr
stained with ZG1 (yellow) and claudin 3 (CLDN3, magenta). DAPI (cyan) marks cell nuclerl12€
highly expressed on the apical surface of neuroepithelium whereas CLDN3 is expressed around «
The nonoverlapping expression patterns of -A0and CLDN3 indicate a netight junctionspecific
localisation of CLDN3. Scale bar: %0n. (B) Immunofluorescence dabelling of CLDN3 (magenta) a
the nuclear lamina marker, Lamin B1 (yellow), on the tissue sections of controt@dembryos at 8
Cell nuclei are markedytDAPI in cyan. CLDN3 colocalises with Lamin B1, suggesting its-jumationa
expression in the nuclear membrane during early stages of embryonic development. Scalenbar: £
B66) Hi gher magnificati on i ma gunsFigwe wadbaoapted frc
published worMak and Hammes, 2024
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In this study,the localisation pattermof claudin 3in the cranial neural folds were
compared between control ahgp2’ embryos at E8.5. As opposed doT Jspecific
expression pattern, claudin 3 was deteatesleadat the perinuclear membrane, as
indicated by its overlapping expression with the nuclear lamina marker, Lamin Bl
(Figurel17 B). Nonjunctional localisation of claudin 3 was observed in all cell types of
the cranial neurdblds of both control andlrp2’- embryos, including the NE, NNE, and

mesodermal cell§igurel?).
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Figure 18. Tight junction-specific localisation of claudin 3 in adult and embryoni
mouse tissues.

(A) Colon tissuegrom adult control andCldn3” mice with immunofluorescence labelling aga
claudin 3 (CLDN3, magenta). DAPI (cyan) marks cell nuclei. CLDN3 is highly expressed at th
junction of colon epithelial cell and is absence in the a@iglh3” colon.Scale bar: 5@um. (B) Color
of both E13.5 and E18.5 wiltype C57BL/6N embryos, and salivary gland of E18.5 yioe
C57BL/6N embryos, are marked with DAPI (cyan) and CLDN3 (magenta). CLDN3 lo«
specifically to the epithelial cell border in these regions. Scale bamRFigurewas adapted fro
published worMak and Hammes, 2024

To ensurethat theobservedhonjunctional claudin 3 localisation was rattributedto
non-specific binding of the claudin 3 antibodsglidation was performed on dtlaolon
tissues from both control arf@dn3’ mice, kindly provided by Dr Tilman Breiderhoff
(Chari®, Berlin). Colon represents a region where claudin 3 is highly expressed.
Immunofluorescence staining detectedspécific apical enrichment of claudinr8the

adult colon epitheliunof control mice while the Cldn3’ colon epithelium showed no

expression o€laudin 3(Figurel8 A). To confirm thathe antibodyconferred the same
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specificity during embryonic development, further validation was done on E13.5 and
E18.5 wildtype mouse embryonic tissues, and the regions where claudihighly
expressed were closely examined. In all cases, claudis 3pegifically localised to the
epithelial cell border(Figure 18 B). Of note, a total of two commercially available
claudin 3 antibodies were used aralidated.These results confiradthe specificityof

the claudin 3 antibodies and therefogeealing a potential nejunctional role of claudin

3 during early stages of cranial morphogeneggiependentf LRP2

4.2 A closer look into the role of LRP2 during craniofacial

morphogenesis

Craniofacial abnormalities represent one of the most astonishing phesobgssved in
theLrp2’- mutantsIn our previous works, wieaveyet to provide direct evidence linking
LRP2 to the formation of craniofacial featgderived primarily from the cranial neural
crest To first ascertairif the abnormallyformed craniofacial structures in thep2”
mutants are neural crederived,Sox10®"t Ai14%™ Lrp2*- reporter mouse line was
generatedor genetic lineagearacing of neural crest fatéinder the regulation ahe
Sox10 promoter, Sox10®"t Aj14%™ reporter mice express Cre recombinagais
enzymeexcisesthe stop codon upstream of ttlromatogene, leading to the robust
expression of the red tdTomato fluorescent protein in all S@¥tived lineages.

SOX10 is one of the most commonly used neural crest markers.

4.2.1 Craniofacial abnormalities are attributed to abnormal

cranial neural crest dewlopment

Lineagelabelled NCCs in the cranial region of control &mp2”- embryosisolated from
the Sox10®"t Ai14%™ Lrp2*- reporter mouse line, were visualised and compared at
E13.5. Analysis of these embryos confirmed théte neural crestcontributed

substantially to craniofacial structur@sgure19).

In control embrys, the cranial neural crest contributeto the proper formation of
frontonasal prominence, maxillary processesd mandibular processesvhich
altogethergave rise tawvell-aligned craniofacial structurgsigure 19). The g/es were
also properly formedn all control embryogFigure 19). In contrast,Lrp2’- embrycs

presentedsevere craniofacial anomalies includimgdened frontonasal prominence,
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flattened rostrumhypoplastic maxillary processes, as wellad-facial clefting through

the snout and ligFigure19). Additionally, loss of LRP2 also resultedtime absence of

eye structurg(Figurel9). Altogether, theséndingsdemonstrate thatysregulatedNCC
developmentausesbnormal formation of craniofacial features, and raise the hypothesis
that endocytic receptor LRPghay havean important role in the regulation pfoper

cranial neural crest development during craniofacial morphogenesis.

Control

Figure 19. Loss of LRP2 leads to abnormal development of neural creserived
craniofacial features.

