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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
1

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
2

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
3

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 ‘microcephaly vera’ or true microcephaly (MCPH), in the presence of
4

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). Postmigrational 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
5

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
10

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, α-Catenin, and β 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
14

contrast to loss of other apically associated proteins, loss of aPKCλ 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 cell’s
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
16

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
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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 wellestablished 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 4˚C. 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 4˚C 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 4˚C overnight. Samples were then washed in PBS and kept
in 30% sucrose at 4˚C 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:
𝐸𝑑𝑈+ 𝐵𝑟𝑑𝑈−𝐶𝑒𝑙𝑙𝑠

𝐵𝑟𝑑𝑈+𝐸𝑑𝑈+𝐶𝑒𝑙𝑙𝑠

𝑇𝑠 = 𝑇𝑖 / ( 𝐸𝑑𝑈+𝐵𝑟𝑑𝑈+𝐶𝑒𝑙𝑙𝑠 )

𝑇𝑐 = 𝑇𝑠/ (

𝑃𝑎𝑥6+𝐶𝑒𝑙𝑙𝑠

)

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 Student’s 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), β-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), aPKCλ
(610207, BD, 1:200), Reelin (MAB5366, Millipore, 1:200), S100β (NB110-57478, Novus,
1:200), Tbr2 (AB2283, Millipore, 1:500), βIII-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
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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.
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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).
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Interestingly, this correlation between

myelination and lamina-specific neurons has been consistent even in cases of
subcortical band heterotopia formation as shown here and in previous studies, where lateborn 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 – 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, lateborn 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. 21 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 S100β, is absent in the dorsal ventricular lining in
Lgl1 CKO (arrows), instead an intense S100β+ 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)
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communicating hydrocephaly.

Moreover, disruption of the ependymal layer has been

observed in both humans and animal models of periventricular nodular heterotopias
(Ferland et al., 2009). Therefore, to assess ependymal integrity, we examined ependymal
cell layer formation and cilia phenotype in Lgl1 mutants. Although we failed to identify
ependymal cells along the ventricular lining in the CKO, we found ependymal cells, which
were positive for AC3 and S100, at the cortical interface between the heterotopic and
normotopic cortices (Fig. 2-3 A, B, and C). Ependymal cells with Arl13B labelled cilia
were aggregated and clumped at the interface between normotopic and heterotopic cortex
(Fig. 2-3 C). The absence of ependymal cells at the ventricular surface is therefore likely
to hinder efficient movement of CSF, which may contribute to the pathogenesis of
hydrocephaly.

NPCs demonstrate increased and ectopic proliferation in Lgl1 CKO
Two mechanisms have been proposed for generating heterotopic cortical tissue: 1)
failure of neurons to migrate correctly and 2) ectopic progenitor proliferation (Watrin et
al., 2015).

Aberrant neuronal migration is implicated in the formation of both

periventricular nodules and subcortical band heterotopias. Therefore, to determine if
neurons migrate abnormally in the Lgl1 CKO, we electroporated Cre plasmid DNA into
Lgl1 floxed mice to selectively delete Lgl1 in electroporated cells. GFP expressing vector
was co-electroporated to visualize transfected cells. Embryos were injected at E13 and
harvested at E17 to allow sufficient time for Cre recombination. The distribution of GFP
positive electroporated cells showed no obvious difference as compared to WT animals
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Figure 2-4. Lgl1 deficient neurons do not show impaired migration. Plasmid pCAGCre:GFP and pCAG-GFP were co- electroporated into either WT (n=4) and Lgl1 f/f mice
(n=8) in developing cortex at E13.5 and harvested at E17.5. GFP+ cells demonstrate no
obvious migration defects and properly localize to the top of the cortical plate in the Lgl1
f/f mice indicating Lgl1 loss in pyramidal neurons does not perturb radial migration.
(500µm, 50µm)

(n=6, Fig. 2-4). We therefore concluded that the heterotopic cortical tissue in the Lgl1
CKO is not the result of cell-autonomous migration defects of Lgl1 deficient neurons.
Because Lgl1 depleted neurons did not show aberrant migratory behavior, we next
investigated alterations in the composition of the progenitor pool and cellular
characteristics of NPCs. Varying degrees of tissue folding, rosette formation, and
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hydrocephaly occurred during neurogenesis (Fig. 2-5 A and B). Using markers for
proliferation (PCNA) and NPC specific markers, such as Pax6 for apical progenitors and
Tbr2 for basal progenitors, we detected a secondary proliferation zone along rosettes and
internal membranes formed by tissue folding (Fig. 2-5 C-L). This finding indicates that
the heterotopia is due at least in part to ectopic proliferation. These ectopic proliferation
zones appeared to oppose the normal proliferation zone, which resulted in newly generated
neurons that moved either basally to form the normotopic cortex or apically to form the
heterotopic cortex.
At E14.5, the apical progenitor population showed a higher mitotic index than WT
controls, as shown by increased S phase fraction after transient BrdU incorporation
(BrdU+Pax6+/Total Pax6+) (0.40 vs 0.32) (Fig. 2-5 E, J, and O) and by a two -fold increase
in M-phase cells (pH3+) (13.0 vs 25.3) (Fig. 2-5 F, K, and P). Interestingly, M-phase cells
were localized normally in the CKO normotopic cortex, lining the seemingly internalized
apical membrane (Fig. 2-5 K, white arrowheads), but disorganized and dispersed
throughout the developing heterotopic cortex (Fig. 2-5 K, red arrowheads). Similar changes
in proliferation were observed as early as E12.5, with CKO mice demonstrating both
ectopic and increased proliferation (Fig. 2-6 A-G). In addition, although we did not
observe an increase in the total number of apical progenitors in a given length of cortex
due to phenotypic variability in the thickness of the developing cortex, the increase in
actively dividing cells evidenced by increased S and M-phase cells led to a significant
increase in the proportion of apical progenitors (Fig. 2-5 D, I, and N). Conversely, the
proportion of basal progenitors among total cells did not change (Fig. 2-5 C, H, and M).
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Figure 2-5. Proliferation is both ectopic and increased in Lgl1 CKO.
(A, B) At E14.5, prominent rosettes (black arrows), cortical folding, and intraventricular
hemorrhage are found throughout the dorsal cortex of Lgl1 CKO. (C, D, H, I, M, N)
Both basal (Tbr2+, C, H) and apical (Pax6+, D, I) progenitors are found apical and basal
to the ectopic proliferating zone (white arrows) in Lgl1 CKO. The proportion of basal
progenitor cells among total cells is not altered, while only a fraction of apical progenitors
is increased (p= 0.016, WT n=5, CKO n=3) (M, N). (E, J, O) The fraction of S-phase
cells among apical progenitors (BrdU+Pax6+/Total Pax6+) (p= 0.029, WT n=3, CKO
n=3) after transient BrdU labelling (30 min) is significantly increased. (F, K, P) The
number of mitotic cells labelled by pH3 is also elevated in the CKO (p=0.001, WT n=4,
CKO n=4). Mitotic cells are located at the shifted ventricular surface of normotopic
cortex (white arrowheads) but throughout heterotopic cortex (red arrowheads). (G, L, Q)
Apoptotic cells (CC3+) are increased in the CKO compared to WT, but this change is not
statistically significant (p=0.100, WT n=3, CKO n=4). (Scale Bar: 100µm)
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Though not statistically significant due to high variability among samples, the CKOs also
demonstrated an increase in apoptotic cells (CC3+) similar to that previously reported in
the Lgl1 KO and with Lgl1 depletion in the cerebellum (Fig. 2-5 G, L, and Q) (Hou et al.,
2014; Klezovitch et al., 2004). Interestingly, the number of apoptotic cells appeared to
correlate positively with the presence of rosettes and cortical folding, while the embryos
displaying massive hydrocephaly and fewer rosettes showed fewer apoptotic cells. In
summary, upon loss of Lgl1, the proportion of apical progenitors increased regardless of
tissue defect phenotype. This increase is likely to contribute to the overproduction of lateborn neurons and, in combination with ectopic proliferation, to the generation of
heterotopic cortex.

Lgl1 deficient apical progenitors have shortened cell cycle length
Because altered cell cycle progression, such as acceleration or delay and/or
reduction of the cell cycle exit fraction, can affect the population of proliferating cells, we
next examined cell cycle length in the Lgl1 CKO. The increased fraction of S-phase cells
in apical progenitors indicated either shortened cell cycle length or increased S-phase
length. To determine whether total cell cycle or S-phase length is altered in Lgl1 CKOs,
we used a series of EdU and BrdU incorporations, similar to those previously described
(Fig. 2-7 A and B) (Martynoga et al., 2005). We determined that the cells progressed
through S-phase at a similar rate as WT controls (Time of S-phase (Ts): 4.4 hrs vs 4.5 hrs)
by determining the fraction of cells leaving S-phase (L/S, where L=BrdU- EdU+ cells,
arrowheads, and S=BrdU+ EdU+ cells) after 1.5 hrs (Fig. 2-7 A and B). We then calculated
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Figure 2-6. Hyperproliferation in Llgl1 CKO is detectable in early neurogenesis.
(A-F) Ectopic proliferating zones are well established at E12.5. Apical progenitors
(Pax6+) (A, D) and S-phase cells (BrdU+) are located both apical and basal to these zones
(B, E). Mitotic cells (pH3+) are increased and dispersed throughout developing cortex
(p=0.014, WT n=4, CKO n=3) (C, F, G). (Scale bar 100µm)

total cell cycle length (Tc) and found that Tc was significantly shorter in the Lgl1 CKO
than WT (10.4 hrs and 14.3 hrs, respectively, p = 0.048). (Fig. 2-7 A and B). Of note, Tc
and Ts of WT are consistent with the results of a previous report that used the EdU- BrdU
serial injection method at E14.5 (Martynoga et al., 2005). The decrease in cell cycle length
occurred regardless of the presence of rosettes or other gross tissue disruption in the Lgl1
CKO.
Next, to determine whether there were any changes in the fraction of apical
progenitor cells remaining in the apical progenitor pool, we utilized a 24-hour BrdU
incorporation. We found a slight decrease in the fraction of BrdU+ cells that were no longer
apical progenitors (Pax6+), but these findings were not statistically significant (Fig. 2-7 C
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Figure 2-7. Lgl1 CKO undergoes an accelerated cell cycle. (A, B) At. E14.5, cell
cycle length analyses of Pax6+ apical progenitors with serial injection of EdU (2hrs) and
BrdU (30min) prior to harvest demonstrate a reduction in total cell cycle length (WT:
18.9 hrs, n=3, CKO: 14.9 hrs, n=3, p= 0.037) with no change in the length of S-phase
(p=0.433, WT: 6.0 hrs, n=3, CKO: 5.9 hrs, n=3) in Lgl1 deficient progenitors compared
to WT. (C, D) At E14.5, the fraction of apical progenitors (Pax6+) exiting the apical
progenitor pool (BrdU+ and Pax6- among total BrdU+) after 24 hour BrdU incorporation
is slightly reduced in CKO compared to WT, but this reduction is not statistically
significant (p=0.116, WT n=3, CKO n=3). (E, F) Post-mitotic cells (P27+) (E) and
differentiated neurons (Tuj1+) (F) are widely distributed in CKO but limited to the
intermediate zone and emerging cortical plate in WT. (Scale Bar 100 µm)
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and D). We consistently observed no alteration in the fraction of basal progenitor
population among total cells (Fig. 2-7 C, H, and M) and widely dispersed post-mitotic cells
(P27+) and differentiated neurons (Tuj1+) (Fig. 2-7 E and F). These findings suggest that
progression of apical progenitors to more committed progenitors or neurons was
uncompromised. Together, the results of the cell cycle analysis indicate that the increased
number of progenitors due to reduced cell cycle length together with the unimpaired
transition of apical progenitors to the next step in commitment resulted in excessive lateborn neurons without a decrease in FoxP2 + early-born neurons (Fig. 2-1 C, D, and E).

Lgl1 loss disrupts the localization of apical junction proteins
Previous studies with the genetic mutants of junctional components such as catenin, Afadin and N-cadherin have demonstrated progenitor proliferation defects along
with compromised junctional integrity (Gil-Sanz et al., 2014; Lien et al., 2006). Junctional
defects can cause abnormal mitogenic signaling as well as formation of ectopic
proliferation zones (Katayama et al., 2011; Lien et al., 2006). Importantly, the hippocampal
phenotype of Lgl1 CKO is similar to that of adherens junction (AJ) component mutants,
such as N-Cadherin (Kadowaki et al., 2007). To elucidate Lgl1 function in junctional
integrity and cell polarity of cortical neuroepithelium, we looked for defects in localization
of other polarity proteins and AJ proteins. Interestingly, at E14.5 in the Lgl1 CKO, both
Crb and aPKC failed to fully localize along the apical membrane, and aPKC was
diffused to the basal side and/or cytoplasm of the cells (Fig. 2-8 A). Apical protein, Pals1,
was also reduced at the apical surface (Fig. 2-8 B). All CKOs showed disruption in tissue
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architecture, with multiple rosettes in some areas (Fig. 2-8 A-D). In other areas, however,
the disruption was much more widespread and a linear ventricular lining was displaced to
the middle of the developing cortex (Fig. 2-8 B and C). The rosettes and displaced apical
membrane corresponded to areas of active ectopic proliferation. This observation indicates
that the shifted ventricular lining may not only have the appearance of an apical membrane
but that it may also retain apical membrane function and serve as additional surface area
for both increased and ectopic progenitor cell proliferation. The internalized ventricular
lining observed embryonically was also consistent with our finding of ependymal cells
between the normotopic and heterotopic cortices postnatally (Fig. 2-3 A, B, and C).
Interestingly, Pals1 was abundant in both the rosettes and these internally displaced apical
membranes (Fig. 2-8 B and C). Crb and aPKC, however, were rather limited in these
displaced apical membrane areas and few rosettes contained both Crb and aPKC (Fig. 28 A and C). Furthermore, the concentrated localization of AJ proteins (β-Catenin and NCadherin) was not maintained at the apical endfeet of the ventricular surface in the Lgl1
CKO but was found in the ectopic proliferating zones (Fig. 2-8 B and C).
To further evaluate the AJ defects, we examined the integrity of the circumferential
actin belt which resides along the apical membrane using phalloidin staining to visualize
the organization of F-actin fibers. In WT, the F-actin fibers create a discretely organized
mesh-like belt along the apical lining of the neuroepithelium (Fig. 2-8 D). In contrast, Factin in the CKO was diffuse and unorganized at the apical lining. Similar to N-cadherin
and β-catenin, F-actin appeared more concentrated along the internalized apical membrane
than at the ventricular surface; however, these F-actin fibers remained highly disorganized
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Figure 2-8. Loss of Lgl1 disrupts the integrity of apical junctional complex. (A, B)
At E14.5, the distribution of apical polarity proteins, aPKCλ, Crbs, and Pals1, and apical
endfeet labelled by concentrated β-Catenin and N-Cadherin is reduced at the ventricular
surface of CKO. Robust Pals1 and concentrated β-Catenin are readily detected at the
rosettes (red arrows), where aPKC and Crbs are often absent (white arrows). (C) The
internalized apical membranes also include concentrated Pals1 and N-Cadherin, but Crbs
and aPKCλ are present to a lesser extent in Lgl1 CKO. (D) The circumferential F-actin
belt labelled by Phalloidin is diffuse along the apical membrane and disorganized along
the internalized apical membranes in Lgl1 CKO, in contrast to the regular arrangement
of the actin belt in WT. (Scale bar A, B, left: 50µm, middle and right: 25mm).
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(Fig. 2-8 D). In summary, upon loss of Lgl1, the disrupted tissue polarity led to loss of the
normal ventricular surface, containing apical endfeet enriched with AJ proteins and apical
polarity complex proteins. Instead, the ectopic proliferating zones included concentrated
AJ proteins, partially retained apical polarity complex proteins and an irregularly organized
actin belt.
To determine the onset of the disruption of junctional integrity, we looked for
defects in tissue integrity at earlier time points. At E12.5, disruption of ventricular integrity
and rosettes was well established (Fig. 2-9 A and B black arrow), and changes in apical
junction proteins observed at E14.5 were already evident (Fig. 2-9 C-F). To identify the
initial cellular defects that occurred prior to the widespread folding and rosette formation,
we examined the cellular phenotype at E11.5. Surprisingly, even at this early time point
we observed intraventricular hemorrhage in 1/4 of the Lgl1 CKOs, indicating the
importance of Lgl1 in maintaining cortical integrity. However, at E11.5 the ventricular
lining was relatively more maintained allowing us to detect discrete areas of integrity loss
along the apical membrane (Fig. 2-9 G). The small breaks where Pals1 and -Catenin were
interrupted in the apical junctions likely serve as the basis for the heterotopic cortex
allowing cells to protrude across and accumulate beneath the apical membrane. We also
observed embryos in which neuroepithelial integrity was severely disrupted at this early
stage. The disruption enabled us to observe a single dividing cell surrounded by Pals1 and
apical endfeet labelled by β-Catenin (Fig. 2-9 G, white box), which likely represented the
initiation of rosette formation. In summary, the initial disruption of apical junctions and
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cell polarity in early neuroepithelium indicates the emergence of future heterotopic cortex
formation in the Lgl1 CKO.

