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Abstract

Neuropsychiatric Disorders are the leading category contributing to disability-adjusted

life years (DALYs) in the U.S. according to the World Health Organization. These findings

underline the vast burden caused by neuropsychiatric disorders on patients. However, effective

treatments do not exist for many of the neuropsychiatric disorders mostly due to lack of

understanding of disease pathology. Evidence from whole genome sequencing of psychiatric

disorder patients increasingly suggest that Wnt signaling and cortical development - in addition

to other perturbations - may underlie the pathophysiology of multiple disorders. Furthermore,

besides autism spectrum disorder, contribution of neurodevelopmental dysregulations to

disease etiology in late-onset disorder such as schizophrenia are becoming widely accepted.

Therefore, a better understanding of cortical development and functions of Wnt signaling could

prove critical in determining the cellular and molecular mechanisms underlying the causes of

psychiatric disorders.

The work presented in this thesis aims to understand the functions of multiple

neuropsychiatric disorder risk genes in brain development, and the converging role of Wnt

signaling in neurodevelopment. First, we determined ASD risk gene Chd8 to be a positive

3



regulator neural progenitor proliferation in the developing mouse brain through its transcriptional

regulation of cell cycle and Wnt signaling genes. Surprisingly, Chd8 exhibits a cell type-specific

modulation of Wnt signaling. Furthermore, knockdown of Chd8 in the upper cortical layer

neurons caused ASD-related behavioral abnormalities in adult mice, which could be rescued via

induction of Wnt signaling. Secondly, we made the novel observation that bipolar disorder risk

gene Ank3 (ankyrin-G) plays a crucial role in cortical neurogenesis through regulation of

subcellular localization of P-catenin, which is an essential component of Wnt signaling. Finally,

the effects of brain-specific deletion of BcI9 on brain development and behavior were

characterized using a heterozygous BcI9 deletion transgenic mouse line. Behavioral and brain

development defects associated with Bc19 were shown to mimic some of the clinical symptoms

observed in patients. Collectively, our results demonstrate a central role for Wnt signaling and

cortical development in pathophysiology of neurodevelopmental and neuropsychiatric disorders.

Thesis Supervisor: Li-Huei Tsai

Title: Picower Professor of Neuroscience,

Department of Brain and Cognitive Sciences

Director, the Picower Institute for Learning and Memory
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CHAPTER 1:

Introduction

Neuropsychiatric Disorder

Neuropsychiatric Disorders are the leading category contributing to disability-adjusted

life years (DALYs) in the U.S. according to the World Health Organization. These findings

underline the vast burden caused by neuropsychiatric disorders on patients. However, there is a

lack of effective treatments for many of the neuropsychiatric disorders. Therefore, there is an

urgent need for deeper understanding of the pathophysiology of these disorders in order to

identify better drug targets. In the past decade, genome-wide association and whole-exome

sequencing studies identified many genes that are associated with increased risk for mental

disorders such as bipolar disorder, schizophrenia and autism spectrum disorder (ASD)1 3 .

Interestingly, these studies indicated that some of these risk factors are common for seemingly

different neuropsychiatric disorders 4. Furthermore, many of these risk genes regulate signaling

pathways implicated in neuronal development both in embryonic and postnatal brain. Based on

this, one could hypothesize 1) converging roles of common signaling pathways in the

pathophysiology of multiple disorders, and 2) these pathways can be used to develop drugs that

target specific symptoms present in more than one disorder.

Bipolar Disorder: Etiology and Risk Factors

Bipolar disorder, which affects about 2% of the adult population, is characterized by

episodes of mania or hypomania and depression5'6 . Concordance rate of bipolar disorder I

about 45% among monozygotic twins suggesting high heritability 7. Recent genome-wide

association studies identified high risk genetic factors for bipolar disorder including ANK3
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(ankyrin-G) and CACNA1C (voltage-dependent calcium channel, L-type, alpha 1C subunit).6'8

Ankyrin-G is a scaffolding protein which localizes to axon initial segment (AIS) and nodes of

Ranvier"'1 0 . Ankyrin-G is required for the assembly and maintenance of the AIS, which is

established through its interaction with scaffolding and transmembrane proteins, and voltage-

dependent sodium and potassium channels0 '11 . Although the etiology of bipolar disorder is not

well understood, it has been proposed that disruption in limbic, anterior paralimbic and

prefrontal structures may contribute to bipolar disorder symptoms 12 . Indeed, differences in

volume within anterior paralimbic and heteremodal cortices were observed between adolescent

bipolar disorder patients and healthy subjects, indicating neurodevelopmental differences

contributing to disease etiology13 .

Schizophrenia: Etiology and Risk Factors

Schizophrenia is a complex brain disorder affecting approximately 1 % of the population14

Symptoms of schizophrenia include positive symptoms (i.e. delusions or hallucinations),

negative symptoms (i.e. diminished emotional expression or avolition) and cognitive symptoms

(i.e. deficits in learning and memory or attention)15'1 6. Schizophrenia displays high genetic

inheritance as it is more common in some families and high concordance rate among identical

twins 17. Recent findings showed that copy number variations (CNV) in multiple chromosomal

loci, including 1q21.1, 3q29, 15q11.2, 15q13.3, 16pl1.2, 16p12.1, 16p13.11, 17pl2 and

22q1 1.2, are associated with risk for schizophrenia. Interestingly, some of these CNVs were

also shown to be associated with other neurodevelopmental disorders and affect signaling

pathways implicated in regulation of neurodevelopmental processes, suggesting disrupted brain

development could contribute to schizophrenia disease pathology1 9,20. Alterations in cortical

morphology, especially regions concerning language processing, increased ventricle size and

changes in hippocampal circuitry are central to pathophysiology of schizophrenia 21 22 .

Autism Spectrum Disorder: Etiology and Risk Factors
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Autism Spectrum Disorder (ASD), which affects approximately 1 in 88 children, is an

etiologically and clinically complex neurodevelopmental disorder that is typically characterized

by social deficits, communication difficulties, stereotyped behaviors and cognitive delays23,24. In

many cases, these clinical symptoms are preceded by altered brain and head growth apparent

as early as the first year of age, strongly implicating perturbed neural development in ASD

etiology24-26 . Prefrontal cortex, which is involved in higher cognitive functions such as social

interaction and communication, has been shown to be the most commonly affected brain region

in ASD, exhibiting increased dendritic spine density, neuron number and soma size in

postmortem samples from ASD patients 27-31 It is well established that ASD has a strong genetic

origin as supported by a number of genome-wide association and exome sequencing studies.

Many of the ASD risk genes identified are shown to often encode proteins involved in

chromatin-remodeling, transcriptional regulation and synapse formation or function 1,32-3. O

these genes, mutations in CHD8 (chromodomain helicase binding protein 8) were identified in

ASD subjects from exome sequencing of trio families1' 34,37. CHD8 is an ATP-dependent

chromatin remodeler which was initially identified as a binding partner and negative regulator of

P-catenin signaling and was shown to be enriched in the promoters of transcriptionally active

genes 38 -41 . Furthermore, CHD8 was also shown to be a binding partner of the transcription

factor, E2F1, and necessary for E2F1-dependent cell cycle gene activation during the G1/S

transition, suggesting a role proliferation39 . CHD8 is a strong gene risk candidate for ASD,

however, its precise role brain development and ASD etiology is not yet well understood.

Shared Genetic Risk Factors Between Psychiatric Disorders

A recent insight from genome sequencing studies suggest that same gene risk factors

can be associated with multiple psychiatric disorders such as schizophrenia, bipolar disorder,

ASD and intellectual disability. In accordance with this idea, Fromer and colleagues showed that

many of the genes affected by mutations in schizophrenia overlap with risk genes associated
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with ASD and intellectual disability4 . Copy number variations (CNVs) in the 1q21.1 region has

previously been identified to be associated with multiple disorders such as intellectual disability,

autism spectrum disorder (ASD), mental retardation and schizophrenia19,42-44. Furthermore,

overlap of genetic risk factors between schizophrenia, ASD and bipolar disorder has been

implicated by multiple studies6 ,36' 45 ,46 . These findings suggest that neurodevelopmental

disorders, such as ASD, and late-onset psychiatric disorders schizophrenia and bipolar

disorders are likely to share some aspects of pathogenesis. The overlap of risk factors between

these disorder further implicate that same signaling pathways could contribute to the etiology of

seemingly different psychiatric disorders. For example, canonical Wnt signaling has been

implicated in pathogenesis of ASD, schizophrenia and bipolar disorder47-49. Furthermore,

neurodevelopmental theory of schizophrenia, which proposes that mental illness has its origins

in disturbed developmental nervous system, has been supported by animal models. DISCI

(disrupted-in-schizophrenia 1) has been shown to regulate embryonic cortical development

through regulation of Wnt signaling50. In sum, these findings advocate that better understanding

of embryonic brain development could shed further light onto the pathogenesis of multiple

psychiatric disorders.

Development of Mammalian Cerebral Cortex

As mentioned above, disruptions in cerebral cortical development have been implicated

in multiple neuropsychiatric disorder such as ASD, schizophrenia and bipolar disorder. The

cerebral cortex is central brain region responsible for execution of higher-order brain functions

such as cognition and sensory perception51. The fully developed mammalian cerebral cortex is a

six-layered structure derived from the telencephalic hemispheres, which originates from the

most anterior region of neural tube52. The telencephalon is divided into ventral subpallium and

dorsal pallium. Whereas dorsal region of the telencephalon gives rise to cerebral cortex, ventral
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subpallium develops into the basal ganglia53 . The mammalian neocortex has expanded

immensely during evolution distinguishing mammals from lower vertebrates54.

The process of cerebral cortical development is preceded by expansion of single sheet

of neuroepithelial cells (neural stem cells) through rapid symmetric division in telencephalon55 .

During mid-gestation at around embryonic day (E) 11 in mouse, these cells start dividing

asymmetrically to produce neuronal daughter cells of the cerebral cortex, which last

approximately until birth 5 . With the initiation of neuronal production, the developing cortex is

divided into distinct zones: 1) ventricular and subventricular zones (VZ/SVZ) which is composed

of neural progenitors; 2) intermediate zone (IZ) where migrating bipolar and multipolar cells are

found; and 3) cortical plate (CP) consisting of differentiated neurons. The six-layered structure

of the mature cortex is produced through an inside-out process meaning earliest-born neurons

occupy the deeper layers of the cortical plate, and successively later-born neurons migrate pass

these layers and make up the more superficial layers (Figure 1-1)57. Following the termination of

neurogenesis, glial cells (astrocytes and oligodendrocytes) are produced are produced from the

same set of progenitors in the ventricular zone, which continues during postnatal

development56 . This stepwise production of different cell types allows the neuronal cell

population of the cortex to establish majority of their connections, such as axonal projections,

before glial cell populate the cortical structures. Finally, two major neuronal groups, inhibitory

interneurons and excitatory projections neurons, exist in the cerebral cortex. Whereas the

excitatory neurons are produced from the pallial (dorsal) proliferative zone of the telencephalon

and migrate radially, interneurons are produced in the subpallial (ventral) proliferative zone and

migrate tangentially to occupy cortical plate57' 58. Although decades of research have been aimed

at understanding the underlying molecular and cellular mechanisms of cortical development, it is

still not well understood how cell diversity in the cortex is achieved, and dysregulation of this

process contribute to neuropsychiatric disorders.

14



1.0

ElO

4

E15

-~ p ~E 

-

z
VZ

/

p4

I

Figure 1-1: Embryonic cortical development

Dueing early cortical development (left), the ventricular zone is expanded through rapid proliferation of

neuroepithelial and radial glial cells. At E15, multiple cortical regions and cell types start to emerge. The

ventricular and subventricular zones are contain radial glial cells (blue) and intermediate/basal progenitors.

Newborn neurons (green) migrate towards cortical plate, using radial glial processes as their guidance.

However, some can migrate without attaching to radial glial processes. Mature neurons (yellow) occupy the

cortical plate, which in adult brain is composed of six-layers.
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Diversity of Neural Progenitor Cells

During evolution, the diversity and number cells in the mammalian cerebral cortex has

undergone immense expansion, which probably in part due to existence of diverse neural

progenitor cells5 9. These progenitor cells can be classified into four main populations:

neuroepithelial cells, radial glial cells (apical progenitors), basal/intermediate progenitors and

recently discovered outer radial glia cells6 0.

Neuroepithelial cells are the main progenitor cells forming the pseudostratified

neuroepithelium before the onset of neurogenesis. These cells are highly polarized along their

apical-basal axis, which requires the integrity of the adherens junctions 61 . With the start of

neuronal generation, a new class of progenitors start to arise in the ventricular zone, the most

apical region of the developing cortex which lines the ventricles, called radial glial cells. The

switch to neurogenesis brings about changes in neuroepithelial cells such as loss of tight

junctions6 2. The new class of progenitors, radial glial cells, resemble neuroepithelial cells in their

expression of intermediate-filament protein nestin, the maintenance of apical-basal polarity,

contact with both apical and basal lamina and interkinetic nuclear migration (which will be

discussed later)6 2-65 . Radial glial cells can be distinguished from neuroepithelial cells by their

expression of astrocyte-specific glutamate tranporter (GLAST), S100p, glial fibrillary acidic

protein (GFAP), vimentin and brain-lipid -binding protein (BLBP) 66-68 . Furthermore, radial glial

cells display more fate restriction compared to neuroepithelial cells, meaning whereas

neuroepithelial cell can contribute to all cell types found in the central nervous system, radial

glial cells contribute to single cell types, such as astrocytes, oligodendrocytes or neurons69.