Representative images of control dng2”- embryos at E13.5 from lateral and frontal views. Both b
field and SOX18%tdTomato (red) channels are showm2’- embryos show flattened rostrum, wide
frontonasal prominence (FNP), and hypoplastic maxillary processes (MX). Additionallyfacia
clefting (yellow arrowheads) and bilateral cleft lip (white arrowheads) are observed. Asterisks
absent eye structures limp2”- embryos. Scale bar: 1 mm. FB: forebrain; FNP: frontonasal promit
MX: maxillary process; MD: mandibular proge

4.2.2 LRP2 is expressed in there-migratory, delaminating,

and early migrating cranial neural crest cells

To further explore the role of LRP2 durirmganial neural crestievelopmentLRP2
expression within the CNCC populationasvassessed acrossultiple embryonic
developmental windows. The commonly knongural cresmarker, SOX10generally

becomes detectable at the murine NPB ftbm3 i 4 somite stage onwards, when a
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small population of NCC has successfully umgere the process of neural crest
induction and specification. Expression of SOX10 persists in GNECCs when

delamination and migration commence.
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Figure 20. Expression of LRP2 in cranial neural crest cellsicross severaearly embryonic
developmental windows.

Representative images of control cranial neural fold sections stained with LRP2 (yellow) and
(magenta) during (A, B) prmigratory anddelaminating, (O F) delaminating and early migrating,
(G 1) late migrating phase of cranial neural crest cells (CNCCs). Arrow in (l) indicates the ber
neuroepithelium towards dorsal midline at the dorsolateral hinge point. Scale lpan. &8Di L) Zoom
insets of D, H, and |, showing the gradual loss of LRP2 expression within CNCCs across er
developmental stages. Scale baryb@

At E8.07 E9.0, LRP2 was highly expressed on the apical surface of NE, NPB, and NNE
cells (Figure20). Co-staining with SOX10 confirmed that LRP2 was also expressed on
the apical surface of pmaigratory NCCs residing within NPB from 4s onwa(Figure

20 ATF). As NCCs began to delaminate and migrate from the NPB, LRP2 remained
detectable on their plasma membré@rigure20Bi H, J, K andrigure21). At 12s, when

the neuroepithelium likbeen uplifted to prepare for NT closure, NCCs were still positive
for LRP2 expression but the signal became much weaker compared to the earlier
developmental windowéFigure20 H, K). When the dorsolateral hinge polrdd been
formed at 14s, expression of LRP2 was no longer visible within NE@are201, L).
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Figure 21. LRP2 is expressed on the plasma membrane of cranial neural crest cells.

Immunofluorescence staining of 9s control cranial neural fold sectjaimst SOX10 (magenta), wh
germ agglutinin (WGA, cyan), and LRP2 (yellow). WGA is a plasma membrane marker that rec
the glycoproteins on cellular membrane. Colocalization between LRP2 and WGA indicates that
present on the plasma membraf@eural crest cells. Scale bar: [1@.

4.3 LRP2 is required for proper murine cranial neural crest

cell integrities during early embryonic development

Neural cresterived craniofacial abnormalities observed in thp2”" mutantsand
positive LRP2 expression within CNCCs during its initial stages of development
provided strong hints of RP2 being an important player during cranial neural crest
development. Tinterrogatenvhether this assertion holds trassomprehensive look into

the CNCC behaviours and dynamibgtween control and Lrp2’ embryos were

conducted.

4.3.1 Loss of LRP2 leads toan expansion of neural crest

territory in the developing cranial neural folds

Given that LRP2 is expressed@NCCs during early stages of embnic development,
neural crest domains of control andp2’” embryos were carefully scrutinised.
Comparedo control embryos, E8.Erp2” embryos showedn aberrant accumulation
of NCCs in the dorsal developing cranial netfioéds, as illustrated by thgreater number
of SOX10 cells that remain localised in this regi@ffigure22 A).

During early migration phase of NCCsi(®s), around 17% of cells in the cranial neural
folds of control embryos were SOX1QFigure22 B). As NCCs developeflirtherand
migrated(107 15s) the total number of SOXIQells localised in theontrol cranial

neuralfolds was maintainedelatively constant at about 18% of total cell co{figure
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22 B). There was nappreciablalifference in the totahumber ofSOX10 cells within
the developingcranial neurafolds between early and late migration phase of N@Cs
the control embryof = 0.3580)suggesting thahe neural crest territory wasecisely
regulated at all embryonic developmental time pdiRigure22 C).

Early migration phase Late migration phase
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Figure 22. Lrp2” embryos showan expansion of neural crest territory in the developin
cranial neural folds.

(A) Representative images of developing cranial neural folds from contralrpd embryos at 7s ai
10s, fluorescently stained with SOX10 (magenta). DAPI (cyan) marks cell nuclei. Compared tc
embryos,Lrp2” embryos show augmented neural crest domain in the developing cranial neul
during both early and late neural dresigration phase. Scale bar: ffh. (B, C) Quantification of tt
SOX10 cell count relative to total cell count in the developing cranial neural folds of contralrpd
embryos during early and late migration phases. Data presented as steadarcerror of mean (SEM
Each dot represents averaged SOXdI count (% DAPI) per embryo. Early migration phase denc
i 9s whereas late migration phase denoteg 18s. Control: n = 18 in early migration phase; n =1
late migration phasé.rp2”’: n = 17 in early migration phase; n = 10 in late migration phase. **P-
***P<0.001; ***P<0.0001;ns,nors i gni fi cant, basadtstson unpai:t

Regardless of theeural crest migration phadap2’- embryos consistently exhibited a
significantly greater SOXICcell count in thalevelopingcranial neurafolds compared
to control embryogFigure22 B). Strikingly, thetotalnumber of SOXQ" cellslocalised

in the developingcranial neurafolds of Lrp2” embryosincreased significantly from
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around 25% to 34% dhetotal cell count between early and late neural crest migration
phasgFigure22 C). These esults suggest an aberrant expansion of cranial neural crest
domainfrom the early onset of NCC developmeattributableto the loss of LRP2

function.

4.3.2 Loss of LRP2 does not alterthe proliferation rate of

cranial neural crest cells

One possible explanatiorior the expanded cranial neural crest territoryLip2”
embryosis an increased rate of proliferation among CNCKesinvestigate this, NCCs
in the developingranial neural foldsf both control and.rp2”’- embryos werassessed

for the expression of cell proliferation marker, Kigfgure23 A).

