
 

 

 

THE ROLE OF POLARITY  COMPLEX PROTEINS             

IN NEURAL PROGENITOR                          

PROLIFERATION  

 

 

 

 
A Dissertation 

Submitted to  

the Temple University Graduate Board 

 

 

 

 

 
In Partial Fulfillment 

of the Requirements for the Degree  

DOCTOR OF PHILOSOPHY 

 

 

 

 

 

 
By  

Ambrosia Simmons 

May 2019 

 

 

 

 

 

Examining Committee Members: 

 

Dr. Seonhee Kim, Advisory Chair, Anatomy and Cell Biology 

Dr. Peter Crino, Examining Chair, Neurology, Univ. of Maryland School of Medicine     

Dr. Seo-Hee Cho, Anatomy and Cell Biology 

Dr. Laura Goetzl, Obstetrics Gynecology and Reproductive Sciences 

Dr. Steven Popoff, External Member, Anatomy and Cell Biology 



ii  

 

ABSTRACT 

Cortical malformations arise from defects in any stage of brain development and 

often result in life-long disability ranging from epilepsy to developmental delay and 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 (NPCs) which comprise it are critical to the proper growth and 

development of the cortex.  Here I demonstrate the significance of neuroepithelial cell 

polarity determinants in cortical development and how they affect both junctional integrity 

and the regulation of NPC proliferation leading to a variety of cortical malformations. 

Until now, the role of basal polarity complex protein Lgl1 in cortical development 

remained elusive due to perinatal lethality in animal models.  To bypass this, we developed 

a novel conditional knockout mouse model of Lgl1 in the neuroepithelium and show that 

Lgl1 is essential to the maintenance of neuroepithelial integrity and regulation of NPC 

proliferation.  Loss of Lgl1 results in a displaced ventricular zone with widespread ectopic 

proliferation resulting in severe periventricular nodular heterotopia (PNH).  Furthermore, 

Lgl1 loss reduces the cell cycle length resulting in hyperproliferation leading to neuronal 

overproduction.  Together, this work identifies a novel genetic cause of PNH. 

Next, I aimed to characterize the interaction of Lgl1 with other polarity proteins 

and downstream signaling pathways in cortical development.  Apical and basal polarity 

proteins have demonstrated mutual antagonism in the establishment/maintenance of 

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 
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questions we generated multiple genetic mouse models to investigate the opposing roles of 

basal protein, Lgl1, and either apical proteins Pals1 or Crb2.  Concurrent loss of Pals1 and 

Lgl1 was able to prevent heterotopic nodules and increase proliferation compared to loss 

of Pals1 alone. However, cortical size was severely diminished due to overriding effects of 

Pals1 on cell survival that was unmitigated by Lgl1 loss. Remarkably, loss of both Crb2 

and Lgl1 restored the cortex and hippocampus to near normal morphology with a profound 

rescue of cortical size, suggesting their essential antagonism in both cortical and 

hippocampal development.  Importantly, genetic manipulation through reduction of 

YAP/TAZ expression in the Lgl1 CKO eliminates periventricular nodules and restores 

cortical thickness to that of WT cortices.  This important finding implicates Lgl1 in the 

regulation of YAP/TAZ in cortical development.   

Finally, we investigated a possible downstream target of Pals1 in cell survival, 

BubR1.  My work demonstrates that loss of Pals1 reduces BubR1 expression, which is an 

essential regulator of the mitotic checkpoint and causative gene of the human disorder 

Mosaic Variegated Aneuploidy.  I show that loss of BubR1 results in significant apoptosis 

across all cell types in the cortex leading to microcephaly. These data provide the first link 

between cell polarity determinants and mitotic regulation in the cortex and suggests that 

BubR1 reduction likely contributes to the decreased cell survival following Pals1 loss.   

Overall these findings implicate impaired polarity complex function in a wide 

variety of NPC defects resulting in multiple cortical malformations.  My work shows that 

polarity proteins regulate every stage of the NPCs life cycle from cell division and 

proliferation to cell survival through regulation of mitosis and YAP/TAZ signaling.  
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CHAPTER 1:                                                                    

INTRODUCTION  & AIMS  

 

 

 

Cortical  development and malformations 

The cortex is responsible for higher order information processing and 

consciousness, and is evolutionarily new.  Expansion of the cerebral cortex is a defining 

feature of higher order mammals and particularly of humans.  The cortex is divided into 

four topographical lobes, frontal, parietal, temporal and occipital.  Each of these lobes is 

associated with certain functions and is even further subdivided into the 42 areas famously 

described by Brodmann (Zilles and Amunts, 2010).   Each of these areas has a unique 

cytoarchitecture and attributed function.  The immense complexity and power of the human 

cortex, which is responsible for the comprehension, planning, completion, and presentation 

of the data herein, is astonishing.    

Proper development of the cortex is the result of a highly regulated and complex 

process termed corticogenesis.  At the onset of corticogenesis, neural stem cells replicate 

and expand in number in order to create the vast number of neurons present at birth.  Neural 

progenitor cells (NPCs) then begin producing neurons, referred to as neurogenesis, around 
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embryonic day 33 (E33) in humans and will be further described below (Bystron et al., 

2006). Once neurons have differentiated, they must then migrate out of the proliferating 

zone to their final position in the cortical plate, which begins to develop around E50.  Over 

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 plate (Marín-Padilla, 

2010).  Radial glia then transition from the production of neurons to the production of glial 

cells.  As neurons continue to differentiate and migrate to their final location, they develop 

their axonal and dendritic processes and begin forming synapses with each other 

(Huttenlocher and Dabholkar, 1997).  This process continues throughout life, however the 

synaptic burst is completed within the first few years of life when synapses reach their peak 

(~3.5 years old).   Interestingly, about 40% of the synapses formed during this time are 

eliminated throughout early childhood and adolescence (Huttenlocher, 1979; 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 participate in neuronal circuits (Changeux and Danchin, 1976; Changeux et al., 1984).  

Similar to synaptogenesis, synaptic elimination also continues throughout life; however, 

this is distinct from the elimination that occurs during the stages of development and 

maturation (Huttenlocher and Dabholkar, 1997).   