Around the same time radial glial cells are produced, a second pool of proliferating cells start to

appear in the subventricular zone called basal/intermediate progenitors. These progenitors differ

from neuroepithelial and radial glial cells in several aspects: 1) basal progenitors undergo

mitosis at the basal side of the ventricular zone (or subventricular zone) as opposed to apical
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surface of ventricular70 ; 2) apical process, which contact the ventricular surface, found in

neuroepithelial and radial glial cells are absent in basal progenitors 71, and finally 3) expression

of transcription factor Tbr272 . Furthermore, whereas neuroepithelial and radial glial cells

generally undergo symmetric proliferative division increase or asymmetric division to maintain

progenitor pool, basal progenitors divide symmetrically to produce two daughter neurons after

73one or two round of proliferative division

Finally, in the past few years a new class of neural progenitors have been identified in

primate brain called outer radial glia (oRG) cells localized to outer subventricular zone74, which

later are shown to exist in rodent brain as well75. Outer subventricular zone is drastically larger

in gyrencephalic brains (primates) compared to lissencephalic brain of rodents. This led

researchers to suggest that oRG undergoes multiple rounds of proliferative symmetric and

asymmetric division, similar to radial glial cells, to push the boundaries of oSVZ and increase

the basal progenitor pool before dividing symmetrically to produce daughter neurons 76. Unlike

apical radial glial cells that are bipolar, oRGs display a unipolar morphology lacking apical

process that descends toward the ventricle74 . Finally, oRG cells were shown to exhibit a mitotic

somal translocation preceding cell division, in contrast to interkinetic nuclear migration observed

in radial glial cells 74.

Modes of Neural Progenitor Cell Division

Proper development of cortical development and cellular diversity depends on balanced

proliferation vs differentiation. In this section, modes of neural progenitor proliferation will be

discussed. Cortical neural progenitors exhibit symmetric and asymmetric division properties

which is defined by the cellular identity of the daughter cells. In principle, the modes of neural

progenitor division can be classified into four: 1) symmetric proliferative, 2) symmetric

neurogenic division, 3) asymmetric self-renewing, and 4) asymmetric neurogenic division. In

symmetric division, two daughter cells generated have the same identity77. For example, a radial
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glial cell can divide symmetrically to produce to two radial glial cells, which increases the

progenitor pool, or two daughter neurons which causes depletion of progenitor pool. On the

other hand, asymmetric division of a radial glial cell can produce one daughter radial glial cell

and a daughter neuron to maintain progenitor pool while increasing the number of neurons, or

produce a self-renewing radial glial cell and a basal progenitor which transiently increases the

progenitor pool78 . Although substantial amount of research has identified valuable information

about the molecular and cellular mechanisms controlling mode of cell division, we still do not

have a complete understanding. A better insight into the process is crucial since changes in the

mode of neural progenitor division have been implicated in abnormal cortical development, such

as microcephaly and macrocephaly79. Below, some of the mechanism regulating neural

progenitor cell division will be discussed.

One prominent theory behind symmetric versus asymmetric division is differential

distribution of cellular components to the daughter cells80 . In this model, it has been proposed

that cleavage planes of during mitosis would determine the distribution of cellular constituents to

daughter cells. Therefore, apical-basal polarity neural progenitor cells would play an important

role for determining the mode of cell division. For example, a vertical cleavage plane (vertical to

ventricular surface) would result in equal distribution of the crucial apical and basal constituents

to the daughter cells causing symmetric division. With similar logic, slight deviation from vertical

cleavage plane or horizontal plane would cause unequal distribution to daughter cells resulting

in asymmetric division81 . Therefore, cellular machinery controlling this process need to be

precise and tightly controlled. Some of these mechanism include transcription factors such as

EMX2 which promotes vertical cleavage plane and symmetric division, whereas transcription

factor Pax6 promotes asymmetric, neurogenic division in radial glial cells8 2 8 3.

Given that equal versus unequal inheritance of apical plasma membrane can be a

determining factor in type of cell division, distribution or manipulation of adherens junctions,
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which are located to apical process in neuroepithelial and radial glial cells, can also affect the

mode of cell division. Adherens junctions are intercellular protein complexes whose extracellular

side mediate cohesive recognition by neighboring cell, and cytoplasmic domain is composed of

cadherin-catenin complexes interacting with actin cytoskeleton84. Deletion of aE-catenin, a

component of the cadherin-catenin complex, in neuroepithelial cells caused loss of adherens

junctions, disruption of cell polarity and resulted in overproliferation of neural progenitors85.

Interplay between adherens junction and canonical Wnt signaling through control of P-catenin,

which is a critical component of both adherens junctions and Wnt signaling, has been implicated

before 86. Interestingly, deletion of N-cadherin, a component of cadherin-catenin complex,

resulted in increased neural progenitor proliferation via redistribution of P-catenin and induction

of Wnt signaling8 7. Finally, Par3, which localizes to the apical cortex of mammalian

neuroepithelial cells in the vicinity of adherens junctions, is equally and unequally inherited by

daughter cell in symmetric and asymmetric division, respectively88.

Another process to consider in cleavage plane determination is the positioning of the

poles of the mitotic spindle. The mitotic spindle is a microtubule apparatus that binds to and

ensures equal segregation of chromosome during mitotis. It has been shown in polarized

MDCKII cells, a spindle-pole orientations perpendicular to apical-basal axis is necessary for

equal distribution of apical plasma membrane and symmetric dvision9 . Interestingly, abnormal

spindle-like microcephaly-associated (ASPM) gene, which is implicated in expansion of human

primate brain and cerebral cortical size determination, is shown to be concentrated at mitotic

spindle poles of neuroepithelial cells, knockdown of Aspm caused less frequent appearance of

vertical cleavage plane and symmetric division9092 . Mutations in human ASPM causes primary

microcephalym, which is defined by reduced brain size, and we previously showed that

knockdown of Aspm mouse cortical neural progenitor cells causes reduced proliferation due to

increased cell cycle exit93 ,94 .
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Interkinetic Nuclear Migration

One of the hallmarks of the neural progenitors is the behavior called interkinetic nuclear

migration (INM), which is a process whereby the nucleus of the bipolar neural progenitors

migrate along the apical-basal axis during cell cycle7 3,95 . During G1 phase of the cell cycle, the

nucleus of the neural progenitor migrates basally away from the ventricular surface and stays

there during the span of S phase. Then the nucleus migrates back to apical side of the

ventricular zone for mitosis. This type of behavior may allow neural progenitor cells maintain

their polarity without directly being adjacent to ventricular lumen, and also create two

dimensional space in the apical-basal orientation for more neural progenitor cells to occupy the

ventricular zone' 97 . It is proposed that microtubules may regulate INM, and consistent with this

idea, knockdown of LIS1 protein, which can be found in a complex with dynein and dynactin,

affects microtubule dynamics and causes dysregulation of INM in neuroepithelial cells98 .

Furthermore, disruption of INM is shown to cause mitosis in anywhere of the ventricular zone

rather than only in the apical region, which in turn can cause more neurogenic division probably

due to slow cell cycle progression9 9'1 00

Cell Cycle in Neural Progenitors

Formation of properly developed cerebral cortex depends on intricate balance between

neural progenitor proliferation, cell cycle progress and finally neuronal differentiation through cell

cycle exit. The function of cell cycle regulation in determining neuronal number depends on the

rate of cell cycle progression and the balance between cell cycle re-entry or exit. For example,

variation in cell cycle length can directly determine the number of neurons produced given the

total corticogenesis time stays constant. Furthermore, altering the mode of division, proliferative

vs neurogenic, can directly affect the outcome, and thus changes in frequency of cell cycle exit

is one of the most important determinants in neuron production. Therefore, better understanding

of molecular mechanisms regulating cell cycle in neural progenitors is necessary to appreciate
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cortical development. The basic function of cell cycle is to replicate DNA before division and

distribute the genetic material equally between two daughter cells. There are four basic steps in

neural progenitor cell cycle: 1) G1-phase (gap-1 phase) during which cell growth occurs, 2) DNA

is replicated during S-phase (synthesis), 3) G2-phase (gap-2 phase) which is necessary for

proofreading of replicated DNA to ensure proper replication and repair of errors, and finally 4)

M-phase (mitosis) during which DNA packaging, chromosome segregation and cell division

occurs.

As corticogenesis progresses, neural progenitor cells switch from proliferative division to

differentiative neurogenic division. A seminal work on cell cycle length during cortical

neurogenesis showed that progression of neurogenesis is associated with an increase the

average cell cycle length of neural progenitor cells 01. Interestingly, this increase in cell cycle

length could mainly be attributed to lengthening of G1 phase. Further research has shown that

simply lengthening of neuroepithelial cell cycle, without blocking it, using a cyclin-dependent

kinase inhibitor, was sufficient to initiate premature neurogenesis/neurogenic division00 .

Supporting this finding, Tis21-expressing neural progenitors, which are only neurogenic,

showed significantly longer cell cycle than proliferating neural progenitors 02 These findings

indicate that lengthening of G1 phase can promote neurogenesis. Although, it is not well

understood why this is the case, it is possible that short cell cycle length does not allow enough

time for differentiation cues, which are received by the neural progenitors, to induce

differentiation, and therefore, short cell cycle length is correlated with symmetric proliferative

division 9.

Progression through cell cycle is regulated by checkpoints which are safe nets against

defect occurring during cell cycle, especially defects concerning genomic integrity 0 3. These

checkpoints are governed by the functions of cyclins and their cyclin-dependent kinases0 3 . One

of these checkpoints exist at the G1 phase to S phase transition, during which a decision is
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made to either commit to a round of cell cycle, exit the cell cycle permanently , or transiently exit

to a GO phase' 04. Transition from G1 to S phase is controlled by CyclinD-Cdk4/6 complex,

whose activation in turn phosphorylates and inhibits tumor suppressor Retinoblastoma (Rb)103

Rb proteins inhibit another cyclin-cdk complex, CyclinE-Cdk2, to constrain the G1-S phase

transition0 5 . It has been shown that deletion of Rb in neural progenitors results in increased

proliferation due to aberrant S phase entry 06. The primary targets of Rb protein are the E2F

transcription factors which regulate the expression of genes essential for cell proliferation107.

Furthermore, overexpression of CyclinDl/Cdk4 complex in embryonic cortical neural

progenitors via in utero electroporation resulted in expansion of neural progenitor pool through

inhibition of progenitors switching from proliferation to neurogenesis1 08 . These results suggest

that direct manipulation of cdk-cyclin complexes responsible for G1-S phase transition can have

lasting effects on neural progenitor proliferation and neuronal production.

Signaling Pathways in Regulation of Cortical Development

Various signaling pathways such as Notch, ERK, Sonic Hedgehog, FGF and Wnt

signaling, have been show to regulate cortical development109. Wnt signaling pathways

(canonical and non-canonical) are essential molecular mechanisms regulating various

processes of embryonic development, such as cell proliferation, cell determination and cell

polarity, and tissue homeostasis'0.111 Because of the multilevel involvement in embryonic and

adult development, many psychiatric disorder risk factors have been identified to perturb Wnt

signaling pathway 12 . The work presented in this thesis explores the role of Wnt signaling in

brain development in relation to neuropsychiatric disorder. Therefore, and in-depth background

to Wnt pathways, especially canonical Wnt/p-catenin signaling, will be provided in the next

section. However, this does not imply that other signaling events are less important than Wnt

signaling in regulation of corticogenesis.

Canonical Wnt/p-catenin Signaling: Overview
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The essence of canonical Wnt/p-catenin pathway is stabilization P-catenin in the

cytoplasm and subsequent translocation into the nucleus to activate transcription of Wnt

signaling target genes'13 . In the absence of Wnt ligand binding to its receptors, P-catenin protein

is targeted for proteolytic degradation through phosphorylation by the so-called destruction

complex composed of scaffolding protein Axin, the Adenomatous Polyposis Coli (APC) gene

product, casein kinase 1 (CK1) and glycogen synthase kinase 3P (Gsk3 P). Phosphorylation of

P-catenin is accomplished by phosphorylation first at Ser45 by CK1, followed by Ser33, Ser37,

and Thr4l phosphorylation by GSK3P1 . Upon activation of canonical Wnt signaling via binding

of secreted Wnt ligands to cell surface receptors of the Frizzled family and LRP co-receptors, P-

catenin is stabilized in the cytoplasm through disassembly of the destruction complex. P-catenin

then enters the nucleus, where it binds to TCF/LEF family transcription factors to activate

expression of Wnt target genes such as CyclinD 1 15 .