Figure 2-9. Impaired junctions and rosettes are present in Lgl1 CKO at E12.5.
(A, B) Prominent rosettes are established as early as E12.5. (C, D) Crb is minimal in the
rosettes (white arrows) and largely absent from the apical surface. (E, F) Similar to
E14.5, Pals1 and β-Catenin are prominent in the rosettes (red arrows). (G) At E11, apical
junction visualized by Pals1 and β-Catenin immunostaining shows breaks in the apical
junction and protrusion of cell clusters from the ventricular surface. Both Pals1 and βCatenin surround the internalized apical membrane and mitotic cells in Lgl1 CKO. (Scale
bar: C 100µm, G 50µm)
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Incomplete loss of Lgl1 does not reduce nodule size
Our observation of cell cycle anomalies in the absence of obvious tissue integrity
defects suggested that gross tissue defects may not be a necessary prerequisite for the
observed neuronal overgrowth. To further test this, we generated an Lgl1 CKO driven by
the RxCre promoter. While traditionally used to study retina development, RxCre also
expresses in the telencephalon beginning around E9.0 (Swindell et al., 2006). Importantly,
previous data from the Kim lab has shown that RxCre expresses in a patchy mosaic pattern
in the dorsal telencephalon allowing us to induce discrete focal areas of Lgl1 loss without
causing global Lgl1 loss in the neuroepithelium. Using this model, at P5 Lgl1 RxCre CKO
mice generate ectopic tissue comparable in size to the Lgl1 Emx1Cre CKO (Fig. 2-10 AC). In contrast to the Lgl1 Emx1Cre CKOs which showed a single large nodule, the Lgl1
RxCre CKOs showed multiple nodules (Fig. 2-10 B, asterisks). The presence of multiple
nodules is likely an indication of multiple sites of nodule initiation in embryogenesis due
to the patchy nature of Lgl1 knockout. The failure of these cortices that demonstrate partial
Lgl1 expression, to mitigate nodule size suggests that destabilization of junctions and tissue
integrity may be the inciting cause of hyperproliferation following Lgl1 loss. However,
further characterization of embryonic samples is needed to say this conclusively.
Furthermore, our Lgl1 Emx1Cre CKO may have destabilized junctions while maintaining
overall tissue structure; therefore, future work should include a thorough investigation of
AJ integrity following Lgl1 depletion.
Finally, as RxCre is typically used to study retina development and the retina is also
derived from highly polarized neuroepithelium, we wanted to determine if Lgl1 deficiency
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in the retina of the Lgl1 RxCre CKO mice showed a similar phenotype to the cortex. We
show that the retina also exhibited large areas of tissue folding, rosette formation (Fig. 210 E) and the apparent ectopic presence of outer nuclear layer cell bodies in the inner
plexiform and granule cell layers (Fig. 2-10 F), displaying overall similarity to the cortical
phenotype (Fig. 2-10 D).

Figure 2-10. RxCre mediated Lgl1 loss does not affect nodule development. (A)
Multiple nodules form in Lgl1 RxCre CKO (*) with no reduction in overall nodule size.
Hippocampal structure improved over Lgl1 Emx1Cre CKO. (B) Overall cortical
thickness and heterotopia thickness not changed based on Cre line used. Normotopic
cortex thickness significantly increased in Lgl1 RxCre compared to the Emx1Cre CKO
(p=0.029, n=3 per genotype). (C, D, E) Retina tissue from the Lgl1 RxCre CKOs show
gross structural abnormalities including tissue folding (D), rosette formation (D), and
ectopic cell outer nuclear cell bodies (E). (RPE- Retinal pigment epithelium, ONL –
Outer nuclear layer, INL – Inner nuclear layer, IPL – Inner plexiform layer, GCL –
Granule cell layer)

50

Discussion
Our current study of the Lgl1 CKO identifies a novel genetic cause of subcortical
heterotopia, in which ectopic proliferation is not simply due to detachment of neural
progenitors from the ventricular surface or cell-autonomous defects in migration
(Carabalona et al., 2012; Kielar et al., 2014). Instead, we observed that disruption of apical
junctions results in breaks in the ventricular lining that both progenitors and differentiated
neurons traverse, leading to the formation of heterotopic cortical tissue. The heterotopia in
the Lgl1 CKO showed more extensive cortical tissue than typical periventricular nodules
due to hyperproliferation of NPCs. Several rodent models demonstrate a large heterotopic
cortex, including spontaneously generated HeCo mouse, Tish rat and an increasing number
of mice with CKO of genes encoding proteins associated with cell junctions (e.g., Afadin,
N-cadherin) or cytoskeleton regulators (e.g., RhoA, RA-GEF-1) (Bilasy et al., 2009;
Cappello et al., 2012; Gil-Sanz et al., 2014; Kadowaki et al., 2007; Kielar et al., 2014; Lee
et al., 1998; Sarkisian et al., 2006). Since the large heterotopia in both the HeCo mouse and
Tish rat is embedded in white matter and preserves its ventricular lining, it can be
categorized as a typical subcortical band heterotopia which is distinct from that of the Lgl1
CKO. In contrast, the CKO models of junctional components or cytoskeleton regulators
form heterotopias beneath normotopic cortex separated by an ependymal layer, and are
analogous to the Lgl1 CKO. Thus, the heterotopia phenotype of the Lgl1 CKO is largely
shared with existing junction and cytoskeleton regulator mutants, suggesting that loss of
Lgl1 function in junction establishment/maintenance is a major cause of pathogenesis of
periventricular nodular heterotopia (PNH). Interestingly, in contrast to the severe
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disruption of hippocampal development observed in the Lgl1 CKO, hippocampus layer
formation is less affected in the other mutant mice following Emx1Cre mediated deletion,
with the exception of the N-Cadherin CKO (Bilasy et al., 2009; Cappello et al., 2012; GilSanz et al., 2014). In its failure to produce a hippocampus and its generation of heterotopic
cortex, the N-Cadherin CKO more closely resembles the Lgl1 mutant phenotype than other
mutant mice. This observation suggests a distinct requirement for junctional integrity in
hippocampal neuroepithelium or an additional function of Lgl1 and N-cadherin in
hippocampal development.
Our detailed analysis of the heterotopic cortex, which has not been previously
performed in other models, provides insights into the cellular makeup and organization of
the heterotopia. We have shown that heterotopic neurons, which are predominantly lateborn neurons, fail to laminate. This finding is not surprising as the heterotopia lacks both
radially oriented radial glia fibers and the normal migration cues, such as marginal zone
containing Cajal-Retzius cells. The presence of numerous interneurons within the
heterotopic cortex of the Lgl1 CKO is in line with previous analyses of human PNH
(Ferland et al., 2009). This observation suggests that tangentially migrating interneurons
can be directed to this ectopic excitatory tissue, which could explain the lack of overt
seizures in these mice. Finally, while myelinating oligodendrocytes are scarce, astrocytes
are excessive in the heterotopic cortex.

This result raises the possibility that

hyperproliferation of NPCs causes excess production of both astrocytes and late-born
neurons. However, astrocytes are abundant not only in the heterotopic cortex but also
throughout the cortical tissue of the Lgl1 CKO, suggesting that Lgl1 may have an additional
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role in astrocyte proliferation.

Future studies that determine how Lgl1 regulates glia

production may demonstrate new functional effects of Lgl1 in brain homeostasis beyond
development.
Our study is the first to show that Lgl1 modulates cell cycle progression by
regulating cell cycle length without affecting the proportion of apical progenitors leaving
to become intermediate progenitors or neurons. Increases in proliferative capacity occur
in other models of cortical heterotopia, but our study is unique in linking augmented
proliferation to cell cycle regulation. As the length of S-phase was unchanged in the Lgl1
CKO, the observed decrease in cell cycle length is likely due to a shortened G1. In support
for this view, a recent report demonstrated that Lgl1/2 affects G1-S transition in vitro
through physical interaction with CRL4 ubiquitin ligase complex (Yamashita et al., 2015).
In MDCK cells, knockdown of Lgl1 or Llgl2 increases proliferation, whereas
overexpression of Llgl2 causes G1 arrest owing to failure to degrade the cell cycle inhibitor
P27 (Yamashita et al., 2015). Alternatively, since the maintenance of cell tension and cellcell adhesion is crucial to the regulation of the G1-S transition in vitro, defects in cell-cell
junctions may be responsible for the decrease in cell cycle length in the Lgl1 CKO.
Accordingly, the N-cadherin CKO, which displayed a similar phenotype to the Lgl1 CKO,
also demonstrated hyperproliferation, although cell cycle parameters were not investigated
(Gil-Sanz et al., 2014). In contrast, knockdown of N-Cadherin through in utero
electroporation resulted in premature migration and differentiation (Zhang et al., 2010).
Taken together these findings support the notion that junction defects rather than a cell
autonomous function of N-cadherin are responsible for the over proliferation. Consistent
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with this, our finding that partial loss of Lgl1 resulted in similar nodule size to full loss of
Lg1, suggests that once junction breaks occur, neighboring NPCs may also begin to
hyperproliferate. However, it is unclear if all of the Lgl1 deficiency is a requirement for
the NPCs which experience a faster cell cycle, as it is likely that the areas that exhibit
junction are Lgl1 deficient and thus would cycle faster regardless of junction breaks.
Further work is therefore required to fully tease apart the cell-autonomous versus non-cell
autonomous functions of Lgl1.
Finally, while PNH in humans has not yet been attributed to mutations in Lg11, our
data suggest a role for Lgl1 in the pathogenesis of Smith-Magenis Syndrome (SMS). SMS
is characterized by intellectual disability, dysmorphic features, ocular anomalies and short
stature. While structural brain anomalies are not a hallmark of this syndrome,
neuroblastoma and periventricular nodules have been reported (Capra et al., 2014;
Hienonen et al., 2005; Maya et al., 2014). Importantly, the majority of SMS patients have
a chromosomal deletion in chromosome 17p11.2, which spans the Human Lgl1 locus
(Hienonen et al., 2005). Our work demonstrating periventricular nodule formation in the
Lgl1 mutant, along with the known tumor suppressor role of Lgl, suggests that decreased
Lgl1 may at least in part cause the abnormalities identified in these patients.
In summary, we describe a novel mechanism of subcortical heterotopia generation
stemming from a combination of over proliferation and tissue integrity defects following
the loss of Lgl1. Lgl1 depletion disrupts apical junctions and induces ectopic proliferative
zones, which cause expansion of the apical progenitor pool with an accelerated cell cycle.
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CHAPTER 3:
ANTAGONISTIC INTERPLAY OF POLARITY COMPLEX
PROTEINS IN CORTICAL JUNCTION INTEGRITY
AND PROLIFERATION

Abstract
Polarized distribution of basal and apical complex proteins is a critical determinant
of asymmetric cellular architecture and cell fate. Although polarity complex proteins
regulate cortical development in opposing ways, there is little information about how they
interact to determine progenitor cell division and ultimate cortical lamina formation. Here,
we generated cerebral cortex specific knockouts of both apical and basal proteins to study
the role of their antagonistic relationship in vivo. We demonstrate that loss of Crb2 in the
previously described Lgl1 CKO drastically reduces ectopic cortical nodules and restores
cortical thickness indicating these proteins likely converge on the same downstream
effector(s) in cortical development. In contrast, Pals1 exhibited a unique role in cell
survival that was unable to be rescued by loss of Lgl1. Finally, we provide genetic evidence
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that PNH generated through Lgl1 loss is dependent on YAP/TAZ activity as depletion of
YAP/TAZ was able to abolish the presence of cortical nodules and restore cortical
thickness. Our work provides evidence that the antagonistic interaction between polarity
complex proteins controls junctional integrity and progenitor proliferation, and that
abnormal regulation of the YAP/TAZ pathway is responsible for hyperproliferation in the
Lgl1 CKO.