At E8.5 the number of cells that were double positive for SOX10 and Ki67 uhottsal
developing cranial neurélds of control andLrp2’- embryos were similar, revealing no
significant difference in the CNCC proliferation rate (P = 0.6@6#ure23 C). In both
genotypes, approximately 6% of SOXMNCCs were proliferatingt this stage of cranial
morphogenesigFigure 23 C). These findings suggest that the expansioth@tranial
neural crest domain following the loss of LRI not due toan increased NCC

proliferation.

4.3.3 Cranial neural crest cells in Lrp27’- embryos show

enlarged cell surface area

While assessinghe neural crest domains between control a2’ embryos, one
visually noticeable difference walsat NCCs oLrp2” embryos exhibi&da greater cell
surface area. To confirm this, cranial nedcddis of control andLrp2”-embryos at E8.5

wereco-staned for SOX10 and plasma membrane marker, WGA.

Since WGA recognises glycoproteins expressedhertellular membrane, measuring

the area occupied by WGA in the SOXXlls would inform the overall cell surface

area of NCCsUsing Imaris Cell software the plasma membrane of each NCC was
outlined with the buikin algorithm, and themhe threshold was manually adjusted to
measurghecell surface areéFigure23 B). Data from control antirp2”- embryos were

subsequently compar e d-testsdnderdjquantitafiva analgsid St ud e n
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affirmed the hypothesis that there aspositive enlargenm of CNCC surface area in

Lrp2’- embryos compared to control embrygyure23 D).
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Figure 23. Comparisons of cranial neural crest cells between control andp2” embryos
reveal anincreased cell surface area but nathe proliferation rate.

(A) Representative images of cranial neural folds from the 8s contrdlrp@dt embryos labelled wif
SOX10 (magenta) and cell proliferation marker, Ki67 (yellow). Scale barnb@B) Colourcoded mag
of the neural crest cell (NCC) plasma membrane naavkigh WGA (yellow) on the cranial neural fc
sections of control antdrp2’- embryos. Coloucoded map was defined based on surface arbeCafs
In the situation where segmentation failed to capture one complete cell, manual addition or subt
surface area was performed (refer to Section 3.2.11.3 for detailed explanation). Scé&leutmar{C)
Quantification of Ki67 and SOX10 double positive cell count in the developing cranial neural f
control andLrp2’ embryos. Data presented as meatandard error of mean (SEM). Each dot repre
averaged date per embryo. Control &mp2”:n=5.ns,nois i gni fi cant, bas et
tests. (D) Quantification of NCC surface area. Data presented as violin plots, in which dastdshibi
median values whereas dotted lines denote interquartile ranges. Control: n = 1042 cells from ten
Lrp2: n = 841 cells from eight embrydsts. ****

4.3.4 Loss of LRP2 leads t@an abnormal expressionpattern of
cell adhesion molecud cingulin during early cranial

morphogenesis

The praess of cranial morphogenesis during early stages of embryonic development

involves a dynamic remodelling of cell junction components to suit different cellular
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needsduring specific developmental windows. While explorihg potential role of
LRP2 in reglating the function and localisation of apical junctional proteins,Tithe
scaffolding protein cinguliemergedas one of the top candidates due to their specific
localisation to the cytoplasmic domain of THat serve a link with the cytoskelet{@iti

et al, 2012) Cingulin is not required for the structurabintenance of TJs, but rather
serves a regulatory role on the TJ functions thratsylirect interaction withmyosin
and actin filaments, as well as the Rho family GTPases including Racl and(®itioA
et al, 2012; Guillemott al, 2004; Niessen, 2007)

Neuroepithelium Neural crest cell

Control

Lrp2”

Figure 24. LRP2 is necessary for the spatiotemporal regulation of cingulin expression.

Representative images showing the neuroepithelium and neural crest cells (NCCs) from the crar
folds of 8s control antlrp2”’- embryos stained with cingulin (CGN, yellow) and SOX10 (magenta).
(cyan) marks cell nuclei. The neuroepithelium and NCCs of control embryos show a complete al
CGN expression at 8s. Wherdag2’- embryos at this stage show strong expressfoBG@N in bott
neuroepithelium and NCCs. Scale bar: 0 (neuroepithelium panel); 30m (NCC panel).

Cingulin has been related to the ectopic expansion of CNCC domelrick embryos

owing to thei responsibilities inthe regulation ofneural crest delamination and
migration (Wu et al, 2011) To assess this from the perspective of murine CNCC
developmenttheexpression pattern of cingulin wasamined in the cranial neural folds

of control andLrp2’ embryos at E8.5Consideringhow cingulin shows a specific
spatiotemporal expression pattern during early stages of embryonic development, only
the early stages of NCC formatiavhere both delamination and migraticare still

extensively in progress weexamined Fleminget al, 1993; Wuet al, 2011)
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Strikingly, a global absence of cingulin was observed in the cranial neural folds of control
embryosat around 8 9s, coinciding with the delaminating and early migrating pluds
NCCs (Figure 24). Conversely, cingulin was strongly expressed in the cranial neural
folds of Lrp2”- embryoswithin the neuroepithelium, NPB, and cranial mesenchyme
including the NCCs during this time poffigure24). These findings suggest that LRP2

is likely involved inregulating the specific spatiotemporal localisation pattern of cingulin

duringtheearly stages of cranial morphogenesis.

4.4 Adequate cranial neural crest fate requires the function of
LRP2

Given thatthe expandedtranial neural crest territoiiy Lrp2”’- embryos washownnot

to be a downstream effect of increased CNCC proliferation, more elaborative
investigations into the process of cranial neural crest developfodotved. As
introducedin Section 1.3.2, before NCCs can commit to their ffaté at the targeted
destinations, a stepisedevelopmental eventseed to take place ftine transformation

of NE cells intothe presumptive NCCs thaire ultimately specifed to delaminate and
migrate away from the NPBLhe expanded neural crest domaisservedin Lrp2”
embryos during botthe early and late migration phasked to the hypothesithat the
probable impairmentsare most likely to arise during the initial phases of NCC

development.