Errors in any of the stages of corticogenesis can result in cortical malformations 

and have devastating effects on the final brain structure and function.  These malformations 

of cortical development (MCDs) are typically identified in childhood and present with 

developmental delay and/or epilepsy; however, 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 malformations. 

symptoms or do not present until seizures arise in later life (Barkovich et al., 1996).  For 

most MCDs, the exact prevalence in unknown due to overlap across MCDs, biases in 

reporting, and non-symptomatic MCDs that remain undiagnosed.  Cortical malformations 

can occur at any one stage of corticogenesis or span across multiple stages.  The current 

classification system categorizes malformations based on the earliest stage of 

corticogenesis they affect: (I) proliferation, (II) migration, and (III) organization (Fig. 1-1) 

(Barkovich et al., 2012; Pang et al., 2008).   

Malformations arising during the proliferation period are due to a disruption in the 

balance of new cell generation and apoptosis.  This category includes congenital 

microcephaly, megalenephaly, and cortical dysgenesis/dysplasias, such as tuberous 

sclerosis (Barkovich et al., 2012).  Failure of neurons to migrate or migration to the 
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incorrect location result in another category of cortical malformations.  This group includes 

grey matter heterotopia, lissencephaly, and cobblestone malformations (Barkovich et al., 

2012).  The final category of cortical malformations affect post-migrational development.  

This group includes polymicrogyria, schizencephaly, certain focal cortical dysplasias, and 

post-migrational microcephaly (Barkovich et al., 2012).   

Here I will be focusing on two of the relatively more common MCDs, microcephaly 

and grey matter heterotopia.   

 

Microcephaly  

Unlike most MCDs, microcephaly, which literally means small head, is grossly 

obvious, and does not rely on special imaging to diagnose.   The diagnostic criterion for 

microcephaly is head circumference smaller 2 standard deviations from normal (Ashwal et 

al., 2010).  Severe microcephaly is defined by head circumference smaller than 3 standard 

deviations from normal (Ashwal et al., 2010).  In the United States, some states require 

babies born with microcephaly to be reported at birth; therefore, incidence of microcephaly 

is more well-known.  However, these numbers do not 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% of children to have microcephaly; however, estimates suggest the true prevalence to 

be much lower (Ashwal et al., 2010).  Due to variation in data collecting, estimates vary 

widely, with reports suggesting up to 25,000 children are diagnosed with microcephaly per 

year to as low as 3,000 per year (2013; Ashwal et al., 2010).  Microcephaly can present in 

isolation, termed ómicrocephaly veraô or true microcephaly (MCPH), in the presence of 
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other malformations, or as a part of a defined syndrome, such as fetal alcohol syndrome.  

According to the Centers for Disease Control and Prevention, microcephaly can result in 

seizures, developmental delay, intellectual disability, and impaired movement/balance, 

feeding, vision, and hearing, with the severity of impairment usually reflecting the severity 

of microcephaly.  Microcephaly falls under two different MCD categories, arising from 

defective proliferation (category I) and post-migrational defects (category III).  Post-

migrational microcephaly is less common and poorly understood (Barkovich et al., 2012).  

Furthermore, microcephaly can arise from genetic alterations, as well as prenatal 

environmental factors including pre-natal/maternal infection, poor nutrition, drug/alcohol 

exposure, and interrupted blood supply.  

 Despite the inciting factor, microcephaly arises from a failure to generate enough 

neurons, profound cell death during neurogenesis, or more commonly a combination of 

these.  Genetic causes of MCPH have provided unparalleled insight into the mechanisms 

regulating both neuronal production and death in the developing cortex.  Twelve MCPH 

associated genes have been identified to date.  The most prevalent, MCPH5, also known 

as ASPM, is proposed to orient the mitotic spindle during neurogenesis (Bond et al., 2002; 

Bond et al., 2003; Gul et al., 2006; Gul et al., 2007; Kouprina et al., 2005; Paramasivam et 

al., 2007).  Interestingly, all of the twelve identified proteins responsible for MCPH appear 

to have some role in mitosis, frequently associating with either centrosomes, the 

kinetochore, or the mitotic spindle (Faheem et al., 2015).  Due to the obvious role mitosis 

plays in its pathogenesis, MCPH has been termed a neurogenic mitotic disorder (Faheem 

et al., 2015).  Beyond the genetic causes of microcephaly, there is increased evidence that 
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environmental causes, such as Zika virus associated microcephaly, are due to defects in 

mitosis as well (Souza et al., 2016).  Interestingly, despite the likelihood that mitotic defects 

are occurring through the body in MCPH, only the brain is affected.  Together this data 

suggests that the developing cortex is particularly sensitive to insults in mitosis and its 

regulation. 

 

Grey Matter Heterotopia 

Heterotopia in the cortex refers to a group of misplaced neurons which fail to 

migrate to their proper location in development.  The main classification for grey matter 

heterotopias (GMH) generated by radiologists is subependymal, 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 dysfunction with larger, more widespread GMH correlating with more severe 

symptoms (Barkovich and Kjos, 1992). The most common presentation of heterotopias is 

epilepsy that presents in the second decade of life.  GMH is also frequently associated with 

other MCDs, such as polymicrogyria.  As GMH requires imaging to diagnose and does not 

always result in clinical symptoms the true prevalence is unknown; however, 

periventricular nodular heterotopia (PNH) is the most common GMH and more importantly 

the most common MCD in adulthood (Watrin 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 with mutations in the FLNA gene, 
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which encodes for Filamin A, and ARFGEF2, which encodes for BIG2 (Fox et al., 1998).  

Mutations in C6orf70, FAT4, and DCHS1 have also been reported (Cappello et al., 2013; 

Conti et al., 2013).  A common theme in the identified genes is relation to cell-cell 

adhesion, with the exception C6orf70, whose function remains unknown (Conti et al., 

2013).  However many cases of PNH have an unknown etiology, and PNH has been 

observed in many other syndromes and instances of chromosomal deletion suggesting 

many unidentified genes may also be responsible for this phenotype (Conti et al., 2013; 

Fox et al., 1998).   

