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ABSTRACT

Cortical malformations arise from defects in any stage of brain development and
often result in lifelong disaility ranging from epilepsy to developmental detad even
perinatal lethality.The neuroepithelium of the emergent cortex lays the foundation on
which the future cortex will develop, and as such, neuroepithelial tissue and the neural
progenitor cells (IRCs) which comprise it are critical to the proper growth and
development of the cortex. Here | demonstrate the significance of neuroepithelial cell
polarity determinants in cortical development and how they affect both junctional integrity
and the regulan of NPC proliferation leading to a variety of cortical malformations.

Until now, the role of basadolarity complex proteibgll in cortical development
remainecelusivedue to perinatal lethality in animal models. To bypass this, we developed
a novelconditional knockout mouse modg Lgl1 in the neuroepitheliurand show that
Lgll is essential to the maintenance of neuroepithelial integrityregulation ofNPC
proliferation. Loss of Lgll results in a displaced ventricular zone with widespreadcectop
proliferationresulting in severe periventricular nodular heterot¢pidH). Furthermore,

Lgll loss reduces the cell cycle length resulting in hyperproliferégi@ating toneuronal
overproduction. dgether, this work identifies a novel genetic caafsSéNH.

Next, | aimed to characterize the interaction of Lgll with other polarity proteins
and downstream signaling pathways in cortical development. Apical and basal polarity
proteins have demonstratedutual antagonismin the establishment/maintenancé o
epithelial polarity however, little is known about the role of this antagonism on cortical

size and structure or the signaling pathways through which it acts. To address these



guestions we generated multiple genetic mouse models to investigate tamgpples of

basal protein, Lgl1, and either apical proteins Pals1 or Crb2. Concurrent loss of Pals1 and
Lgll was able to prevent het¢opic nodules and increapeoliferation compared to loss

of Pals1 alone. However, cortical size was severely dinedislue to overriding effects of
Palsl on cell survival that was unmitigated by Lgl1l Ié&smarkaly, loss of both Crb2

and Lgl1 restored the cortex and hippocampus to near normal morphology with a profound
rescue of cortical sizesuggesting their essediti antagonism in both cortical and
hippocampal development Importantly, genetic manipulation through reduction of
YAP/TAZ expressionin the Lgll CKO eliminates periventricular nodules and restores
cortical thickness to that of WT cortices. This import@nding implicates Lgl1 in the
regulation of YAP/TAZ in cortical development.

Finally, we investigated a possible downstream target of Palsl in cell survival,
BubR1. My work demonstrates that loss of Pals1 reduces BubR1 expression, which is an
essentl regulator of the mitotic checkpoint and causative gene of the human disorder
Mosaic Variegated Aneuploidy. | show that loss of BubR1 results in significant apoptosis
across all cell types in the cortex leading to microcephaly. These data providstthakfi
between cell polarity determinants and mitotic regulaiiothe cortexand suggestthat
BubR1 reduction likely contributes to the decreased cell survival following Pals1 loss.

Overall these ihdings implicate impairegbolarity complex functionin a wide
variety of NPC defects resulting in multiple cortical malformations. My work shows that
polarity proteins regulateevery stage of the NPCs life cycle from cell division and

proliferation to cell survival through regulation of mitosis and YAPZIS\gnaling.
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CHAPTER 1:
INTRODUCTION & AIMS

Cortical developmentand malformations

The cortex is responsible for higher order information processing and
consciousnessand is evolutionarily newExpansion of the cerehlrcortex is a defining
featureof higher ordemammas and particularly of humanslThe cortex is divided into
four topographicalobes, frontal, parietal, temporal and occipital. Each of these lobes is
associated with certain functions and is even further subdivided into #rea®amously
described by Brodmangzilles and Amunts, 2000 Each of these areas has a unique
cytoarchitecture and attributed function. Timenenseompleity and powepf the human
cortex which is responsible for the comprehension, planning, completion, and presentation
of the data herein, is astonishing.

Proper development of the cortextle result ofa highly regulated and complex
process termed dicogenesis.At the onset of cortimgenesis, neural stem celéplicate
and expand in number in order to create the vast number of neurons presentlsdebndh.

progenitor cells (NPCs) then begin producing neungisrred to as neurogenesasourd
1



embryonic day 33E33) in humansand will be further described belofBystron et al.,
2006. Once neurons have differentiatedey must then migrate out of the proliferating
zone to their final position in the cortical plate, which begodevelo@around E50.0ver
the next several weeks NPCs, also known as radial glia, provide a scaffold on which
differentiated neurons can follow as they migrate to the cortical (ladein-Padilla,
2010. Radialgliathentransitionfrom the prodction of neurons to the production of glial
cells. As neurongontinue tadifferentiate and migrate to their final location, they develop
their axonal and dendritic processes and begin forming symapse each other
(Huttenlocher and Dabholkar, 1997This process continues throughdite, however the
synaptic burst is completed withime first few years of life when synagseach their peak
(~3.5 yeas old) Interestingly about 40% of the synapses formed during this time are
eliminated throughout early childhood and adolesc@dag&enlocher, 197%Huttenlocher
and Decourten, 1987 While synaptic connections are mostly made at random, synaptic
elimination occurs with external feedback and the failure of certain erroneous connections
to partcipak in neuronal circuitfChangeux and Danchin, 1974hangeux et al., 1934
Similar to synaptogenesisynaptic elimination also continues throughout, lifewever,
this is distinct from the elimination that occurs during the stages of geweltt and
maturation(Huttenlocher and Dabholkar, 1997

Errors inany of the stages aforticogenesiganresult in cortical malformations
andhave devastating effects on fiveal brain structure and functiohesemalformations
of cortical development (MC§) aretypically identified in childhood and present with

developmental delay and/or epilephpwever, some malformations are mild and have no
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Figure 1-1. Timeline for the development of MCDs.MCDs are stratified by the stage
of cortical development they affect. They can be further divided by the specific process
disrupted in each stage giving rise to the various nraktions.

symptoms or do not present until seizures arise in latefBdekovich et al., 1996 For
most MCDs, theexactprevalence in unknown due to overlap across MCDs, biases in
reporting and norsymptomatic MCDs that remain undiagnosed. Cortical malformations
can occur at any one stage of corticogenesis or span across nas#ges The current
classification system categorizes malformatiobhased on theearliest stage of
corticogensis they affect(l) proliferaion, (II) migration, andlll) organization(Fig. 1-1)
(Barkovich et al., 203,2Pang et al., 2008

Malformations arising during the proliferatiperiod are due to a disruption in the
balance of new cell generation and apoptosiShis category includesongenital
microcephaly, medanephaly, andcortical dysgenesiglysplasias, such asileious
sclerosis(Barkovich et al., 2012 Failure of neurons to migrate or migration to the

3



incorrect location result in another category of cortical malformations. This group includes
grey matter heterotopidissencephaly, and cobblestone malformati@erkovich et al.,
2012. The final category of cortical malformatioaffectpostmigrationaldevelopment.
This group includes polymicrogyria, schizencephaly, certain focal cortical dyspkasias
postmigrational microcephalgBarkovich et al., 2012

Here | will be focusing on twofdhe relatively more common MCDs, microcephaly

andgrey matteheterotopia.