4.4.1 Loss of LRPZ2causes aberrant localisation of neurbcrest

cells within the neuroepithelium

As neural crest development is a multistep event, the expression of appropriate markers
during the precise developmental windogsrequired toensure a specific cellular
commitment to the neural crest fa@verthe past decades, extensive stugiesformed

to better understand the developmental potential of neural crest have successfully
identified numerousmarkers that act in precise temporamanner to regulate NCC

formation.
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Control

Figure 25. Aberrant localisation of neural crest cells within the neuroepithelium ofLrp2™”
embryos.

(A) Representative images of coronal sections from the 9s contrdlrp@t embryos, showing the
respective neural plate borders (NPBs) stained with the neuroepithelial marker, SOX2 (cyan), ¢
the neural crest markers, TFAP2 (yel | ow) an dLi20etmbrgos shomengueahctest ¢
(NCCs) that also cexpress SOX2, suggesting their aberrant localisation within the neuroepitl
(arrowheads). Scale bar: pf. (Bi E) Co-staining of the (B, C) prenigratory markersTFAP20  ( y ¢
and SOX9 (magenta), as well as the (D, E)-mpigratory (SOX9, yellow) and igratory (SOX1C
magenta) NCC markers, on the 8s control laq®’ cranial neural foldsDAPI (cyan) marks cell nucle
Scalebar:2®@m. (B6, C6) Zo oRAP2In snatr k so ft-migrataeyaNECpriopt
their expression of SOX9 (dasheiicles). Scale bar: 10 m. (D6, E6) Zoom i
expression precedes SOX10, being positive also in thmgetory NCCsScale bar: 1qm. Arrowhead
in A (Lrp2” panel) Cé and EO® denote the NCCs euroepitheliure
Dashed circles in A, B-ihigratady®NCCsD6, and EO® der
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During early stages of embryonic development, NE cells can be defined based on the
expression of SOX2. Following neural crest induction, a defined population of ME cell
localised at the region between neural ectoderm and NNE upregul&eptiession of
specificmarkers such as PAX3/7 antlA/2 to demarcate the NPB. Presumptive NCCs
subsequently upregulatbe pre-migratory and migratory neural crest markers which
progam them to eventually leave the NPB. In mouse, theateitacterised neural crest
markers including TFAR2 SOX9, and SOX10, share a largely overlapping expression
domain during early cranial morphogenesis. While all markers are positive in migratory
CNCCs, TFAP2)and SOX9 precede SOX10 expression, being @iesentn the pre
migratory CNCCs(Chazaudet al, 1996; Keulset al, 2023) Notably, TFAP® i s
initially also expressed throughout the NNE.

Upon examining multiple markers involved in early neural crest development, a peculiar
localisation of NCCs within the neuroepittum of Lrp2”- embryos was noted. At E8.5,
control embryos showed the presence of TRAR#hd SOX10 NCCs only at the very
lateraledge ofcranial neural foldcoinciding with where the NPB would normally arise
(Figure25 A). During this time point, some SOXeells in the control NPB began to
upregulateTFAP20 expressiondelineating the prenigratory NCCs(dashed circles in
Figure 25 A, control panel) Moreover, cestaining of TFAP20 and SOX9, as w
SOX9alongsideSOX10, supported that NCC progenitors upregulageexpressions of
TFAP2U SOX9, and SOX10 in an orderly fashi@figure25B , B 0 ,. Irrd3pecties )

of whether the cells were single or double positive for these neuralntaekers, they
were only spotted at tHateral tipsof thedeveloping cranial neural fold&igure25 B,

B6, D, D6).

In contrast, a notable numbertAP2J and SOX10 doubl émpdositiv
I developing cranial neuréblds alsoshowedco-expres®on of SOX2 Thisindicakesthe

unusual localisatioof these NCCsvithin the more inward domain of neuroepithelium,

away from the lateral edg@rrowheads irFigure 25 A). Remarkably, there were a

greater number of cells subjected to neural crest fate arp2é NPB compared to the

contrd NPB, as illustrated by the greater number of adbigwere positive foT FAP2U

and/or SOX10 expressioffFigure 25 A, Lrp2’ panel) As in the control embryos,

TFAP2ZU and SOX9 functioned upst r emigmtory f SOX1
NCC population(Figure25 C , C 0 , Hotwever, goiparedo the control embryos,
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Lrp2’- embryosexhibited an increase in the size tfie premigratory NCC domain,

extending inward from thiateraledge of the neuroepitheliurigure25C, C©&6 , E,

Taken together, these findings suggest tG&ICCs aberrantly localise within the
neuroepithelium olLrp2”- embryos due to the expansion of the-prigratory NCC
domain, providing a reasonable explanatifor the augmente®OX10 neural crest
territory observed. This reflects thaRP2 is involved in the decision of definimgrly
neural crestate,which in turns influencgthe size of neural crest territesin the doral

developing cranial neural tube.

A |t _|__so T

,,
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Control

Lrp2-

Control

Lrp2*

Figure 26. Lrp2” embryos show an ectopic expansion of the neural plate border.