Introduction
Three evolutionary protein complexes are critical for the establishment and
maintenance of apical-basal cell polarity (ABCP) in epithelial cells, including the
neuroepithelium. Two complexes (Crb/Pals1/Patj or Mupp1 and Par3/Par6/aPKC), termed
apical polarity complex proteins, are localized at the apical side of epithelial cells, and one
basal polarity complex (Lgl/DLG/Scrib) is located basolaterally (Martin-Belmonte and
Perez-Moreno, 2012). The antagonistic relationship between these complex proteins has
been proposed to establish cellular asymmetry in epithelial cells by restricting the apical
and basal membrane domains. However, whether this antagonistic relationship of polarity
determinants applies to regulation of cortical progenitor proliferation remains untested.
Apical complex proteins play a critical role in conferring the ability to proliferate
in NPC division (Bultje et al., 2009; Costa et al., 2008; Kim et al., 2010). Previous work
has shown that loss of apical polarity in cortical progenitors decreases the progenitor pool
due to premature exit from the cell cycle and ultimately severely reduces cortical size (Kim
et al., 2010). Similar to the apical protein complexes, the basal protein complex is also
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essential for the maintenance of cell polarity. However, in contrast to apical proteins
however, basal protein Lgl1 limits proliferation as demonstrated from our work in Chapter
2. It remains to be determined if either apical or basal proteins have a dominant effect over
the other or if antagonism between these proteins extends to necessary for the regulation
of NPC proliferation.
Further, the pathway(s) through which Lgl1 regulates NPC proliferation remains
unknown. Despite conflicting data about the exact mechanism, in drosophila Lgl functions
upstream of Yorkie (YAP) to control proliferation (Grzeschik et al., 2010; Robinson et al.,
2010). Our previous studies indicate that loss of Lgl1 disrupts the circumferential F-actin
belt in the neuroepithelium. Actomyosin has been shown as a strong regulatory domain in
YAP/TAZ signaling, providing further evidence that Lgl1 may be acting through
YAP/TAZ to mediate its function (Schroeder and Halder, 2012). Despite these findings,
conclusive data connecting Lgl1 to YAP/TAZ regulation in the mammalian
neuroepithelium has yet to be established.
Here we show that apical-basal antagonism is crucial to the in vivo regulation of
neurodevelopment. Removing apical polarity complex protein, Pals1, prevents the ectopic
proliferation and heterotopic cortex formation observed in the Lgl1 CKO. Remarkably,
Lgl1 deficient progenitors can partially restore cortical and hippocampal tissue in the Pals1
decorticate mutant through excessive proliferation. More impressively, concurrent loss of
Crb2 and Lgl1 restores the cortex to near normal. Finally, we show that genetic
manipulation of YAP/TAZ is sufficient to ameliorate ectopic nodule formation in the Lgl1
CKO. Thus, our study identifies a critical interaction of basal and apical complex proteins
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in tissue integrity and proliferation during cortical development, and provides robust
genetic evidence that Lgl1 functions upstream of YAP/TAZ to regulate NPC proliferation.

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, Pals1 floxed allele, Yap floxed allele, and Taz floxed
allele were genotyped as previously described (Kim et al., 2010; Klezovitch et al., 2004;
Xin et al., 2013). Crb2 floxed allele was generated by Seo-Hee Cho from the blastocyst
injection of ES cells purchased from KOMP (Fig. 3-1 A) and genotyped using the
following

primer

sequences

F:

GAGTGGCTTGGAGAGAGTCCTT

R:

TGTCTGGGTCAGGATGC. 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 4˚C. Brain tissue was embedded in
paraffin and sectioned at 7µm.

Hematoxylin and eosin staining followed standard

procedures.
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Figure 3-1. Crb2 floxed allele generation (A) Schematic represents targeted Crb2 allele
with an FRT flanked region between exon 6 and 7 containing both a LacZ and Neo
cassette and LoxP sites flanking exon 7 and 8. Flpe recombination results in floxed only
allele. Further cross with Emx1:Cre renders null allele. (B) The presence of FRT and
LoxP sites in the targeting construct is confirmed by correct size of PCR products
containing these sites from tail DNA. Representative gel pictures show the correct size
of PCR bands listed in table. * indicates 500 bp size marker

Immunohistochemistry
Paraffin embedded tissue was sectioned at 7µm and rehydrated with a xylene-ethanol series
into distilled water. Antigen retrieval was achieved through a sodium citrate boil cycle,
followed by rinse in PBS. Samples were then incubated overnight at 4˚C 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
in PBS and stained with Hoechst 33258. Slides were mounted using Flouramount G.
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Images were acquired using Axioplan 2 (Carl Zeiss) and confocal microscopes (TCS SP8,
Leica) and analyzed with LAS AF (Leica) and Photoshop (Adobe).

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 Student’s t-test. Cortical thickness measurements
were performed using ImageJ. Images were acquired at 2.5X objective and measurements
were performed in triplicate.

Primary antibodies:
BrdU (AB6326, Abcam, 1:200), N-Cadherin (610920, BD, 1:200), β-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), Pals1 (17710-1-AP, Proteintech, 1:200), Pax6 (PRB-278P, Covance,
1:200), PCNA (2586S, Cell Signaling, 1:200), aPKCλ (610207, BD, 1:200), Reelin
(MAB5366, Millipore, 1:200), NMIIB (909901 Biolegend 1:1000).
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Results
Limited restoration of cortex in Pals1 mutant with concurrent loss of Lgl1
Because the balance between apical and basal polarity complex proteins is essential
to establish epithelial polarity and cell fate decision and because mutants of apical and
basal polarity complex proteins demonstrate contrasting cortical phenotypes (small cortex
versus enlarged cortex with heterotopia), we aimed to determine how the relationship
between them impacts cortical development. To assess the antagonistic relationship of
apical-basal polarity complex proteins in cortical tissue integrity and lamina formation, we
attempted to rescue the Lgl1 CKO phenotype by concurrent deletion of Pals1. The strong
presence of Pals1 within the rosettes and displaced apical membranes of the Lgl1 CKOs
suggested that ectopic proliferation in the rosettes and other locations may require normally
functioning apical complex proteins (Fig. 2-8 B and C).

Previously reported data

determined that Pals1 deficiency results in premature exit from the cell cycle and
significantly reduced cortical size (Kim et al., 2010). We generated double(d) CKOs to
determine whether Pals1 loss would prevent the ectopic proliferation seen in the Lgl1 CKO
and/or whether Lgl1 loss would rescue the phenotype of the Pals1 CKO. With its lack of
ectopic cortex formation, the dCKO phenotype more closely resembled the Pals1 CKO
than the Lgl1 CKO (Figs. 3-2 A, B, and 2-1 B). This observation suggests that Pals1 is
epistatic to Lgl1 in cortical development and is consistent with the relationship between
Lgl and aPKC in neuroblast fate decision (Lee et al., 2006). The dCKOs showed a limited
rescue of cortical tissue compared to Pals1 CKOs (Fig. 3-2 A). Although disorganized,
the increased cortical tissue in the dCKO included both Ctip2+ early-born neurons (layer
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Figure 3-2.
Concurrent loss of Lgl1 and Pals1 prevents heterotopia.
(A) At P5, the Lgl1 and Pals1 dCKO shows increased cortex size compared to the Pals1
CKO. (B) Concentrated Ctip2 and Reelin expression (arrows) is present in the
rudimentary hippocampus of the dCKO, but not in Pals1 CKO. (Scale Bar: A: 500µm,
B: 200µm)

V) and Cux1+ late-born neurons (layers II-IV) (Fig. 3-2 B). We were surprised to observe
the formation of a rudimentary hippocampus, which showed enriched Reelin expression
and Ctip2 labelled granule neurons concentrated in its most medial part (Fig. 3-2 B).
Although it lacked a discernable laminar organization, its occurrence was remarkable
because a hippocampus has not been observed in any Pals1 CKO.
In order to investigate the mechanism of the partial rescue of the Lgl1 phenotype
and the mechanism by which Pals1 loss eliminates the heterotopic cortex of the Lgl1
mutants, we examined the changes in progenitor proliferation and cell death in the dCKOs
at E12.5 (Fig. 3-3 A-E). As in the Lgl1 CKO, the fraction of actively replicating cells
(BrdU+PCNA+/Total PCNA+) significantly increased (0.52 vs 0.42), suggesting that
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dCKO progenitors, like Lgl1 CKO progenitors, spent a shorter time in the cell cycle (Fig.
3-3 B and D). Because Pals1 loss results in profound cell death (Kim et al., 2010), we next
used Cleaved Caspase 3 (CC3) immunostaining to determine the fraction of cells
undergoing apoptotic cell death in the dCKOs. The fraction of apoptotic (CC3+) cells
among total cells did not change significantly in the dCKOs compared to Pals1 mutants,
indicating that Lgl1 loss did not influence the proportion of dying cells (Fig. 3-3 C and E).
It is therefore plausible that, although the same fraction of cells undergoes cell death, the
increase in progenitors due to a more rapid cell cycle generates the increased cortical tissue
observed in the dCKOs.

Figure 3-3. Lgl1 loss increases proliferation but not cell survival in Pals1 CKO. (A)
Cortical thickness is unchanged at E12.5. (B,D) The fraction of cells in S-phase
(BrdU+PCNA+/Total Pax6+), p=0.003, Pals1 CKO n=3, dCKO n=4) is increased in the
dCKO compared to the Pals1 CKO after transient (30 min) BrdU labelling. (C,E) The
number of apoptotic cells (CC3+) in the dCKO is unchanged compared to Pals1 CKO
(p=0.317, Pals1 CKO n=3, dCKO n=3). (Scale Bar: B: 100µm)
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Figure 3-4. Pals1 loss improves junctional integrity in Lgl1 CKO. (A,B) AJ proteins,
N-cadherin and β-Catenin are restored in the apical surface of dCKO (white arrows),
similar to Pals1 CKO, but Pals1 and Crbs are generally absent except in some small areas
(red arrow). (Scale Bar: A: 25 µm)

Because disrupted junctional integrity is likely to underlie the formation of ectopic
proliferating zones, we next determined whether the junctional proteins are retained in the
dCKO. The apical junctions of the dCKO, like those of Pals1 CKO, revealed substantial
restoration of AJ proteins -Catenin and N-Cadherin, consistent with the absence of
heterotopic cortex (Fig. 3-4 A and B). In contrast, Crb and Pals1 proteins were barely
detectable at the apical surface in Pals1 CKO and dCKO, except in some small patches.
Together, these results provide evidence that there are both independent functions of Pals1
and Lgl1, such as cell survival and cell cycle regulation, respectively, and an epistatic
function of Pals1 in junctional integrity and ectopic proliferation to Lgl1.
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Heterotopic cortex of Lgl1 mutant is nearly abolished by concurrent loss of Crb2
We next used genetic loss of Crb2 and Lgl1 to test the antagonism of apical and
basal complex. Interestingly, a previous study has shown that the cortex specific deletion
of Crb2 transiently increases mitotic cells and neurons, leading to mild cortical
developmental abnormalities (Dudok et al., 2016). Because Crb2 is extensively expressed
in developing cortex and its absence has a less severe cortical phenotype than Pals1
mutant, we reasoned that Crb2 loss would serve as a better genetic strategy to investigate
apical-basal antagonism (Dudok et al., 2016). We therefore generated a Crb2 conditional
allele to determine the genetic interaction between Lgl1 and Crb2. Remarkably, concurrent
loss of Lgl1 and Crb2 restored cortical histogenesis, lamina composition and organization
to near normal at P5 (Fig. 3-5 A - C). The large mass of heterotopic cortical tissue was
reduced to a small nodule (red arrow), and cortical thickness and organization were
indistinguishable from WT (Fig. 3-5 A and C). The distribution of lamina specific neurons,
Cux1+ (layers II-IV), Ctip2+ (layer V) and FoxP2 + (layer VI), also closely resembled that
of WT (Fig. 3-5 A and C). Of note, concurrent loss of Crb2 and Lgl1 greatly decreased
the size of the periventricular nodules but did not fully remove them. This outcome may
be due to differences in protein stability or unsynchronized Cre recombination in the two
loci, which generated a transient imbalance of the two proteins.
To further investigate whether the antagonistic relationship is dose dependent, we
compared the impact on restoration of Lgl1 deficiency by loss of one copy of Crb2 to loss
of both copies. At P21, Crb2 loss produced effects on heterotopia size and hippocampal
lamination that were impressively dose dependent (Fig. 3-6 A, B, and C). When Crb2 was
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Figure 3-5. Loss of Crb2 restores cortex minimizes PNH in Lgl1 CKO. (A-C) At
P5, histological analyses of Lgl1 and Crb2 dCKO show restoration of cortical lamination
and dramatically reduced size of the heterotopia compared to Lgl1 CKO. The distribution
of layer specific neurons such as Cux1, Ctip2 and FoxP2 in dCKO is similar to WT.
(Scale Bar: A-C: low magnification: 1000, High magnification: 250µm)

heterozygote (Het), the size of the heterotopia was intermediate, approximately half that of
the Lgl1 mutant alone (Fig. 3-6 A and B). In the dCKO, the size of the periventricular
nodule was strikingly reduced, consistent with the phenotype at P5 (Fig. 3-4 C and 3-5 F).
Interestingly, the double mutant of Lgl1 and Crb2 demonstrated cortical thinning and
significant hydrocephaly at P21 (Fig. 3-6 C). Because we have observed hydrocephaly in
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Figure 3-6. Concomitant deletion of Crb2 shows dose dependent rescue of Lgl1
deficiency. (A-C) At P21, the histology of Lgl1 CKO, Lgl1 CKO; Crb2 Het and dCKO
shows graded reduction of heterotopia (indicated by dotted line) with decrease of
heterotopias to small nodules in dCKO. Hippocampus size is increased in Lgl1CKO;
Crb2 Het and close to normal in dCKO. Histology and Ctip2 immunostaining show
remarkable dose dependent restoration of lamination. (Scale Bar: A-C: 1000µm)

the Crb2 mutant alone (unpublished data), this result may indicate persistence of the Crb2
mutant phenotype. Hippocampus lamination showed a more impressive dose dependent
rescue effect of Crb2 on Lgl1 deficiency. The Lgl1 mutant had an undersized hippocampus
with a small dentate gyrus (DG), scattered granule neurons labelled by Ctip2,
hypocellularity and disorganized lamination (Fig. 3-6 A). The hippocampus of the Lgl1
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CKO with Crb2 Het was of intermediate size with obvious organization of CA1 and DG
(Fig. 3-6 B). The CA1 region was undulated, and the number of Ctip2+ granule neurons
in both CA1 and DG was greater than in the Lgl1 mutant although still decreased overall
(Fig. 3-6 B). Strikingly, there was nearly complete rescue of the size and lamination of the
hippocampus in the dCKO (Fig. 3-6 C). In summary, our genetic studies demonstrate a
critical mutually antagonistic relationship of apical polarity complex proteins and Lgl1,
which is required for junctional integrity and proper development of cortex and
hippocampus.