 

Neurogenesis in the cerebral cortex 

Neurogenesis is a tightly regulated process which must allow for both the 

substantial increase in the number of neural progenitor cells (NPCs) and the differentiation 

of cortical neurons.  NPCs are divided into two main groups: those with increased 

proliferation potential, apical progenitors (AP), and those which can undergo limited cell 

divisions, basal progenitors (BP).  APs and BPs are further characterized by their polarity, 

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 maintain 

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 (OSVZ) (Smart et al., 2002).  

As the name implies the VZ directly abuts the lateral ventricle and is rich in APs.  The SVZ 
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lies basal to the VZ and is rich in BPs (Noctor et al., 2004).  The evolutionarily new OSVZ 

is diverse in cell types and is thought to be the major contributor to the expanded 

neocortical size in primates (Dehay et al., 2015; Kriegstein et al., 2006).  

The expansion of the progenitor pool and neurogenesis must be perfectly timed and 

regulated to ensure the correct number of neurons are produced.   This tightly controlled 

process is primarily controlled through regulation of the mode of NPC division.  

Proliferative symmetric division generates two identical daughter cells that retain their 

proliferative ability.  Alternatively, differential symmetric division generates two neurons.  

Finally, asymmetric division results in two different cells.  For example, APs can form one 

AP and one BP, one AP and one neuron, or one BP and one neuron (Malatesta et al., 2000; 

Noctor et al., 2004).  BPs however, can only undergo symmetric division.  They undergo 

a limited number of divisions which generate two BPs until they undertake a final 

differential division generating two neurons.  Early in development cells preferentially 

undergo proliferative symmetric division in order to build up the progenitor pool followed 

by a period of asymmetric and differential division to generate more differentiated neurons 

(Jacquelyn Bond, 2006; Konno et al., 2008; Lilla M Farkas, 2008).   

Regulation of division type has 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 divide perpendicular to the apical-basal membranes in order 

to maintain both apical and basal cellular components, which allow them to remain 

proliferative. Due to the role of the mitotic spindle in regulating symmetric versus 

asymmetric division, its regulation has been a major focus of NPC studies (Kim et al., 
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2010; Yingling et al., 2008). However, isolated defects in spindle orientation do not affect 

cortical size (Konno et al., 2008).   

APs in the VZ undergo a unique process called interkinetic nuclear migration, in 

which cells move apically or basally depending on their stage in the cell cycle (Spear and 

Erickson, 2012).  This process helps create the densely packed pseudo-stratified VZ.  APs 

undergo S-phase 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 basally as they 

enter G1 (APs or BPs) or G0 (neurons).   

 
Figure 1-2. Primary types of cell division during neurogenesis.  NPCs can undergo 

different modes of cell division (proliferative vs differential, symmetric vs asymmetric) 

to generate various offspring.  Apical progenitors are the most pluripotent with the ability 

to undergo many rounds of division and generating APs, BPs, and neurons.  BPs can only 

generate a limited number of BPs before undergoing differential division to generate 

neurons. 
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Once cells have differentiated into neurons, cells must migrate basally out of the 

ventricular zone (VZ) and localize based on birth date (Jacquelyn Bond, 2006).  Neuronal 

migration is a highly complex process dictated by many intra and extracellular cues, and 

varies based on neuronal type.  Cortical projection neurons, for example, differ in migration 

from cortical inhibitory neurons.  Here I focus on the cortical projection neurons which 

arise from the VZ and SVZ as described above.  Even within cortical neurons the migratory 

process changes with the stage of development.  Prior to the establishment of the 

intermediate zone, the area between the imminent cortical plate and the VZ/SVZ through 

which neurons migrate, neurons move through a process termed somal translocation.  

Newly generated neurons inherit a basal process, which remains connected to the pial 

surface (Miyata et al., 2001; Miyata and Ogawa, 2007).  Loss of attachment at the ventricle 

allows the neuron to be pulled up towards the newly forming cortical plate.  In later stages 

new born neurons extend and retract multiple processes to detect extracellular signals 

directing their migration (Sakakibara et al., 2014).  As they exit the intermediate zone a 

single leading process wraps around a radial glia basal process, which extends to the basal 

surface and serves as a scaffold for radial neuronal migration (Rakic, 1972).  Extracellular 

signals such as Semaphorin 3A and Reelin are generated at the pial surface and form a 

gradient helping to orient and promote locomotion in the migrating neurons (Chen et al., 

2008; Tissir and Goffinet, 2003). These neurons maintain a trailing process which will 

become the axon.  The locomotion stage and ends when the neuron reaches the pial surface 

migrating past the previously differentiated neurons.  This process continues until all 

neurons have migrated out to the cortical plate generating the final six-layered structure in  
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Figure 1-3. Composition of the developing cortex.  As more progenitors and 

differentiated neurons arise the developing cortex must expand giving rise to spatially 

and functionally distinct zones.  The ventricular zone abuts the lateral ventricle and is 

comprised of primarily APs (green).  The subventricular zone located basal to the VZ 

contains primarily BPs (yellow).  Differentiated neurons (red) migrate through the 

intermediate zone, which separates the progenitors in the VZ/SVZ and terminally located 

neurons in the cortical plate.  The cortical plate lies adjacent to the pial surface and is 

composed of discrete lamina stratified by neuronal birth-date.   

 

an inside-out fashion, with the younger neurons comprising the outer most layers (Dehay 

and Kennedy, 2007).    

 

Neuroepithelial polarity  

Maintenance of cell polarity is essential for all epithelial cells, including the 

neuroepithelium, from which the overwhelming majority of CNS 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 localized at the apical side, termed apical 

polarity complex proteins and one complex located at the basal side of the cell (Fig1-4).  