Microcephaly

Unlike most MCDs, microcephaly, whiditerally means small head, is grossly
obvious, and does not rely on special imaging to diagnose. The diagnostic cfderion
microcephaly is head circumference smaller 2 standard deviations from jasiakl et
al., 2010. Severe microcephaly is defined by head circumference smaller than 3 standard
deviations from normalAshwal et al., 2010 In the United Statessome states require
babies born with microcephaly bereported at birth; therefore, incidence of microcephaly
is more welkknown. However, these numbers dot reflect those babies who were
spontaneously or electively aborted or those who develop microcephaly postnatally. As
microcephaly is defined by a standard deviation from the mean, one would expect around
2.5% ofchildren to have microcephaly; however, estimates suggest the true prevalence to
be much lowefAshwal et al., 2010 Due to variation in data collecting, estimates vary
widely, with reports suggesting up to 25,000 childxendiagnosed with microcephalgr
year to as low as 3,000 per yga013 Ashwal et al., 2010 Microcephaly can present in

i sol ati on, termed Omi cr odMGPH)an tge presemca @ or
4



other malformations, or as a part of a defined syndr@ameh as fetal alcohol syraine
According to the Centerfor Disease Control and Preventionicnracephalycan result in
seizures, developmental delay, intellectual disability, and impaired movement/balance,
feeding, vision, and hearing, with the severity of impairment usuallycteftetheseverity

of microcephaly. Microcephaly falls under two different MCD categories, arising from
defective proliferation (category 1) and pasigrational defects (category lll).Post
migrationalmicrocephaly is less common and poorly unders{@adlkovich et al., 2012
Furthemore microcephaly can arisécom genetic alterations, as wells prenatal
environmental factors includingre-natal/maternainfection, poor nutrition, drug/alcohol
exposureand interrupted blood supply.

Despite the inciting factor, microcephaly ari¢esn a failure to generate enough
neurons, profound cell deatturing neurogenesi®r more commonly a combination of
these. Genetic causes of MCPH have provided unparalleled insight into the mechanisms
regulating botmeuronal production and death in the developing cortex. TwéEH
associated genes have beesnitfiedto date The most prevalenMCPH5, also known
as ASPM, is proposed to orient the mitotic spindle during neurogdBesid et al., 2002
Bond et al., 2003Gul et al., 2006Gul et al., 2007Kouprina et al.2005 Paramasivam et
al., 2007. Interestingly, all of the twelve identified proteiesponsible for MCPH appear
to have some role in mitosis, frequently associating with either centrosonees, th
kinetochore, or the mitotic spind{Eaheem et al., 20)5 Due to the obvious role mitosis
plays inits path@enesisMCPH has been termedn@urogenic mitotic disordéFaheem

et al., 2015 Beyond the genetic causes of microcephaly, there is increased evidence that



environmental causesuch as Zikavirus associated microcephabredue todefects in
mitosis as wel{Souza et al., 20)6Interestingly, despitthe likelihood thamitotic defects
areoccurring through the body MCPH, only the brain is affected Together this data
suggests that the developing cortex is palérly sensitive to insults imitosis and its

regulation.

Grey Matter Heterotopia

Heterotopia in the cortex refers to a groafpmisplaced neurons whictail to
migrate to their proper location in development. The main classification for grey matter
heterdopias (GMH) generated by radiologists is qudraymal, subcortical, and band;
these can be further classified by pathologists as: laminar, nodular, leptomeningeal, or band
(Barkovich, 2000 Barkovich and Kjos, 1992 There is a wide range in the clinical
manifestation of GMH from absent to severe developmental delay, intractable epilepsy,
and/or motor dysfuction with larger, more widespread GMH correlating with more severe
symptomgBarkovich and Kjos, 1992The most common presatibn of heterotopias is
epilepsy that presents in the second decade of life. GMH is also frequently associated with
other MCDs, such gsolymicrogyria. As GMH requires imaging to diagnose and does not
always result in clinical symptomshed true prevaleze is unknown; however,
periventricular nodular heterotopia (PNH) is the most common GMH and more importantly
the most common MCD in adulthod@ atrin et al., 2015 Thus PNH will be the focus
here.

PNH is a type of GMH in which nodules of ectopic neuronal tissue line the lateral

ventricles. In humans, this is most commonly associated withiongah the=LNAgene,
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which encodes for Filamin A, aldRFGEF2 which encodes for BIG@ox et al., 1998
Mutations inC60rf7Q FAT4, and DCHS1have also been reporté@appello et al., 2013
Conti et al.,, 2018 A common theme in the idengfi genes is relation to celll
adhesion, with the exceptidd6orf7Q whose function remains unknowonti et al.,
2013. However many cases of PNH have an unknown etiglagg PNH has been
observed in many other syndremand instances of chromosomal deletion suggesting
many unidentified genesiay also beesponsible for this phenotyg€onti et al., 2013

Fox et al., 1998

Neurogenesisn the cerebral cortex

Neurogenesiss a tightly regulated process which must allow for both the
substantial increase in the number of neural progenitor cells (NPCs) and the differentiation
of catical neurons. NPCs are divided into two main groups: thosgh increased
proliferation potentiglapical progenitors (AP), and those which can undergo limited cell
divisions, basal progenitors (BPAPs and BPs are further characterized by their jigjar
with APs being highly polarized and maintaining connections to both the ventricular
(apical) surface and the pial (basal) surface and BPs typically having lost these connections.

The developing cortex is spatially and functionally organized to muaint
separation between proliferative and differentiated cells. Areas of active replication
include the ventricular zone (VZ) and the subventricular zone (SVZ). In higher order
mammals the SVZ is greatly expanded and is further subdivided into the inner
subventricular zone (ISVZ) and the outer subventricular zone (O8MaAart et al., 2002

As the name implies the VZ directly abuts the lateral ventricle and is rich in APs. The SVZ
7



lies basal to the VZ and is rich in B@$octor et al., 200 The evolutionarily new OSVZ
is diverse in cell types and is thought to be the major contributor to the expanded
neocortical size in primatéBehay et al., 2035Kriegstein ¢ al., 2006.