Differential NMII regulation by Crb2 and Lgl1
Previous findings in zebrafish and drosophila demonstrated that Lgl1 stabilizes
non-muscle myosin II (NMII) whereas Crbs destabilizes myosin cable formation (Raman
et al., 2016; Röper, 2012). These findings lead us to hypothesize that Lgl1 and Crb2
converge onto actomyosin in the regulation of cortical development. We therefore wanted
to determine if NMII regulation by Lgl1 and Crb2 in other tissues was maintained in the
neuroepithelium. We show that myosin exhibits a similar localization to that of actin in
the WT cortex, consistent with their close interaction in the cytoskeleton (Fig. 2-8 D and
3-7 A). As anticipated Crb2 loss resulted in strong upregulation of NMII expression along
the ventricular surface, suggesting that similar to findings in drosophila Crb2 impedes
myosin deposition (Fig 3-7 B) (Röper, 2012). Interestingly, Lgl1 loss resulted in a strong
reduction of NMII at both the apical surface and at the rosettes (Fig. 3-7 C, D). While we
anticipated that Lgl1 loss would result in NMII reduction, this was still peculiar as actin
appeared densely concentrated in the rosettes as previously demonstrated (Fig 2-8 D). The
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Figure 3-7. Myosin expression differentially affected by Lgl1 and Crb2. (A)
Myosin (NMIIB) demonstrates a similar expression pattern to actin, forming the
circumferential actin belt. (B) Crb2 loss results in a striking increase of Crb2 expression
along the apical membrane. (C,D) In contrast, Lgl1 loss results in near total loss of
myosin expression at both the apical surface and rosettes.

presence of actin without myosin, suggest that the rosettes and internal membranes do not
maintain the actomyosin contraction that is associated with the actomyosin belt in
neuroepithelium. It is therefore possible that lack of cell tension may contribute to the
aberrant cell cycle regulation in the Lgl1 CKO. Unfortunately, lack of embryonic Lgl1
Crb2 DCKOs precludes our investigation on the resultant myosin expression pattern.
Therefore, future work should include examination of Lgl1-Crb2 antagonism in the
embryonic myosin regulation.
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PNH phenotype mediated by YAP/TAZ pathway in Lgl1 mutant
Numerous studies demonstrate a link between Lgl and the Yorkie (YAP/TAZ)
signaling pathway. YAP and TAZ are mammalian homologues of drosophila Yorkie and
function as transcriptional coactivators promoting cell growth and cell cycle regulation.
Due to the changes in cell cycle regulation we discovered in the Lgl1 CKO (Fig 2-7), we
sought to determine if YAP/TAZ reduction would alter the PNH phenotype in our Lgl1
CKO. To assess if YAP/TAZ were responsible for the excess neuronal production in the
Lgl1CKO, we generated a YAP/TAZ/Lgl1 triple CKO (TCKO). Similar to the Lgl1/Crb2
DCKO we observed a striking rescue of cortical structure over the Lgl1 mutant (Fig. 3-8
A-G). Astonishingly, we observed near complete ablation of cortical nodules and total
restoration of cortical thickness to that similar of WT cortices (Fig. 3-8 A-G). The cortex
structure and lamination was indistinguishable from WT littermates (Fig, 3-8 G). We did
however observe minor defects in hippocampal structure; the most severe of these being a
hippocampal nodule retaining apparent granule and molecular strata (Fig 3-8 C
arrowhead). More commonly we observed slight abnormalities to the smooth contour of
the granule stratum across the CA1-3 and the DG regions (Fig. 3-8 D arrowhead).
Importantly, these defects were frequently paired with a contralateral hippocampus that
was unaffected and identical to that of WT (Fig. 3-8 C, D). Hippocampal nodules were
never specifically identified in the Lgl1 mutant however this may be due to the
hippocampus being so massively disorganized and underdeveloped precluding
visualization of discrete nodules. When compared to the severe disruption of the Lgl1
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mutant hippocampus, the well-maintained lamination, structure, and size of the TCKO
hippocampus regardless of the hippocampal nodule can be considered an impressive
rescue.

Figure 3-8. YAP/TAZ reduction ablates heterotopic nodule formation in the Lgl1
CKO. (A-E) Coronal H&E images show a restoration of cortical structure to that of WT
following YAP/TAZ reduction or loss in the Lgl1 CKO. (F) Cortical thickness in
YAP/TAZ reduced Lgl1 CKOs is significantly reduced from Lgl1 CKO alone (p= 0.004,
n=3) and is similar to WT with no heterotopia (grey). (Lgl1 CKO to WT p=0.003, n=3)
(G) Cortical lamination retains WT-like appearance.
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Additionally, we found that total loss of both YAP and TAZ was not necessary for
rescue of the Lgl1 CKO phenotype Fig 3-8 D, E, G). The complete loss of both YAP and
TAZ conferred no additional benefit to cortical or hippocampal structure (Fig. 3-8 C, Yapfl/fl
Tazfl/fl n=3). Regardless of genotype, Yapfl/fl Tazfl/+ (Fig. 3-8 D, n=6), Yapfl/+ Taz fl/fl (Fig.
3-7 E, n=4), or Yapfl/+Tazfl/+ (Fig. 3-8 G, n=4) cortical thickness was restored and similar
to WT. Likewise, the hippocampus was similar is both size and structure to WT in all
genotypes, albeit minor defects to the granule layer were evident (Fig. 3-8 D). Together
this data, suggest that slight increases in YAP/TAZ activity are responsible for the
hyperproliferation following Lgl1 loss. Future work should determine if single copy loss
of YAP or TAZ is sufficient to rescue the Lgl1 CKO phenotype.
Surprisingly, we did not observe formation of the corpus callosum in any of the
animals following Lgl1 loss and YAP/TAZ reduction (Fig. 3-8 C, D, E, asterisk). Agenesis
of the corpus callosum was previously observed following overactivation of YAP
suggesting that increased YAP activity was responsible for this malformation (Lavado et
al., 2014) .

However, despite mitigation of the cortical nodules and hippocampal

malformations, loss of YAP/TAZ was unable to restore the corpus callosum in the Lgl1
CKO. Thus, Lgl1 may have a unique contribution to the formation of the corpus callosum
independent of YAP/TAZ function or activity.
Together, this data suggests that Lgl1 promotes hyperproliferation through the
YAP/TAZ pathway. Interestingly, while it remains unclear if YAP/TAZ has any role in
the stabilization of junctions and neuroepithelial integrity, it seems that alteration of cell
cycle regulation alone may be sufficient to inhibit the ectopic proliferation and prevent
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nodule formation in the Lgl1 CKO. Future work to identify cell cycle length and junctional
integrity in the YAP/TAZ/Lgl1 mutants will be essential in fully clarifying the role
YAP/TAZ play in cortical development.

Discussion
Our study provides important evidence that antagonistic interactions between
apical and basal polarity complexes in the developing cortex establish and/or maintain
junctional integrity to prevent PNH pathogenesis. Previous studies have found that Lgl1
works antagonistically with apical polarity complex proteins to set up epithelial polarity
and regulate asymmetric cell division, which relies on exclusion of Lgl1 from the apical
domain through phosphorylation by aPKC (Betschinger et al., 2003; Elsum et al., 2012;
Hutterer et al., 2004). As loss of either Crb or Lgl in Drosophila resulted in AJ disruptions
that were restored by loss of both Crb and Lgl, a balance between Crb and Lgl activity was
postulated to be necessary for proper AJ formation. Similarly, loss of either Lgl1 or Crb2
is sufficient to disrupt the localization of other polarity complex proteins and result in
junction defects in the cortical neuroepithelium (Dudok et al., 2016; Klezovitch et al.,
2004). The remarkable rescue of both cortical and hippocampal structure and the
substantial reduction of heterotopic cortex formation in our study firmly establish the
antagonistic relationship between these two proteins in preserving the junctional integrity
of the cortical epithelium.
Importantly, as the molecular basis for this antagonism has not been established,
our study provides the platform for future investigation to identify the molecular
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pathway(s) that balance these polarity cues to establish/maintain the apical junction. As
Lgl has been shown to affect exocytosis by binding to t-SNARE or other secretory pathway
proteins, it is possible that Lgl is involved in trafficking of junctional proteins such as NCadherin (Gangar et al., 2005). It has previously been proposed that Dlg5 delivers
Cadherins to the membrane by mediating the interaction between t-SNARE targeting
complex and Cadherin containing vesicle (Gorczyca et al., 2007). Pals1 has also been
shown to regulate E-cadherin delivery to cell surface (Wang et al., 2007). It is therefore
possible that a balance between apical and basal polarity complex proteins is required for
proper trafficking of AJ proteins. Alternatively, apical-basal antagonism may converge
onto regulation of actomyosin cytoskeleton; multiple studies have demonstrated an
interaction between Lgl1 and Non Muscle Myosin (NM) II (Dahan et al., 2014; Dahan et
al., 2012). The actomyosin cytoskeleton is essential for contractility and focal adhesion in
many cellular contexts, and myosin II inhibition by blebbistatin is sufficient to cause
junctional loss and disrupted cytoarchitecture of the cortical wall (Schenk et al., 2009).
Further, recent studies have demonstrated the antagonistic mechanism between aPKC and
Lgl2 in zebrafish microridge formation; they exclude the active form of NMII, which is
physically associated with Lgl2, to prevent actin polymerization in the apical domain
(Raman et al., 2016). Interestingly, accumulation of myosin II in areas of low Crb content
ultimately determines the subcellular localization of the actomyosin cable during salivary
gland formation (Röper, 2012).

Furthermore, a mutation in the FERM (protein

4.1/ezrin/radixin/moesin) domain-binding motif of Crumbs causes overactive actomyosin
and AJ defects in the amnioserosa of Drosophila, leading to embryonic lethality (Flores74

Benitez and Knust, 2015). Our work demonstrates that these findings are likely conserved
in the neuroepithelium as we show that Crb2 loss increases and Lgl1 decreases myosin
expression. However, future research should determine whether this is the major site of
antagonism between apical and basal polarity complexes, and may reveal a critical
molecular and cellular mechanism contributing to junctional integrity and proliferation.
Our double mutant analyses also indicate that each polarity complex protein exerts
separate functions that may not be dependent on antagonism between them. Crb2 is a
known genetic cause of ventriculomegaly in human patients (Slavotinek et al., 2015).
Interestingly, despite remarkable rescue of both cortical and hippocampal lamination, the
ventriculomegaly phenotype is present in the double mutant at P21 (Fig.3-5 C). This
observation indicates a specific function for Crb2 in development and maintenance of the
ventricular system that may be exerted by regulating ependymal cell layer formation and/or
maintenance. Furthermore, while ectopic proliferation and rosette formation are prohibited
in Pals1 and Lgl1 double mutants, massive cell death remains.

Therefore, we cannot

unequivocally rule out the possibility that massive cell death caused by Pals1 loss indirectly
abolishes formation of a secondary proliferating zone. Since the Pals1 loss phenotype is
much more severe than that of other known apical polarity complex gene deletions, such
as Crb2 or aPKC, it is highly likely that Pals1 is involved in more diverse cellular
processes than other apical polarity complex proteins during cortical development (Dudok
et al., 2016; Imai et al., 2006; Kim et al., 2010). However, this speculation cannot be
confirmed because no study has demonstrated the cortical phenotype of a triple KO of all
three Crb isoforms or aPKC isoforms. The striking distinction between the partially
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formed cortex and hippocampus in the Pals1 and Lgl1 double mutants and decortication in
the Pals1 mutant provides an important insight into the cellular outcomes that are restored
by Lgl1 loss. It is probable that elimination of independent Lgl1 function in cell cycle
regulation or another anti-proliferation effect prevents the nearly complete abolishment of
cortical tissue seen in the Pals1 mutant.
While the exact mechanism connecting Lgl1 to the YAP/TAZ pathway remains
unclear, we provide strong genetic evidence that Lgl1 functions upstream of this pathway
in cortical development. One possible connection between these is Lgl1 interaction with
AJs and actomyosin. Cellular tension generated through actomyosin contractility has been
well established as a regulatory hub for YAP/TAZ signaling (Schroeder and Halder, 2012).
As proposed above, it is possible that apical-basal antagonism converges on the actomyosin
to regulate the YAP/TAZ pathway. It may also be possible that destabilization of the AJs
through Lgl1 loss may affect other junction associated proteins, such as Merlin (Nf2),
which functions upstream of YAP/TAZ. While it would seem that increased YAP/TAZ
activity would lead to tissue overgrowth, increased YAP/TAZ activity in isolation or
through Nf2 loss has been shown to result in decreased hippocampal size and corpus
callosum agenesis, likely through cell failure to differentiate and/or apoptosis (Lavado et
al., 2013; Lavado et al., 2014). These findings are consistent with the small hippocampus
seen in our Lgl1 CKO, albeit our model showed much greater disorganization. We also
observe absence of the corpus callosum in our Lgl1 mutant; however, unlike the Nf2 mutant
this was not restored following YAP loss (Lavado et al., 2014), suggesting that Lgl1 may
affect other downstream regulators of corpus callosum formation. It is also worthwhile to
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note that YAP/TAZ activity has been shown to be dysregulated in human cases of PNH
caused by mutations in Fat4/DCHS; however, aberrant YAP/TAZ activity alone has not
been shown to result in PNH (Cappello et al., 2013). This suggests that defects in AJs,
actomyosin, or polarity as we show herein, may be a necessary step in the pathogenesis of
PNH. However, unlike the mDia CKO and the NMIIB heavy chain CKO, which show
minimal nodule formation, our work shows that Lgl1 also has a key role in NPC
proliferation which contributes to the massive nodules seen in our model (Thumkeo et al.,
2011; Tullio et al., 2001).
Overall, we show for the first time an antagonistic relationship between apical and
basal polarity proteins in the cortical neuroepithelium, which demonstrates both unique
and epistatic functions of Pals1 and Crb2 with respect to Lgl1. Our work demonstrates that
Lgl1 regulation of cell proliferation through the YAP/TAZ pathway is conserved in NPCs.
Thus, our results highlight the interplay between epithelial polarity determinants that is
critically important in regulating junctional integrity and apical progenitor proliferation.
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CHAPTER 4:
BUBR1 AS A POTENTIAL MEDIATOR OF PALS1
EFFECTS ON MITOSIS AND CELL SURVIVAL

Abstract
Apical protein Pals1 has a unique role in cell survival that is not shared with other
determinants of cell polarity. Loss of Pasl1 results in downregulation of mitotic checkpoint
protein, BubR1 expression in the cerebellum, but it was previously unclear if this is
maintained in the cortex and how it might lead to the profound microcephaly phenotype.
BubR1 encoded by BUB1B ensures proper segregation of chromosomes during mitosis.
Mutations of BUB1B are responsible for Mosaic Variegated Aneuploidy (MVA), a human
congenital disorder characterized by extensive abnormalities in chromosome number. One
prominent feature of MVA carrying the BUB1B mutation is microcephaly. BubR1 works
at the kinetochore and mitotic checkpoint complex (MCC) to prevent premature onset of
anaphase. BubR1 is implicated in centrosome biogenesis, ciliogenesis and mitotic
progression, but how its deficiency disturbs neural progenitor proliferation and neuronal
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output and leads to microcephaly is unknown. Here we show that conditional loss of Pals1
results in reduced BubR1 expression in the neuroepithelium and that BubR1, but not the
hypomorphic allele, results in microcephaly. The BubR1 deficient cortex includes a
strikingly reduced number of late-born neurons, but not of early-born neurons.
Importantly, lacking BubR1 decreases the proportion of neural progenitors in mitosis,
suggesting shortened mitosis due to premature chromosome segregation. Accordingly,
cells in metaphase are specifically decreased. Furthermore, apoptotic cell death depletes
progenitors and reduces neuron numbers, similar to the Pals1 CKO. Surprisingly, there is
no detectable alteration in centrosome number, spindle formation or primary cilia, evidence
that the major effect of BubR1 deficiency on neural progenitors is unchecked mitosis. This
finding highlights the importance of the mitotic checkpoint in the pathogenesis of
microcephaly.