The Par complex, comprised of Par-6, Par-3, and aPKC, as well as the Crumbs complex, 

comprised of Crumbs (Crb), Pals1-associated tight junction (PATJ), and Protein 

Associated with Lin7 (Pals1), both localize to the apical membrane (Gotz and Huttner, 

2005). The basal polarity complex includes Discs-large (Dlg), Scribble (Scrib), and Lethal 

Giant Larvae  (Lgl) (Roegiers and Jan, 2004).  The apical and basal complexes are highly 

antagonistic of each other.  Lgl, in particular, works antagonistically with aPKC, a member 

of the apical Par complex.  aPKC phosphorylation of Lgl prevents Lgl from localizing in 

the apical domain of the cell (Imogen Elsum, 2012).  Similarly, Lgl competes with Par3 to 

bind to the Par complex and inhibit aPKC activity.  The Crumbs complex has also been 

shown to work antagonistically to Scrib complex; however the exact mechanism through 

which they interact remains unknown (Bilder et al., 2003; Chalmers et al., 2005; 

Tanentzapf and Tepass, 2003).  In Drosophila, Lgl has been proposed to function 

epistatically to Crb, such that loss of Lgl restored cell polarity and formation of the zonula 

adherens following Crb loss and that Crb activity was no longer necessary when Lgl 

activity was absent (Tanentzapf and Tepass, 2003).  This study proposed that Lgl and Crb 

function competitively to determine the apical versus basal domain of the cell (Tanentzapf 

and Tepass, 2003).  Finally, the Yurt/Coracle complex has been recently described as a 

novel polarity complex; however less is known about their relationship with other 

complexes  and  as  such  will   not be  a  focus  in  these studies (Laprise et al., 2009).  Both  
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Figure 1-4. Schematic of neuroepithelial cell polarity.  Three main complexes dictate 

cell polarity.  Apical and basal complexes are separated the each other by the adherens 

junctions which connect to other cells and to the internal cytoskeleton.   

 

adherens junctions (AJs) and tight junctions sit between the apical complexes and the 

basolateral  complex  and  are  primarily  composed  of  E-cadherin,  Ŭ-Catenin,  and  ɓ -

Catenin (Baum and Georgiou, 2011).  As 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 membrane / proteins to allow cell to remain proliferative (Konno et al., 

2008; Kosodo et al., 2004).  Maintenance of both processes is consistent with a simplified 

view of division mode as symmetrical division would ensures equal division of apical/basal 

components and thus the ability of these daughter cells 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 size (Bultje et al., 2009; Costa et al., 2008; Dudok et al., 2016; Kim et al., 

2010).   

In an effort to better understand the role of the polarity proteins on the developing 

cortex, several mouse knockouts (KOs) have been developed.  However, due to the crucial 

role of these proteins in across development complete KOs demonstrate early lethality; 

therefore, loss of protein studies have to be completed via alternative methods, such as 

conditional KO (CKO) or shRNA knockdown  (Kim et al., 2010; Klezovitch et al., 2004; 

Soloff et al., 2004; Xiao et al., 2011).  A common feature of polarity protein loss is the 

failure of the remaining polarity proteins to properly localize, hinting at the 

interconnectedness among this group of proteins (Dudok et al., 2016; Kim et al., 2010; 

Nechiporuk et al., 2007).   Further, there exists a trend that loss of apical proteins promotes 

differentiation while loss of basal proteins promote increased proliferation (Bultje et al., 

2009; Costa et al., 2008; Dudok et al., 2016; Kim et al., 2010; Klezovitch et al., 2004).  In 
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contrast to loss of other apically associated proteins, loss of aPKCɚ showed no alteration 

in neurogenesis, specifically showing no change in the rate of cell cycle exit (Imai et al., 

2006).    The polarity complexes, specifically the Scrib complex, 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 cell-cell interactions 

anchoring neighboring cells to the internal cell cytoskeleton.  In the most general form AJs 

consist of a transmembrane protein, cadherin or nectin, which binds to neighboring cellôs 

cadherin or nectin and an internal protein, catenin or afadin respectively (Baum and 

Georgiou, 2011).  Afadin or the catenins in turn bind to the actin cytoskeleton.  These 

junctions are essential 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 cell-cell connections is implicated in epithelial to mesenchymal transition and 

cancer pathogenesis (Knights et al., 2012).   

Connections to the actomyosin is a key function of the AJs, as destabilization of 

AJs leads to destabilization of the cell cytoskeleton and vice versa. AJ integrity has been 

shown to be regulated by Rho-family GTPases, such as RhoA, which are also key 

regulators of actin dynamics (Braga, 2000; Braga et al., 1997; Katayama et al., 2011).  

RhoA activates Rho-associated Kinase (ROCK) to inhibit myosin phosphatase resulting in 

actin stress fiber formation by promoting actin myosin interaction (1996; Kimura et al., 

1996).  Conditional loss of RhoA in the developing cortex results ectopic proliferation of 
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NPCs and aberrant neuronal migration resulting in severe subcortical heterotopia (Cappello 

et al., 2012; Katayama et al., 2011).  Interestingly, RhoA loss also demonstrated 

hyperproliferation due to increased Hedgehog signaling (Katayama et al., 2011).   

 

Actomyosin Cytoskeleton 

In epithelial cells actin filaments (F-actin) form a circumferential belt around the 

apical domain of a cell, which is physically linked to adherens junctions.  In the 

neuroepithelium this structure is found apically along the ventricular surface basal to the 

tight junction (Chenn et al., 1998).  Being intimately tied to cell shape, actin is crucial in 

every stage of cortical development from NPC proliferation, to neural migration and 

differentiated neuronal structure.  As such, actin is highly dynamic having to rearrange 

frequently as the NPC transitions through the various stages of the cell cycle and finally as 

a migratory neuron.  Regulation of actin is dependent on its polymerization status, stability, 

and contractility, which are regulated by various effectors such as the Rho GTPases, 

filamins, and myosin, respectively.   