The expansion of the progenitor pool and neurogenesis must be perfectly timed and
regulated to ensure the correct number of neurons are produdad.tightly controlled
processis primarily controlled throughregulation of the mode ofNPC division.
Proliferative symmetricdivision generates two identical daughter cells that retain their
proliferative ability. Alternatively, differentisdymmetricdivision generatetvo neurons.
Finally, asymmetric division results two different cels. For exampleAPs can form one
AP and one BP, one AP and one neuron, or one BP and one (idatatesta et al., 2000
Noctor et al., 2004 BPs however, can only dergo symmetric division. Thayndergo
a limited number ofdivisions which generate two BPs until theypdertakea final
differential division generating two neurong&arly in developmentdls preferentially
undergoproliferative symmetridivision in orderto build up the progenitor pool followed
by a period of asymmetrand differentiativision to generate more differentiated neurons
(Jacquelyn Bond, 200&onno et al., 2008Lilla M Farkas, 2008

Regulation of division typdias been linked to cell polarity and mitotic spindle
orientation(Kim et al., 2010 Yingling et al., 2008 In symmetric division, cells must
align their mitotic spindle and divigeerpendiculato the apicabasal membranes in order
to maintain both apical and basal cellular components, which allow them to remain
proliferative. Due to the role of the mitotic spile in regulating symmetric versus

asymmetric division, its regulation has been a major focus of NPC siikdieset al.,



201Q Yingling et al., 2008 However, isolated defects in spiadrientation do not affect
cortical sizgKonno et al., 2008

APs in the VZ undergo a unique process called interkinetic nuclear migration, in
which cellsmove apically or basally depending on their stage in the cell ($pkear and
Erickson, 2012 This process helps create the densely packed pstadified VZ. APs
undergo $hase at the basal boundary of the VZ and begin moving apically as they enter
G2. Mitosis occurs along the ventricular surface and daughter cells move bashigy

enter G1 (APs or BPs) or GO (neurons).

- ©0©
N

Figure 1-2. Primary types of cell division during neurogenesis.NPCs can undergpo
different modes of cell division (proliferative vs differential, symmetric vs asymmetric)

to generate various offsprind\pical progenitors are the most pluripotent with the abjlity

to undergo many rounds of division and generating APs, BPs, and neurons. BPs ¢an only
generate a limitechumberof BPs before undergoing differential division to genefate
neurons.




Once cells hve differentiated into neurons, cells must migtasallyout of the
ventricular zone (VZ) and localize based on birth dd@equelyn Bond, 2006 Neuronal
migration is a highly complex process dictated by many intra and extracellular cues, and
varies based on neuronal tygeortical projection neurongr examplediffer in migration
from cortical inhibitory neurons. Here | focus on the cortical projection neurons which
arise from the VZ and SVZ as described abdseen within cortical neurons the migratory
process changes with the stage of developmeptior to the establishmerdf the
intermediate zone, the area between the imminent cortical plate and the VZ/SVZ through
which neurons migrateneuronsmove through a process termed somal translocation.
Newly generated neurons inherit a basal process, which rem@mmected to # pial
surfacg(Miyata et al., 2001Miyata and Ogawa, 20017 Loss of attachment at the ventricle
allows tre neuron to be pulled up towards the newly forming cortical plate. In later stages
new born neurons extend and retrauiltiple processeso detect extracellular signals
directing their migratior{(Sakakibara et al., 2014 As they exit the intermediate zoae
single leading process wraps around a radial glia basal process, wieictis=ixt the basal
surface and serves as a scaffold for radial neuronal migg&edac, 1972. Extracellular
signals such as Semaphorin 3A and Reelin are generated at the pial surface and form a
gradent helping to orient and promote locomotion in the migrating ney(@masn et al.,

2008 Tissir and Goffinet, 2003 These neurons maintain a trailingopess which will
become the axonlThe locomotion stage and ends whenrteéeron reaches the pial surface
migrating past the previously differentiated neurons. This process continues until all

neurons have migrated out to the cortical plate generatfg#i six-layered structuren
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Figure 1-3. Composition of the developing cortex. As more progenitors ar]d
differentiated neurons arise the developing cortestnexpand giving rise to spatially
and functionally distinct zones. The ventricular zabets the lateral ventricle and|is
comprised of primarily APs (green). The subventricular zone located basal to fhe VZ
contains primarily BPs (yellow). Differentiated neurons (red) migrate thrahg
intermediate zone, whigdeparates the progenitordie VZ/SVZ and terminally locatgd
neurons in the cortical plate. The cortical pliés adjacent to the pial surface and is
composed of discretaminastratified by neuronal birtdate.

an insideout fashion, with the younger neurons comprisingatiier most layerDehay

and Kennedy, 2007

Neuroepithelial polarity

Maintenance of cell polarity is essential for all epithelial cells, includireg
neuroepithelium, from which the overwhelming majority & cells are derived. This
polarity is established and maintained by the distribution of polarity proteins and

complexes. There are three protein complexes known to be critical for establishment and
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maintenance of cell polarity. Two complexes are loedliat the apical side, termed apical
polarity complex proteins and one complex located at the basal side of theigki)

The Par complex, comprised B&r6, Par3, and aPKCas well as the mbscomplex,
comprised of Crumbs (Cyp Palstassociatedtight junction (PATJ) and Protein
Associated with Lin7 (Palsl), both localit® the apical membran@otz and Huttner,
2005. The basal polarity complex includes Didasge (Dlg), Scribble&ciib), and Lethal
Giant Larvae (Lgl(Roegiers and Jan, 2004The apical and basal complexes aghhy
antagonistic of each othelcgl, in particular, works antagatically with aPKC, a member
of the apical Par comple aPKC phosphorylation of Lgl prevents Llighm localizing in

the apical domaiof the cell(Imogen Elsum, 2002 Similarly, Lgl competes with Par®
bind to the Par complex and inhibit aPkCtivity. The Crumbscomplex has also been
showvn towork antagnistically to Scrib complex; however the exact mechanism through
which they interact remains unknowilder et al.,, 2003 Chalmers et al., 2005
Tanentzapf and Tepass, 2003In Drosophilg Lgl has been proposed tfunction
epistatically to Crpsuch that loss of Lgl restored cell pataind formation of ta zonula
adherens following Crb loss and that Gattivity was no longer necessary when Lgl
activity was absern(fTanentzapf and Tepass, 2003 his study proposed that Lgl and Crb
function competitively to dermine the apical versus basal domain of the(Talhentzapf
and Tepass, 2003 Finally, he Yurt/Corale complex has been recently descrilasda
novel polarity complex;however less is known about their relationship with other

complexesand as such will notbe a focudn these studie@ aprise et al., 2009 Both
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Figure 1-4. Schematic of neuroepithelial cell polarity. Three main complexedictate
cell polarity. Apical and basal complexes are separated the each other by the gdherens
junctions which connect to other cells and to the itiecgtoskeleton.

adherens junctions (AJs) and tight junctions sit between the apical complexdsand
basolateralcomplex and are primarily composedof E-cadherin, U-Catenin, and b -
Catenin(Baum and Georgiou, 201.1As they are tightly associated with epithelial polarity,

these complexes will also be described below.
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Maintenance of both the apical and basal processes have been shown to be critical
in maintaining proliferative capacity; however, some data points specifically to the
retention of apical membran@roteinsto allow cell to remain proliferativeKonno et al.,

2008 Kosodo et al., 2004 Maintenance of both processesmsistent with a simplified
view of divisionmodeas symmetrical divisiowouldensures equal division of apidzsal
components and thus the ability of thesaightercells to proliferate. On the contrary
asymmetrical division provides only one cell with apical components and the ability to
proliferate while the other must then differentiate. Likewise, in vivo genetic manipulations
resulting in the deletion of apical proteins result in decreased neurogenesis and/or
decreased brain sifBultje et al., 2009Costa et al., 200®udok et al., 201,68Kim et al.,
2010).