Introduction
Abnormal regulation of mitosis plays a critical role in the pathogenesis of
microcephaly as proteins encoded by microcephaly-causing genes are associated with the
mitotic apparatus and their deficiency causes mitotic defects (Awad et al., 2013; Bond et
al., 2002; Bond et al., 2005; Chen et al., 2014; do Carmo Avides and Glover, 1999; Faheem
et al., 2015; Farag et al., 2013; Fong et al., 2008; Genin et al., 2012; Guernsey et al., 2010;
Hussain et al., 2012; Hussain et al., 2013; Jackson et al., 2002; Kumar et al., 2009; Yang
et al., 2012; Yu et al., 2010). For instance, MCPH6 (CENPJ), whose deletion results in the
absence of centrioles, and MCPH2 (Wdr62) were shown to regulate mitotic progression
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through activation of the SAC (Chen et al., 2014; Insolera et al., 2014). Recent studies have
also identified a link between mitotic delay and microcephaly: a delay in mitosis leads to
both cell death and to premature differentiation, which ultimately reduce progenitor cells
(Chen et al., 2014; Insolera et al., 2014; Marthiens et al., 2013; Pilaz et al.). Interestingly,
substantial chromosomal aneuploidy has been found in normal neural progenitor
cells(Yang et al., 2003). However, when aneuploidy becomes extensive (>5 chromosomal
variations), cells are subject to apoptosis, which provides an additional mechanism through
which aberrant mitosis can deplete the progenitor pool (Peterson et al., 2012). It is
therefore necessary to investigate the role of the mitotic checkpoint in assuring faithful
chromosome segregation and genomic integrity and to evaluate its contribution to the
pathogenesis of microcephaly.
Interestingly, loss of apical proteins, such as Pals1 and Crb2 have demonstrated the
ability to result in microcephaly (Dudok et al., 2016; Kim et al., 2010). Pals1 loss
specifically also demonstrated premature differentiation and significant apoptosis similar
to what is observed in models of the mitosis associated microcephaly (Chen et al., 2014;
Kim et al., 2010). Our previous data suggests that while Crb2 may derive its reduction in
cortical thickness through the ability to antagonize Lgl1 function, Pals1 operates through a
largely unique pathway affecting cell survival.

Despite the clear link between

microcephaly pathogenesis and mitosis there is no evidence of a link between apical
proteins and mitosis in the cortex. Previous data from the Kim lab has suggested that Pals1
loss results in downregulation of mitotic regulator BubR1 in the developing cerebellum
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(Park et al., 2016); however, it remains unknown if Pals1 affects BubR1 levels in the
developing cortex.
BubR1 has two functions during mitosis; both of which work to prevent anaphase
until all chromosomes are properly aligned and attached to microtubule spindles at the
metaphase plate (Chan et al., 1999; Darren J Baker, 2005; Ignacio Perez de Castro, 2007;
Victor M Bolanos-Garcia, 2011). BubR1 works directly at the kinetochore promoting
stable kinetochore-microtubule attachments and as a member of the spindle assembly
checkpoint (SAC) helping to maintain inhibition on the anaphase promoting complex
(Daniel J Burke, 2008; Michaelis et al., 1997; Shirayama et al., 1999; Suijkerbuijk et al.,
2012; Uhlmann et al., 1999; Yinghui Mao, 2003). In cells lacking BubR1, daughter cells
are prone to significant variations in chromosome number (Hanks et al., 2004).
Surprisingly, despite the known contribution of mitotic defects to MCPH, no work has been
completed investigate the role of mitotic check point regulation to determine the role of
faithful chromosome segregation and genomic integrity as contributors to the pathogenesis
of microcephaly.
Importantly, mutations in BubR1 have been linked to the human disorder Mosaic
Variegated Aneuploidy (Hanks et al., 2004; SJ Suijkerbuijk, 2010). Mosaic Variegated
Aneuploidy (MVA) is a congenital disorder characterized by widespread abnormalities in
chromosome number (aneuploidy). Individuals with this autosomal recessive syndrome
show signs of growth retardation, microcephaly, intellectual disabilities, developmental
delays, mild dysmorphia, structural CNS abnormities, and an increased predisposition to
cancer (Kajii et al., 1998; Kawame et al., 1999; Shinya Matsuura, 2006; Tadashi Kajii,
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2001; Tobias Wijshake, 2012; Warburton et al., 1991). In addition, MVA has been
classified as a ciliopathy due to overlap of features such as polycystic kidneys, and in some
cases Dandy-Walker malformation and hydrocephalus.

In congruence with this

classification, fibroblasts from patients with MVA have shown impaired ciliogenesis
(Miyamoto et al., 2011). While some reported cases of MVA do not carry genetic
mutations in BubR1, these cases were reported to be milder and do not present with
microcephaly, indicating that BubR1 may be specifically linked to decreased brain size
(Herbert Garcia-Castillo, 2008).
To mimic this disorder, a BubR1 hypomorphic mouse has been generated to have
~11% endogenous BubR1 expression in mouse embryonic fibroblasts. Similar to the
human phenotype, these mice exhibit a small stature, cancer predisposition, a reduced
lifespan; however, their cortical development and whether the cortical BubR1 protein level
is correspondingly reduced were not examined (Darren J Baker, 2004).

Whether

compromised expression of BubR1 is sufficient to cause altered cortical progenitor cell
division resulting in cortical malformations is not known. Although it is likely that BubR1
is involved directly in cortical development perhaps through directing faithful segregation
of chromosomes, there is no information about its function in cortical progenitor cell
division and ultimate cortical size. This is partly due to the lack of an animal model which
features a substantial reduction in BubR1 expression in cortical progenitors without
affecting viability.
In addition to its functions in preventing premature progression of mitosis, BubR1
is implicated in suppression of centrosome amplification by inhibiting Polo-like kinase
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activity(Izumi et al., 2009). Evidence also supports a critical function in ciliogenesis:
primary cilia are malformed in the fibroblasts of patients with abnormal BubR1 and in
medaka fish with morpholino knockdown. Primary cilia are antenna-like, microtubulebased cellular protrusions important for diverse cellular processes, including mitogenic
signaling such as by Sonic Hedgehog. Thus, defects in ciliogenesis may contribute to the
pathogenesis of Dandy-Walker syndrome, hydrocephaly and microcephaly. A recent study
of knockdown of BubR1 and of several other ciliopathy genes demonstrated its role in
maintaining progenitor populations and neuronal migration during cortical development.
However, which defective function of BubR1is responsible for the alteration of the neural
progenitor population and whether this alteration is sufficient to generate microcephaly,
remain to be determined.
Here we show that loss of Pals1 in the developing cortex shows decreased BubR1
expression in the neuroepithelium.

Our data also demonstrates that hypomorphic

expression of BubR1 is insufficient to generate microcephaly in a mouse model; however,
conditional knock out of BubR1 in the developing cortex was able to mimic the
microcephaly found in human MVA. We show that following BubR1 loss the ventricular
surface area constituted by the endfeet of apical progenitors and cells undergoing mitosis
is significantly reduced due to the loss of NPCs. The reduction of apical NPCs further affect
the output of intermediate progenitors and postmitotic neurons, and ultimate cortical size.
Furthermore, our progenitor analyses, including flow cytometry data, reveal that the
mitotic defects result from the premature progression of mitosis, especially shortened
metaphase. This unchecked mitosis likely caused faulty chromosome segregation and
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subsequent cell death due to the compromised genomic integrity. Finally, we found that
primary cilia structure appears to be less affected by loss of BubR1. Strikingly, severely
impaired structure of motile cilia in the hypomophic BubR1 mice and the absence of
ependymal layer in the BubR1 CKO was observed in later stages. Thus, we revealed
unappreciated role of BubR1 in the ventricular system through proper generation and/or
maintenance of ependymal layer and motile cilia. Together, this data shows provides a
link between apical protein Pals1, and mitotic regulation through BubR1, which likely
contributes to microcephaly pathogenesis following Pal1 loss.

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 School of Medicine.
The BubR1H/H mice were genotyped as previously described (Darren J Baker, 2004).
Emx1Cre mice were obtained from Jackson lab and genotyped accordingly (Gorski et al.,
2002).
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Figure 4-1. BubR1H/H Emx1Cre CKO generation scheme. The BubR1H/H allele
contains a neocassette resulting in decreased BubR1 expression, and was generated with
LoxP sites flanking exon 5. Cross with Emx1Cre excises exon 5 resulting in a nonsense
mutation.

Histology
Embryos (E15 and older) and postnatal animals were perfused and brains were isolated and
fixed overnight. Brain tissues was embedded in paraffin and sectioned at 7µm.
Hematoxylin and eosin staining was done using standard procedures.

Immunohistochemistry
Paraffin embedded tissue was sectioned into 7µm and rehydrated with a xylene-ethanol
series into distilled water. Antigen retrieval was achieved through a sodium citrate boil
cycle, and rinsed in PBS. Samples were then incubated overnight at 4˚C with primary
antibody in PBS with 5% normal goat or donkey serum in PBS. Samples were then rinsed
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in PBS. Secondary antibody (Alexa Flour 488 anti-mouse, Alexa Flour 488 anti-chicken,
Alexa Flour 488 anti-rat, Cy3 anti-rabbit, Alexa Flour 647 anti-mouse) in PBS with 5%
normal goat or donkey serum was added to each sample and incubated at room temperature
for 3 hours. Samples were again washed in PBS and stained with Hoechst 33258. Samples
were mounted using Flouramount G. Images were acquired using Axioplan 2 (Carl Zeiss)
and confocal microscopes (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.

Flowcytometry analyses
Timed pregnant females were injected IP with BrdU at 50mg/Kg injection. Embryos were
harvested after 30 minutes and the dorsal cortex was isolated. Cortical tissue was manually
dissociated, washed in 0.1% Bovine serum albumin (BSA) in phosphate buffered saline
(PBS), and fixed in 100% ethanol. Cells were treated with 2N HCl/0.5% Triton X-100 and
again washed. Primary antibody anti-BrdU was added at 1:200 in PBS with 1% BSA and
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0.5% Tween20 and left overnight at 4˚C. Cells were again washed in PBS with 1% BSA.
Secondary antibody Alexa Flour anti-rat 488 was added at 1:200 in PBS with 1% BSA and
0.5% Tween20 and left 1 hour at room temperature. Cells were pelleted and resuspended
in PBS with 10µg/ml RNAse A and 20µg/ml propidium iodide in PBS. Following
incubation for 30 minutes at room temperature, cells were analyzed using Guava EasyCyte
(Millipore). A minimum of 3000 cells were counted per sample per run and each sample
was run in duplicate. If width to area ratio was inconsistent with cellular shape cells were
excluded. Cell were stratified based on green (BrdU) and red (PI) staining to segregate
cells in G0, S, and G2/M phase. Proportion of cells in each phase were compared across
genotype and compared to significance using student’s t-test.

Mitotic analyses
Embryonic samples were dissected out and embedded in OCT media. Samples were
cryosectioned to 16µm sections. Antigen retrieval, immunohistochemistry, and confocal
imaging was completed similar to above. Z-stacks were taken at 1µm intervals. Individual
z-stacks for each sample were analyzed. Mitotic phase was determined by characterization
of Hoescht staining and presence, location, and quantity of centrosomes (γtubulin or
pericentrin). A minimum of 50 cells per genotype from at least three animals were
analyzed.
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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. Results were tested for statistical
significance using student’s t-test.

Primary antibodies:
Cux1 (SC-13024, Santa Cruz, 1:200), Foxp2 (53375, Cell Signaling, 1:200), Tbr2
(AB2283, Millipore, 1:500), Pax6 (PRB-278P, Covance, 1:200), BrdU (AB6326, Abcam,
1:200), pH3 (06-570, Millipore, 1:200), PCNA (2586S, Cell Signaling, 1:200), CC3
(9661S, Cell Signaling, 1:200), GFP (GFP-1020, Aves, 1:200), Adenylyl Cyclase III (SC588, Santa Cruz, 1:200), BubR1 (612503, BD, 1:200), ARL13b (ab136648, Abcam,
1:500), H2AX (2607372, Millipore, 1:200), P27 (610241, BD, 1:200), γtubulin (15176-1AP, Proteintech, 1:200), αtubulin (66031-1-Ig, 1:200), Pericentrin (PRB-432C, Covance,
1:200).

Results
BubR1 highly expressed along ventricular neuroepithelium in the developing cortex
To determine the role of BubR1 in progenitor cell division and cortical
development, we first assessed BubR1 expression and subcellular localization during
neurogenesis. As expected, at E14.5, BubR1 expression is limited to the proliferating cells
in the VZ/SVZ proliferative zones with a distinct boundary of little to no expression in the
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Figure 4-2. BubR1 has dynamic localization in NPCs. (A) BubR1 expression is
confined to the actively proliferating VZ. (B) BubR1 appears cytoplasmic in non-mitotic
cells and can be visualized in the long cellular processes. (C) BubR1 localization
changes throughout mitosis and appears consistent with kinetochore location before
returning to the cytoplasm.

intermediate zone (IZ) / cortical plate (CP) comprised of postmitotic neurons. BubR1
expression can be found throughout the ventricular zone NPCs (Figure 1A) and enriched
along the ventricular lining of the developing cortex where cells are undergoing mitosis are
(Fig. 4-2A). BubR1 appears to have dynamic localization during mitosis as previously
shown in cell culture (Fig. 4-2 C) (Johnson et al., 2004). Its localization follows the
changing location of kinetochores as the cell cycle progresses, beginning with a ring like
distribution in prophase before moving to opposing poles in anaphase. In telophase, its
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distribution on chromosomes was less punctate and it was diffuse but highly concentrated
at the spindle. This expression pattern is consistent with that previous reported in HeLa
cells and with its roles in stabilizing microtubule attachment to the kinetochore and the
spindle check point (Huang et al., 2008). In interphase, BubR1 shows a granular
cytoplasmic distribution with minimal nuclear localization. The intensity of signal varies
among cells in interphase, likely representing varying cell cycle status and whether the cell
is about to begin or has just completed mitosis. Interestingly, its concentrated distribution
in basal domain of some progenitors in interphase, suggests that BubR1 may distribute
asymmetrically in aNPCs during basally directed interkinetic nuclear migration (Fig. 4-2
B).