Actin, AJs, and polarity proteins all function cooperatively to help maintain the 

others, and it is not uncommon that upstream effectors regulate at least two of these 

components. For example, Cdc42 is a Rho-GTPase, which promotes actin polymerization, 

but can also bind to Par6 to help localize Par complex to the apical domain.  Loss of Cdc42 

results in loss of apical loss of the Par complex as well as loss of adherens junctions 

(Cappello et al., 2006).  Interestingly, actomyosin contractility may also be subject to 

antagonistic regulation by the polarity proteins themselves.  Several studies have indicated 

that Lgl1 interacts with and regulates non-muscle myosin II (NMII) through electrostatic 
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attraction between NMII heavy chain (negative) and Lgl1 (positive) (Dahan et al., 2014; 

Dahan et al., 2012; Strand et al., 1994; Strand et al., 1995).  Binding of Lgl1 to NMII 

prevents NMII filament assembly thus inhibiting its ability to interact with actin (Dahan et 

al., 2014).  Phosphorylation of Lgl1 by aPKC prevents its interaction with NMII similar to 

the way this phosphorylation inhibits its binding to Par6 (Dahan et al., 2014).  Lgl1 KO 

embryo cortices displayed perturbation in the correct localization of NMII (Klezovitch et 

al., 2004).  It is therefore not surprising that rosette structures and hydrocephalus, similar 

to what was seen in the Lgl1 KO, have also been observed in NMII and even the mDia 

actin mutants (Thumkeo et al., 2011; Tullio et al., 2001).  aPKC has proven interaction 

with AJs and the actin belt as these structure were absent in the aPKC mouse KO and when 

aPKC was inactivated, respectively (Imai et al., 2006; Suzuki et al., 2002).  This may be 

due to aPKC phosphorylation of Lgl1, which decreases Lgl1 ability to bind NMII (Dahan 

et al., 2014).  Further, Crb has also been shown to regulate NMII activity through alteration 

of aPKC activity in drosophila.  Crb was shown to recruit aPKC to phosphorylate and thus 

inactivate ROCK thereby inhibiting myosin activity (Röper, 2012).     

As mentioned above, there exists strong evidence that defects in AJ result in PNH 

(Cappello et al., 2013; Ferland et al., 2009).  Evidence from animal models corroborate this 

finding (Gil-Sanz et al., 2014; Kadowaki et al., 2007).  As AJs are intrinsically linked to 

the actomyosin cytoskeleton similar findings of periventricular nodules have been reported 

in animals carrying defective actin, myosin, their regulator RhoA (Cappello et al., 2012; 

Katayama et al., 2011; Thumkeo et al., 2011; Tullio et al., 2001).  Interestingly, the ectopic 

nodules in these animal models is frequently accompanied by hyperproliferation (Gil-Sanz 
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et al., 2014; Katayama et al., 2011).  Of all of the polarity proteins, only loss of Lgl1 has 

shown a similar phenotype of hyperproliferation and ectopic progenitors; however 

perinatal lethality precluded determination if defects in cell polarity are sufficient to 

generate PNH (Klezovitch et al., 2004).   The ability of cell polarity, AJs, and actomyosin 

to regulate of cell proliferation has been proposed to function through manipulation of 

downstream signaling pathways.  Several pathways have been proposed to function 

downstream of these components including the YAP/TAZ, Hedgehog, Notch, and Wnt 

pathways (Cappello et al., 2013; Klezovitch et al., 2004; Lien et al., 2006; Woodhead et 

al., 2006; Zhang et al., 2010).  Importantly, dysregulated YAP/TAZ signaling specifically 

has been implicated in mediating PNH formation (Cappello et al., 2013). 

 

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 tumorigenesis (Zhao 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 Lats1/2 and subsequent Lats1/2 

phosphorylation of YAP/TAZ.  Phospho-YAP/TAZ is unable to enter the nucleus where it 

works as a transcriptional co-activator.  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, Diap1 and cyclin E, which inhibit apoptosis and 

promote cell growth, respectively.  YAP/TAZ function as a central regulator of cell and 

tissue growth with multiple inputs coming in from various effectors, such as cytoskeletal 
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tension and alternative Wnt signaling, (Azzolin et al., 2012; Dupont et al., 2011; Park et 

al., 2015).   While the Hippo pathway is the most classically associated with YAP 

regulation, there are upstream YAP/TAZ regulators that function independent 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 proteins, Crb has one of the most established of the Hippo-YAP 

pathway by recruiting and restricting Expanded to apical membrane to promote activation 

of the Hippo pathway (Hamaratoglu et al., 2006; Robinson et al., 2010).  However, Crb 

regulation of YAP pathway in mammalian cells is not clear as mammals do not have an 

Expanded homologue.  Similarly, Lgl and aPKC have also been shown as upstream 

regulators of the YAP pathway in Drosophila; 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 of YAP target genes (Grzeschik et al., 

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 activity (Parsons et al., 

2014).  aPKC can also phosphorylate key Hippo regulator KIBRA, who can in turn inhibit 

aPKC activity (Yoshihama et al., 2012).  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 activity (Cordenonsi 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 junctions and polarity may target multiple upstream 

regulators which funnel into the YAP/TAZ pathway (Yang et al., 2015a).  

 

Cell cycle progression 

While the cell cycle is highly regulated in all  cells to ensure that only certain cells 

are replicating and that replicating cells are able to copy their genomic and cellular contents 

correctly for their progeny, cell cycle regulation may prove to be even more important for 

NPCs during cortical development affecting NPC division mode and cortical size.  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 prevails (Calegari et al., 2005; Calegari and Huttner, 

2003; Dehay and Kennedy, 2007).  Furthermore, forced expression of cyclin D1 and E1 

decreases the cell cycle length of cortical progenitors and promotes self-renewing 

proliferative division, supporting the critical role of cell cycle length in determining cell 

division mode and the size of progenitor pool (Pilaz et al., 2009).  In contrast, S-phase has 

been suggested to be shorter when cell division is differentiative and longer when cells 

remain proliferative to allow time for faithful genomic replication (Arai et al., 2011; Garcia 

et al., 2016).  Although cell cycle length makes a critical contribution to the timely 

progression of cortical neurogenesis, the upstream regulators of the cell cycle length of 

cortical progenitors has not been fully understood (Calegari and Huttner, 2003).    