Wnt Signaling Components and Mechanism: Detailed Look into Canonical Wnt Signaling

On the cell membrane: Wnt proteins and receptors

Wnt proteins are conserved in all metazoan animals and there are 19 different Wnt

ligands in human and mouse. The Wnt ligands are approximately 40 kDa in size cysteine rich

glycosylated proteins which contain an N-terminal signal peptide for secretion 1 6. Earlier efforts

117to characterize Wnt proteins faced difficulties due to its highly hydrophobic nature' . Murine

Wnt3a is the first purified and well characterized Wnt protein. In addition to its glycosylation,

which is required for secretion, Wnt3a undergoes two lipid modifications which likely account for

its high hydrophobicity and insolubility1 . Whereas addition of palmitate to cysteine 77 was

shown to be necessary for ability of Wnt3a to activate Wnt/p-catenin signaling1 17' 1 19 1 20

attachment of palmitoleoyl to serine 209 is necessary for its secretion2 . Multiple proteins have

been identified to regulate Wnt biogenesis and secretion. Porcupine (Porc) is a transmembrane

endoplasmic reticulum (ER) protein has been shown to be responsible for Wnt3a
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palmitoleoylation at serine 209, and deficiency of Porcupine results in Wnt3a accumulation in

ER 121 Wntless (WIs) is a multipass transmembrane protein localized to Golgi apparatus,

endocytic compartments and the plasma membrane. Following glycosylation and lipid

modification by Porcupine in the ER, Wls is required to escort Wnt from golgi to the plasma

membrane for secretion'18

Secreted Wnts bind to two distinct receptor families, forming a heterodimeric receptor

complex, to trigger Wnt/p-catenin signaling 1 3. The major component of this complex is Frizzled

(Fzd) family of receptors which are seven-transmembrane receptors with a long amino-terminal

extension called cysteine-rich-domain (CRD) and topological homology to G-protein coupled

receptors122,2. There are 10 Frizzled receptors encoded in mammalian genome. The other

component is the single pass transmembrane molecule of the LDL receptor related protein 5

and 6 (LRP5/6) 22 ,12 4. Wnt ligands bind to the CRD of Frizzled receptors which in turn recruits

the LRP5/6 to from a trimeric complex initiating the Wnt signaling12 5

In the cytoplasm: Wnt-off State

Degradation of cytoplasmic P-catenin, which acts as a transcriptional co-activator of the

signaling pathway, is the hallmark of Wnt/p-catenin signaling 3 . In the absence of Wnt ligand

binding to Frizzled-LRP5/6 receptor complex, P-catenin levels are kept low by the destruction

complex mainly composed of tumor suppressor Axin, APC, and two serine/threonine kinase

families: CK1 a, -5 and GSK3a, -P (Figure 1-2)126. Additional components of the destruction

complex include WTX (Wilms tumor gene on the X-chromosome) and serine/threonine protein

phosphatases PP1 and PP2A127129. In this complex, Axin functions as a scaffolding protein

interacting with GSK3, CK1, APC and P-catenin 126 . This enables sequential phosphorylation of

P-catenin first by CK1 at Ser45, followed by Ser33, Ser37, and Thr4l phosphorylation by

GSK3P1 14. Phosphorylated P-catenin is then recognized by the F box/WD repeat protein P-

TrCP, a component of an SCF (Skpl-Cullin-F-box) E3 ubiquitin ligase complex, which in turn
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Figure 1-2: Canonical Wnt Signaling In the Cytoplasm

(a) In the absence of Wnt ligand binding to Frizzled-LRP5/6 receptor complex, P-catenin levels are kept low

by the destruction complex mainly composed of tumor suppressor Axin, APC, and two serine/threonine

kinase families: CK1 a, -6 and GSK3a, -0. (b) The major outcome of the canonical Wnt signaling activation

is disassembly of the destruction complex and accumulation of stabilized cytosolic P-catenin, and

subsequent translation of P-catenin to nucleus.
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leads to ubiquitination and proteasomal degradation of P-catenin 130. Efficient degradation of

cytosolic P-catenin ensures blocking of P-catenin nuclear translocation and keep Wnt/ P-catenin

signaling inactive. Mutations effecting phosphorylation of P-catenin, as well as tumor

suppressors APC and Axin mutations are commonly observed in various cancers supporting the

notion that intact destruction complex is necessary to keep Wnt signaling at low levels131 .

In the cytoplasm: Wnt-on State

The major outcome of the canonical Wnt signaling activation is disassembly of the

destruction complex and accumulation of stabilized cytosolic P-catenin (Figure 1-2)110. Currently,

it is not very well understood how the binding of Wnt ligands to the receptors initiate destruction

complex disassembly, but clues from recent studies are starting to shed light on to molecular

mechanism underlying this process. Wnt-induced LRP5/6 phosphorylation by CK1 or GSK3P

could be the key event in receptor activation3 1 4. One possible mechanism is that Wnt binding

to the receptors would recruit Disheveled (Dsh or Dvl) protein to Frizzled receptor via its PDZ

domain 5, which in turn provides venue for Axin complex bound by GSK3P and CK1 to relocate

to cell surface Wnt receptor complex 136. The relocation of Axin-GSK3P-CK1 complex would

promote the phosphorylation of LRP5/6 receptor, thereby initiating the downstream

signaling134 ,136 ,137. Through disassembly of the destruction complex, Wnt signaling leads to

inhibition of P-catenin ubiquitination, and therefore accumulation in the cytoplasm.

In the Nucleus

Following accumulation in cytoplasm, stabilized P-catenin builds up in the nucleus138

However, the mechanisms underlying the nuclear transport of P-catenin are currently not well

understood. Earlier studies have suggested that P-catenin is imported to nucleus in a nuclear

139,140localization signal- and importin/karyopherin-independent manner '. Moercnt studies
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Figure 1-3: Canonical Wnt Signaling In the Cytoplasm

(a) In the absence of Wnt, TCF/LEF transcription factors bind to the Wnt responsive element (WRE) DNA

consensus sequence to repress gene expression. In this context, TCF/LEF transcription factors recruit

corepressors such as Groucho, and HDACs promoting histone deacetylation and chromatin compaction (b)

In the presence of Wnt, P-catenin binds to TCF/LEF transcription factors and displaces Groucho and

activates expression of Wnt target genes. This interaction further recruits additional transcriptional

coactivators such Bc19 and Pygopus.
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indicated that Wnt-dependent activation of Racl-JNK pathway by phosphorylation of P-catenin

at serines 191 and 605 promotes its nuclear translocation"'.

Once translocated to nucleus, P-catenin binds to the TCF/LEF family of DNA binding

factors to activate Wnt signaling target genes" 0. In the absence of Wnt, TCF/LEF transcription

factors bind to the Wnt responsive element (WRE) DNA consensus sequence to repress gene

expression142 . In this context, TCF/LEF transcription factors recruit corepressors such as

Groucho, CtBP and HDACs promoting histone deacetylation and chromatin compaction (Figure

1-3)143-145. In the presence of Wnt, P-catenin binds to TCF/LEF transcription factors and

displaces Groucho1 46. This interaction further recruits additional transcriptional coactivators such

Bc19 and Pygopus (Figure 1-3)147. Whereas the central Arm-repeats of P-catenin bind to

TCF/LEF, the amino-terminal Arm-repeats bind to Bc19, which in turn bridges Pygopus to the N-

terminus of P-catenin 147. This complex has been implicated in retention of P-catenin in the

nucleus, though it is currently unclear if they also actively participate in shuttling148. Other

coactivators of TCF/LEF- P-catenin complex includes p300/CBP and TRRAP histone

acetyltransferases, MLL1/2 histone methyltransferases, the SWI/SNF family of ATPases for

chromatin remodeling and Mediator complex all of which contributes to transcriptional activation

of Wnt target genes

Non-canonical Wnt signaling: Overview

In addition to canonical Wnt/p-catenin signaling, Wnt proteins initiate signaling in other

pathways called non-canonical Wnt signaling, which are independent of P-catenin transcriptional

activity. These pathways include the Wnt/PCP (planar cell polarity) and the Wnt/Ca2+

pathways". Activation of non-canonical Wnt pathways have been shown to be dependent on

Wnt binding to Frizzled receptors, but independent of LRP5/6. In the Wnt/PCP pathway,

Frizzled and Disheveled proteins function in concert with other proteins such as Celsr, Prickle,

vangl/Strabismus or PTK7 to establish cellular polarity by asymmetrical and polarized protein
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localization1491 51 . Dysregulation of Wnt/PCP pathway has been shown to disrupt the orientation

of epithelial structures such as cuticle hairs and sensory bristles in Drosophila152 , and neural

tube closure in mammals 15 3 . Activation of Wnt/Ca2+ pathway lead to release of intracellular Ca2+

through trimeric G proteins, which in turn can activate Ca 2+-sensitive proteins such as PKC and

CamKI1 154'155. Wnt/Ca2+ pathway has been shown to regulate dorsal axis formation, ventral cell

fate, convergent extension movements and heart development156.

Dual Role of p-catenin in Wnt Signaling and Cadherin Pathways

The cytoplasmic and nuclear pool of P-catenin participating in Wnt signaling is

dynamically regulated. However, there is another pool of P-catenin at the cell membrane, which

is relatively more stable. In addition to its central role in Wnt signaling, @-catenin also binds to

type I cadherins at the cell membrane, linking them to the actin cytoskeleton through binding to

a-catenin1 57 and thereby having a role in structural organization. Although it was previously

thought that the cadherin-bound pool of P-catenin cannot be made available for Wnt signaling,

recent studies have suggested instead the existence of an interplay between Wnt signaling and

this cell adhesion complex. Several lines of evidence suggest that altering the levels of P-

catenin localized to the catenin-cadherin complex can affect the availability of P-catenin for

participation in Wnt signaling. This includes the observation that the sequestration of P-catenin

at the cell-cell adhesion sites via E-/N-cadherin overexpression downregulates Wnt signaling

and that the absence of E-cadherin in epithelial cells and embryonic stem cells results in the

accumulation of free P-catenin in the nucleus 158 ~16 0.

Wnt Signaling in Cortical Development

Mapping of canonical Wnt signaling in the developing mouse forebrain using TCF/LEF

binding sites-driven #-galactosidase expression showed that Wnt signaling is highly active in

cortical neural progenitors during early development, and as corticogenesis progresses, cortical
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Wnt signaling decreases 16 1,162. At the cellular level, active Wnt signaling has been identified in

proliferating radial glial cells and intermediate/basal progenitors, which then is downregulated in

differentiating cells 16 3,164. These findings implicate a dynamic regulation of Wnt signaling in

developing cortex, and temporal and spatial expression patterns are suggestive of an active role

Wnt signaling in neural progenitor proliferation and differentiation.

As described previously in the cortical development section, neural progenitors of the

developing cortex display multiple modes of cell division, and the intricate balance between

proliferation and differentiation regulates neural production. Transgenic mice expressing

stabilized P-catenin, which constitutively activates canonical Wnt signaling, displayed enlarged

forebrain due to horizontal expression of neural progenitor population165 . It was shown that

overexpression of P-catenin in neural progenitors caused reduced cell cycle exit, prolonging

proliferative division165,166. Further supporting these findings, activation of Wnt signaling via

expression of P-catenin/Lefl fusion protein in E10 brain cased inhibition of neural differentiation,

whereas inactivation of P-catenin in Eli and E13 mouse brain promoted cell cycle exit and

thereby increased neuronal differentiation 16 3,16 1. Regulation of different progenitor pools - basal

versus intermediate progenitors - has also been implicated. Induced Wnt signaling in cortical

neural progenitors is correlated with reduced intermediate progenitor number, while

intermediate progenitor number increased when Wnt signaling was inhibited1 67'1 68. However,

regulation of intermediate progenitor population could be more of secondary effect of radial glial

cell regulation. Proliferative radial glial cells divide asymmetrically to produce one radial glia cell

and a transiently amplifying basal progenitor. Therefore, it is plausible that activation of Wnt

signaling increases proliferative symmetric division of radial glial cells initially, which in turn

increases radial glial cell pool while reducing intermediate progenitor pool. Such a proposal was

supported by findings showing that reduction in intermediate progenitor pool is recovered as

development progresses, suggesting a delay in intermediate progenitor production166. Overall,
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these studies suggest that Wnt signaling promotes symmetric division of radial glial cells while

inhibiting cell cycle exit. This effect in part may be due to regulation of CyclinD1 expression by

Wnt signaling, since overexpression of CyclinD1 has been shown to increases cell cycle re-

108
entry' .

Interestingly, Wnt signaling may differentially regulate cell cycle in radial glial cells and

intermediate progenitor. In utero electroporation of Wnt3a at E13 cortex increases proliferation

of radial glial cells consistent with symmetric division inducer role of Wnt signaling 64'1 65.

However, it was also discovered that Wnt3a overexpression promoted terminal differentiation of

intermediate progenitors in developing mouse brain164. These findings point to context and

temporal-dependent control of Wnt signaling in different cortical progenitors and their

proliferation. In this model, during early corticogenesis, radial glial cells respond the Wnt

stimulation by symmetric proliferative division increasing progenitor pool. Later in

corticogenesis, Wnt stimulation causes terminal differentiation of intermediate progenitors, while

it can still stimulate proliferative division in radial glial cells164' 69' 70.

The role of Wnt signaling and its components in dendrite development and

synaptogenesis has also been shown, though this role is relatively less well understood.

Overexpression of Wnt7b or Wnt2 in cultured hippocampal neurons resulted in increase in

complexity of dendritic arborization1 71,17 2. Furthermore, induced P-catenin expression in cultured

hippocampal cells caused increased dendritic branching and number, however, this effect could

be independent of canonical Wnt signaling173 . Finally, Wnt signaling plays an important role in

174
synaptogenesis by promoting pre- and post-synaptic assembly in central nervous system

Conclusion

Evidence from whole genome sequencing of psychiatric disorder patients increasingly

suggest that Wnt signaling and cortical development - in addition to other perturbations - may
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underlie the pathophysiology of multiple disorders. Furthermore, besides autism spectrum

disorder, contribution of neurodevelopmental dysregulations to disease etiology in late-onset

disorder such as schizophrenia are becoming widely accepted. Therefore, a better

understanding of cortical development and functions of Wnt signaling could prove critical in

determining the cellular and molecular mechanisms underlying the pathophysiology of

psychiatric disorders. In my thesis research, I have attempted to characterize the functions of

three (ANK3, CHD8 and BCL9) neuropsychiatric risk factors in mouse cortical development and

Wnt signaling. First, ASD risk gene Chd8 was shown to be a positive regulator of Wnt signaling

and neural progenitor proliferation in a cell-type specific manner. Knockdown of Chd8 in upper

cortical layer neurons caused ASD-related behavioral abnormalities in adult mice (Chapter 2).

Secondly, we made the novel observation that bipolar disorder risk gene Ank3 (ankyrin-G) plays

a crucial role in cortical neurogenesis through regulation of subcellular localization of Wnt

signaling (Chapter 3). Finally, the effects of brain-specific deletion of BcI9 on brain development

and behavior were characterized using a heterozygous BcI9 deletion transgenic mouse line.

Behavioral and brain development defects associated with BcI9 were shown to mimic some of

the clinical symptoms observed in patients.
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CHAPTER 2:

Chd8 mediates cortical neurogenesis through transcriptional

regulation of cell cycle and Wnt signaling genes

Omer Durak, Fan Gao, Yea Jin Kaeser-Woo, Richard Rueda, Anthony J. Martorell, Alexi Nott,
Carol Y. Liu, L. Ashley Watson and Li-Huei Tsai

Abstract

De novo mutations in CHD8 are strongly associated with autism spectrum disorder

(ASD), however the underlying mechanisms remain elusive. Here we report that Chd8

knockdown during cortical development results in defective neural progenitor proliferation and

differentiation that ultimately manifests in abnormal neuronal morphology and behaviors in adult

mice. Transcriptome analysis revealed that on the one hand Chd8 stimulates the transcription of

cell cycle genes, while on the other it precludes the induction of neural specific genes by

regulating the expression of PRC2 complex components. Furthermore, knockdown of Chd8

disrupts the expression of key transducers of Wnt signaling, and enhancing Wnt signaling

rescues the transcriptional and behavioral deficits caused by Chd8 knockdown. We propose

that these roles of Chd8 and the dynamics of its expression during development help negotiate

the fine balance between neural progenitor proliferation and differentiation. Together, these

observations provide new insights into the etiology of ASD.