In summary, our expression studies of BubR1 in NPCs demonstrates dynamic

localization during NPC mitosis and persistence during interphase in cycling cells.

Pals1 loss reduces BubR1 expression in the VZ
Previously reported microarray and rtPCR data demonstrated that Pals1 loss in the
cerebellum exhibited BubR1 downregulation (Park et al., 2016). Furthermore, mitotic
defects, such as lagging chromosomes, have been observed in the Pals1 Emx1Cre CKO
(Park et al., 2016); therefore, we hypothesized that BubR1 would likewise be reduced in
the VZ following Pals1 loss. Due to the severe phenotype of the Pal1 Emx1 Cre CKO, we
used hGFAP Cre to drive Pals1 loss. hGFAP begins expressing at E13.5 in the dorsal and
medial telencephalon (Zhuo et al., 2001). However, it should be noted that this Cre driver
has more widespread expression through the CNS compared to Emx1 Cre (Gorski et al.,
2002; Zhuo et al., 2001). Using immunohistochemistry, we observed a clear decrease in
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BubR1 expression in the VZ compared to WT controls (Fig 4-3). BubR1 expression was
reduced in both the mitotic cells (pH3+), which line the ventricle, as well as the other cells
of the VZ.

Overall, this data suggests that Pals1 affects BubR1 expression in the

neuroepithelium.

Figure 4-3. Reduced BubR1 expression following loss of Pals1. BubR1 (red) exhibits
profound reduction in expression in the VZ where mitotic cells (pH3+, green) are located
in the Pals1 CKO when compared to WT.

Significant loss but not reduction of BubR1 generates microcephaly
Because microcephaly is a hallmark of BubR1 associated MVA, we first
determined whether BubR1H/H mice, which demonstrate a significant reduction of BubR1
expression in various organs and embryonic fibroblast culture, show any alterations in
brain size (Darren J Baker, 2004). Consistent with previous reports, the BubR1H/H mice
were markedly smaller than WT littermates (Fig. 4-4 A) (Darren J Baker, 2004). At
postnatal day 21 (P21), the cortex of BubR1H/H mice appeared normal (Fig. 4-4 B,C). We
also analyzed the cerebellum for any structural abnormalities, such as Dandy-Walker
malformation, which also occurs in MVA. We observed no obvious alterations in the size
or shape of the cerebellum (Fig. 4-5). These results provide evidence that reduced BubR1
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Figure 4-4. Loss of BubR1 induces microcephaly. (A) BubR1H/H and BubR1H/H Emx1
Cre mice exhibit dramatic reduction in body size. (B, C, D) Brain size and cortical
thickness reduced in BubR1H/H Emx1 Cre only (*** p=0.007, * p=0.029). (E, F) Early
-born neurons (FoxP2+) are unaffected by BubR1 loss. Late-born neurons (Cux1+) are
specifically depleted (p=0.015) and show slight migration impairment in BubR1H/H Emx1
Cre cortex.
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expression from the hypomorphic allele is sufficient to generate normal histogenesis of the
brain. Our study of BubR1H/H mice therefore corroborates the previous reports that
although BubR1 reduction has significant role in age related decline of myelination and in
proliferation and differentiation of adult neural stem cells it does not have a significant role
in brain development (Choi et al., 2016).
To further reduce BubR1 in the developing cortex, we generated a BubR1
conditional knock out using Emx1 Cre, which expresses in the dorsal telencephalon
beginning around embryonic day 9.5 (E9.5) in the BubR1H/H background. BubR1H/H Emx1
Cre mice, similar to the BubR1H/H mice, are markedly than their age-matched littermates
owing to the decreased BubR1 protein levels throughout their body (Fig. 4-4A). However,
in contrast to the BubR1H/H mice, BubR1H/H Emx1 Cre mice have a grossly obvious
decrease in cortical size (Fig. 4-4 B). Cortical thickness is significantly reduced in the
BubR1H/H Emx1 Cre mice compared to both BubR1H/H and WT animals (Fig. 4-4C). The
hippocampus of the BubR1H/H Emx1 Cre mice appeared to have intact lamination similar
to the WT albeit reduced in size (Fig. 4-4C).
We further characterized the defects in the lamination and neuronal composition in
the cortex of the BubR1H/H Emx1 Cre animals. We found that while the overall number of
neurons in BubR1H/H Emx1 Cre mice appear globally reduced, there is a significant
decrease in Cux1+ late born neurons (layer II-IV) neurons compared with WT (Fig. 4-4
E,F). In contrast, FoxP2+ early born neurons (layer VI) are not reduced in number as
compared to WT (Fig. 4-4 E,F). The reduction in cortical size and specific decrease in late
born neurons was present at early postnatal stages (P8) demonstrating a consistent
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Figure 4-5. Cerebellum structure unaffected by hypomorphic BubR1 expression.
(A-B) Cerebellum size and lobar structure is maintained and appears normal in the
BubR1H/H mice. (C) Granule layer neurons (Pax6+) and Purkinje cells (Calbindin+)
exhibit normal patterning with Purkinje cells deep to the granule layer neurons. (Scale
bar: C upper 400µm, lower 100 µm)
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congenital phenotype (Fig. 4-6) rather than gradual loss due to neuronal degeneration over
time. Cux1+ cells were also located ectopically in deeper cortical layers, suggesting
deficits in neuronal migration (Fig. 4-4 E and 4-6 2B, arrowheads). This result is consistent
with a previous report showing that BubR1 knockdown impairs neuronal migration in the
developing cortex (Guo et al., 2015).

Figure 4-6. Microcephaly present in earlier postnatal stages. (A) At P8 the BubR1H/H
Emx1 Cre but not the BubR1H/H cortex is strikingly reduced. (B) Early born neurons
(FoxP2+) are maintained, but late-born neurons (Cux1+) are dramatically reduced.
Impaired migration of late-born neurons is obvious with many Cux1+ cells located in the
deep cortical layers.
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Due to the striking difference in cortical phenotype, we then investigated the level
of BubR1 expression in the BubR1H/H and BubR1H/H Emx1 Cre mice as this was critical in
determining cortex size.

BubR1 immunostaining showed that BubR1 expression is

profoundly diminished in both BubR1H/H and BubR1H/H Emx1 Cre at E12.5 and 14.5 (Fig.
4-7 A, B). Loss of BubR1 expression was more prominent in the BubR1H/H Emx1 Cre than
that of BubR1H/H as immunohistochemistry detected residual expression in BubR1H/H at
E14.5 (Fig. 4-7 B). To quantify the reduction of BubR1 expression in both the BubR1H/H
and the BubR1H/H Emx1 Cre neuroepithelium we used western blot to analyze cortical
lysates at E15.5. We normalized the level of BubR1 to GAPDH and then compared the

Figure 4-7. BubR1H/H and BubR1H/H Emx1Cre show significant depletion and loss
of BubR1 expression during neurogenesis. (A) At E12 minimal BubR1 can be seen at
the ventricular surface in BubR1H/H neuroepithelium, and BubR1 is fully absent in
BubR1H/H Emx1Cre. (B) Similar results were obtained at E14. (C) Western blot of E15
cortices confirms significant reduction and loss of BubR1 expression in BubR1H/H
(p=0.003) and BubR1H/H Emx1Cre (p=0.003) respectively. (Scale Bar 100 µm)
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expression level relative to WT. BubR1 expression in the BubR1H/H cortex was about 1.8%
of the WT expression and 0.5% in the BubR1H/H Emx1 Cre (Fig. 4-7 C). Taken together,
this data shows that substantial loss of BubR1 is required to induce microcephaly. This
enhanced BubR1 loss over the hypomorphic allele results in a significantly reduced cortex
in the background of decreased body size, closely mimics the human phenotype.

Ventricular zone of BubR1H/H Emx1 Cre mice is dramatically reduced
To determine the cause of the reduction in neurons observed postnatally, we
investigated for alterations occurring during neurogenesis.

Interestingly, despite the

significant reduction in cortical thickness in the BubR1H/H Emx1 Cre mice seen postnatally,
cortical thickness was not greatly affected in neurogenesis (Fig. 4-8 A). Rather, there is a
significant reduction in the length of the ventricular surface beginning at E14.5 compared
to both WT and BubR1H/H embryos, which is not evident at E12.5 in the BubR1H/H Emx1Cre
embryos (Fig. 4-8 A, B). As ventricular surface area comprises the endfeet of apical
progenitors and cells undergoing mitosis, significant reduction of ventricular length
suggest a reduction in apical progenitors. To confirm a reduction in NPCs, we characterized
the type of cells that constituted the cortex at E14.5 between apical (Pax6+) and basal
(Tbr2+) progenitors and post-mitotic (P27+) cells (Fig. 4-8 C, E). Both APs and BPs were
significantly reduced in the BubR1H/H Emx1Cre compared to both BubR1H/H and WT overa
similar area (Fig. 4-8 D, F). While not statistically significant, post-mitotic cells were also
reduced. Together with the finding that the overall ventricular length is significantly
decreased, the overall number of all types of cells is severely diminished. This observation
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Figure 4-8. BubR1 loss diminishes proliferating zone. (A,B) At E14 ventricular
length, which is comprised of NPCs, is significantly reduced in BubR1H/H Emx1Cre
compared to WT (p=0.0009) and BubR1H/H (p=0.003). Progenitor cells are reduced in
the BubR1H/H Emx1Cre including both apical progenitors (Pax6+ C,D, p=0.039 and
p=0.029), basal progenitors (Tbr2+ E,F, p=0.030), Post-mitotic cells are not
significantly reduced (P27+ E,G). (Scale Bar 100 µm)

that cells are reduced at every stage of development indicates that the observed
microcephaly phenotype is not due to precocious differentiation as is commonly reported
in microcephaly models. Because pyknotic nuclei were common in the BubR1H/H Emx1Cre
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cortex, a decrease in overall cell viability likely accounts for the reduction across all cell
types.

Mitotic cells decreased following BubR1 loss
To determine causes of the loss of progenitors and subsequent neurons, we looked
for changes in the cell cycle of the BubR1H/H and BubR1H/H Emx1 Cre mice due to the wellestablished function of BubR1 in mitosis. Based on the fraction of BrdU +/Pax6+ cells,
there was no significant change in S-phase cells in either the BubR1H/H or BubR1H/H Emx1
Cre mice (Fig. 4-9 A,B). Because BubR1 acts predominantly during M-phase, we then
determined the number of mitotic cells using pH3 immunostaining (Fig. 4-9 C). In contrast
to the majority of microcephaly models which show an increase in mitotic cells indicating
mitotic delay, BubR1H/H Emx1 Cre mice show a significant decrease in the number of Mphase cells in the compared to WT (Fig. 4-9C,D). Interestingly, while not statistically
significant pH3+ cells were reduced in the BubR1H/H mice, suggesting dose dependent
effect of BubR1 loss. Given the known role of BubR1 in controlling progression through
the mitotic checkpoint until all conditions are satisfied, it is plausible that loss of BubR1
allows cell to progress through mitosis quickly and prematurely without check, resulting
in fewer M-phase cells.
We confirmed these findings using cell cycle analysis with flow cytometry to
compare the proportion of NPCs in each phase of the cell cycle at E14 in the WT and
BubR1H/H Emx1 Cre cortices. Timed pregnant females were injected with BrdU to label
S-phase cells prior to embryonic cortical tissue harvest. All nuclei were labelled with
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Figure 4-9. BubR1 maintains cells in mitosis. (A,B) Actively proliferating cells are
not affected by loss of BubR1 as determined by the proportion of BrdU+/Pax6+ cells
following 30 minute BrdU incorporation. (C,D) The total number of mitotic cells (pH3+)
across the full ventricular lining was reduced in BubR1H/H Emx1Cre (p=0.043). This
trend appeared to be dose dependent as Bub1bH/H animals showed a minor reduction in
mitotic cells compared to WT. There was no statistical difference between BubR1H/H and
either BubR1H/H Emx1Cre or WT. (E,F) Flow cytometry was used to perform cell cycle
analysis. 30 minute BrdU incorporation and propidium iodide staining was used to
confirm the reduction of mitotic cells in BubR1H/H Emx1Cre (p=0.037). A significant
proportion SubG cells were identified in BubR1H/H Emx1Cre (p=0.027).
propidium iodide staining and plots of propidium iodide to BrdU labelling intensity were
analyzed to determine cell cycle phase (Fig. 4-9 E). Flow cytometry analysis revealed no
change in the proportion of S-phase cells in the BubR1H/H Emx1 Cre mice compared to WT
confirming our previous results (Figure 4E-F). G2/M-phase cells were also significantly
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reduced confirming that cells are not arrested in mitosis but rather are likely exiting Mphase prematurely (Figure 4E-F). Consistent with our previous observations of pyknotic
nuclei, there was a significant increase in subG cells indicating significant cell death at this
stage (Fig. 4-9E-F, Fig. 4-10).

Figure 4-10. High subG cell population in the BubR1H/H Emx1Cre cortex. Flow
cytometry analysis reveals a prominent subpopulation of cell debris (pink, black arrow)
among the cortical cells analyzed indicating subG classification. Cells in both the blue
and pink size thresholds were used for further classification of cell cycle phase.
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We hypothesized that changes in the BubR1H/H Emx1 Cre mitotic cells were the
result of cell autonomous alterations caused by BubR1 loss. To evaluate the effect of
BubR1 loss on a single cell level, we performed in utero electroporation of BubR1 shRNA.
E13 embryos of timed pregnant females were electroporated with either shBubR1 or Empty
vector control.

Plasmids were co-electroporated with pCAG-GFP to easily detect

electroporated cells. Embryos were harvested 2 days later at E15. BubR1 knockdown was
confirmed through immunohistochemistry (Fig. 4-11 A). There was a significant decrease
of M-phase cells following shRNA electroporation compared to control (Fig. 4-11 B-C).
Overall our data suggests that loss of BubR1 allows NPCs to prematurely bypass the
mitotic checkpoint accelerating the progression of mitosis and resulting in a decrease in
proportion of mitotic cells among cycling NPCs.