Aside from regulation of cell cycle length, the transition from one phase of the cycle 

to the next is highly regulated.  Mitosis in particular has proven to be of utmost importance 

to cortical development as all of the identified MCPH causing genes code for proteins that 
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in some way affect mitosis (Faheem et al., 2015).  Mitotic cell division is a highly regulated 

process with multiple checkpoints to ensure genomic fidelity of both daughter cells.    Delay 

in mitotic progression for any reason has been shown to result in both premature 

differentiation and apoptosis leading to a reduction in the progenitor pool (Chen et al., 

2014; Feng and Walsh, 2004; Insolera et al., 2014; Kim et al., 2010; Marthiens 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 cortical size (Chen et al., 2014; Konno et al., 

2008).  Defects in genetic content are a major contributor to apoptosis.  Surprisingly, 

substantial chromosomal aneuploidy has been found in NPCs; however, when that 

becomes extensive (>5 chromosomal variations) cells are subject to apoptosis, thus 

depleting the progenitor pool (Peterson et al., 2012; Yang et al., 2003).  These studies point 

to the necessity of faithful chromosome segregation and impaired genomic integrity as a 

major contributor to the pathogenesis of microcephaly.   

The major checkpoint that dictates progress through mitosis is the spindle assembly 

checkpoint (SAC).   The SAC works to inhibit anaphase until all chromosomes are properly 

aligned and attached to microtubule spindles at the metaphase plate; although, the exact 

signal maintaining this inhibition remains unclear (Darren J Baker, 2005; Ignacio Perez de 

Castro, 2007; Victor M Bolanos-Garcia, 2011).  Budding uninhibited by bendimizole 

related 1 (BubR1) is a central protein in this checkpoint working both at the kinetochores 

to promote stable kinetochore-microtubule attachments and as a key component of the 

mitotic checkpoint complex to prevent premature anaphase (Daniel J Burke, 2008; 

Suijkerbuijk et al., 2012; Yinghui Mao, 2003).  Importantly, mutations in BubR1 are linked 
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to not only cancer development but also cortical morphogenesis.  Congenital BubR1 

mutations are associated with Mosaic Variegated Aneuploidy (MVA, also referred to as 

Premature Chromatid Separation PCS) (Hanks et al., 2004; SJ Suijkerbuijk, 2010).  MVA 

is a syndrome in which cells throughout the body contain an abnormal number of 

chromosomes.  This most frequently manifests in patients as microcephaly, Dandy-Walker 

malformation, intellectual disability, developmental delay, eye abnormalities, growth 

retardation, cancer predisposition, and a decreased lifespan; however, a variety of other 

features have been reported (Kajii et al., 1998; Kawame et al., 1999; Shinya Matsuura, 

2006; Tadashi Kajii, 2001; Tobias Wijshake, 2012; Warburton et al., 1991). 

 

Hypothesis & Aims 

Despite the data presented above on the regulation of cortical development, many 

questions remain. It is clear that neurogenesis is highly regulated from cell division to 

differentiation and alterations to this discretely controlled process can result in MCDs.  

Likewise, the maintenance of cell polarity is essential to the neuroepithelium and thus the 

resultant neocortex.  However, while the role of apical proteins in determination of cortical 

size through maintenance of the progenitor pool has been established through various 

protein loss of function studies, the effect of basal proteins in unknown due perinatal 

lethality, compensation by functional homologues, or overriding defects in the neural tube.  

Of the basal proteins, Lgl is of particular interest as it has demonstrated interaction with 

the actomyosin cytoskeleton, defects in which appear to play a 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 the YAP/TAZ pathway has been well established in 

Drosophila, but a direct connection between these has not been established in the 

mammalian neocortex.  Finally, it is clear that mitosis is particularly important in neural 

development and the pathogenesis of microcephaly.  As apical polarity proteins, such as 

Pals1, 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 between mitotic progression and brain size, the role of direct mitotic 

regulators in corticogenesis remains unknown.  Therefore, in order to address the above 

questions, I propose the following hypothesis and specific aims: 

 

HYPOTHESIS:  Disruption in cell polarity affects neural progenitor proliferation through 

regulation of the YAP/TAZ signaling pathways and mitotic regulation resulting in 

malformations of cortical development. 

AIM 1)   Characterize the effects of basal protein Lgl1 depletion on cortical development 

and NPC behavior.  

AIM 2)   Evaluate the in vivo antagonism between the apical and basal proteins in 

neuroepithelial YAP/TAZ regulation.  

AIM 3)   Determine how downstream mitotic defects contribute to the microcephaly 

phenotype of Pals1 loss, through depletion 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 (Lgl1), 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 pathways (Bilder et al., 2000).  Due to early neonatal lethality, the 

role of Lgl1 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 of cell 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 



25 

 

significant disruption to tissue integrity.  Loss of Lgl1 increases the apical progenitor pool 

by reducing cell cycle length with no change to S-phase length.  The severely compromised 

ventricular lining results in rosette formation and a displaced apical membrane serving as 

a platform for bidirectional growth. Furthermore, the rosettes and ectopic ventricular lining 

are concentrated with apical protein Pals1, suggesting its function in proliferation at the 

ectopic locations.  Thus, our study identifies Lgl1 as a new subcortical heterotopia causing 

gene by uncovering its role in cell cycle length regulation in combination with its well-

established cell polarity function. 

 

Introduction 

 Stem cell-like neural progenitor cells (NPCs) are characterized by highly polarized 

apical 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; Taverna et al., 2014), and is established and maintained through 

both apical and basal proteins.   A key member of the basal complex, Lethal Giant Larvae 

homolog 1 (Lgl1), 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., 2005; Klezovitch et al., 2004; Murdoch et al., 2001; Xiao et al., 2011).  

However, neonatal lethality of Lgl1 knockout mice precludes the comprehensive 

understanding of its function in cortical neurogenesis and histogenesis (Klezovitch 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 cell cycle length (mainly G1) becomes increasingly longer as 

neurogenesis progresses when more differentiative division prevails (Dehay and Kennedy, 

2007).  Likewise, forced expression of cyclin D1 and E1 decreases the cell cycle length of 

cortical progenitors and promotes self-renewing proliferative division, supporting the 

critical role of cell cycle length in determining cell division mode and size of the progenitor 

pool (Pilaz et al., 2009).  Although cell cycle length makes a critical contribution to the 

timely progression of cortical neurogenesis, the upstream regulator of cell cycle length in 

cortical progenitors is not fully understood (Calegari and Huttner, 2003). 