O.D. and L.-H.T designed the study, and L.-H.T directed and coordinated the study. O.D. initiated,
planned and performed the experiments. F.G conducted the bioinformatics analysis. Y.J.K cloned the
human CHD8 construct and contributed to sample preparation for FAC-sorting. R.R prepared cultured
various cell lines and helped with sample preparation for FAC-sorting. A.J.M. conducted some of the
luciferase assays. A.J.M and A.N. contributed to behavioral experiments. C.Y.L conducted the neuronal
morphology experiments. L.A.W conducted the in situ hybridization assay.
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Introduction

ASD is a complex developmental disorder that manifests in social deficits,

communication difficulties, stereotyped behaviors, and cognitive delays 23 ,24 . It is a highly

heritable disorder with concordance rates of about 8% between siblings and 64% between

monozygotic twins - much higher than the prevalence in the general population of about

1%23,175. Around 120 genes have been linked to ASD, often encoding proteins involved in

chromatin remodeling, transcriptional regulation, and synapse formation or function1' 3 2 -3 . Of

them, at least 15 distinct mutations in the coding regions of chromodomain helicase DNA

binding protein 8 (CHDB), an ATP-dependent chromatin remodeler, were identified in ASD

subjects from exome sequencing of trio families 1,34,37. Most of these mutations are predicted to

be loss-of-function as they either result in frame shift or truncation of protein product as well as

in frame single amino acid deletion37 . Subjects with CHD8 mutations often display increased

head circumference, cognitive deficits, as well as social interaction and communication

difficulties 34'37.

Little is known about the biological function of CHD8. It was initially identified as a

binding partner and negative regulator of P-catenin signaling and was shown to be enriched in

the promoters of transcriptionally active genes 38 4 1. Homozygous deletion of Chd8 in mice

results in early embryonic lethality resulting from massive apoptosis 4 '176 . However, in contrast

to expectations, there was no induction of Wnt/P-catenin signaling in Chd8 null mice 76. CHD8

was also shown to be a binding partner of the transcription factor, E2F1, and necessary for

E2F1-dependent cell cycle gene activation during the G1/S transition 39. Down-regulation of

CHD8 in cultured cells resulted in impaired cell proliferation17 . In contrast, an increase in the

number of mitotic cells and head size were observed following suppression of zebrafish chd8

178ortholog'.

Whereas the genetic and molecular underpinnings of ASD are heterogeneous, an

accumulating body of evidence indicates that disrupted embryonic cortical development could
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be a common defect underlying the etiology of ASD 24 ,28,179. As such, an understanding of how

CHD8 affects cortical development is likely to provide crucial insights into the pathophysiology

of ASD.

Cortical development is a spatially and temporally regulated process that occurs during

mid- to late-embryogenesis"30' 181 . The process is defined by an early expansion of proliferative

neural progenitor cells (NPCs) that reside in the ventricular zone (VZ) of cortical epithelium. At

the onset of neurogenesis, NPCs undergo neurogenic divisions to produce pyramidal neurons

that migrate radially to the cortical surface to generate the six layers of the neocortex182. The

significant differences in cortical size between gyrecephalic (i.e. primates) and lissencephalic

(i.e. rodents) species are believed to be due to existence of gyrecephalic brain specific self-

sustaining neural stem cells in the outer subventricular zone (SVZ), which later in corticogenesis

divide to increase the number of upper layer cortical neurons 181 . Despite these differences,

mechanisms governing cortical development and the subsequent laminar organization of the

neocortex are largely conserved across mammals. Diverse signaling pathways govern the

intricate balance between continued proliferation and cell cycle exit/differentiation that is

necessary to produce the full range and organization of cortical cell types. A large body of

literature has established the role of canonical Wnt signaling in cortical neural progenitor

proliferation115,164,183,184. Induction of Wnt signaling via overexpression of stabilized P-catenin

increased neural progenitor proliferation due to reduced cell cycle exit, suggesting that Wnt

signaling negatively regulates cell cycle exit/differentiation1 85. The spatial and temporal control

of developmental genes by epigenetic mechanisms have also been increasingly appreciated in

recent year182,1s Studies have shown that polycomb group (PcG) proteins are important for

temporal repression of genes necessary for differentiation 86 . Interestingly, these genes are

repressed under normal circumstances, but maintained in a "poised state", ready for activation

when differentiation cues are present. Disruption of polycomb repressive complex 2 (PRC2),
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responsible for the repressive H3K27 methylation modification, has recently been shown to

increase progenitor cell differentiation in the cerebral cortex187.

Here, we examine the in vivo effects of Chd8 disruption on embryonic mammalian brain

development. We show that in utero knockdown of Chd8 results in reduced cortical neural

progenitor proliferation and altered neurogenesis. Transcriptional profiling of cortical neural

progenitors via RNA sequencing (RNA-seq) following Chd8 knockdown showed that down-

regulated genes were enriched for cell cycle control and chromatin remodeling pathways.

Interestingly, up-regulated genes were highly enriched for repressive H3K27me3 chromatin,

potentially due to reduced PRC2 complex activity. In contrast to previous in vitro findings in non-

neuronal proliferating cells, our results indicate that Chd8 is a positive regulator of Wnt signaling

in cells of neural lineage both in vivo and in vitro. Finally, knockdown of Chd8 in developing

cerebral cortex resulted in ASD-like behavior in adult mice, which can be rescued upon

overexpression of P-catenin. Together, these observations provide new insights into the roles of

Chd8 in brain development, and how mutations in CHD8 may underlie ASD.

Results

Chd8 is Highly Expressed in the Developing Brain

To understand whether the ASD risk gene CHD8 has a role in cerebral cortical

development, we first examined the temporal expression of Chd8 in the developing mouse

cortex. Quantitative polymerase chain reaction (qPCR) analysis demonstrated that Chd8 is

highly expressed in the embryonic day 12 (E12) cortex, and that its expression decreases with

the progression of corticogenesis with lowest expression observed at postnatal day 2 (P2)

(Figure 2-1a). Furthermore, an assessment of CHD8 expression in the developing human

dorsolateral prefrontal cortex (DFC) and medial prefrontal cortex (MFC), using publicly available

transcriptome data generated from post-mortem human brain samples 188 revealed that CHD8 is

highly expressed in both human DFC and MFC during early fetal development. CHD8

expression peaks around early mid-fetal period in DFC (between 13 weeks and 19 weeks) and
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Figure 2-1. Chd8 is highly expressed in developing mouse and human embryonic brain.

(a) Chd8 is highly expressed in early embryonic mouse cortex (n=2 for E12 and n=3 for the rest). (b-c)

CHD8 expression in the developing human dorsolateral prefrontal cortex (DFC) (Early fetal (8 post-

conceptional weeks (PCW) Age < 13 PCW); n=5, Early mid-fetal (13 PCW : Age < 19 PCW); n=7, Late

mid-fetal (19 PCW Age < 24 PCW); n=2, Late fetal (24 PCW s Age < 38 PCW); n=3, Infancy (0 months

(M) (Birth) < Age < 12 M); n=3, Childhood (1 postnatal year (Y) 5 Age < 12 Y); n=7) and medial prefrontal

cortex (MFC) (Early fetal; n=4, Early mid-fetal; n=7, Late mid-fetal; n=2, Late fetal; n=2, Infancy; n=3,

Childhood; n=6). (d) In situ hybridization for Chd8 in E12 and E16 mouse brain. "n" refers to number of

different brain tissue samples.
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early fetal period in MFC (between 8 weeks and 13 weeks). The temporal expression pattern of

CHD8 in the developing human DFC and MFC was very similar to that of mouse Chd8, with

reduction in expression throughout early development (Figure 2-1b, c). Finally, in situ

hybridization experiment revealed that Chd8 is ubiquitously expressed throughout all cells in the

developing cortex, and that in agreement with the results from our qPCR data above, Chd8

expression in E12 cortex was relatively higher compared to E16 cortex (Figure 2-1a, d). These

initial studies suggest that Chd8 could play an important role in cortical neural progenitor

proliferation and differentiation.

Chd8 is Required for Cortical Neural Progenitor Proliferation

To determine the functions of Chd8 in the developing mouse cortex and because the

ASD-associated CHD8 mutations are predicted to lead to loss of protein function3 4 37 , we

performed Chd8 knockdown experiments using 2 small hairpin RNAs (sh1 and sh2) targeting

distinct regions of the Chd8 coding sequence. shRNAs were validated in N2a neuroblastoma

cells by qPCR, and both led to robust reduction of endogenous Chd8 expression (Figure 2-2a),

as well as reduced expression of Cyclin E2 (Ccne2), a previously identified target of Chd8

(Figure 2-2b). Next we performed in utero electroporation to knockdown Chd8 expression in

cortical progenitors at E13, and analyzed brains at E16. Either scrambled shRNA (Control) or

Chd8 shRNAs (shi and sh2) expression constructs were used, in combination with a GFP

expression construct to label electroporated cells. We first examined the distribution of GFP-

positive (GFP+) cells in the embryonic mouse cerebral wall. A significant reduction in the

number of GFP cells was observed in the ventricular zone/subventricular zone (VZ/SVZ) of

Chd8 knockdown animals compared to controls (Control; 24.99%, Chd8 shl; 10. 66%, and

Chd8 sh2; 11.57%), along with a comparable increase in the number of GFP* cell in the cortical

plate (CP, Control; 45.77%, Chd8 sh1; 63.67%, and Chd8 sh2; 58.58%; Figure 2-3a, b).
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Figure 2-2. Chd8 shRNA efficiency.

(a) Both Chd8 shi and sh2 significantly reduces Chd8 expression assessed by qRT-PCR (Control; n=5,

Chd8 shi; n=3, Chd8 sh2; n=6). (b) Expression of previously identified target of Chd8 is significantly

reduced by shRNAs (n=3 for all). (c) CHD8 shA significantly reduces the expression of CHD8 in human

embryonic kidney (HEK) 293T cell line. Chd8 shi and sh2 does not target human CHD8 (n=3 for all). All

analyses, one-way analysis of variance (one-way ANOVA) followed by Dunnett's Multiple Comparison Test;

*, p-value<0.05; ***, p-value<0.001. "n" refers to number of transfected cell culture samples.

39

0

C
0

CL

0.

z

0

0

z



To examine if the loss of GFP' cells from the VZ/SVZ was due to reduced neural progenitor

proliferation, we pulse-labeled with 5-bromo-2-deoxyuridine (BrdU), which incorporates into the

newly synthesized DNA of dividing neural progenitors during the S phase of the cell cycle, 24

hours prior to analysis. The brains were immunolabeled with antibodies against BrdU, the

proliferative marker Ki67 (which is only absent from cells in Go phase), and GFP. Chd8 shRNAs

caused a significant decrease in BrdU incorporation in the GFP* cell population (Figure 2-3a, c).

The reduction in cell proliferation was accompanied by increased cell cycle exit as the number

of Ki67-negative (Ki67-) cells within the GFP* BrdU* population was significantly increased

(Figure 2-3a, d). We further used phosphorylated histone H3 S10 (pHH3) to label mitotically

active cells and observed a significant decrease in mitotic activity in Chd8 knockdown embryos

(Figure 2-3e, f). This was accompanied by a concomitant increase in the percentage of cells

positive for Tuj1, a marker for post-mitotic neurons (Figure 2-3e, g). These results, together

with the increased number of GFP* cells in the cortical plate and the reduced number of BrdU*

cells, indicate that Chd8 knockdown results in a premature depletion of the neural progenitor

pool in the developing mouse cortex.

We next electroporated a human CHD8 (hCHD8) overexpression construct in

conjunction with the control and Chd8 shRNAs. This construct is resistant to the mouse Chd8

shRNAs (Figure 2-2c). First, we found that overexpression of human CHD8 together with the

control shRNA causes increased BrdU incorporation and mitotic activity, and reduced cell cycle

exit and neuronal differentiation, indicating that Chd8 gain-of-function can also disrupt normal

cortical development (Figure 2-3). Co-expression of hCHD8 with mouse Chd8 shRNAs is able

to restore levels of BrdU incorporation, mitotic activity and cell cycle exit to those observed

under control conditions (Figure 2-3a, c, d, e, f). Overexpression of human CHD8 is also able to

normalize the distribution of GFP+ cells, as well as the percentage of Tuj1* cells to control levels

(Figure 2-3a, b, e, g).
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Figure 2-3. Chd8 regulates neural progenitor proliferation in developing cortex.

(a) Images of E16 mouse cortices electroporated at E13 with non-targeting (Control), Chd8-directed small

hairpin (Chd8 shRNA), full-length human CHD8 construct (hCHD8) and combination of Chd8 shRNA with

hCHD8 (Chd8 shRNA + hCHD8), and GFP expression plasmid. Single-pulse BrdU was injected 24-hour

prior to brain dissection. Images were stained for GFP (green), BrdU (red), and Ki67 (cyan). Dashed lines

represent the ventricular (bottom) and basal (top) surfaces. Scale bars: 50 pm (b) Distribution of GFP+ cell

in different cortical zones 72 hours after transfection at E16 shows reduced percentage of cell in VZ with

similar increase in CP following Chd8 knockdown (Control, n=8; Chd8 sh1, n=3; Chd8 sh2, n=3; hCHD8,

n=5; Chd8 shl+hCHD8, n=3; Chd8 sh2+hCHD8, n=3). (c) Chd8 knockdown resulted in decreased BrdU

incorporation which could be rescued by overexpression of hCHD8 (Control, n=12; Chd8 shi, n=4; Chd8

sh2, n=6; hCHD8, n=4; Chd8 shl+hCHD8, n=3; Chd8 sh2+hCHD8, n=3). (d) Chd8 knockdown resulted in

increased cell cycle exit which could be rescued by overexpression of hCHD8 (Control, n=9; Chd8 sh1,

n=4; Chd8 sh2, n=3; hCHD8, n=4; Chd8 shl+hCHD8, n=3; Chd8 sh2+hCHD8, n=3). (e) Images of E16

mouse cortices electroporated at E13. Images were stained for GFP (green), Tuj1 (red) and pHH3 (cyan).