Figure 4-11. BubR1 loss cell-autonomously depletes mitotic cells. (A) BubR1
shRNA and GFP were in utero electroporated into E13.5 cortices and harvested 2 days
later. Cells electroporated with shBubR1 (GFP+, BubR1-, white arrows) showed
absence of BubR1 expression confirming knockdown compared to control electroporated
cells (GFP+, BubR1+, white arrows). (B,C) Knockdown of BubR1 reduces the
proportion of electroporated cells (GFP+) in M-phase (pH3+, GFP+) (p=0.02).
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BubR1 is crucial to maintain cells in metaphase
Mitosis can be further subdivided into four phases: 1) prophase – chromosomes
begin to condense, 2) metaphase – microtubules attach to chromosomes, which align at the
midplate, 3) anaphase – mitotic spindle starts to shorten and chromosomes begin to
separate, 4) telophase – chromosomes have fully separated. BubR1 has a role both in
regulating microtubule- kinetochore attachments but also in preventing premature
anaphase, suggesting that loss of BubR1 would most likely affect metaphase. It is
important to determine whether cells in metaphase are increased as they attempt to establish
stable microtubule-kinetochore attachments or if metaphase cells are decreased due to
failed inhibition of initiation of anaphase. To this end, we analyzed the proportion of
mitotic cells in each phase of mitosis in BubR1H/H Emx1 Cre cortical tissue.
Immunohistochemistry was used to label both centromeres (γ-Tubulin or Pericentrin) and
the mitotic spindle (α-Tubulin) to help classify cells in prophase, metaphase, or
anaphase/telophase (Fig. 4-12 A). The proportion of metaphase among total mitotic cells
was significantly decreased in BubR1H/H Emx1 Cre cells in comparison with WT (Fig. 412 B). This finding is not surprising as metaphase cells are likely decreased due to
premature transition to anaphase.

Interestingly, while the proportion of cells in

anaphase/telophase remained similar to WT, prophase cells in turn were found to be
increased (Fig. 4-12 B). This suggests that there may be some delay in chromosome
congression.
Importantly, our analyses of mitotic cells did not detect multipolar cell divisions
which have been reported in in vitro studies following BubR1 loss (Izumi et al., 2009). A
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previous study showed that the failure to inhibit PLK1-mediated centrosome amplification
generates multiple centrosomes, resulting in multipolar cell division in BubR1 deficient
cells (Izumi et al., 2009). We however did not observe the presence of abnormal number
of centrosomes, suggesting that centrosome biogenesis is not disrupted in the absence of
BubR1. Furthermore, bipolar spindle formation was not obviously affected. Thus, our
study suggests that the major effect of lacking BubR1 is shortened metaphase due to the
impairment of inhibition of APC.

Figure 4-12. Metaphase cells are reduced with loss of BubR1. (A) Mitotic cells were
analyzed and classified based on stage of mitosis: prophase, metaphase, or ana/telophase.
BubR1 deficient mitotic cells appeared similar to WT. Representative images from each
phase are shown for WT and BubR1H/H Emx1Cre. (B) BubR1H/H Emx1Cre exhibited a
shift in the population of metaphase cells to prophase cells. This trend appeared to be
dose dependent. A minimum of 50 cells from a total of 3 animals per genotype were
analyzed. (Scale bar: 5 µm)
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BubR1 deficiency causes massive cell death
As significant sub G cells were detected from flow cytometry and the presence of
numerous pyknotic nuclei was observed, we further confirmed that profound cell death was
occurring in BubR1H/H Emx1 Cre compared to both BubR1H/H Emx1 Cre and WT
littermates using a marker for apoptosis (CC3+) (Fig. 4-13 A). To determine if cell death
was occurring as a result of DNA damage, we co-stained for CC3 to detect apoptotic cells
and H2AX, a marker of double strand DNA breaks (Fig. 4-13 A). While we did see a
significant increase in the presence of H2AX+ cells in the BubR1H/H Emx1 Cre compared
to WT, the CC3+ cells were three times more abundant that that of the H2AX+ cells
suggesting that the DNA damage was more a consequence rather than a cause of apoptosis
in the BubR1H/H Emx1 Cre animals (Fig. 4-13 6A and D). Importantly, we saw apoptosis
occurring in both the progenitor (PCNA+) and post-mitotic (P27+) cell populations (Fig.
4-13 B,D). Cell death was prevalent as early as E12.5 (Fig 4-14). Together, our results
indicate that the apoptosis is likely caused by the severe aneuploidy resulting from the
failure of faithful mitosis, which compromises the viability of newly generated cells, both
progenitors and neurons.
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Figure 4-13. Decreased cell survival in BubR1H/H Emx1Cre animals. (A) Cell death
marked by apoptosis (CC3+) and DNA damage (H2AX+) prominent throughout span of
the BubR1H/H Emx1Cre but not the BubR1H/H developing cortex. (B-D) Apoptosis affects
both progenitors (PCNA+) and post-mitotic (P27+) cell and is significantly increased in
BubR1H/H Emx1Cre. (A,E) Apoptotic cells (CC3+, p=0.008) occur in excess of cells
showing DNA damage (H2AX+, p=0.012) suggesting it is not the cause of apoptosis.
(F) DNA damaged cells increased in BubR1H/H Emx1Cre animals. (Scale bar: 100 µm)
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Figure 4-14. Cell death likely drives ventricular zone reduction. (A) At E12.5
changes to ventricular length and cortical thickness are not apparent. (B) Mitotic
parameters including S-phase (BrdU+) and M-phase (pH3+) cells show no changes in
this early time point. (C) The amount and proportion of proliferative cells (PCNA+)
show no change. (D, E) Cell death (CC3+) is readily apparent in both post-mitotic
(p27+) and proliferative cells (PCNA+) at this early stage.
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BubR1 affects motile cilia structure and ependymal cell layer generation
Previous reports have established BubR1 as a ciliopathy gene, however, whether
ciliogenesis defects can be found in developing and mature cortex has not been explored.
Since primary cilia has critical role in transmitting mitogenic signaling, such as Sonic
Hedgehog (Shh), the reduction of NPCs may also be a result or primary cilia defects. To
examine primary cilia presence and morphology, we used cilia specific markers, such as
Arl13b. First, we investigated the cilia phenotype in the embryonic cortex in both the
BubR1H/H and the BubR1H/H Emx1 Cre mice. At E14.5 we observed no changes in the
number, size, or localization of primary cilia in either BubR1H/H or BubR1H/H Emx1 Cre
mice (Fig.4-15 A). Next, we examined postnatal cerebellar granule cells in BubR1H/H mice
at P6, since Shh emanating from Purkinje cells is essential to proliferation of cerebellar
granule precursors (CGPC) and the effects of primary cilia regulation on their proliferation
is well established (Chizhikov et al., 2007). As Emx1 Cre is not expressed in the
cerebellum, we exclude the examination of primary cilia in BubR1H/H Emx1 Cre mice. We
failed to detect changes in primary cilium in the CGPCs of the BubR1H/H mice, consistent
with normal cerebellar development (Fig. 4-15 B).
Next, we determined defects in motile cilia in ependymal cell layer lining lateral
cortex. In contract to the apparently normal primary cilia, at P21, we observed a decrease
in overall cilia quantity and cilia length along the ventricles of the BubR1H/H mice (Fig. 415 C). Interestingly, in the BubR1H/H Emx1Cre mice, complete denudation of ependymal
cells was found, precluding further study of BubR1 function in cilia formation in these
animals (Fig. 4-15 C). As motile cilia of ependymal cells propel cerebral spinal fluid,
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Figure 4-15. Motile cilia require BubR1. (A) At E14 defects in primary cilia
(Arl13b+) structure were not identified following BubR1 reduction or loss in either postmitotic cells (Box1) or progenitor cells (Box2). (B) Primary cilia are show no alteration
in the cerebellum following hypomorphic BubR1 expression. (C) At P21 motile cilia
(Arl13b+) appear clumped and sparse in BubR1H/H ventricular lining, with many areas
devoid of cilia (white arrows). Cilia in the BubR1H/H Emx1Cre ventricle could not be
analyzed due to complete denudation of ependymal cells (ACIII+). (Scale bar: A-upper
100µm, lower 20µm, B-left 250µm, right 50µm, C-upper 250µm, middle 100µm, lower
50µm)
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disruption of ependymal layer or dysfunction of cilia is associated with hydrocephaly.
Despite absence of ependymal layer of dorsal cortex, we have found no evidence of
hydrocephaly in BubR1 Emx1 Cre. This suggests that intact ependymal cell layer along the
ventral telencephalon may be sufficient for normal flow of CSF. Furthermore, we did not
detect hydrocephaly in BubR1H/H mice, either, which may be explained by relatively mild
disruption of cilia morphology. Nevertheless, our finding demonstrates the unappreciated
function of BubR1 in ependymal cell generation and cilia development and/or
maintenance.

Discussion
Our results reveal that BubR1 is a microcephaly causing gene which acts primarily
through mitotic regulation. As BubR1 mutations have been implicated in MVA, this model
is both necessary for further investigation of this disease and relevant to the elucidation of
the role of mitotic regulation in neurogenesis. Interestingly, rather than causing an increase
in mitotic cells due to mitotic delay as previously described in microcephaly inducing
genes, BubR1 results in a two-fold decrease in mitotic cells likely due to unchecked, and
thus rapid progression through, mitosis (Chen et al., 2014; Pilaz et al.). Failure to be
properly regulated at the mitotic checkpoint likely results in improper segregation of
genomic content to daughter cells resulting in cell death regardless of daughter cell identity.
The significant cell death occurring across both progenitors and post-mitotic cells results
in severe congenital microcephaly.
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Our study is the first to connect impaired cell polarity to mitotic regulation in the
cortex. Our data showing BubR1 reduction following loss of apical polarity protein, Pals1
provides a novel link between two previously disconnected effectors of cortical
proliferation. While the direct mechanism of BubR1 reduction in the Pals1 mutant remains
to be defined, it is highly probable that BubR1 is a downstream mediator of Pals1 effects
on mitosis and cell survival. However, our findings that drastic reduction in BubR1 levels
result in no change to cortical size suggest that BubR1 is not the major mediator or at least
requires loss of additional factors to elicit the impaired cell survival observed in the Pals1
mutant.
As microcephaly is caused by mitotic defects, and BubR1is a key regulator of
mitotic progression, it is unsurprising that loss of BubR1 results in microcephaly. BubR1
is a crucial protein in multiple functions in the SAC via the MCC and direct kinetochore
binding. This checkpoint works to delay anaphase, although the exact signal maintaining
this inhibition remains unclear. BubR1 is thought to function stoichiometrically in the
MCC, joining with Mad2 to prevent CDC20 from activating the anaphase promoting
complex (APC)(Nilsson et al., 2008). Once chromosomes are properly aligned Mad2 is
released and the APC is activated. PTTG1/Securin is then degraded, allowing Separase to
cleave the cohesion complex that holds the sister chromatids together. Additionally, the Nterminus of BubR1 contains a tetratricopeptide repeat (TPR), which forms a connection
with unattached kinetochores through Blinkin (Genin et al., 2012; Kiyomitsu et al., 2011;
Kiyomitsu et al., 2007). CENP-E is then recruited activating BubR1 (Daniel J Burke, 2008;
Yinghui Mao, 2003). BubR1 is a substrate of critical kinases, including Polo-like Kinase
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1 (Plk1), and has been shown to be hyperphosphorylated at the onset of metaphase and
dephosphorylated before the onset of anaphase to regulate its function (Chen, 2002; Elowe
et al., 2007). Phosphorylation of the Kinetochore Attachment Regulatory Domain (KARD)
phospho-sites (S676, S670, and T680) at the onset of metaphase allows BubR1 to recruit
PP2A-B56α to unattached kinetochores (Suijkerbuijk et al., 2012). PP2A-B56α then works
to promote KT-MT connections by counteracting Aurora B kinase activity, which
phosphorylates the kinetochore KNL1/MIS12/NDC80 (KMN) complex decreasing its
affinity for microtubules to correct erroneous KT-MT connections (Cheeseman et al., 2006;
Ditchfield et al., 2003; Foley et al., 2011; Welburn et al., 2010). Thus, BubR1 has dual
roles at the checkpoint working both to prevent premature anaphase and in ensuring proper
KT-MT connections. While these two roles are undoubtedly interrelated, it remains to be
determined whether one of these functions contributes more to the cortical phenotype
observed in both mice and in humans.
The lack of a phenotype when less than 2% WT BubR1 expression suggests that
functional compensation is likely occurring. However, it has been previously postulated
that BubR1 has a functional role which cannot be compensated by other checkpoint
proteins. The question of functional compensation for BubR1 is crucial for understanding
human disease and should be investigated further in future studies. In our current study it
should be noted that the BubR1H/H Emx1Cre mice are generated in a hypomorphic
background. Thus it stands to reason that the functional compensation occurring in the
BubR1H/H mice would also be activated in the BubR1H/H Emx1Cre mice and compensate in
these mice as well. It therefore seems more likely that BubR1 is endogenously expressed
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beyond what is functionally required in the developing cortex such that reduction in BubR1
expression has little to no impact on neurodevelopment. Failure of BubR1 reduction to
result in microcephaly does not however imply that BubR1H/H mice have no cortical
deficits. Our data suggests that loss of BubR1 may affect mitotic checkpoint in a dose
dependent manner. A recent report suggests that BubR1H/H mice may also suffer from an
increase of age-related defects in adult neurogenesis. It is plausible that the reduction of
BubR1 fails to completely stop premature mitosis, but is sufficient to slow progression
through mitosis resulting in progeny which have minimal aneuploidy and remain viable.
Furthermore, it stands to reason that minor defects in chromosome segregation, which are
inconsequential to cell viability in the short-term, when compounded over a significant
amount of time begin to affect neural progenitors.
In human patients, MVA has been proposed to be result of compound heterozygous
BubR1 mutations, where one allele results in a null allele/truncated protein and the other
results in a missense mutation (Hanks et al., 2004). Heterozygous mutations in BubR1
result in premature chromosome separation (PCS).