  Here we show that conditional loss of Lgl1 in the developing cortex results in a new 

class of subcortical heterotopia due to both ectopic and excessive proliferation during 

neurogenesis. Lgl1 loss reduces the total cell cycle length of apical progenitors, which 

increases progenitor quantity and consequently leads to the overproduction of neurons. 

Lgl1 loss also compromises 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 involvement of Lgl1 in 

cell cycle 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 Lgl1 floxed allele was genotyped as previously described (Kim et al., 2010; 

Klezovitch et al., 2004).  Emx1Cre mice were obtained from Jackson lab and genotyped 

accordingly (Gorski et al., 2002).   

 

Histology 

Embryos (E15 and older) and postnatal animals were perfused, and brains were isolated 

and fixed overnight in 4% paraformaldehyde/PBS at 4ęC. Brain tissue was embedded in 

paraffin and sectioned at 7µm.  Hematoxylin and eosin staining followed standard 

procedures. 

 

Immunohistochemistry 

Paraffin embedded tissue was sectioned at 7µm and rehydrated with a xylene-ethanol series 

into deionized water.  Antigen retrieval was achieved through a sodium citrate boil cycle, 

followed by rinse in PBS.  Samples were then incubated overnight at 4ęC with primary 

antibody in PBS with 5% normal goat or donkey serum.  Samples were then rinsed in PBS.  

Secondary antibody (Alexa Flour 488 anti-mouse, Cy3 anti-rabbit and biotin conjugated 

goat anti-rabbit, 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 acquired 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 2µl plasmid DNA (4µg/µl) 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 was induced 

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 dissected and kept in 

4% paraformaldehyde/PBS at 4ęC overnight.  Samples were then washed in PBS and kept 

in 30% sucrose at 4ęC overnight.  Cortices were embedded in O.C.T. compound (VWR 

25608-930) on dry ice and sectioned at 16µm using a cryostat (Leica).  Slides were then 

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, Leica). 3-D 

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.  Embryos were harvested 

after 30 minutes and 7µm sections prepared and rehydrated as described above.  Samples 

were then processed with the Click-It EdU Imaging Kit (Invitrogen C10338) to detect EdU 

and washed in PBS.  Antigen retrieval immunofluorescence was then completed similarly 

to above to detect BrdU and Pax6.  The proportion of EdU+ to both EdU+ and BrdU+ cells 

was used to calculate cell cycle length (Martynoga et al., 2005). Time of S-phase (Ts) and 

total cell cycle length (Tc) were calculated according to the following equations, where 

incubation time (Ti) is 1.5hrs:  

Ὕί ὝὭ Ⱦ
 

                                     Ὕὧ ὝίȾ  

 

Quantification and statistical analyses 

All cell counting and quantification were completed manually on 2-3 non-consecutive 

sections from a minimum of three animals per test group.  Layer specific neurons were 

counted in the cortical region directly above the dorsolateral hippocampus.  Images were 

acquired at 20X objective, and all cells counted in a given length of cortex.  Quantification 

of labeled cells during embryogenesis was performed manually in the most medial 250 µm 

region of the developing cortex after acquisition of images at 40X objective. Results were 

tested for statistical significance using Studentôs t-test.  Cortical thickness measurements 

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 III (SC-588, Santa Cruz, 1:200), Arl13B (AB136648, Abcam, 1:200), 

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

Millipore, 1:200),  ɓ-Catenin (610153, BD, 1:200), CC3 (9661S, Cell Signaling, 1:200), 

Pan-Crb (Synthesized, 1:200), Ctip2 (AB18465, Abcam, 1:200), Cux1 (SC-13024, Santa 

Cruz, 1:200), FoxP2 (53375, Cell Signaling, 1:200), GFAP (Rb-087-A0, Thermo 

Scientific, 1:200), Pals1 (17710-1-AP, Proteintech, 1:200), pH3 (06-570, Millipore, 

1:200), Myelin Basic Protein (SMI- 94R, Covance, 1:1000), Olig2 (AB9610, Millipore, 

1:200), Pax6 (PRB-278P, Covance, 1:200), PCNA (2586S, Cell Signaling, 1:200), aPKCɚ 

(610207, BD, 1:200), Reelin (MAB5366, Millipore, 1:200), S100ɓ (NB110-57478, Novus, 

1:200), Tbr2 (AB2283, Millipore, 1:500), ɓIII-tubulin (MMS-435P, Covance, 1:500) P27 

(610241, BD, 1:200).  

 

Results 

Loss of Lgl1 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 function in cortical layer structure and 

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

an obvious phenotype in mutant mice (Imai et al., 2006; Kim et al., 2010; Klezovitch et al., 

2004).  Because Lgl1 deletion results in neonatal lethality, the function of Lgl1 in laminar 

organization and composition has never been explored.  Using Emx1Cre to drive 

conditional Lgl1 deletion, we were able to bypass this lethality and observe a unique and 



31 

 

abnormal layer phenotype.  Despite significant cortical malformations, Lgl1/Emx1Cre 

conditional knockout mice (Lgl1 CKO) survive well into adulthood, generate offspring, 

and demonstrate no gross behavioral abnormalities or epilepsy.   

Upon gross observation, postnatal day 5 (P5) Lgl1 CKO cortices appeared similar 

in size to those of wild type (WT) littermates (Fig. 2-1 A). Histological analysis, however, 

revealed that loss of Lgl1 in the developing cortex resulted in hydrocephaly and ectopic 

cortical tissue underneath a seemingly normal, albeit undersized cortex (Fig. 2-1 B). In 

addition, the hippocampus of the Lgl1 CKO was grossly disorganized and undersized, 

demonstrating the important function of Lgl1 in hippocampus development (Fig. 2-1 B, C, 

and D).  In order to characterize both the heterotopic and normotopic cortices in the Lgl1 

CKO, we used layer specific markers, including Cux1 (layers II-IV), 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 layers (Fig. 2-1 C and D).  