(A, B) Representative images of the cranial neural folds of contraligg®d- embryos at 9s from the (
midline of anteroposterior axis and (B) the rostral end, stained fluorescently with SOX2 (cyan
(vellow), and SOX10 (magenta). White dashed lines mark the PAX7 positive domain wit
neuroepithelium. Scale bar: 8dm. ( Ad, A6 0, tsBobA andBB)@oviding a daser loak
the neural plate border (NPB) of both control ang’- embryos. Scale bar: 20n. On the left, schemat
diagrams of E8.5 embryo with sectioning planes marked by magenta dashed lines are shown
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4.4.2 The expasion of the premigratory neural crest domain
in Lrp2”- embryos is due to the ectopic expansion of the neural

plate border

Since NCCs are derived from the NPB, one might ask if the expansion of the pre
migratory NCC domain arises from the impairment oBN\#pecification. To assess this,
immunofluorescence staining against the NPB specifier, PAX7, was perfddmealg

murine neural crest development, the expression of PAX7 is detectable at the lateral tips
of the developing neural folds from E7(Murdoch et al, 2012) By E8.5, PAX7
expressionpersists at the lateral tips baktend also into the cranial mesenchyme,
marking a small population of celleatrepresent the neural creshportantly, PAX7
expression during this developmental time pastabsentn the region where the

prospective forebrain would devel@aschet al, 2006; Mansourét al, 1996)

In this work, the expression pattern of PAX7 within the E8.5 cranial neural folds of
control embryos coincided with previously reported findir{gesteset al, 1990;
Mansouriet al, 1996; Murdoctlet al, 2012) Coronal sections frorhoththe rostral end
andthe midline of the anteroposterior axis showed positive PAX7 siyoially at the
lateral edges athe control cranial neural fold§~igure26 A,  A,6 , BN&8Cs within

the cranial mesenchyme were also positive for PAX7 exprefSigare26 A, B).

While Lrp2’- embryos also showed PAX7 expression at the lateral tipiseafranial
neural folds and within the NCCs, therasan overall expansion of tieAX7" domain

within the neiroepithelium(Figure26 A, 6ABS, Bsinda) to the expanded pre
migratory NCC domain observetio confirm these results in a quantitative manner, the
region of positive PAX7 expression within the neuroepitmelivas manually outlined,
marking the areaontainingany PAX7 cell (Figure27). The area othe PAX7" domain

was then normalised to the total neuitiggdium area for a valid comparison. Of note,
the left and right NPBs of each embryo were considered individually during the analysis.
Statistical analysis revealed marked disparity between the total P&Xa within the
control andLrp2” neuroepithelim at E8.5, with_.rp2”’-embryos showing a significantly

greater PAX7 areaverall (Figure27).

So far, the reported findings convey thd&P2 has a critical rolen defining cranial

neural crest fate, starting from the phase when the decision to specify the domain of NPB
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is neededSince NPB represents the home of neural crest, an ectopic specification of
NPB would alsdnfluence the subsequeNICC specification and hence the abnormal
augmentation of the pmaigratory and migratory neural crest territorserveadvithin

the dorshdeveloping cranial neural tulmé Lrp2”- embryos
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Figure 27. Quantification of the PAX7 positive domairs within the neuroepithelium of
control and Lrp2” embryos.

Immunofluorescence staining against SOX10 (magenta), SOX2 (cyan), and PAX7 (yellow) de
neural crest, neuroepithelium, and neural plate border (NPB) territories, respectively, on the cran
fold sections of 9s control aridp2’ embryos. Wite dashed lines represent the area manually ou
for quantification. PAX7 positive domains are marked from the lateral edges of neuroepitheliu
regions where the innermost PAX@ells are present. Statistical analysis using the unpaired Shug
tests shows a significant expansion of the NPB domain within the neuroepithelim2df embryos
Data presented as mearstandard error of mean (SEM). Each dot represents averaged data of tt
NPB from either the left or right side of eaembryo. A minimum of two sections were quantified
embryo, and the results from all left/right NPB of each embryo were averaged to generate the
represented by the dots in the graph. Control: n = 18 NPBs from nine E8.5 enhlpp@ds;n = 12NPB
from six E8.5 embryos. ****PpPtgeBts.0001, based

To gain a moreomprehensive viewf the NPB andNCC territoriesduring early cranial
morphogenesjsvholemount immunofluorescence staining was performed on the E8.5
control andLrp2”- developing cranial neur&lds. Supporting the findings frorsection
staining,control embryos displayed a very specific, discrete NCC territongkput
intermingling with the adjacent neuroepithelium domain where the future brain will form
(Figure28 A, B). TFAP2J also nicely labelled the NNE cells in additiontte NCCs
(Figure28 A). From the lateral view, PAX7 clearly delineated the NPB, showing a clear
downregulation at the region where SOX2 was highly enrickegle 28 B). Aside

from that SOX2 formed a gradual weakening expression pattern towards the area where
SOX10 NCCs occupiedRigure28 B). The specific expression pattern of these markers
indicates welldefined territories of neural crest, NPB, NE, and NNE cells when LRP2

function is in place.
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Figure 28. LRP2 helpsto properly define the territories of neural crest and neural plate
border.

(A) Representative images showing the whaleunt cranial neural folds of 7s control dng2”- embryo:
from the anterior view. Embryos were labelled with TFARRyan), SOX9 (yellow), and SOX
(magenta). Arrows indicate the migration pattern of the cranial neural crest cells (CNCCs). Arrow
theLrp2” panel indicate the NCCs that aberrantly localise within the presumably neuroepithelium
Scale bar50 um. (B) Representative images showing the wimtint cranial neural folds of 8s con
andLrp2” embryos from the lateral view, with immunofluorescence labelling against SOX2 (cyan)
(yellow), and SOX10 (magenta). Note the gradually weakeeipgession pattern of SOX2 towards
SOX10 territory and the clear downregulation of PAX7 at the SOX2 enriched territory of the
embryos. In contrast, these specific expression patterns are lost ip2teembryos. SOX1ONCCs alsi
stronglylocalise in a more dorsal aspect of the developing cranial neural fdldsdf embryos compare
to control embryos. Arrowheads in thep2’- panel indicate the NCCs that aberrantly localise withii
presumptive neuroepithelium domain. Scale bar: 490

On the wholemount level,Lrp2” embryosexhibitedan even more obvious ectopic
expansionof the NCC and NPB territories. Firstly, a remarkable number of both pre
migratory (TFAP2J and/or SOX9) and migratory (SOX10 NCCs were spotted to
localise aberrantly within thpresumab)} neuroepitheliundomain from both anterior
and lateral viewgFigure28 A, B). PAX7 epression did not show clear downregulation
at the anterior forebrain regiomhere SOX2 was enriched and failed to specifically
define the appropriate NPB domélifigure28 B). Besidesthere was a weakening of the
SOX2 downregulation gradient towards the NCC terri{étigure28 B).