In an effort to better understand the role of the polarity proteins on the developing
cortex, several mouse knocko(#gOs) have been developetHowever, die to the crucial
role of these proteins in across development compl€ie demonstrate ebyr lethality;
therefore,loss of protein studies have to be completed via alternative methods, such as
conditional KO (CKO) or shRNA knockdowiKim et al., 201QKlezovitch et al., 2004
Soloff et al., 2004Xiao et al.,, 201L A common feature of polarityrptein loss is the
failure of the remaining polarity proteins to properly localize, hinting at the
interconnectedness among this group of protdinglok et al., 208; Kim et al., 2010
Nechiporuk et al., 20Q7 Further, there exists a trend that loss of apical proteins promotes
differentiation while loss of &isal proteins promote increased proliferaiiBoltje et al.,

2009 Costa et al., 200®udok et al., 201,8Kim et al., 201QKlezovitch et al., 2004 In
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contrast to loss of other apically associated proteind oss of aPKCa showe
in neurogenesis, specifically showing no change in the rate of cell cyclgneaitet al.,

2009. The polarity complexes, specifically the Bccomplex, maintain a high level of
cooperation with AJs, such that establishment and maintenance of AJs are supported by

the Scrib complex which in turns helps maintain the basolateral compartment.

Adherens Junctions

Adherens junctions(AJs) form the basis of epithelial celtell interactions
anchoring neighboring cells to the internal cell cytoskeleton. In the most general form AJs
consist of a transmembrapeotein cadherin or nectirwhich bindsto neighboringc e | | 6 s
cadherinor nectin and arinternal protein, catenin or afadin respectivglBaum and
Georgiou, 201l Afadin or thecatenins in turn bind tthe actin cytoskeleton These
junctions are essdral in relaying signals of cell density to the internal environment.
Maintenance of these junctions is a necessary requirement for epithelial cell and disruption
of these celkell connections is implicated in epithelial to mesenchymal transition and
carcer pathogenesi&nights et al., 201

Connections to the actomyosin is a key function of the AJs, as destabilization of
AJs leads to destabilization of the cell cytoskeletamhace versa. AJ integrity has been
shown to be regulated by Rifamily GTPases, such as RhoA, which are also key
regulators of actin dynamid®8raga, 2000 Braga et al., 1997Katayama et al., 20)1
RhoA activates Rhassociated Kinase (ROCK) to inhibit myosin phosphatase resulting in
actin stress fiber fornti@n by promoting actin myosin interacti¢h996 Kimura et al.,

1996. Conditional loss of RhoA in theéeveloping cortex results ectopic proliferation of
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NPCs and aberrant neuronal migration resulting in severe subcortical hete(@Gagpallo
et al., 2012 Katayama et al., 20}1 Interestingly, RhoA loss also demonstrated

hyperproliferation due to increased Hedgehog signgkiagayama et al., 20)1

Actomyosin Cytoskeleton

In epithelial cells etin filaments (Factin) form acircumferential belt around the
apical domain of a cell, which is physically linked to adherens junctiolrs.the
neuroepithelium this structure is found apically along the ventriculéaic®ibasal to the
tight junction(Chenn et al., 1998 Being intimately tied to cell shape, actin is crucial in
every stage of cortical developntefrom NPC proliferation, to neural migration and
differentiated neuronal structure. As such, actin is highly dynamic having to rearrange
frequently as the NPC transitions through theousgistages of the cell cycle and finally as
amigratory neuron. Bgulation of actin isependenbnits polymerization status, stability,
and contractility, which are regulated bgrious effectorssuch as the Rho GTPases,
filamins, and myosin, respectively.

Actin, AJs, and polarity proteins all function cooperativiedyhelp maintain the
others and it is not uncommon that upstream effectors regulate at least two of these
componentsi-or example, Cdc42 iskho-GTPasewhich promotes actin polymerization,
but can alsdind to PaB to help localize Par complex to thgieal domain. Loss of Cdc42
results in loss of apical loss of thiar complex as well as loss aflherens junctions
(Cappello et al., 2006 Interestingly, actomyosin contractility may also be subject to
antagonistic regulatioby the polarity proteins themselveseeral studies have indicated

that Lgll interact with and regulates nemuscle myosin I(NMII) through electrostatic
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attraction between NMII heavy chain (negative) and Lgll (posi{ahan et al., 2014
Dahan et al., 2012Strand et al., 1994Strand et al., 1995 Binding of Lgll to NMII
prevents NMII flament assembly thus inhibiting its ability to interact with afahan et
al., 2014. Phosphorytaon of Lgll by aPKC prevents its interaction with NMII similar to
the way this phosphorylation inhibits its binding to Pé@p@han et al., 2094 Lgll1 KO
embryo cortices displayed perturbation in the correct localization of KfUEzovitch et
al., 2003. It is therefore not surprising that rosette structures and hydrocephalus, similar
to what was seen in the Lgll KO, have also been observed in NMIl and even the mDia
actin mutant§Thumkeo et al., 203 ITullio et al., 200} aPKC has proven interaction
with AJs and the actin belt as these structure were absent in the aPKC mouskwdi@a
aPKC was inactivated, respectivélynai et al., 2006Suzuki et al., 2002 This may be
due to aPKC posphorylation of Lgl1, which decreases Lgl1 ability to bind N@&han
etal., 2013 Further, Crlhas also been shown to regulate NMII activity through alteration
of aPKCactivity in drosophila Crbwas shown to recruit aPKC to phosphoryiatel thus
inactivateROCK thereby inhibiting myosin activifRoéper, 201p