Arrows indicate GFP, pHH3 double-positive cells. Dashed lines represent the ventricular (bottom) and basal

(top) surfaces. Scale bars: 50 pm (f) Chd8 knockdown reduced mitotic index measured by pHH3 staining

(Control, n=8; Chd8 shi, n=3; Chd8 sh2, n=3; hCHD8, n=5; Chd8 shl+hCHD8, n=3; Chd8 sh2+hCHD8,

n=3). (g) Fraction of GFP+ cell overlapping with Tuj1 staining is increased after Chd8 knockdown (Control,

n=8; Chd8 sh1, n=3; Chd8 sh2, n=3; hCHD8, n=5; Chd8 shl+hCHD8, n=3; Chd8 sh2+hCHD8, n=3). All

analyses, one-way analysis of variance (one-way ANOVA) followed by Dunnett's Multiple Comparison Test;

*, p-value<0.05; **, p-value<0.01; ***, p-value<0.001. "n" refers to number of different brain samples

analyzed.
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Figure 2-4. Chd8 is necessary to maintain Sox2+ neural progenitor pool but does not affect

apoptosis in developing cortex.

(a) Images of E16 mouse cortices electroporated at E13 with non-targeting (Control) or Chd8-directed small

hairpin (Chd8 shRNA), and GFP expression plasmid. Images were stained for GFP (green), cleaved

caspase 3 (CC3) (red), and Sox2 (cyan). (b) Chd8 knockdown did not change the percentage of CC3-

positive cell in GFP+ population (Control, n=4; Chd8 sh1, n=3; Chd8 sh2, n=4). (c) Chd8 knockdown

resulted in reduced percentage of Sox2+ neural progenitors (Control, n=3; Chd8 sh1, n=3; Chd8 sh2, n=3).

All analyses, one-way analysis of variance (one-way ANOVA) followed by Dunnett's Multiple Comparison

Test; *, p-value<0.05. "n" refers to number of different brain samples analyzed. Scale bars: 100pm
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In addition to this, we observed that Chd8 knockdown causes a reduction in Sox2'

neural progenitors (Figure 2-4a, b), but that apoptosis, as measured by cleaved caspase 3

(CC3) staining, is unaffected (Figure 2-4a, c). These experiments indicate that Chd8 is required

for proper neural progenitor proliferation in the developing mouse brain, and that the neural

progenitor pool depletion and increased Tuj1+ neurons in embryonic brain following that Chd8

knockdown could result in a reduction in the total number of neurons produced in postnatal

brain.

Chd8 is Important for the Expression of Cell Cycle Genes

To gain a deeper insight into how Chd8 regulates neural progenitor proliferation, we

examined the transcriptome of neural progenitors following Chd8 knockdown. We performed in

utero electroporation, targeting neural progenitors at E13, and using either control or Chd8

shRNAs together with a GFP expression construct to label electroporated cells. The GFP* cell

population was then isolated through fluorescence-activated cell sorting (FAC-sorting) 48 hours

following the in utero transfection. Littermates on one side of the uterus horn were transfected

with control shRNA, whereas the littermates on the other side were injected with Chd8 shRNA.

Therefore, samples were collected in pairs - control samples paired with littermate Chd8

knockdown samples. This approach ensures the analysis of transfected cell populations with the

same birthdate. We then collected total RNA from these samples and performed next-

generation sequencing to identify differentially expressed genes between control and Chd8

knockdown cells (Figure 2-5). Number of reads for each sample was between 33 - 50 x 106 for

sh1, and between 22 - 26 x 106 for sh2.Our analysis revealed a total of 3762 genes in the Chd8

sh1 and 5172 genes in the Chd8 sh2 knockdown samples that were differentially expressed

compared with control samples (p-value < 0.05 & Fold Change > 1.2), 2231 (shl) and 3533

(sh2) of which were significant at q < 0.05) (Figure 2-6).
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Figure 2-5. Schematic explaining the steps of RNA-seq experiment.
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Figure 2-6. Scatter plots for RNA-seq datasets.

(a) Volcano plots showing the correlation between Log2(Fold Change) and Log1O(P-value) for each dataset

(Left, sh1; right, sh2). (b) Scatter plots for gene expression (Log 10(Fold Change + 1)) comparing each

replicate within hairpins. The Pearson correlation is given at the top of each plot. (c) Scatter plots for gene

expression (LoglO(Fold Change + 1)) comparing each replicate across hairpins. The Pearson correlation is

given at the top of each plot. (d) Bar graph showing overlap between DEGs between Chd8 sh1 and sh2 at

different significance levels.
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To identify biological functions perturbed by Chd8 knockdown, we subjected the

differentially expressed genes to gene ontology analysis of biological processes using

ToppGene Suite. Analysis of biological processes showed that genes down-regulated by Chd8

knockdown are involved in regulation of cell cycle, chromosome organization, RNA processing,

and cytoskeleton organization (Figure 2-7a, top panel, blue color). Up-regulated genes in Chd8

knockdown samples were enriched for biological processes relating to neuronal development

such as neuron/cell differentiation, cell migration, and defense response (Figure 2-7a, bottom

panel, red color). Supporting the analysis of biological processes, an analysis of the biological

pathways enriched in the down-regulated genes revealed pathways relating to cell cycle, DNA

replication and Wnt signaling (WikiPathways, ToppGene Suite; Figure2-7b). Furthermore,

mammalian (mouse) phenotype analysis of down-regulated genes were enriched for categories

such as prenatal lethality, abnormal embryo/brain size, and abnormal brain development.

Together these analyses suggest that Chd8 has an essential role in regulating prenatal genes

necessary for proper embryonic development. We then validated a subset of downregulated

(Akap8, Cdc7, Tacc3, Timeless, Notch2, Kif2Ob, Dnmt3a and Tiall) and upregulated (Camkld,

Pak6, Fgf8 and Jakmipl) genes using qPCR using an independent set of FAC-sorted samples,

and correlated these changes in expression with RNAseq data. qPCR and RNA-seq values of

fold change showed significant Pearson and Spearman correlation coefficient (Figure 2-7c).

Our results are consistent with previous studies that have assessed the transcriptional

consequences of Chd8 suppression 1781 9 190 . For instance, Sugathan et al. showed that, in

human neural progenitor cells, CHD8 regulates genes highly expressed in developing brain and

important for neurodevelopmental pathways178 . Similarly, other studies have shown that genes

dysregulated following CHD8 knockdown transcriptionally regulate cell cycle progression and

neuronal differentiation40'1 89'1 90. Furthermore, gene ontology of biological functions for chromatin
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Figure 2-7. Chd8 is important for the expression of cell cycle genes in developing brain.

(a) Analysis of Gene Ontology of Biological Functions for down-regulated (top panel) and up-regulated

(bottom panel) genes from Chd8 knockdown RNA-seq datasets. (b) Analysis of Gene Ontology of

WikiPathways for down-regulated genes from Chd8 knockdown RNA-seq datasets. (c) Confirmation of

subset of differentially expressed genes identified by RNA-seq in independent set of samples using qRT-

PCR correlated with fold change from RNA-seq data. Log2 of Fold Change is used to create 2D plots (For

Chd8 shi, Pearson R = 0.9653, P < 0.0001, R square = 0.9318, Spearman r = 0.7473, P = 0.003; For Chd8

sh2, Pearson R = 0.9201, P < 0.0001, R square = 0.8466, Spearman r = 0.6978, P = 0.008).
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organization and regulation of transcription were enriched in all dysregulated gene datasets.

Overall, these results suggest that Chd8 has a dual role in regulating gene expression: 1) it

promotes the expression of genes necessary for prenatal development and important for cell

cycle progression, such as Pax6, Cdc7, Cheki and Ndel, and 2) represses the expression of

genes important for neuronal differentiation and maturation, such as Nef/, Sema3f and Socs2 in

embryonic cortical neural progenitors.

In addition to determining perturbed biological functions and signaling pathways, we

wondered if Chd8 has a role in the regulation of other ASD risk genes in developing mouse

brain. Such a connection has been implicated by previous studies in vitro using human neural

stem/progenitor cells 40'1 78'1 89'190. To determine if dysregulated genes following Chd8 knockdown

in cortical neural progenitors are enriched for ASD risk genes, we compared differentially

expressed genes to SFARI AutDB gene database1 91 . Of the 791 genes in the SFARI AutDB

database, 550 were expressed in our E13-E15 FAC-sorted mouse cortical cells. Among the

differentially expressed genes following Chd8 knockdown, a significant proportion (shl; 183 and

sh2; 215) were SFARI ASD risk genes (Figure 2-8a, b). These findings in the developing mouse

brain suggest that Chd8 is an apical factor in the regulation of ASD risk genes.

51



b
Chd8 shi SFARI ASD

RNA-seq DEG Risk Genes

3098 183 387

Chd8 sh2 SFARI ASD
RNA-seq DEG Risk Genes

3883 322

//
7

P = 3.7E-05 P = 8.3E-08

Figure 2-8. Chd8 knockdown causes dysregulation of ASD risk genes.

(a-b) Overlap between differentially expressed genes following Chd8 knockdown and SFARI ASD risk

genes. SFARI ASD; 550 for sh1 and 537 for sh2 genes, Chd8 shi DEG; 3281 genes, Chd8 sh2 DEG; 4098

genes. P-values are calculated using hypergeometric distribution test.
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Chd8 Is a Transcriptional Activator of Genes Necessary for Early Cortical Development

To gain further insight into the molecular mechanisms by which Chd8 controls gene

expression during embryonic brain development, we generated a chromatin states map for the

E12 mouse brain based on published chromatin immunoprecipitation-sequencing (ChIP-seq)

data for seven chromatin marks (ENCODE, www.encodeproiects.org). These chromatin marks

include histone 3 Lys 36 trimethylation (H3K36me3, associated primarily with transcribed

regions), H3K4me1 (enhancers), H3K27 acetylation (H2K27ac; enhancer/promoter activation),

H3K9ac (active promoters), H3K4me2 (enhancer/promoter activation), H3K4me3 (active

promoters) and H3K27me3 (Polycomb repression). Genomic regions were classified into

different chromatin states defined by combinations of these histone marks, including promoters,

enhancers, transcribed, bivalent, repressed and low signal regions (Figure 2-9). We then

mapped CHD8 peaks from human NPCs (Sugathan et al.) 178, human NSCs and human midfetal

DFC (Cotney et a) 40 ChIP-seq datasets and Chd8 peaks from E17.5 mouse cortex ChIP-seq

dataset (Cotney et al)40 to our chromatin states map using the liftOver tool for coordinate

conversion (Figure 2-10a) 192 . Both human and mouse Chd8 binding peaks were highly enriched

for chromatin states associated with active promoters (TssA, TssD, TssU, Figure 2-10a),

suggesting that Chd8 binds to the promoters of actively transcribed genes. We then examined

the overlap between CHD8 ChIP-seq peaks in human NSCs with differentially expressed genes

in both of our Chd8 knockdown datasets, and found that 58.5% (370/633) of the differentially

expressed genes following Chd8 knockdown contained CHD8 ChIP-seq peaks in their

promoters (Figure 2-1 Ob). Interestingly, a significant majority of these 370 differentially

expressed genes (294; 79.5%) were down-regulated following Chd8 knockdown. These results

suggest that Chd8 could function as a transcriptional activator in mouse cortical progenitors

(Figure 2-1 Ob). Consistent with this possibility, we found that genes down-regulated by Chd8

knockdown are normally enriched for H3K27ac, a chromatin mark associated with active gene

promoters (Figure 2-1Oc). Thus, our data indicate that Chd8 functions primarily as a
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transcriptional activator in neural progenitors. Cotney et al. previously published similar findings

wherein active histone marks (H3K27ac and H3K4me3) were enriched at transcription starting

sites of CHD8 target genes 40 .

In contrast to the scenario with down-regulated genes, we observe that up-regulated

genes following Chd8 knockdown are normally enriched for H3K27me3, a chromatin mark

associated with repressed gene promoters (Figure 2-10d). The levels of H3K27me3 are

regulated through the activities of the PRC2 complex. Interestingly, our RNA-seq data revealed

that the expression of two main components of the PRC2 complex, Ezh2 and Suz12, is

significantly attenuated upon Chd8 knockdown. The effects of Chd8 knockdown on these genes

were further verified using an independent set of FAC-sorted samples by qPCR (Figure 2-1 Oe).

Additionally, infection of cultured mouse neural progenitors infected with Chd8 shRNA also

caused a significant reduction in Ezh2 protein levels, which is the functional enzymatic

component of the PRC2 complex (Figure 2-10f). Furthermore, CHD8 binds to the promoters

EZH2 and SUZ12 based on published CHD8 ChIP-seq datasets 40,178. These results suggest

that Chd8 knockdown could up-regulate genes directly targeted by PRC2 complex. In fact, from

analysis of publicly available CHD840 , Ezh2 193 and Suz12194 ChIP-seq datasets, we find that

among the fraction of up-regulated genes that lack CHD8 binding within their promoters, a

significant proportion (approximately 25%) are normally bound by Ezh2/Suzl2 (Figure 2-1Og).

These results suggest that the down-regulation PRC2 complex components could constitute an

additional important mechanism by which Chd8 regulates gene expression.

Overall, our data provides key mechanistic insights into the dual function of Chd8 as a

promoter of cell cycle progression, and a repressor of neural genes - Chd8 binds the promoters

of cell cycle genes and serves as a transcriptional activator. At the same time, it also promotes

PRC2 expression that allows for the repression of neural genes during this developmental

period.
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Chromatin States - E12 Mouse Brain
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Figure 2-9. Chromatin states of E12 mouse cortex.