Strikingly, there was astrong aggregation of SOX1@ells at the relatively more dorsal

regionof the Lrp2” cranial neurafolds, as visualisedrom the lateral viewFigure28
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B). Along with this, there was seeminglyless dorsato-ventral but more laterato-
medial oriented NCC migration patteffrigure28 A). Taken together, considering that
CNCCs migrate dorsoventrally, these observatsuggest dikely additionaldisruption

of NCC dynamics in the absence of LRP2.

4.4.3Loss of LRP2 is associated with annicreased epithelia}

to-mesenchymal transition

Originatingfrom the NE cells, the prospective NC@wdergo EMT to acquire the abylit

to delaminate and migrate from the NPB. As sacuccessfuUEMT progressiomlictates

the formation of the migratory NC@omainandits subsequent migratory capacity. The
ectopic expansion of the pmeigratory and migratory NCC domains, as well as the NPB
observedn Lrp2’” embryoswarrantedan investigation into the general EMT status of
the cells within the neuroepithein.

EMT involves drastic changes in cellular behaviours, accompanied by the
downregulation of epithelial markers and upregulation of mesenchymal markers that
enhance cell motility and invasiveness. To examine whether the loss of LRP2 also affects
EMT progression, immunofluorescence staining was performed on the cranial neural
fold sections of control antrp2” embryos to evaluate the expression pattern of the

mesenchymal marker, vimentin.

Within both control and_.rp2”- headfolds, vimentin was strongly@essed within the
cranial mesenchyme during E8Fdure29A). In control embryos, vimentin expression

was detected only at the lateral edges across the entire lining of the neuroepithelium,
coinciding with the NPB region where EMT is expectétgre 29 A). The plotted
vimentin intensity profile revealed no signal above the detectable threshold within the
control neuroepithelium at the site where epithelial fate needs to be mainfigec (

29 B), suggesting a spatiotemporally regulated promotion towards mesenchymal fate.
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Figure 29. LRP2 is involved in the spatiotemporal reglation of epithelial-to-mesenchyme
transition.

(A) Cranial neural folds from the control ahtp2”~ embryos at 11s stained with SOX10 (magenta
vimentin (cyan). Zoom in to the boxed regions on the left panel are shown on the right panel. Arr
denote the NCCs that aberrantly localise within the expanded neural plate border (NPB) dampr
neuroepithelium (NE). Scale bar: %0n (neuroepithelium panelt0 um (NPB panel). (B) Vimenti
intensity profiles of the whole neuroepithelial lining of control &ng”’- embryos. (C) Quantification
the vimentin positive area within the neuroeglithm of control and_rp2”- embryos. Data presentec
mean + SEM. Each dot represents averaged data per embryo. Control:Lmp2/7Z;n = 6. **P<0.01
based on unptdests. ed Student 6s

In contrastthe vimentin signal wagsbove the detectable #shold not only at the NPB
but also in the proper NE lining closer to the dorsal midlingp2’- cranial neural folds
(Figure29 A, B). Statistical analysis confirmed a significantly greater vimentin positive

area within the NE lining ofrp2”- embryos relative to control embry@Sigure 29 C).
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Additionally, vimentin expression appeared strongethe lateral tips of therp2”

cranial neural folds compared to control, presumably due to a greater number of cells
undergoing active EMT(Figure 29 A, B). The intensity profile of vimentin also
supported an expanded NEBmainwithin the Lrp2’- neuroepitheliumasreflected by

the wider distance from the lateral edges of the neuroepithelium with high peaks of

vimentin signalFigure29 B).

Interestingly, NCCsthat aberrantly localised within thexpanded NPB oLrp2”
embryos were positive for vimentin expression, indicatirmn acquisition of
mesenchymal fate whickubsequenthalso enables these cells to delaminate from the
region where normally only epithalifate is preserfarrowheads ifrigure29 A). Taken
together, these results imply that LRP2 not only govamadequate transition to the
neural crest fate, bug potentially also involved in regulating their overall dynamics and

behaviours.

Another typical hallmark of EMT is trewitch from Ecadherin tdN-cadherirexpression
within the neuroepithelium. Numerowgsudies in mouse, chicken, aXeénopushave
demonstrated that-Nadherin is expressed the neural plate and cranial mesenchyme,
but is absent in the NPB and NNE during early stages of cranial morphogenesis
(Nakagawa and Takeichi, 1998; Rogetal, 2018; Tondeleiet al, 2014) Specifically,

the downregulation of Madherin at the NPB is critical to allow treiccessful

delamination of NCCs.

Toinvestigatahis, the expression profiles oftdhdherin between the cranial neural folds
of E8.5 control andLrp2’ embryos were comparetlo discernible distinction of N
cadherin signal intensity was observed in the neuroepithelium and NCCs betmteh
andLrp2’- embryos(neuroepithelium: P = 0.3619; NCC: P = 0.283ig(re 30). At
first glance, there was also no difference in the expression patteroauftiérin observed
(Figure30).
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Figure 30. LRP2 does not affect the expressiolevel of N-cadherin during early cranial
morphogenesis.