Parents of children with MVA

oftentimes have PCS. These people frequently have only a cellular phenotype with some
abnormal mitoses and may or may not be cancer-prone. Some PCS patients display a more
MVA-like phenotype and are sometimes diagnosed as such. These patients frequently
harbor a truncating mutation or a non-sense mutation accompanied by mRNA decay;
therefore, despite having a potentially WT allele, overall WT BubR1 levels in fibroblasts
are reduced below 50% with many patients expressing less than 25% (Shinya Matsuura,
2006). Regardless of allelic mutation or nomenclature, BubR1 expression level appears to
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be most representative of phenotypic presentation. While BubR1 expression varies widely
among people who harbor BubR1 mutations whether or not they are symptomatic, a
downward trend of BubR1 expression seems to correspond to worsening of disease(Shinya
Matsuura, 2006). It is also interesting to note that significant variation in BubR1 levels has
also observed in different cell types within the same individual (Rio Frio et al., 2010).
Significant heterogeneity is observed in MVA and it is therefore possible that variations in
BubR1 expression by tissue may account for the phenotypic variation. Further, BubR1
expression in patient brain tissue remains unknown. Our results demonstrate that as little
as 2% of BubR1 expression is sufficient for proper cortical development in mice; however
further loss of BubR1 results in microcephaly. These findings may explain why some,
although rare, individuals with BubR1 mutations do not develop microcephaly.
MVA has been proposed to be a ciliopathy, due to overlap between features of
MVA with other ciliopathies such as cerebellar hypoplasia and polycystic kidneys. Using
fibroblasts of MVA patients, BubR1 was shown to impair ciliogenesis through impaired
apical docking of the basal body (Miyamoto et al., 2011). Similarly, knockdown of BubR1
in medaka impaired ciliogenesis and cerebellar development; however, it is unclear
whether defects to cortical development were present. Our results show that cilia in the
developing cortex appear unperturbed by loss of BubR1. It should also be noted that
presence of cilia at the ventricle does not necessarily indicate cilia are normal as IFT88
mice have structurally normal cilia at the ventricle but demonstrate impaired cilia signaling
resulting in aberrant cortical patterning (Han and Alvarez-Buylla, 2010). Consistent with
this and a previous report that BubR1 knockdown affected cortical lamination, we observed
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a subset of superficial neurons which remain in the deep cortical layers (Guo et al., 2015).
Perhaps more interesting is our observation that motile cilia, which extend from post
mitotic ependymal cells along the ventricle, appear reduced both in number and in length
in the BubR1H/H mice. Furthermore, the complete absence of ciliated ependymal cells
along line the ventricular surface of the adult BubR1H/H Emx1Cre mice is also unexpected
as BubR1 has no known function in post-mitotic cells. It is peculiar that hydrocephalus
was not observed in our model as this is a common feature of animal models which harbor
defective cilia or lack ependymal cells(Wang et al., 2016). While hydrocephalus is not
considered a characteristic feature of MVA, about 30% of BubR1 associated MVA patients
demonstrate hydrocephalus (Herbert Garcia-Castillo, 2008; Tadashi Kajii, 2001).
However, the contribution of cilia defects to the hydrocephalus in MVA patients remains
to be addressed.
In summary, we describe the first animal model of BubR1 insufficiency to more
accurately represent the human disease MVA demonstrating microcephaly. Our work
shows that severe reduction of BubR1 is compatible with normal cortex development while
total loss of BubR1 results in microcephaly. We also demonstrate, for the first time,
microcephaly can be caused by rapid progression through mitosis rather than mitotic delay.
BubR1 has demonstrated implications on human disease in both early development and
cancer, and our study demonstrates the crucial role BubR1 plays in cellular function
affecting mitotic progression, cell survival, and cilia formation in the cortex.
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CHAPTER 5:
SIGNIFICANCE AND CONCLUSIONS

Summary
Together the work presented herein, provides evidence of the role of cell polarity
determining genes across the life cycle of NPCs, affecting proliferation, cell cycle
regulation, maintenance of tissue integrity, differentiation, migration, and finally cell
survival. The wide range of processes affected by polarity defects in turn result in a
spectrum of MCDs. Due to the limitations of previous animal models, only cortical size
was shown to be affected by polarity gene disruption. I show for the first time the role of
cell polarity in both cortical and hippocampal morphogenesis. Additionally, I offer the
first evidence that neuroepithelial polarity determinants affect mitotic regulation; thus,
presenting a unique contribution of polarity complex proteins in the regulation of cortical
size.
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First, my work provides, evidence of basal protein Lgl1 loss in the pathogenesis of
PNH. Lgl1plays a critical role in maintaining neuroepithelial integrity with regulation of
NPC proliferation, which are both required for the formation of the massive heterotopic
nodules observed.
Next, I provide the first evidence of in vivo polarity protein antagonism in the
regulation of both the size and the organization of the cortex and hippocampus. Through
generation of double CKOs of Lgl1 and an apical protein (either Pals1 or Crb2), I was able
to elucidate both overlapping and unique functions of these proteins in cortical
development. This work demonstrated that Crb2 and Lgl1 likely function through
oppositional regulation of the same downstream target or pathway, while Pals1
demonstrates a largely unique function in cell survival.

Through another genetic

interaction study, I provide evidence that abnormal YAP/TAZ activity is responsible for
PNH formation following Lgl1 loss. Together these genetic studies suggest that cell
polarity functions upstream of the YAP/TAZ signaling pathway.
Finally, to further explore the Pals1 dependent pathway required for cell survival,
I determined the alteration of the essential mitotic regulator, BubR1, in a Pals1 CKO. Thus,
my work is the first to demonstrate a connection between cell polarity and mitotic
regulation, despite previous evidence that loss of apical polarity proteins result in
microcephaly and that microcephaly pathogenesis clearly stems from mitotic defects. Loss
of BubR1 resulted in a similar phenotype to the Pals1 CKO, demonstrating significant cell
death leading to microcephaly. This work supports the hypothesis that BubR1 reduction
is a contributing factor to the cell death and microcephaly following Pals1 loss. Further,
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Figure 5-1. Schematic summary of major findings. (1) Lgl1 and Crb2 have opposing
effects on myosin stability, which exerts upstream effects on YAP/TAZ regulation. (2)
Pals1 affects mitosis through modulating BubR1 expression.
my detailed analysis of the BubR1 CKO provides a unique pathogenic mechanism leading
to microcephaly.

Do all roads lead to YAP? (& Other Future Directions)
While the work presented herein increased current knowledge on the role of cell
polarity complex proteins on cortical development, many new questions have stemmed
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from these findings. Further investigation is necessary to understand the mechanism
through which Lgl1 and Crb2 antagonize the other and the role that antagonism plays in
the regulation of YAP/TAZ signaling. The most obvious next step is to look at the
developing embryonic cortices of the Crb2/Lgl1 and YAP/TAZ/Lgl1 cross. It would be
interesting to determine if the actomyosin belt and AJs are stabilized, if cell polarity is
restored, and if cell cycle length returns to normal. I have shown a differential effect of
myosin regulation by Lgl and Crb. It would therefore be of interest to determine the effects
of loss of both Crb2 and Lgl1 on myosin distribution. Likewise, we demonstrated that the
distribution of polarity proteins was abnormal following loss of Lgl1. Interestingly, in the
YAP/TAZ/Lgl1 TCKOs we observed no errors in migration or other signs that cell polarity
was impaired. Future work, should demonstrate if cell polarity, through determination of
the localization pattern of polarity proteins such as Pals1, is restored in the Lgl1 CKOs
with YAP/TAZ reduction during development.
The major question stemming from this work is how Lgl1 regulates YAP/TAZ
activity in the neuroepithelium. One potential mechanism is that Lg1l affects Merlin
(Neurofibromatosis NF2), which is a known upstream regulator of YAP in cortical
development and is localized to the AJs (Figure 5-2) (Lavado et al., 2013). Perhaps Lgl1
stabilizes Merlin at the AJs, which serves as a scaffold and brings together other upstream
components of the YAP/TAZ pathway to inhibit YAP/TAZ activity. Interestingly, Merlin
is not limited to cytoplasmic or junctional regulation of YAP/TAZ.

Merlin in its

unphosphorylated state can also enter the nucleus and inhibit the E3 ubiquitin ligase CRL4
(Li et al., 2014). CRL4 when uninhibited targets Lats1/2 for ubiquitination (Li et al., 2014).
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Thus, active nuclear Merlin can also inhibit YAP/TAZ activity. Importantly, Lgl1 has also
demonstrated inhibition of CRL4 albeit through a pathway independent of Merlin
(Yamashita et al., 2015). Thus, it would be interesting to determine whether CRL4 activity
is altered and Lats1/2 protein stability is compromised in the absence of Lgl1.
Interestingly, the major Crb2 CKO phenotype is ventriculomegaly consistent with
human Crb mutations (Slavotinek et al., 2015). In contrast to the Lgl1 only and Pals1 only
CKO, the Crb2 only mutant mouse has a modest cortical phenotype showing a less severe
but significant reduction in cortical thickness (Dudok et al., 2016). It is possible that the
main function of Crb2 in the cortex is simply to oppose Lgl1 function as previously
demonstrated in drosophila (Tanentzapf and Tepass, 2003). Conclusive evidence on how
Crb2 and Lgl1 antagonize each other in cortical development is still needed. If Merlin is
the target of Lgl1 regulation, one possible link to Crb2 is through the Angiomotin (AMOT)
family of proteins. AMOT can bind to members of the Crb complex where it acts as a
scaffold bringing MST (Hippo) and Lats together (Moleirinho et al., 2014; Wells et al.,
2006). AMOT has been postulated to serve (along with Willin) as the mammalian
homologue of Expanded, through which Crb demonstrates its regulatory power on the
Yorkie (YAP) pathway in drosophila (Moleirinho et al., 2014). AMOT can also directly
bind YAP preventing YAP from entering the nucleus (Low et al., 2014). Relevant to this
work, AMOT also demonstrated interaction Merlin (Li et al., 2015; Yi et al., 2011). Crb
has not been shown to directly bind AMOT (Varelas et al., 2010; Wells et al., 2006).
Interestingly, however, Pals1 can directly bind to both AMOT and YAP/TAZ (Varelas et
al., 2010; Wells et al., 2006).
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Figure 5-2. Possible Lgl1 role in proliferation regulation.

It has yet to be determined if YAP/TAZ signaling is altered in the Pals1 only CKO.
Loss of Lgl1 in the Pals1 CKO did increase proliferation over the Pals1 only CKO, and it
stands to reason that this is due to increased YAP/TAZ activity. Unlike other polarity
proteins studied thus far, Pals1 appears to have a largely unique role in the maintenance of
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cell survival. This feature is perhaps the biggest contributor to the utter lack of cortical
tissue formed following Pals1 loss. However, the major mediators of cell death in the
Pals1 mutant remain unclear. Our data show that while BubR1 expression is clearly
reduced in the Pals1 CKO, significant BubR1 reduction alone is not sufficient to drive cell
death and microcephaly development. Therefore, it is unlikely that BubR1 is the only
mediator of cell death in the Pals1 mutant. However, it is highly probable that the reduction
BubR1 expression is contributing to the mitotic defects seen in following Pals1 depletion.
Multipolar divisions and lagging chromosomes have been previously observed in both in
vitro BubR1 knockdown and in vivo Pals1 CKO studies, respectively (Izumi et al., 2009).
While these abnormalities were not observed in our BubR1 CKO animals, that may be
limited by the techniques used to study this, and it remains highly likely that chromosomal
abnormalities are the cause of cell death in the BubR1 CKO animals. Further, our BubR1
hypomorphic mice were born in a background of BubR1 deficiency and while we don’t
think that direct BubR1 functional compensation is occurring, this background is different
from the Pals1CKO and may contribute to the difference in cell survival. Consistent with
the hypothesis that BubR1 promotes cell survival, a mouse model of BubR1 overexpression
extends healthy lifespan (Baker et al., 2013). Nevertheless, more studies are required to
more conclusively determine if BubR1 depletion contributes to cell death following Pasl1
loss. Future studies should include an attempt to prevent cell death through in utero
electroporation to induce BubR1 overexpression in the Pals1 CKO.
Finally, the direct link between Pals1 and BubR1 regulation is unclear. Perhaps
Pals1 plays a role in the upstream regulation of BubR1 transcription. Interestingly, there
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is some evidence that BubR1 expression is regulated by YAP activity (Yang et al., 2015b).
It is possible that Pals1 regulates BubR1 expression through modifying YAP activity. This
comes back again to the importance of clarifying the role of polarity proteins in YAP/TAZ
regulation. My work has provided the groundwork and characterization of these genetic
models on which these important questions can be further addressed.

Translational significance
PNH is the most common MCD in adults; however, the genetic basis for many of
these cases remains unknown. The identification of Lgl1 as a novel genetic cause of PNH
is thus of utmost importance. Future identification of patients harboring genetic mutations
in Lgl1, such as those patients with SMS, may further demonstrate the role of Lgl1 in the
pathogenesis of PNH and strengthen the importance of Lgl1 function in proper cortical
development.
Perhaps one of the most important findings on my work is that minimal YAP/TAZ
knockout is needed to prevent the heterotopic nodules observed following Lgl1 loss. This
may have implications for treatment of patients with PNH. As YAP/TAZ hyperactivity
has been implicated in cancer progression, there is much focus on identifying and
developing inhibitors of this pathway. Because full loss of YAP/TAZ activity is not
needed, it raises the possibility of treating those who show evidence of PNH in utero with
a YAP/TAZ inhibitor to minimize nodule size. Importantly, loss of both copies of YAP
and TAZ in the developing cortex appears to have minimal effect on cortical size,
suggesting that inhibition of YAP/TAZ activity may be a plausible treatment with limited
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to no unintended effects on cortical development (unpublished data). While it remains to
be clarified if mutations in Lgl1 result in in PNH in humans, overactive YAP/TAZ activity
has already been implicated in other PNH causing mutations (Cappello et al., 2013). It
would therefore be paramount to determine if overactive YAP/TAZ was involved in other
genetic causes of PNH, and if these other patients would then be candidates for treatment
through YAP/TAZ inhibition. It may be that abnormal YAP/TAZ regulation is the critical
element in PNH, thus providing an actionable target in treating or modulating this
condition. Due to the early formation of cortical nodules and the difficulty in detecting
these nodules in utero, full elimination of nodules would be difficult; however, preventing
the excessive proliferation to reduce the final size of the ectopic nodules would be
beneficial in these patients’ quality of life.
Additionally, the finding that minimal BubR1 expression is necessary for cell
survival also suggests that gene or protein delivery may be viable future treatment
strategies for those identified with MVA in utero. While rescue experiments in mice
remain to be completed, my data suggests that minimal BubR1 would be needed to restore
the cortex. As with PNH, the biggest difficulty in treating these patients is not identifying
a treatment strategy, but rather diagnosing the disorder in a time when treatment will be
effective or at least somewhat beneficial. With microcephaly in MVA, the goal would
likely be to minimize/prevent cell death in hopes of sparing cortical tissue. Unfortunately,
the BubR1 hypomorphic mice are not without their health issues, experiencing cancer
predisposition and a reduced lifespan among other problems (Darren J Baker, 2004).
However, if my finding that little BubR1 is sufficient to restore function is consistent in
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Figure 5-3. Disruptions in cell polarity result in a variety of MCDs.

other tissues, then in utero replacement of BubR1 may alleviate some of the other features
of MVA as well.

Conclusion
Overall my work has investigated the pathogenesis of a wide variety of MCDs all
arising from defects in NPC proliferation. Despite the range in cortical phenotype, my
work has a recurring theme – disruption of cell polarity proteins affects cortical
development through dysregulated NPC proliferation. This work identifies a novel genetic
cause of PNH and convincingly shows that a critical balance between determinants of cell
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polarity is required to maintain both neuroepithelial integrity and proliferation control.
Further, my work provides previously unknown evidence of polarity proteins in
neuroepithelial regulation of both YAP/TAZ activity and mitosis providing potentially
actionable targets in the future treatment of cortical malformations.
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