However, the normotopic cortex showed a nearly proportional decrease in the number of 

neurons among all cortical layers (Fig. 2-1 E).  In contrast to the normotopic cortex, the 

heterotopic cortex appeared to lack any organization, and neurons showed no discernible 

layering pattern (Fig. 2-1 C and D).  In addition, the heterotopic tissue was primarily 

comprised of late-born neurons and contained few early-born neurons.  Despite the 

reduction in normotopic cortical thickness, the large heterotopic tissue caused the overall 

number of neurons to be far greater in the CKO than its WT littermates (Fig. 2-1 E).  The 

increase in neuronal number was particularly striking in the late-born (layers II-IV) 

neurons, which constituted the vast majority of the heterotopic cortex.  
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Figure 2-1. Lgl1 depletion results in periventricular heterotopia. 
(A) At P5, gross Lgl1 CKO brain appears similar to WT. (B) Both hydrocephaly (*) and 

large ectopic cortical tissue (black arrows) are present in Lgl1 CKO. (C, D) Compared 

to the normotopic cortex (NC), the heterotopic cortex (HC) predominantly comprises 

late born neurons (Cux1+, layer II-IV) and some Ctip+ layer V neurons but far fewer 

early born neurons (FoxP2+, layer VI). (E) Quantification of layer specific neurons 

shows significant increase in total number of both Cux1+ (p= 0.006) and Ctip2+ cells 

(p=0.017), but not FoxP2+ cells, in the CKO. (Scale Bar: B, C and D (upper): 500 µm, 

C, D (lower): 200 µm). 
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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 cortex (Fig. 2-2  

A and B).  The lamination pattern observed at P5 was persistent at P21 with a strong 

predominance of late-born neurons in the heterotopic cortex (Fig. 2-2 B).  Together our 

results demonstrate that Lgl1 loss in cortical progenitors leads to a massive periventricular 

nodule enriched with late-born neurons underneath a relatively normal 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-up of these ectopic masses.  Interestingly, inhibitory 

neurons have been identified in human samples of periventricular heterotopia (Ferland et 

al., 2009).  Therefore, in order to determine whether the heterotopic nodule of the Lgl1 

CKO includes other cell types besides the excessive excitatory neurons, we next looked for 

inhibitory GABAergic interneurons in the heterotopia.  Interestingly, while Emx1Cre 

expression is limited to excitatory cortical progenitors, we observed numerous GABAergic 

inhibitory neurons labelled by Calbindin in the heterotopic tissue (Fig. 2-2 C).  We found 

similar results using Reelin as a marker of interneurons (Fig. 2-2 D).  This presence of 

inhibitory neurons in the heterotopic cortex likely explains the absence of obvious epileptic 

activity despite the massive overproduction of excitatory neurons. 



34 

 

 

Figure 2-2.  Heterotopic cortex comprises diverse cell types.  (A) At P21, periventricular 

heterotopia and hydrocephaly persist in Lgl1 CKO though heterotopia size is greatly 

reduced. (B) Cortical lamination remains disorganized in adulthood, with late-born 

(Cux1+) cells predominating in the heterotopia (white box).  (C, D)  Interneurons 

(Calbindin+, Reelin+) are found in both normotopic and heterotopic cortices of Lgl1 CKO.   

(E) Oligodendrocyte lineage cells marked by Olig2 are distributed throughout both the 

normotopic and heterotopic cortices but myelination, labelled by MBP (Myelin basic 

protein), is sparse in heterotopic cortex. (F) GFAP+ glial processes are greatly increased 

throughout Lgl1 CKO cortex and especially elevated at the interface between normotopic 

and heterotopic cortex (white arrows).  (Scale Bar: B- 1000µm, C - 200µm) 

 

Subcortical white matter at the border between normotopic and heterotopic cortex 

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

Oligodendrocytes labelled by pan-oligodendrocyte 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 in the normotopic cortex also appeared similar to WT 

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

previously reported (Tomassy et al., 2014).  Interestingly, this correlation between 
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myelination and lamina-specific  neurons  has  been  consistent  even  in  cases  of  

subcortical  band  heterotopia formation as shown here and in previous studies, where late-

born neurons in the heterotopia exhibit a similar myelination pattern as the late-born 

superficial neurons of the normotopic cortex (Tomassy et al., 2014).  Therefore, the 

myelination pattern that we observed ï prominent myelin extending into the deep cortical 

layers of the normotopic cortex and minimal myelin in the heterotopic cortex, which 

comprises predominantly late-born neurons - reflects the lamina-specific myelination 

pattern. In contrast, GFAP+ cells can be found across both the normotopic cortex and the 

nodule in the Lgl1 CKO, but only along the white matter border in the WT (Fig. 2-2 F).  

Because we observed overproduction of astrocytes in early postnatal stages, such as P0 and 

P5 (data not shown), the abundance of GFAP+ cells at P21 suggests that glia production, 

as well as neuronal production, is increased in the Lgl1 deficient cortex.  In summary, late-

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

while myelinating oligodendrocytes are less abundant. 

 

Ventricular lining devoid of ependymal cells 

Previous work demonstrated severe hydrocephaly and intraventricular hemorrhage 

in the Lgl1 KO as early as embryonic day (E) 12.5 (Klezovitch 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 postnatal animals (Figs. 2-

1 B and 2-2 A).  Because the ependymal layer comprises multiciliated cuboidal cells, which 

are necessary to propel CSF, the integrity of the ependymal layer is important in preventing  
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Figure 2-3. Ependymal cells fail to localize properly in Lgl1 CKO. (A)  Hoechst 

staining of nuclei demonstrates an enlarged ventricle in Lgl1 CKO. Schematic illustrates 

the ventricular surface of WT and CKO and the cortical interface in CKO.  (B) 

Ependymal cell layer, labelled by S100ɓ, is absent in the dorsal ventricular lining in 

Lgl1 CKO (arrows), instead an intense S100ɓ+ cell layer is found at the cortical interface 

(arrows). (C) Ependymal cells and their cilia, marked by AC3 and Arl13B respectively, 

fail to localize to the ventricular lining of Lgl1 CKO and are distributed in the cortical 

interface between the normotopic and heterotopic cortices (arrows). Cilia (Arl13B+) 

appear aggregated and distorted in Lgl1 CKO, but extend into the ventricular surface in 

WT. (Scale Bar: A - 1000µm, C - 200µm, D - 100µm, box 50µm) 




































































































































































































