Chromatin state profiling of E12 mouse cortex based on combinatorial patterns of seven histone marks.

These chromatin marks include histone3-Lys36-trimethylation (H3K36me3, associated primarily with

transcribed regions), H3K4me1 (enhancers), H3K27 acetylation (H2K27ac; enhancer/promoter activation),

H3K9ac (active promoters), H3K4me2 (enhancer/promoter activation), H3K4me3 (active promoters) and

H3K27me3 (Polycomb repression). TssA: active promoter, TssD: downstream promoter, TssU: upstream

promoter, Tx: transcribed, Enh: enhancer, Bival: bivalent, ReprPC: repressed Polycomb, Low: low signal.

Color intensity indicates the enrichment of the measured histone mark in the particular state.
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Figure 2-10. Direct and indirect regulation of genes necessary for early cortical development by

Chd8. (a) Chromatin state enrichment analysis using CHD8 (hNSC, hNPC and midfetal human brain),

Chd8 (E17.5 mouse brain), Ezh2 (hNSC) and Suz12 (hNPC) ChIP-seq peaks using published

data"" 78,193,194. (b) Venn diagram showing the overlap between Chd8 target genes (CHD8 ChIP-seq

(Cotney et al)) with differentially expressed genes following Chd8 knockdown (Chd8 RNA-seq). Overlap

shows enrichment of genes down regulated following Chd8 knockdown (79.5% down-regulated vs. 20.5%

up-regulated). (c) Aggregate plots of average H3K27ac ChIP-seq intensity signal in E12 mouse brain

generated using differentially expressed genes in Chd8 RNA-seq datasets. Aggregate plots were generated

at the TSS of genes upregulated (red) and downregulated (blue). TSS, transcriptional start site. (d)

Aggregate plots of average H3K27me3 ChIP-seq intensity signal in E12 mouse brain generated using

differentially expressed genes in Chd8 RNA-seq datasets. Aggregate plots were generated at the TSS of

genes upregulated (red) and downregulated (blue). (e) Confirmation of reduced expression of Ezh2 and

Suz12 in independent set of FAC sorted Chd8 knockdown samples from embryonic brain assessed using

qRT-PCR (Control, n=9; Chd8 sh1, n=5; Chd8 sh2, n=4; one-way ANOVA followed by Dunnett's Multiple

Comparison Test; *, p-value<0.05; ***, p-value<0.001. "n" refers to number of different FAC sorted samples

analyzed. (f) Sample western blots shown for Chd8, Ezh2 and a-tubulin (loading control, left panel).

Quantification of protein expression levels normalized to a-tubulin (right panel). Knockdown of Chd8 in

mouse NPCs results in reduced expression of Ezh2, a major component of polycomb repressive complex 2

(n=4 for all samples; two-tailed student's t-test; p-value=0.0002 for Chd8; p-value=0.0006 ***, p-

value<0.001). "n" refers to number of cultured cell samples analyzed. (g) Overlap between upregulated

genes following Chd8 knockdown which are not Chd8 targets and Ezh2 or Suz12 targets 93194. Ezh2

targets; 3390 genes, Suz12 targets; 2290 genes, up-regulated genes (non-Chd8 targets) in sh1 dataset;

789 genes, up-regulated genes (non-Chd8 targets) in sh2 dataset; 1622 genes. P-values are calculated

using hypergeometric distribution test.
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Chd8 Plays an Essential Role in Maintaining Wnt Signaling in Neural Progenitors

While Chd8 knockdown caused the down-regulation of a number of genes related to cell

cycle progression, gene ontology of biological pathways analysis indicated that genes encoding

for the Wnt signaling pathway were enriched among the genes down-regulated in Chd8

knockdown samples (Figure 2-7b). These include several of the primary transducers and

effectors of the Wnt signaling pathway, such as Fzdl [Frizzled-1], Fzd2 [Frizzled-2], DvI2

[Disheveled-2], DvI3 [Disheveled-3] and Ctnnb I [P-catenin]. Transcriptional dysregulation of

Wnt/p-catenin signaling by CHD8 in neural stem cells has also been reported in previous

studies 40,178,189,190. To further validate the role of Chd8 in the expression of these Wnt signaling

genes, we knocked down Chd8 in embryonic cortical neural progenitors in utero followed by

FAC sorting of transfected cells, which were then processed for qPCR analysis. Consistent with

the results from RNA-seq experiments, we observed that Chd8 knockdown results in reduced

expression of several Wnt signaling genes (FzdI, Fzd2, Dv2, Dv3, Ctnnbl) as well as a Wnt

target gene (Ccndl [CyclinD1], Figure 2-11 a). To understand whether Chd8 directly targets

genes in the Wnt signaling pathway, we performed Chd8 ChIP-qPCR experiments using mouse

embryonic cortical tissue (E12), and found that Chd8 binds to the promoter regions of Fzdl,

DvI3 and Ctnnbl genes (Figure 2-12b). Consistent with these results, analysis of publicly

available human and mouse Chd8 ChIP-seq datasets revealed the enrichment of Chd8 at the

promoters of FZDI/Fzdl, FZD2/Fzd2, DVL2/Dvl2, DVL3/Dvl3 and CTNNBI/Ctnnbl (Figure 2-

12a) 40'1 78. Together, these findings suggest that Chd8 is required for maintaining Wnt signaling

in embryonic mouse cortical neural progenitors.

To further test this hypothesis, we used a luciferase reporter assay to measure Wnt-

mediated transcriptional activity. The luciferase construct contains seven copies of the

TCF/LEF-binding site (8XSuperTOPFLASH), which can be activated by P-catenin, a key

component of canonical Wnt signaling1 4 2 ,1 95 . First, we in utero transfected mouse embryonic

cortical progenitors with the luciferase construct along with either control or Chd8 shRNA.
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Cerebral cortical tissues were harvested to measure luciferase reporter activity 72 hours later.

We found that, following knockdown of Chd8, TCF/LEF-reporter activity was markedly reduced

compared to controls (Figure 2-11 b). In contrast, overexpression of human CHD8 resulted in a

significant increase in TCF/LEF-reporter activity (Figure 2-11 b). Furthermore, co-expression of

Chd8 shRNA along with hCHD8 cDNA restored the Wnt signaling activity (Figure 2-11 b).

Similarly, in N2a cells, both Chd8 shRNAs markedly reduced Wnt signaling activity, and this

effect can be normalized by co-expressing hCHD8 cDNA alongside Chd8 shRNAs (Figure 2-

l1c).

Contrary to our findings, previously published reports identified Chd8 as a negative

regulator of canonical Wnt/P-catenin signaling via direct interaction with P-catenin protein38,41,196

It is worth noting that these earlier studies were conducted in non-neuronal cells, suggesting

that Chd8 could play cell-type specific roles in regulating Wnt signaling. We therefore examined

Wnt signaling in a non-neuronal cell line to determine if the regulation of Wnt signaling by Chd8

is cell type-specific. We conducted the TCF/LEF luciferase assay using human embryonic

kidney 293T (HEK293T) cells as used in Nishiyama et al (2011)197. Interestingly, we observed a

significant up-regulation in Wnt signaling activity following CHD8 knockdown (Figure 2-11 d),

consistent with previous reports using non-neuronal celIS38,41,196,197. Surprisingly, CHD8

knockdown did not affect the expression of Wnt signaling genes in HEK293T cells (Figure 2-13).

Furthermore, we also examined the consequences of Chd8 loss-of-function on TCF/LEF

luciferase activity in both mouse and human cultured NPCs. We found that knockdown of Chd8

caused reduced Wnt signaling activity in both mouse and human NPCs (Figure 2-11e, f). These

results strongly suggest that the influence of Chd8 on Wnt signaling is cell type-specific, and

that Chd8 is a positive regulator of Wnt signaling in cells of neural progenitors.
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from embryonic brain assessed using qRT-PCR (Control, n=9; Chd8 sh1, n=4; Chd8 sh2, n=5 for Fzdl,

DvI3 and Ccndl; Control, n=7; Chd8 sh1, n=3; Chd8 sh2, n=3 for Fzd2 and Dv2; Control, n=10; Chd8 sh1,

n=5; Chd8 sh2, n=5 for Ctnnbl; one-way ANOVA followed by Dunnett's Multiple Comparison Test; *, p-

value<0.05; **, p-value<0.01; ***, p-value<0.001. "n" refers to number of different FAC sorted samples

analyzed. (b) In utero TCF/LEF luciferase assay showing that Chd8 is a positive regulator of canonical Wnt

signaling (Control; n=1 7, Chd8 sh2; n=5, hCHD8; n=5, Chd8 sh2 + hCHD8; n=6; one-way ANOVA followed

by Bonferroni's Multiple Comparison Test; ***, p-value<0.001. "n" refers to number of different brain

samples analyzed). (c) TCF/LEF luciferase assay in N2a cell line using both Chd8 shRNAs and rescue with

human CHD8. Both Chd8 shRNAs resulted in reduction of Wnt activity in N2a cell line, which could be

rescued via overexpression of human CHD8 (Control; n=65, Chd8 shi; n=4, Chd8 sh2; n=4, Control+Wnt;

n=65, Chd8 shl+Wnt; n=26, Chd8 sh2+Wnt; n=30, hCHD8+Wnt; n=39, Chd8 shl+hCHD8+Wnt; n=14,

Chd8 sh2+hCHD8+Wnt; n=14; one-way ANOVA followed by Bonferroni's Multiple Comparison Test; ***, p-

value<0.001; Statistical analysis ran separately when comparing Control condition with -Wnt3a and +Wnt3A

conditions). "n" refers to number of different cultured cell samples analyzed. (d) TCF/LEF luciferase assay

in HEK293T cell line shows increased Wnt signaling activity following CHD8 knockdown (Control; n=14,

Control+Wnt; n=14, CHD8 shA+Wnt; n=14; one-way ANOVA followed by Bonferroni's Multiple Comparison

Test; ***, p-value<0.001). "n" refers to number of different cultured cell samples analyzed. (e) TCF/LEF

luciferase assay using cultured embryonic mouse neural progenitors showing decreased activity following

Chd8 knockdown (Control; n=7, Control+Wnt; n=7, Chd8 shl+Wnt; n=4, Chd8 sh2+Wnt; n=7; one-way

ANOVA followed by Bonferroni's Multiple Comparison Test; ***, p-value<0.001). "n" refers to number of

different cultured cell samples analyzed. (f) TCF/LEF luciferase assay using cultured human neural

progenitors showing decreased activity following Chd8 knockdown (n=12 for all conditions; one-way

ANOVA followed by Bonferroni's Multiple Comparison Test; **, p-value<0.01; ***, p-value<0.001). "n" refers

to number of different cultured cell samples analyzed.
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Figure 2-12. Chd8 binds to the promoters of Wnt signaling genes both in human and mouse

neuronal cells. (a) Chd8/CHD8 binds to the promoter region of multiple genes involved in Wnt signaling in

40,178
hNPCs, hNSCs and E17.5 mouse brain identified by ChIP-seq . (b) Confirmation of Chd8 binding to the

promoters of Fzdl, Dv/3 and Ctnnbl in E12 mouse brain cortex. Values are percentage input normalized to

IgG (Fzdl; n=3; Dvl3; n=3, Ctnnbl; n=4). "n" refers to number of different brain samples used.
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Figure 2-13. Chd8 does not regulate expression of Wnt signaling genes in HEK293T cells. (a) No

significant change in expression of Wnt signaling genes (FZD1, DVL3, CTNNB1) in Chd8 knockdown

samples from HEK293T cells assessed using qRT-PCR (n=3 for all samples; two-tailed student's t-test; *,

p-value<0.001). "n" refers to number of transfected cell culture samples.
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Increased p-catenin Expression Can Counteract Chd8 Knockdown Mediated Impairment

of Wnt Signaling and Cortical Progenitor Phenotypes

Our findings suggest that Chd8 could stimulate Wnt signaling activity in proliferating

neural cell lines, in part through transcriptional regulation of multiple Wnt pathway components

including Frizzled-1, Frizzled-2, Disheveled-2, Disheveled-3 and P-catenin. P-catenin is the

critical downstream component of the Wnt signaling pathway' 5. Upon activation of canonical

Wnt signaling, P-catenin is stabilized in the cytoplasm through the inhibition of GSK3p, which

normally facilitates the proteolytic degradation of P-catenin. P-catenin subsequently enters the

nucleus, where it binds to TCF/LEF family transcription factors to activate expression of Wnt

target genes such as CyclinD 1 15. To determine if Chd8 regulates cortical progenitor

proliferation via Wnt signaling, we set out to test if forced expression of P-catenin could

ameliorate the dampened TCF/LEF luciferase activity observed following Chd8 knockdown. To

this end, we utilized a degradation resistant P-catenin mutant construct (S37A) alongside Chd8

sh2. Expression of stabilized P-catenin rescued TCF/LEF luciferase activity following Chd8

knockdown in embryonic mouse brain (E13-E16, Figure 2-14a) and in N2a cells (Figure 2-14b).

We next evaluated if increased Wnt signaling activity could also rescue our observation

of reduced neural progenitor proliferation downstream of Chd8 knockdown. To this end, we

performed in utero electroporation at E13 with control or Chd8 shRNA and co-expressed either

control empty vector or stabilized P-catenin constructs. The pregnant dams were injected with

BrdU 48 hours later at E15, and the embryos were harvested at E16. As shown earlier, we

observed a significant shift of GFP+ cell from the VZ/SVZ to the CP in Chd8 knockdown

samples (Control; 26.98%, Chd8 sh2; 17.86%, Figure 2-14c, d). The altered distribution of GFP*

cells was normalized upon stabilized P-catenin co-expression (Chd8 sh2 + S/A-p-cat; 27.73%,

Figure 2-14c, d). Furthermore, stabilized P-catenin also rescued the levels of cell proliferation

(BrdU incorporation, Figure 2-14c, e), cell cycle exit (Figure 2-14c, f), increased Tuj1 cells
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(Figure 2-14g, i), and normalized mitotic index (Figure 2-14g, h) phenotypes that occurred in

response to Chd8 knockdown.