As mentioned above, there exists strong evidence that defects in AJ result in PNH
(Caypello et al., 2013Ferland et al., 2009 Evidence from animal models corroborate this
finding (Gil-Sanzet al., 2014Kadowaki et al., 2007 As AJs are intrinsically linked to
the actomyosin cytoskeleton similar findings of periventricular nodules have been reported
in animals carrying defective aatimyosin, their regulator RhofCappello et al., 2012
Katayama et al., 201 Thumkeo et al., 203 T ullio et al., 200). Interestingly, the ectopic

nodules in these animal models is frequently accompanied by hyperprolifé@Giti8anz
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et al., 2014Katayama et al., 20)1 Of all of the polarity proteins, only loss of Lgl1l has
shown a similar phenotypef hyperproliferation and ectopic progenitors; however
perinatal lethality precluded determination if defects in cell polarity are sufficient to
generate PNHKIezovitch et al., 2004 The ability of cell polarityAJs and actomyosin

to regulateof cell proliferation has been proposed to function through manipulation of
downstream signaling pathways. Several pathways have fre@osed to function
downstream of these components including the YAP/TAZ, Hedgehog, Notch, and Wnt
pathways(Cappello et al., 203 Xlezovitch et al., 2004Lien et al., 2006Woodhead et

al., 2006 Zhang et al., 2070 Importantly, dysregulated YAP/TAZ signalisgecifically

has been implicated in mediating PNH formati@appello et al., 2033

YAP/TAZ growth pathway

The YAP/TAZ pathway is crucial in development through its role in the regulation
of organ size and has also been implicated in tumorigets® et al., 2010 Upon the
receipt of growth inhibiting signals, the Hippo pathway is activated. The core kinase
cascade consists of MST1/2 (Hippo) phosphorylation of Lats1l/Zapsequentatsl1/2
phosphorylatiorof YAP/TAZ. PhospheY AP/TAZ is unable to enter the nucleus where it
works as a transcriptional @xtivator. On the contrary, when the Hippo pathway is not
activated, unphosphorylated YAP/TAZ can freely enter the nucleus. YAP/TAZ lack a
DNA binding domain and must interact with transcription factors to promote the
transcription of target genes, such as, Diapl and cyclin E, viinghit apoptosis and
promote cell growthrespectively YAP/TAZ function as a central regulator of cell and

tissue growth wth multiple inputs coming in from various effectors, such as cytoskeletal
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tension and alternative Wnt signalin@zzolin et al., 2012Dupont et al., 20L1Park et

al.,, 2019. While the Hippo pathway is the most classically associated with YAP
regulation, there are upstream YAP/TAZ regulators that functiorpertient of Lats1/2
mediated phosphorylation of YAP/TAZ. Identifying upstream YAP effectors has recently
become a highly active and growing research area.

Of all the polarity protims, Crbhas one of the most established of the Hijypd
pathway by reariting and restricting Expanded to apical membrane to promote activation
of the Hippo pathwayHamaratoglu et al., 20Q0&obinson et al., 2030 However, Crb
regulation of YAP pathway in mammalian cells is n#ar as mammals do not have an
Expanded homologue. Similarly, Lgl and aPKC have also been shown as upstream
regulators of the YAP pathway iDrosophila; however, the exact mechanism for this
regulation remains unclear. Lgl depletion and aPKC overexpression cause the
mislocalization of Hippo and Rassf, which acts through Salvador to prevent Hippo
activation, ultimately resulting in upregulation YAP target genegGrzeschik et aJ.
2010. However, another study indicated that while Lgl depletion did cause
mislocalization of Rassf and Stripak, a phosphatase complex involved in Hippo regulation,
this is not the pathway through which Lgl/aPKC regulate Hippo act{fiAysons et al.,
2014). aPKC can also phosphorylate key Hippo regulator KIBRA, who can in turn inhibit
aPKC activity(Yoshihama et al., 20)2 Scrib also has demonstrated involvement in the
mammalian YAP pathway as it has been shown to bind MST1/2 (Hippo), LATS1/2 and
TAZ thereby inhibiting TAZ activitCordenonsi et al., 2011 There is also evidence that

adherens junctions and basal protein Scrib act through independent pathways to regulate
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YAP activity, suggesting that cell junctior@d polarity may target multiple upstream

regulators which funnel into the YAP/TAZ pathw@gang et al., 2013a

Cell cycleprogression

While the cell cycle is highly regulated iti @ells to ensure thabnly certain cells
arereplicating and that replicatingglls are able toopytheir genomic and cellular contents
correctly for their progenycell cycleregulationmay prove to be even more important for
NPCs duringortical developmersffectingNPC division mode ancbrticalsize A causal
relationship between cell cycle length and cell division mode has been proposed such that
cell cycle length (mainly G1) becomes increasingly longer as neurogenesis progresses
when more differentiative division prevail€alegari et al., 20Q%Calegari and Huttner,

2003 Dehay and Kennedy, 20D7 Furthermore, forced expression of cyclin D1 and E1
decreases the cell cycle length of cortical progenitors and promotesersaliing
proliferative division, supportinthe critical role of cell cycle length in determining cell
division mode and thez# of progenitor podPilaz et al., 2000 In contrast, Sphase has

been suggested to be shorter when cell division is differentiative and longer when cells
remain proliferative to allow time for faithful genomic replicat{@mai et al., 2011Garcia

et al., 201§ Although cell cycle length makes a critical contributionthe timely
progression of cortical neurogenesis, the upstream regultztoine cell cyée length of
cortical progenitors has not been fully understf@dlegari and Huttner, 20R3

Aside from regulation of cell cycle length, the transition from one phase of the cycle
to the next is highly regated. Mtosisin particular has proven to be of utmost importance

to cortical developmerasall of the identifiedMICPH causing genesode for proteins that
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in some way affect mitos{gaheem et al., 2015Mitotic cell division is a highly regulated
process with multiple checkpoints to ensure genomic fidelity of both daughter Eedlay
in mitotic progressionfor any reasonhas been shown to result in both premature
differentiation and apoptosis leading to a reduction in the progenitor(gbeh et al.,
2014 Feng and Walsh, 200#hsolera et al., 203&Kim et al., 201QMarthiens et al., 2013
Pilaz et al. Vega et al., 2005 Recent studies indicate that mitotic defects followed by
apoptosis can be a major cause of reduced cortica(Glmn et al., 2034onno et al.,
2008. Defects in genetic content are a major contributor to apoptdsisprisingly,
substantial chromosomal aneuplpithas been found in NPCs; however, when that
becomes extensive (>5 chromosomal variations) cells are subject to apoptosis, thus
depleting the progenitor pofPeerson et al., 20t2(ang et al., 2008 These studies point
to the necessity of faithful chromosome segregationimpairedgenomic integrity as
major contributoto the pathogenesis of microcephaly