Representative images showing the expression-cdidtherin (NCAD, magenta) within the entire cra
neural folds (left panel) and neural crest cells (NCCs) (right panel) of contralrpd embryos at 11
DAPI (cyan) marks nuclei on the left panel ¥eh8OX10 (yellow) marks NCCs on the right panel. £
bar: 50um (neuroepithelium panel); 18m (NCC panel)Quantification of mean NCAD intensity witt
the neuroepithelium and NCCs are also shown. Data presented astr8é&di. Each dot represe
averagd data per embryo. Control ahdp2”’: n = 8 for neuroepithelium; n = 6 for NCCs. ns, #
significant, basdtkstson unpaired Studentds

A closer look into the NPB however identified an impairedadherin downregulation

at the NPBof Lrp2”- embryos Figure31A). At 11s,severabf NCCs were delaminating
from the NPB of control antlrp2” embryos (arrowheads iRigure 31 A). While the
NCC at control NPB had successfully downregulatedaherin to detach from the
neuroepithelium, those NCCs at thg2”- NPB retained the expression ifcadherin
(Figure31 A). A disoriented organisation of microtubules was also noticédealNPB

of Lrp2”- embryos(Figure31 A). Intriguingly, a positive Ncadherin expression within
the NNE ofLrp2’- embryoswas also spotted upon detailed examinations at a higher

magnification(Figure31 B).
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In conclusion, all findings reported in ghgectiorhighlight that LRP2 is responsible for

a complete EMT progression to prepare NCCs for their subsequent delamination and
migration. The loss of LRP2 function results in a state that promotes the mesenchymal
fate within the neuroepithelium bgsbomdiow fails to induce the proper features that
ensure a smooth delamination of NCCs at the NPB. Nevertheless, this does not
completely hinder NCC delamination, as majority of the NCCs do delaminate and

migrate in theLrp2”- embryos
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Figure 31. Loss of LRP2 impairs the typical features of the neural plate border and no
neural ectoderm needed for a proper cranial morphogersis

(A) Immunofluorescence staining of acetylated tubulin (Ac. Tubulin, cyanyadherin (NCALC
magenta), and SOX10 (yellow) at the neural plate border (NPB) of contrdlrp@? embryos at 11
DAPI is shown in grey. NCAD is downregulated at the control NPB but not atpleé NPB. A disrupte
microtubules organisation is also seen al#ip2’- NPB. Arrowheads denote the delaminating neural
cells at the NPB. Arrows ithe Lrp2”- panel denote positive NCAD expression within the-neaora
ectoderm (NNE). Scale bar: $on. (B) High magnification images showing the NNE region from co
sections of 11s control ahdp2’- embryos. Ecadherin (ECAD, cyan) delineates tKBIE in both contrc
andLrp2’”- embryos. NCAD (magenta) expression is absence within the NNE of control embryg
presence within the NNE &frp2”- embryos. DAPI (grey) marks cell nuclei. Scale barph®
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4.5 Migratory behaviours of cranial neural crest cells are

governed by the function of LRP2

To evaluate whether LRP2 influences the migratory dynamics of NSGx] @t
reportermicethatenableall NCCs with transcriptionally activBox10expressioro be
fluorescetly labelledwerecrossed with th&rp2- miceto allow thetracking of NCC

migrationin both control andL.rp2’- embryos

At E9.5,the endogenou§FP signad in the control and.rp2’ embryosendorsed the
findings that have just been described above, supporting impairediif@@ics during

early cranial morphogenesis when the function of LRP2 was abolished. Among control
embryos, the GFP signal wasenly distributedaround the optic vesicle within the
forebrain region at 16@=-igure32 B). The signalwithin the developing forebraithen
showed a gradual weakening pattes) embryos reached 20s and subsequently 25s,
indicating a sequential downregulation of SOX10 expressi® NCCsreachedthe
designated locations amegan to differentiatmto specific cell lineage@-igure32A i

C).

Control Lrp2*-

Figure 32. Sox10™" Lrp2*" reporter mouse line supports an impaired cranial neural cres
cell dynamic in theLrp2” embryos.

(AT F) Lateral view of the control andp2’- embryos isolated from tH&ox16™* Lrp2*'- reporter mous
line during E9.5. Scale bar: 2@0n. (A, D) Both bright field and GFP channels are shown for the
embryos. (B, C, E, F) Only GFP channel is shown for the embryos from (B, E) 16s and (C, F) 25
in (D) denotes an open neural tube inltng2’- embryos. Arrowheads in (D, E) denote theshapé like
GFP signal. TEL, telencephalon; OPV, optic vesicle; PA, pharyngeal arch; OV, otic vesicle.
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Now looking at theL.rp2’ embryos during 16s, while GFP signal was also enriched
around the developing optic vesicle, they exhibited a kind-sti&ped pattern rather than
being evenly distributegarrowhead irfFigure32E). AsLrp2’ embryos reached 2abe
U-shaped pattern GFP signal persisted, #aede was no apparent downregulation of
SOX10 expression within the forebrain region, unlike what was observed in the control
(arrowhead inFigure 32 D). At 25s,the GFP signal diminished within the developing
forebrain ofLrp2”- embryos However,the remaining signadomehowappearedon-
uniformly distributedand also showed an invasion into the presuynaiiic vesicle area
(Figure32F).

Thus,the examination of SOXI@GFP" embryos provides further evidensepporting

the initial hypothesis that LRP2 is an important player in the regulation of CNCC

dynamics.
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Figure 33. LRP2 regulates cranial neural crest cell migratiorex viva

(A) Cranial neural tube (NT) explants prepared from the E9.5 controLgu®!" embryos at 24 hr aft
culturing. White dashed lines denote the explanted neural tube tissues; cyan dashed lines repres
occupied by the prenigratory neural crest cells (NCCs); magenta dashed lines mark the reg
migratory NCCs (mNCCs). &te bar: 500um. (B) Quantification of the total NCC outgrowth &
normalised to the area of explanted tissues. Data presented as mean + SEM. Each dot represents
data of each explant. Control: n = 21p2”: n = 14.**P<0.001, based on unpaie d S t tdedt.e n
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4.5.1 Loss of LRP2 leads to reduced outgrowth area of

migratory neural crest cellsex vivo

To investigate the role of LRP2 during CNCC migratier, vivocranial neural tube
cultures were prepared frof8.5 and E9.8ontrol and_rp2”- embryos othe Sox1@™"

Lrp2*'- reporter mie. The explants were cultured on the fibronectiated dishes for 24

hrs to allow sufficient NCCs to leave the neural tube tissues and start migrating before
imaging (Section 3.2.7)Due to an insufficient number of E8.5 explants that survived
imaging, aly time-lapse videos from the E9.5 explants were quantified and presented

below.