Finally, we assessed whether the induction Wnt signaling could also ameliorate the

transcriptional dysregulation caused by Chd8 knockdown. To this end, we performed in utero

electroporation at E13 using control or Chd8 shRNA expression constructs and co-expressed

either control empty vector or stabilized P-catenin constructs, respectively. Following FAC

sorting of GFP*cells at E15, the samples were subjected to RNA-seq as described above.

Consistent with the effects of stabilized P-catenin on neurogenesis and Wnt luciferase activity,

the expression of many dysregulated genes was normalized upon -catenin stabilization (Figure

2-15a). This is consistent with the findings that LEF1 consensus motif (CTTTGT) is the most

significantly enriched transcription factor binding motif among genes down-regulated in

response to Chd8 sh2 knockdown. Additionally, the expression of both Ezh2 and Suz12 were

restored to control levels following the expression of stabilized P-catenin (Figure 2-15b).

Together, these data underscore the role of Chd8 in maintaining Wnt signaling in

embryonic cortical progenitors and indicate that impaired Wnt signaling following Chd8

knockdown underlies abnormal cortical progenitor proliferation, neuronal differentiation defects

and transcriptional dysregulation of genes important for proper cortical development.
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Figure 2-14: Increased 1-catenin Levels rescues phenotypes associated with Chd8 knockdown.

(a) Stabilized P-catenin overexpression rescued reduced Wnt-mediated luciferase activity in utero (Control;

n=1 1, Chd8 sh2; n=7, Chd8 sh2+p-catenin; n=7; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001). "n"

refers to number of different cultured cell samples analyzed. (b) Stabilized P-catenin overexpression

rescued reduced Wnt-mediated luciferase activity in N2a cell line (Control; n=12, Control+Wnt; n=12, Chd8

sh2+Wnt; n=15, Chd8 sh2+p-catenin; n=14; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001). "n"

refers to number of different cultured cell samples analyzed. (c) Images of E16 mouse cortices

electroporated at E13 with non-targeting (Control), Chd8-directed small hairpin (Chd8 shRNA) and

combination of Chd8 shRNA with stabilized P-catenin (Chd8 sh2 + S/A- P-cat), and GFP expression

plasmid. Images were stained for GFP (green), BrdU (red), and Ki67 (cyan). (d) Distribution of GFP+ cells in

different cortical zones 72 hours after transfection. Co-expression of stabilized P-catenin with Chd8 shRNA

resulted in distribution of GFP+ cells indistinguishable from control condition (Control; n=6, Chd8 sh2; n=4,

Chd8 sh2+p-catenin; n=6; one-way ANOVA followed by Bonferroni's Multiple Comparison Test; *, p-

value<0.05; **, p-value<0.01). "n" refers to number of different brain samples analyzed. (e) Decreased BrdU

incorporation associated with Chd8 knockdown is increased to control levels when Chd8 shRNA is co-

expressed with stabilized P-catenin (Control; n=5, Chd8 sh2; n=6, Chd8 sh2+p-catenin; n=6; one-way

ANOVA followed by Bonferroni's Multiple Comparison Test; ***, p-value<0.001). "n" refers to number of

different brain samples analyzed. (f) Co-expression of stabilized P-catenin with Chd8 shRNA rescues the

cell cycle exit phenotype assayed using Ki67 proliferative marker (Control; n=5, Chd8 sh2; n=3, Chd8

sh2+P-catenin; n=5; **, p-value<0.01). "n" refers to number of different brain samples analyzed. (g) Images

of E16 mouse cortices electroporated at E13. Images were stained for GFP (green), Tuj1 (red) and Phh3

(cyan). (h) Reduced mitotic index associated with Chd8 knockdown is rescued by overexpression of

stabilized P-catenin (Control; n=4, Chd8 sh2; n=4, Chd8 sh2+p-catenin; n=4; *, p-value<0.05). "n" refers to

number of different brain samples analyzed. (i) Fraction of GFP+ cells overlapping with Tuj1 staining is

rescued via co-expression of Chd8 shRNA with stabilized P-catenin (Control; n=4, Chd8 sh2; n=4, Chd8

sh2+P-catenin; n=4; one-way ANOVA followed by Bonferroni's Multiple Comparison Test; **, p-value<0.01).

"n" refers to number of different brain samples analyzed.

67



a
Chd8 sh2 + S/A-B-cat

Down-Regulated Genes

245

Chd8 sh2 + S/A-B-cat
Down-Regulated Genes

281

Chd8 sh2 RNA-seq
Down-Reaulated

Chd8 sh2 RNA-seq
Uo-Reaulated

48 2222 98

Chd8 sh2 + S/A-B-cat
Up-Regulated Genes

610

Chd8 sh2 + S/A-B-cat
Up-Regulated Genes

621

p=0.058  
*

V

E13 - E15 (FACS)
ns ns

0

0

0

** ns ns

6..
0

0
..

Chd8 Ctnnbl Fzdl Dvl3 Ccndl Ezh2 Suz12

0 Control V Chd8 sh2 + S/A-P-cat

Figure 2-15. Induced Wnt/P-catenin signaling rescues transcriptional dysregulations associated with

Chd8 knockdown.

(a) Overlap between differentially expressed genes following Chd8 knockdown with sh2 and differentially

expressed genes in P-catenin rescue condition. (b) Rescue of gene expression is validated in subset of

genes in independent set of samples using qRT-PCR (Control; n=4, Chd8 sh2+3-catenin: n=3, two-tailed

paired-student's t-test; **, p-value<0.01). "n" refers to number of different FAC sorted samples analyzed.

68

b
220-

200.

180.

160.

140.

E 120.

100

4N E
0

0z 60.
z

40-

20-

0.



Reduced Chd8 Expression in Upper Layer Cortical Neurons in the Developing Brain

Results in Altered Anxiety behavior and Social Interaction Abnormalities in Adult Mice

To evaluate the possible outcome of reduced Chd8 function during cortical development

in adult animals, we performed bilateral in utero electroporation at E15, which targets neurons

destined to populate cortical layers 2/3, with either control or Chd8 sh2 along with membrane

bound GFP or cytoplasmic-GFP. Cortical layer 2/3 neurons, which are mainly composed of

callosal projection neurons, were chosen for two reasons: 1) Chd8 is ubiquitously expressed in

different cortical projection neuron subtypes (callosal, subcerebral and corticothalamic)1 98 , and

2) callosal projection neurons, which connect two cerebral hemispheres via the corpus

callosum, play an important role in higher order cognitive functions and dysgenesis of these

neurons are implicated in ASD 199. Bilateral targeting of upper layer cortical neurons was

examined in these animals following behavioral testing (Figure 2-16a, b). We observed

widespread GFP' cells on the anteroposterior axis reaching as far as visual cortex in all

treatments (data not shown). On the dorsoventral axis, GFP labeling was identified in motor and

somatosensory cortex (data not shown). No significant difference in basic locomotor activity was

observed between the groups (Figure 2-16d-h). Similarly, cued and contextual fear conditioning

tests revealed no differences in learning behavior between the two groups (Figure 2-16i). We

then examined anxiety-like behavior using the light/dark box test which is based on the natural

aversion of rodents to brightly illuminated areas 200. The Chd8 shRNA group exhibited significant

reductions in entries to the light chamber and amount of time spent in the light chamber

compared to controls (Figure 2-17a, b), suggesting increased anxiety following Chd8 loss-of-

function. We further employed the elevated plus maze which assesses anxiety based on

rodents' innate avoidance of heights, open spaces and illuminated spaces 201. The Chd8 shRNA

mice entered and spent significantly less time in the open arms of the maze compared to

controls (Figure 2-17c, d), further supporting the notion that reduced Chd8 expression in late

cortical progenitor cells resulted in increased anxiety-like behavior in adult mice.
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subjected to open-field test for 10 minutes (Control; n=17, Chd8 sh2; n=12, Chd8 sh2+S/A-p-cat; n=10;

one-way ANOVA followed by Dunnett's Multiple Comparison Test; ns, p-value>0.05). (d) Total distance

traveled (m), (e) total time in motion (s), (f) velocity (cm/s), (g) total time spent in the center (s), (h) total

time spent in the periphery (s). (i) Chd8 knockdown did not affect learning and memory based on context-

dependent freezing in fear conditioning paradigm. "n" refers to number of animals.
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Figure 2-17. ChdB Knockdown in Upper Cortical Layer Neurons Results Anxiety-like Behavior (a)

Chd8 knockdown mice show reduced number of entries to the light chamber in light-dark chamber assay

(Control; n=17, Chd8 sh2; n=8, Chd8 sh2+S/A-P-cat; n=10; **, p-value<0.01; ***, p-value<0.001). "n" refers

to number of animals used. (b) Chd8 knockdown mice spent less time in the light chamber suggestive of

anxiety-like behavior (Control; n=17, Chd8 sh2; n=8, Chd8 sh2+S/A-P-cat; n=10; **, p-value<0.01). "n"

refers to number of animals used. (c) Number of entries to the open arms in elevated plus maze assay is

significantly reduced in Chd8 knockdown mice (Control; n=16, Chd8 sh2; n=12, Chd8 sh2+S/A--cat; n=10;

***, p-value<0.001). "n" refers to number of animals used. (d) Chd8 knockdown mice spent significantly less

time in the light chamber suggestive of anxiety-like behavior (Control; n=16, Chd8 sh2; n=12, Chd8

sh2+S/A-P-cat; n=10; ***, p-value<0.001). "n" refers to number of animals used. All analyses are one-way

ANOVA followed by Bonferroni's Multiple Comparison Test.
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One of the most commonly observed behavioral deficits in ASD patients is abnormal

social interaction. We used the three-chamber social arena assay202 to examine the sociability

of control and Chd8 knockdown mice. In this assay mice are allowed to explore the empty arena

during an initial habituation period, which is followed by a period where a novel mouse

(Stranger) is held inside a wired cage in one of the lateral chambers and an identical cage with

a novel inanimate object (Empty) is placed in the opposing lateral chamber. Sociability is

measured as the fraction of time mice spent with the "Stranger" versus the "Empty" chamber.

During the habituation period, before the stranger mouse or novel object were introduced, both

control and Chd8 shRNA mice explored the two lateral chambers equally (Figure 2-18a). When

the novel mouse was introduced, as expected the control mice displayed a preference for the

lateral chamber with the novel mouse, whereas the Chd8 shRNA group did not show a

preference for either chamber (Figure 2-18b). We further analyzed the time mice spent in close

interaction with the wired cages (within 5 cm). Whereas control mice spent significantly more

time in close interaction with the cage containing the novel mouse, Chd8 knockdown mice did

not show any preference for either cage (Figure 2-18d). Furthermore, we did not observe any

deficits in exploratory behavior as the control and Chd8 shRNA groups spent similar amount of

total time interacting with both the wired cages, suggesting that social interaction deficits in

Chd8 shRNA group cannot be attributed to lack of exploratory behavior (Figure 2-18c). These

data suggest that knockdown of Chd8 in neural progenitors destined for upper layer cortical

neurons manifests in increased anxiety and abnormal social interaction behavior in adult mice.

Given that P-catenin overexpression could rescue the defects in Wnt signaling activity

and cortical progenitor proliferation downstream of Chd8 loss-of-function (Figure 2-14), we

asked whether increased Wnt/P-catenin signaling could also rescue the behavioral

abnormalities associated with Chd8 knockdown. To test this hypothesis, we performed in utero

electroporation at E15 and expressed stabilized P-catenin alongside Chd8 shRNA (Chd8 sh2
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Figure 2-18. Chd8 Knockdown in Upper Cortical Layer Neurons Results in Social Interaction

Deficits.

(a) All three groups of mice did not show any preference for side chambers during the 10 minute habituation

period (Control; n=13, Chd8 sh2; n=12, Chd8 sh2+S/A-p-cat; n=10; one-way ANOVA followed by

Bonferroni's Multiple Comparison Test; ns, p-value>0.05). (b) In the three-chamber social interaction assay,

Chd8 knockdown animals did not spend significantly more time in the chamber with the novel social animal

(Stranger) relative to the chamber with the empty wire cage (Empty) compared to control and Chd8

sh2+S/A-P-cat group (Control; n=13, Chd8 sh2; n=12, Chd8 sh2+S/A-0-cat; n=10; one-way ANOVA

followed by Bonferroni's Multiple Comparison Test; *, p-value<0.05; ***, p-value<0.001). "n" refers to
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number of animals used. (c) Total time spent with either wired cages (Stranger + Empty) did not show any

significant difference between groups (Control; n=6, Chd8 sh2; n=8; Chd8 sh2+S/A-P-cat; n=10; one-way

ANOVA followed by Bonferroni's Multiple Comparison Test; ns, p-value>0.05). "n" refers to number of

animals used. (d) Social interaction in close proximity (within 5 cm of the wired cages), Chd8 knockdown

animals did not show preference neither for 'Stranger' nor 'Empty' cage (Control; n=6, Chd8 sh2; n=8, Chd8

sh2+S/A-P-cat; n=10; two-tailed student's t-test; ***, p-value<0.001).
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+ S/A-P-cat, Supplementary Figure 2-16c). Co-expression of stabilized P-catenin with Chd8

shRNA rescued the number of entries to light chamber (Figure 2-17a), amount of time spent in

light chamber (Figure 2-17b), number of entries to open arms (Figure 2-17c) and time spent in

open arms (Figure 2-17d). Furthermore, Chd8 sh2 + S/A-P-cat group spent significantly more

time in the chamber with novel social mouse (Figure 2-18b), and spent more time in close

interaction (Figure 2-18d). These results suggest that impaired Wnt/P-catenin signaling could

underlie the behavioral deficits associated with Chd8 loss-of-function.