The major checkpoint that dictates progress through mitosisspith@ie assembly
checkpoint SAC). The SAC works to inhibit anaphase until all chromosomes are properly
aligned and attached to microtubule spindles at the metaphaseafilfateigh the exact
signal maintaining this inhibition remains unclé@arren J Baker, 20Q%gnacio Perez de
Castro, 2007 Victor M BolanosGarcia, 2011 Budding uninhibited by bendimizole
related 1 BubRJ) is a central protein in this checkpoint working both at the kineteshor
to promote stabl&inetochoremicrotubuleattachments and as a key component of the
mitotic checkpoint complexo prevent premature anaphad@aniel J Buke, 2008

Suijkerbuijk et al., 201;2Yinghui Mao, 2003. Importantly, mutations in BubR1 are linked
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to not only cancer development busalcortical morphogenesis. Congenital BubR1
mutations are associated with Mosaic Variegated Aneuploidy (MVA, also referred to as
Premature Chromatid Separation P@%anks et al., 20045J Suijkerbuijk, 2010 MVA

is a syndrome in which cells throughout the body contain an abnormal number of
chromosomes. This most frequently manifests in patientsaecaphaly, DandyValker
malformation, intellectual disability, developmental delay, eye abnormalities, growth
retardation, cancer predisposition, and a decreased lifespan; however, a variety of other
features have been reporté€hjii et al., 1998 Kawame et al., 199%hinya Matsuura,

2006 Tadashi Kajii, 2001 Tobias Wijshake, 2032Varburton et al., 1991

Hypothesis & Aims

Despite thedata presented abova the regulation of cortical developmentany
guestions remaint is clearthat neurogenesiss highly regulated from cell division to
differentiationand alterations to thidiscretely controlled processan result in NCDs.
Likewise, hemaintenance of cell polarity is essential to the neuroepithelium and thus the
resultant neocortexdowever while therole of apical proteins in determination of cortical
size through maintenance of the progenitor pool has been ettadlithragh various
protein loss of function studiethe effect of basal proteins in umdwn due perinatal
lethality, compensatioby functional homologue®r overriding defects in the neural tube.
Of the basal proteind.gl is of particular interestsait has demonstrated interaction with
the actomyosin cytoskeletpdefects in which appe&r playa role in the pathogenesis of

PNH in humans.Further, the ability of polarity proteins, such as Lgl, to antagonize the
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apical complexes and to regulate tHAP/TAZ pathway has been well established in
Drosophila but a direct connection between these has not been established in the
mammalian neocortexFinally, it is clear that mitosis is particularly important in neural
development and the pathogenesisnaérocephaly. As apical polarity proteins, such as
Palsl, result in a severe microcephalic phenotype it begs the question if there is any
connection between polarity proteins and the regulation of mitosis. Likewise, despite the
specific correlation betve: mitotic progression and brain size, the role of direct mitotic
regulators in corticogenesis remains unknown. Therefore, in order to address the above

guestionsl propose the following hypothesis and specific aims:

HYPOTHESIS: Disruption in cell polaty affects neural progenitor proliferation through
regulation of the YAP/TAZ signalingpathwaysand mitotic regulation resulting in
malformations of cortical development.

AIM 1) Characterize the effects of basal protein Lgll depletion on cortical genefd
and NPC behavior.

AIM 2) Evaluate thein vivo antagonism between the apicad basal proteins in
neuroepithelial YAP/TAZ regulation.

AIM 3) Determine how downstream mitotic defects contribute tontieocephaly

phenotype of Palsl loss, throudépletion of BubR1.
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CHAPTER 2:

NOVEL SUBCORTICAL HETEROTOPIA CAUSED BY
LOSS OF BASAL COMPLEX PROTEIN, LGL1,
THROUGH DYSREGULATED CELL
PROLIFERATION AND
POLARITY

Abstract

Lethal giant larvae (Lgll), a known tumor suppressor, has been shown to have a
critical role in cell polarity maintenance and has been proposed to function upstream of
cell growth regulation pathway8ilder et al., 200D Due to early neonatal lethality, the
role of Lgll in cortical development and beyond has not been explored. Here we
demonstrate that conditional loss of Lgl1 in the developing cortical neuroepithelium results
in severe disruption ofell polarity and the generation of an ectopic proliferating zone,
ultimately leading to a novel subcortical heterotopia model with hydrocephalus. The

heterotopic cortex forms as a result of hyperproliferation of cortical progenitors and
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significant disuption to tissue integrity. Loss of Lgl1 increases the apical progenitor pool
by reducing cell cycle length with no change iplttase length. The severely compromised
ventricular lining results in rosette formation and a displaced apical membrane serving

a platform for bidirectional growth. Furthermore, the rosettes and ectopic ventricular lining
are concentrated with apical protein Palsl, suggesting its function in proliferation at the
ectopic locations. Thus, our study identifies Lgl1l as a new stitaicheterotopia causing
gene by uncovering its role in cell cycle length regulation in combination with its well

established cell polarity function.

I ntroduction

Stem celllike neural progenitor cells (NPCs) are characterized by highly polarized
apicd and basal processes abutting the ventricular surface or basal lamina respectively.
Neuroepithelial polarity is one of the key determinants of their proliferative capacity
(Florio and Huttner, 2014&raverna et al., 20)4and is established and maintained through
both apical and basal proteins. A key mendig¢he basal complex, Lethal Giant Larvae
homolog 1(Lgll), is a tumor suppressor, which promotes cell cycle exit of neural
progenitors in addition to its role in establishing and maintaining epithelial cell polarity
(Chalmers et al., 200%Klezovitch et al., 2004Murdoch et al., 2001Xiao et al., 2011
However, neonatal lethality ofgll knockout mice precludes the comprehensive
understanding of its function in cortical neurogenesis and histogdRésrovitch et al.,

2004).
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In addition to cell polarity, cell cycle length has also been shown to affect NPC
proliferation. A causal relationship between cell cycle length and cell division mode has
been proposed such that cejicle length (mainly G1) becomes increasingly longer as
neurogenesis progresses when more differentiative division prévahsy and Kennedy,
2007). Likewise, forced expression of cyclin D1 and E1 decreases the cell cycle length of
cortical progenitors and promotes sedhewing proliferative division, supporting the
critical role of cell cycle length in determining cell division mode and size of the progenitor
pool (Pilaz et al., 2000 Although cell cycle length makes a critical contribution to the
timely progression of cortical neurogenesis, the upstream regufatell aycle length in
cortical progenitors is not fully understo(@alegari and Huttner, 20R3

Here we show that conditional lossL@fi1 in the developing cortex results in a new
class of subcortical hetopia due to both ectopic and excessive proliferation during
neurogenesisLgll loss reduces the total cell cycle length of apical progenitors, which
increases progenitor quantity and consequently leads to the overproduction of neurons.
Lgll loss also comromises junctional integrity resulting in ectopic proliferating zones
with focal accumulation of apical polarity complex proteins. Thus, our study identifies a
new cause of heterotopic cortex formation and a new functional involvemégtloin

cell cyde control.
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Materials and Methods

Mice

All animal experiments were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee of Temple University Lewis Katz School of
Medicine. The_gl1 floxed allele was genotyped aepiously describe¢Kim et al., 2010
Klezovitch et al., 200¢ EmxIXCre mice were obtained from Jacksoim land genotyped

accordingly(Gorski etal., 2003.