By 24 his, NCCs have emigrateflom the explanted tissuesith the premigratory
NCCs forming a continuous dense, epithdile sheet around the explanted tissues
while the migratory NCCs form an outer rir(§rigure 33 A). Quantitative analysis
comparing the total outgrowth area of NCCs between coaindlLrp2” explants
revealed a significant reduction in the area occupigtldCCs in the absence oRP2
(Figure 33 B). For this analysisthe area occupied by both the jngyratory and
migratory NCCs was included and normalised to the area of flarg&d tissues for
comparison. These results provide an initial hint that LRP2 is potentially involved in the

regulation of NCC migration.

4.5.3 Loss of LRP2 results in a distinct migration pattern of

cranial neural crest cellsex vivo

The migration dynanics of CNCCs can be followedx vivo by tracing the GFP
expressing migratory NCCas they emigrate from the cultured cranial neural tube
tissuesFor this purposegranial neural tube explants were cultured for 24 hrs and time
lapse imagingvas performedbr a total duration of 18 hrs, with 4&in intervakbetween
frames.Individual GFRexpressing migratorgNCCs were themanuallytrackedusing

the Manual Tracking plugin of Imagéd generate the XY coordinates of every tracked
cell. Data were subsequenused forthe analysis otell migration parameters and
plotting the cell migration mafseeSection 3.2.11.4or detailg.

The CNCC migration tracks of control antdrp2’ explants demonstrated cear

difference in their overall migration patte(figure 34). While the controlCNCCs
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migrated in consistent, linear tracks away from the explanted tissu¢sp#feCNCCs
showeda random migration pattern, withe direction of migration that was not clearly
defined by theimigration trackgFigure 34 A). Additionally, CNCCs fom theLrp2”
explants showed a much higher tendetacturn unlike the controCNCCs that clearly
followedthe establishedlirection of migratiorfrom the origin(Figure34 B). Together,
these results suggest that LRP2 is required toiheggulating the migratorigehaviours
of CNCC:s.
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Figure 34. LRP2 function is required for the proper migration of cranial neural crest cells
ex viva

(A) Snapshots from the tirdapse videos of GFBxpressing migratory neural crest cells (NC
emigrating from the E9.5 control ahdo2” cranial neural tube explants acquired 24 hours after cult
The frames at time point 0, 6, 12, and 18 hour hosve. The migration tracks of the ten individual ¢
followed are shown as the overlay dots and lines plot on thelgipse videos (1 frame/ 15 mins, 18
video). Scale bar: 10am. (B) Trajectory plots of the tracked migratory NCCs from the reprates
E9.5 control andLrp2”- cranial neural tube explants. Each coloured line represents the full migrati
per cell over the total XBour duration.
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4.5.4 LRP2 does not influence theotal distance and velocity of

cranial neural crest cell migration

To better understand what specific migration paramaterander the influence bRP2
function, quantitativeanalyses were performed ¢alculatethe mean accumulated and
Euclidean distans velocity, as well as the directality of each migration trackn
brief, accumulated distancefers to the total length of a migration track, whereas
Euclidean distance is defined as the straligiet distance between the origin and final
destination. Velocity represents the total migma distance over time, while

directionality is the ratio of the total Euclidean distatathe total migration distance.

Ex vivoassays showed an overall linear, directed migration of control NCCs away from
the cranial neural tube tissuds.particula, control NCCs exhibited a collective chain
like migration pattern, with the leader cells migrating in the front and the follower cells
trailing behind themRigure 35 A). By contrast,instead of showing a clear migration
direction away from the cultured tissues, NG ghe Lrp2” explantsmigratedmore
laterally, adjacent to the cranial neural tube tisswath no collective chattike
migrationpattern observe(Figure35 A). QuantitativelyNCCsof the E9.5 control and
Lrp27 explants showed no significant differesdéa the mean accumulatedigration
distance and mean velocity of their migratidhe complete 1-8iour migration tracks of
both control and.rp2’- NCCs wereapproximately700um in length(P = 0.5874while

the mean velocities of both were at around 0.65 pm(Rin 0.5723)Figure35B, C).

Interestingly, NCCs of thé.rp2” explants showed a significant reduction inithe
Euclidean distance during migration compared hHe tontrol NCCs, suggesting a
decreased straigiine distance travelle@Figure35D). Similarly,a compromised linear
like migration pattern was also reflected in the ovesighificantly reducedlirectionality

of migratory NCCs in th&rp2” explants(Figure35 E).

Taken together, these findings propose that LR#2no influence othe total distance
and velocity of NCC migrationex vivo However, it is essentiab guidethe directed

migration of NCCs duringarly stages of cranial morphogeises
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Figure 35. LRP2 does notaffect the total migration distance and velocity of cranial neure
crest cellsex viva

(A) Snapshots from the tirdepse videos showing the emigration of neural crest cells (NCCs) frc
E9.5 control and.rp2’ explants at the HBour time point of imaging. Arrows indicate the ove
migration direction of NCCs. White dashed lines mduk &rea of explanted tissues. Scale bar: i@l
(B 1 E) Quantification of (B) mean track accumulated distance, (C) mean track velocity, (D) me
Euclidean distance, and (E) mean track directionality of NCCs. Data presented as stegadtard err
of mean (SEM). Each dot represents the averaged data from 10 cells per explant. ControlLmp2’1
n=11. ***pP<0.0001;ns,noi3i gni fi cant, b as d-tkstsolV, aiavesele.r e d
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