Histology

Embryos (E15 and older) and postnatal animals were perfused, and brains were isolated
and fixed overnight in 4% paraformal dehyde
paraffin and sectioned at 7um. Hematoxylin and eosin istaifollowed standard

procedures.

Immunohistochemistry

Paraffin embedded tissue was sectioned at 7um and rehydrated with aetyleméseries

into deionizedwvater. Antigen retrieval was achieved through a sodium citrate boil cycle,
followed by rinsem P BS. Samples were then incubate
antibody in PBS with 5% mmal goat or donkey serunSamples were then rinsed in PBS.
Secondary antibody (Alexa Flour 488 amtouse, Cy3 antiabbit and biotin conjugated

goat antirabbit Vector Labs) in PBS with 5% normal goat or donkey serum was added to

each sample and incubated at room temperature for 3 hours. Sections were again washed
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in PBS and stained with Hoechst 33258. Slides were mounted using Flouramount G.
Images were acdped using Axioplan 2 (Carl Zeiss) and confocal microscopes (TCS SP8,

Leica) and analyzed with LAS AF (Leica) and Photoshop (Adobe).

In utero electroporation

Timed pregnant females at E13.5 were anesthetized using isoflurane gas anesthesia. The
uterine horn was then exposed to allow the injection of 2ul plasmid DNA (4ug/pl) and
0.05% Fast Green Dye (Sigma) in PBS into the lateral ventricles of the embryos. Injections
were performed manually using a pulled glass micropipette. Electroporation wasdnduc
using an electroporation generator (ECM 830, BTX, Harvard Apparatus). Each injected

embryo received 5 50ms pulses at 40V with a 950ms interval.

F-actin labelling with phalloidin

E14.5 mice were perfused with PBS and 0.4% PFA. Cortices were disaadt&dpt in

4% paraformal dehyde/ PBS at 4eC overnight.
in 30% sucrose at 4eC overnight. Cortices
25608930) on dry ice and sectioned at 16um using a cryostat (Leica). Sletesthen

incubated with TRITC conjugated phalloidin (Sigma P1951) in PBS for 1 hour at room
temperature. Samples were washed in PBS, stained with Hoechst 33258 and mounted with
Flouramount G. Images were acquired using confocal microscopes (SP8, Bdica).

images were generated using Imaris and analyzed with Photoshop (Adobe).
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Cell cycle analysis

Timed pregnant females were intraperitoneally injected with EdU (100mg/kg) followed by

an intraperitoneal injection of BrdU (50mg/kg) 1.5 hours later. Embmgys harvested

after 30 minutes and 7um sections prepared and rehydrated as described above. Samples
were then processed with the ChitlEEdU Imaging Kit (Invitrogen C10338) to detect EdU

and washed in PBS. Antigen retrieval immunofluorescence wastmapleted similarly

to above to detect BrdU and Pax6. The proportion of EQU+ to both EdU+ and BrdU+ cells
was used to calculate cell cycle lenithartynoga et al., 2005Time of Sphase Ts) and

total cell cycle lengthTc) were calalated according to the following equations, where

incubation time Ti) is 1.5hrs:

Yi YD Yoo YT

Quantification and statistical analyses

All cell counting and quantification were commdt manually on -3 norconsecutive
sections from a minimum of three animals per test group. Layer specific heurons were
counted in the cortical region directly above the dorsolateral hippocampus. Images were
acquired at 20X objective, and all cells cadin a given length of cortex. Quantification

of labeled cells during embryogenesis was performed manually in the most medial 250 um
region of the developing cortex after acquisition of images at 40X objective. Results were
tested for statistical signdfia n c e u s i ntgst. Eortical iokhe§ssmedsurements
were performed using ImageJ. Images were acquired at 2.5X objective and measurements

were performed in triplicate.
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Primary antibodies:

Adenylyl cyclase Ill (SE588, Santa Cruz, 1:200), ABB (AB136648, Abcam, 1:200),

BrdU (AB6326, Abcam, 1:200), {Cadherin (610920, BD, 1:200), Calbindin (AB1778,

Mi | | i por eCaterin:(€210163) BD, 1:2060), CC3 (9661S, Cell Signaling, 1:200),
PanCrb (Synthesized, 1:200), Ctip2 (AB18465, Abcam, 1:2@Q)x1 (SC13024, Santa

Cruz, 1:200), FoxP2 (53375, Cell Signaling, 1:200), GFAP-GBBAO, Thermo

Scientific, 1:200), Palsl (177i1BAP, Proteintech, 1:200), pH3 (&0, Millipore,

1:200), Myelin Basic Protein (SMB4R, Covance, 1:1000), Olig2 (AB961Mjllipore,
1:200), Pax6 (PRR2 78 P, Covance, 1:200), PCNA (2586S.
(610207, BD, 1:200), Reelin (MABSE8BNoGus, Mi | | i
1:200), Tbr 2 ( AB2 2 8thulin WMS43bF Govamce, 3A0)P370 0 ) , b

(610241, BD, 1:200)

Results

Loss ofLgll in the developing cortex results in large periventricular heterotopia
Neuroepithelial tissue polarity is critical to establish mature neural structure.

However, evidence of polarity complex protein ftiog in cortical layer structure and

composition is lacking due to early lethality, absence of cortical formation, or absence of

an obvious phenotype in mutant m{gmai et al., 2006Kim et al., 2010Klezovitch et al.,

2004). Because.gll deletion results in neonatal lethality, the functioh.gfl in laminar

organization and composition has never been explored. UsmglCre to drive

conditionalLgl1 deletion, we were able to bypass this lethality and observe a unique and
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abnornal layer phenotype. Despitgnificant cortical malformationd,gll/EmxXCre
conditional knockout micel(gll CKO) survive well into adulthood, generate offspring,
and demonstrate no gross behavioral abnormalities or epilepsy.

Upon gross observation, postnatal day 5 (Rl CKO cortices appeared similar
in size to those of wild typ (WT) littermates (Fig2-1 A). Histological analysis, however,
revealed that loss dfgll in the developing cortex resulted in hydrocephaly and ectopic
cortical tissue underneath a seemingly normal, albeit undersized corte®-(Fig). In
addition, thehippocampus of thégll CKO was grossly disorganized and undersized,
demonstrating the important functionlgjll1 in hippocampus development (Fity1 B, C,
and D). In order to characterize both the heterotopic and normotopic corticed gilthe
CKO, weused layer specific markers, including Cuxl (layertV)l Ctip2 (layer V),
FoxP2 (layer VI), and Reelin (Layer I). We found that the normotopic cortex laminated
properly with no alterations to the inside out arrangement of layersZfigC and D).
However, the normotopic cortex showed a nearly proportional decrease in the number of
neurons among all cortical layers (F&§1 E). In contrast to the normotopic cortex, the
heterotopic cortex appeared to lack any organizatiod neurons showed no désaible
layering pattern (Fig2-1 C and D). In addition, the heterotopic tissuas primarily
comprisedof late-born neurons and contained few edstyn neurons. Despite the
reduction in normotopic cortical thickness, the large heterotopic tissuedddugseverall
number of neurons to be far greater in the CKO than its WT littermate(Fig). The
increase in neuronal number was particularly striking in thebate (layers HIV)

neurons, which constituted the vast majority of the heterotopiexco
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Figure 2-1. Lgll depletion results in periventricular heterotopia.
(A) At P5, grosd._gl1 CKO brain appears similar to W{B) Both hydrocephaly (*) an
large ectopic cortical tissue (black arrows) are preselnglihCKO. (C, D) Compared
to thenormotopic cortex (NC), the heterotopic cortex (HC) predominantly comgrises
late born neurons (Cux1+, layerlW) and some Ctip+ layer V neurons but far fewer
early born neurons (FoxP2+, layer V(E) Quantification of layer specific neuroms
shows signitant increasén total number of both Cux14p£ 0.006) and Ctip2+ cell
(p=0.017), but not FoxP2+ cells, in the CKO. (Scale Bar: B, C and D (upper): 500 pum,
C, D (lower): 200 pm).

==
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While the heterotopic nodule and hydrocephaly phenotype remained consistent into
adulthood, overall cortical size was reduced at P21, and the total thickness of the
normotopic and heterotopic cortex together was similar to that of the WT corte2-@ig
A and B). The lamination pattern observed at P5 was persistent at P& wstitong
predominance of latborn neurons in the heterotopic cortex (Fig2 B). Together our
results demonstrate that Lgll loss in cortical progenitors leads to a massive periventricular
nodule enriched with latborn neurons underneath a relativebrmal but smaller cortex

with relatively preserved lamination.

Heterotopic cortex includes inhibitory neurons and glia

Despite many models of heterotopic cortical tissue, no studies have fully
characterized the cellular make of these ectopic massednterestingly, inhibitory
neurons have been identified in human samples of periventricular heter&tepand et
al., 2009. Therefore, in order to determiméhether the heterotopic nodule of thegll
CKO includes other cell types besides the excessive excitatory neurons, we next looked for
inhibitory GABAergic interneurons in the heterotopia. Interesyingthile EmxXre
expression is limited to excitatorgitical progenitors, we observed numerous GABAergic
inhibitory neurons labelled by Calbindin in the heterotopic tissue 229C). We found
similar results using Reelin as a marker of interneurons Z=xD). This presence of
inhibitory neurons in th heterotopic cortex likely explains the absenasbwious epileptic

activity despite the massive overproduction of excitatory neurons.
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Figure 2-2. Heterotopic cortex comprises diverse cell types. (At P21, periventriculaf

heterotopia and hydrocephaly persistLigll CKO though heterotopia size is greafly

reduced. (B) Cortical lamination remains disorganized in adulthood, with-bate
(Cux1+) cells predominating in the heterotopia (white boX}C, D) Interneurons
(Calbindin+, Reelin+) are found in both normotopic and heterotopic corticaglo€KO.
(E) Oligodendrocyte lineage cells marked by Olig2 are distributed throughout bo
normotopic and heterotopic cortices but myelination, labelledMBP (Myelin basic

th the

protein), is sparse in heterotopic cortéx) GFAP+ glial processes are greatly increased

throughoutLgll CKO cortex and especially elevated at the interface between norm
and heterotopic cortex (white arrows). (Scale Bat@Qqum, C- 200um)

btopic

Subcortical white matter at the border between normotopic and heterotopic

was similar to that at the ventriculasurface of the WT cortex (Fig.-2 E).

cortex

Oligodendrocytes labelled by patigodendrocyte lineage marker Olig2 had a similar

distribution across the normotopic and heterotopic cortices as those in the WT cortex (Fig.

2-2 E). Myelin (MBP+) distribution inite normotopic cortex also appeared similar to WT

with more prevalent myelination in the deep than superficial layers of the cortex, as

previously reportedTomassy et al.,, 20)4 Interestingly, this correlation between
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myelination and lamingpecific neurons has been consisteh even in cases of
subcorticalband heterotopidormation as shown here andprevious studies, where late

born neurons in the heterotopia exhibit a similar myelination pattern as tHeotate
superficial neurons of the normotopic cortekomassy et al., 20}4 Therefore, the
myelination pattern that we observegrominent myelin extending into the deegrtical

layers of thenormotopic cortex and minimal myelin in the heterotopic cortex, which
comprises predominantly latrn neurons reflects the lamingpecific myelination
pattern. In contrast, GFAP+ cells can be found across both the normototEx and the
nodule in theLgll CKO, but only along the white matter border in the WT (Big. F).
Because we observed overproduction of astrocytes in early postnatal stages, such as PO and
P5 (data not shown), the abundance of GFAP+ cells at Pgesisghat glia production,

as well as neuronal production, is increased inLgig deficient cortex. In summary, late

born excitatory neurons, interneurons and astrocytes are plentiful in the heterotopic cortex,

while myelinating oligodendrocytes aresteabundant.

Ventricular lining devoid of ependymal cells

Previous work demonstrated severe hydrocephaly and intraventricular hemorrhage
in theLgll KO as early as embryonic day (E) 1Zidezovitch et al., 2004 We have
found that about half of the CKOs (4/9) at E14 exhibited a similarly severe phenotype,
whereas some degree of hydrocephaly was present in all of the postimatds4Figs2-
1 B and2-2 A). Because the ependymal layer comprises multiciliated cuboidal cells, which

are necessary to propel C8freintegrity of the ependymal layer is important in preventing
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Figure 2-3. Ependymal cells fail tolocalize properly in Lgll CKO. (A) Hoechst
staining of nuclei demonstrates an enlarged ventridlglihCKO. Schematic illustrate
the ventricular surface of WT and CKO and the cortical interface in CKB)
Ependymal cel |l |l ayer, | abell ed by S
LglCKO (arrows), instead an intense S
(arrows).(C) Ependymal cells and their cilia, marked by AC3 and Arl13B reasfy,
fail to localize to the ventricular lining afgll CKO and are distributed in the cortig

interface between the normotopic and heterotopic cortices (arrows). Cilia (Arl1

appear aggregated and distortetlghl CKO, but extend into the ventrilew surface in
WT. (Scale Bar: A 1000um, G- 200pm, D- 100um, box 50um)
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