To determine whether knockdown of Chd8 expression in the developing cortex affects

long-term neuronal abnormalities in the adult brain, we examined the number, localization,

dendritic complexity and spine density of neurons. For these studies, the in utero electroporation

was performed using shRNA constructs co-electroporated with either membrane bound-GFP

(permitting visualization of the entire neuron) or cytoplasmic-GFP (for analysis of cell

localization and number). We observed a significant reduction in the number of GFP' cells in

Chd8 knockdown brains (Figure 2-19a, b). This finding is consistent with our results showing

that Chd8 knockdown causes premature depletion of neural progenitor pool in the embryonic

neocortex. In addition to the reduced number of neurons, Chd8 knockdown also resulted in

mislocalization of GFP* neurons in the adult brain (Figure 2-19a, c). An assessment of dendritic

arborization of layer 2/3 neurons (cell soma located in layer 2/3) was performed using Sholl

analysis by drawing concentric circles centered on the cell soma with a starting radius of 10 pm

and ending with a radius of 60 pm. This approach allows for the examination of primary and

secondary branching of both basal and apical dendrites. These results revealed markedly

reduced dendritic branching in Chd8 knockdown samples compared to control neurons (Figure

2-20a, b). Additionally, we measured the total dendritic spine density of layer 2/3 neurons. Spine

density analysis was only carried out on the secondary branches of apical dendrites in order to

avoid any discrepancy in spine density based on location and type of dendrites. The total
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Figure 2-19: Abnormal neuronal positioning in Chd8 knockdown animals. (a) Images of 3-month adult

mouse cortices electroporated at E15 with control or Chd8 sh2, and cytoplasmic-GFP expression construct.

Scale bars: 100 pm. (b) Chd8 knockdown in embryonic brain caused reduced number of neurons produced

in adult brain. Same size images are taken from each brain and the total number of GFP+ in each image is

counted. Total number of cells are divided by the number of tissue slices used for each brain (Control; n=4,

Chd8 sh2; n=5; two-tailed student's t-test; **, p-value<0.01). "n" refers to number of different brain samples

analyzed. (c) Distribution of GFP+ cells in adult mouse brain is shifted away from the brain surface in Chd8
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knockdown animals (left panel, in 0.05 mm bins; right panel, 0.5 mm bins). The bins represent the distance

from the surface of the brain (Control; n=4, Chd8 sh2; n=5; Two-way ANOVA followed by Bonferroni's

Multiple Comparison Test; *, p-value<0.05). "n" refers to number of different brain samples analyzed.
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Figure 2-20: Reduced dendritic arborization and spine density in Chd8 knockdown animals.

(a) Images of upper cortical neurons from 3-month old mouse brain transfected at El 5 with either control

shRNA or Chd8 shRNA and membrane-bound GFP. (b) Chd8 knockdown reduced the complexity of

dendritic arborization assessed via sholl analysis (Control; n=24 cells from 5 animals, Chd8 sh2; n=52 cells

from 7 animals, Chd8 sh2+S/A-@-cat; n=17 cells from 5 animals; two-way ANOVA followed by Bonferroni's

Multiple Comparison Test; ***, p-value<0.001). (c) Representative images of dendritic spines of upper

cortical layer neurons from control and Chd8 knockdown animals. (d) Chd8 knockdown resulted in reduced

spine density in upper cortical layer neurons (Control; n=15 cells from 4 animals, Chd8 sh2; n=16 from 4

animals, Chd8 sh2+ S/A-P-cat; n=18 from 4 animals; one-way ANOVA followed by Bonferroni's Multiple

Comparison Test; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001). "n" refers to number of neurons

analyzed.
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dendritic spine density of the Chd8 knockdown neurons was significantly reduced (Figure 2-20c,

d). Finally, increased Wnt/f-catenin signaling was sufficient to restore the complexity of dendritic

arborization (Figure 2-20a, b). Reduced dendritic spine density in Chd8 knockdown neurons

were significantly increased following induction of Wnt/p-catenin signaling, however, it did not

reach the control levels (Figure 20c, d). These observations suggest that Chd8 plays a crucial

role in establishing proper cortical circuitry, and that the disruption of neuronal morphology and

neuronal connectivity due to Chd8 loss-of-function could contribute to the observed deficits in

social interaction and anxiety-like behaviors in adult mice.

Discussion

Chd8 is essential for cortical progenitor proliferation and differentiation

Proper balance between neural progenitor proliferation and neuronal differentiation

during neurogenesis is essential to produce the necessary number and range of neurons in the

developed brain. Our results indicate that the chromatin remodeler, Chd8, plays a crucial role in

mammalian cortical development by promoting the proliferation of neural progenitors in two

distinct ways. On the one hand, Chd8 directly binds to the promoters of cell cycle genes, and

facilitates their expression, while on the other Chd8 also regulates neurogenic divisions by

targeting the PRC2 complex. Previous studies have shown that the absence of Ezh2 pushes

neural progenitors in the developing cortex towards neurogenic division1 87. Together, these

activities ensure the generation of appropriate numbers of neurons during cortical development.

An overwhelming body of literature on the role of CHD8 and other CHD proteins

supports our findings. Depletion of Chd8 resulted in reduced cell proliferation in mammalian cell

lines 39,177 ,203, 204 . Chd8 is closely related to Chd6/7/9. Chd7, an interacting partner of Chd8 205 , has

been shown to be necessary for proliferation of inner ear neuroblasts 206 and neural stem cells in

the olfactory epithelium 207 in mice, as well as cellular proliferation in multiple tissues of
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zebrafish 208 . Deletion of ChdC in Dictyosteium, an ortholog of the mammalian Class III CHD

group which contains Chd5-9, impaired cell growth due to reduced expression of cell cycle

genes 209. Interestingly, knockdown of CHD8 in zebrafish caused an increase in the number of

newborn neurons and resulted in macrocephaly, although there was a reduction in the number

of enteric neurons in the GI tract37, 178. The basis for these phenotypes is presently unclear. On

the one hand, the increase in newborn neurons is consistent with our observations that Chd8

knockdown directs neural progenitors towards neurogenic division. On the other hand, these

phenotypes could also arise from increased progenitor proliferation. A more detailed and direct

analysis of neural progenitor proliferation in zebrafish should clarify this matter.

Chd8 positively regulates Wnt signaling in neural progenitor cells

Canonical Wnt signaling plays important roles in brain development through the

regulation of cell cycle progression and dendritic morphogenesis'1 5. Importantly, defects in Wnt

signaling have been strongly implicated in the development of ASD. Mutations in several

pathway components have been identified in ASD patients, and convergent pathway analyses

indicate that many apparently unrelated ASD mutations also impinge on the Wnt signaling

pathway 47. Earlier work on the function of Chd8 demonstrated that it negatively regulates Wnt

signaling. It was shown that Chd8 binds to P-catenin protein, the critical transcriptional activator

of the pathway, and inhibits its interaction with the TCF/LEF complex which is required for

activation of Wnt response genes. Unexpectedly however, we found that multiple components

of canonical Wnt signaling were down-regulated upon loss of Chd8 in neural progenitors. Our

efforts to resolve these differences have led to the discovery that Chd8 regulates Wnt signaling

in a cell-type specific manner - whereas CHD8 loss-of-function increases Wnt signaling in non-

neuronal cells, its loss attenuates Wnt signaling in neural progenitors. Cell type-specific

regulation by Chd8 is not unprecedented. Drosophila ortholog of Chd8, Kismet, regulates

hedgehog (hh) expression in the wing imaginal disc in a context when expression of the
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repressor, Ci-75, is low 21 . However, Kismet is not necessary for the regulation of hh expression

when Ci-75 expression is high, suggesting a context-dependent function21 . A similar context-

dependent mechanism could account for differences in regulation of Wnt signaling by Chd8.

Overall, our observations suggest that whereas Chd8 promotes cell proliferation in both neural

and non-neural cells, it selectively promotes Wnt signaling in neural progenitors. While the basis

for these cell type specific differences in Chd8 function remain unknown, these results raise the

intriguing possibility that the cell-type specific effects of Chd8 on Wnt signaling could be

harnessed to develop new strategies for therapeutic intervention in ASD.

Sustained expression of Chd8 in the developing cortex is necessary for normal adult

behavior

Abnormal social interaction, anxiety and intellectual disability are some of the behavioral

deficits observed among ASD patients carrying CHD8 mutations. Our results suggest that Chd8

loss-of-function in developing mouse brain can mimic some of the behavioral deficits observed

among these patients such as abnormal social interaction and anxiety. Interestingly, normal

adult behavior and proper cortical development were restored upon overexpression of stabilized

P-catenin, indicating that behavioral abnormalities likely stem from abnormal cortical

development. We did not observe any deficits in learning and memory; however, Chd8

knockdown was confined to specific layers of the developing cortex. It is possible that Chd8

loss-of-function in other regions of the developing brain may affect additional behaviors. Future

studies on the effects of whole brain Chd8 loss-of-function on adult behavior would be of

importance.

In sum, our observations suggest that in the developing mouse brain Chd8 maintains

neural progenitor proliferation through regulation of cell cycle genes. Furthermore, our results

indicate that some of the ASD associated behavioral abnormalities in patients carrying CHD8

mutations may be caused by impaired development of cerebral cortical regions. Though Chd8
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may be regulating neural progenitor proliferation in through different ways, induction of Wnt/p-

catenin signaling is sufficient to mitigate cortical development and adult behavioral deficits

caused by Chd8 knockdown. Overall, these results indicate that Wnt signaling agonists could

constitute a potential therapeutic strategy for CHD8-associated ASD.

Materials and Methods

DNA constructs

Control non-targeting shRNA (Sigma, SHC002), sh1 and 2 targeting Chd8 were obtained from

Sigma (shi, Clone ID: NM_201637.1-1439s1c1 and sh2, Clone ID: NM_201637.2-3342s21c1).

The sequences can be found on Table 2-1. Full length hCHD8 was cloned into mammalian

expressing pCMV5 vector. Super8XTOPFLASH, a gift from Dr. R. Moon (University of

Washington, WA) and a Renilla-Luc-TK reporter (pRL-TK, Promega) were used for testing

TCF/LEF transcriptional activity. pCAGIG-Venus was provided by Dr. Zhigang Xie (Boston

University, MA). The membrane-bound GFP (pCAGIG-GAP 43-GFP) construct was gift from A.

Gartner (University of Leuven, Belgium). pCAG-p-catenin (gift of Dr. Karuna Singh) was

constructed by cloning P-catenin DNA sequence containing a stabilizing S37A mutation

upstream of the IRES in pCAGIG.

Antibodies and Reagents

The following primary antibodies were used in this study: rabbit anti-CHD8 antibody (A301-

224A, Bethyl Laboratories; ChIP), rabbit anti-Chd8 antibody (non-commercialized, Cell

Signaling; 1:1000 dilution; WB), chicken anti-GFP antibody (GFP-1020, Aves Labs; 1:1000

dilution; IHC), mouse anti-BrdU antibody (M0744, Clone Bu20a, DakoCytomation; 1:500; IHC),

rabbit anti-Ki67 antibody (Clone SP6, Lab Vision/Thermo Scientific; 1:500 dilution; IHC), rabbit

anti-phospho-Histone H3 (Serl0) antibody (06-570, Millipore; 1:500 dilution; IHC), mouse anti-

Tuj1 antibody (MMS-435P, Covance; 1:500 dilution; IHC), mouse anti-EZH2 antibody (AC22,
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Active Motif; 1:500 dilution, WB). Alexa-conjugated secondary antibodies (Jackson

ImmunoResearch; 1:1000 dilution) were used for IHC and ICC. Recombinant mouse Wnt-3a

was purchased from R&D Systems (Catalog number: 1324-WN). BrdU (5-Bromo-2'-

deoxyuridine) was purchased from Sigma-Aldrich (B5002-5G).

Animals

All animal work was approved by the Committee for Animal Care of the Division of Comparative

Medicine at the Massachusetts Institute of Technology. Swiss Webster pregnant female mice

were purchased from Taconic (Hudson, NY, USA) for in utero electroporation. Mice were

housed in groups of 3-4 on standard 12h light / 12 h dark cycle.

In situ hybridization probe design

RNA antisense probes were generated by PCR-amplifying mouse cDNA with primers to amplify

exons 3-10 of the long isoform of Chd8 (Table 2-1). The reverse primer contains a T7 RNA

polymerase recognition sequence (TAATACGACTCACTATAGGG, Table 2-1). The resulting

PCR product was gel extracted and in vitro transcribed using a DIG-RNA labeling kit (Roche).

In situ hybridization

E12 embryos and E16 brains were fixed overnight in RNase-free 4% formaldehyde. Brains were

equilibrated in 30% sucrose-PBS and frozen in O.C.T. (TissueTek). Cryosections (10pm) were

incubated with the DIG-labeled RNA antisense probe (1:1000 in hybridization buffer) overnight at

650 C, washed in 1X SSC/50% formamide/0.1% Tween-20 3X 30 minutes at 65'C followed by 1X

MABT for 30 minutes at room temperature. Sections were blocked with 20% heat-inactivated

sheep serum/2% blocking reagent (Roche)/1X MABT for 1 hour and then incubated with anti-DIG

antibody (Roche; 1:2000) overnight. Sections were washed with 1XMABT 4X 20 minutes,

prestained with 100mM NaCI/5OmM MgCI 2/1OOmM Tris pH 9.5/0.1% Tween-20 2X 10 minutes,

followed by staining with NBT/BCIP (Roche; 4.5 pl/ml and 3.5 pl/ml, respectively, in prestaining
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buffer) for 2 hours. Sections were washed with 1X PBS 3X 15 minutes, incubated in xylene 3X 5

minutes, and mounted with VectaMount (Vector Laboratories).

In utero Electroporation

The Institutional Animal Care and Use Committee of Massachusetts Institute of Technology

approved all experiments. In utero electroporation was performed as described elsewhere.

Briefly, pregnant Swiss Webster mice were anesthetized by intraperitoneal injections of

Ketamine 1 % / Xylazine 2 mg/ml, the uterine horns were exposed, and the plasmids mixed with

Fast Green (Sigma) were microinjected into a single lateral ventricle of embryos for

neurogenesis and luciferase experiments. Bilateral targeting was achieved by simultaneously

microinjecting into both lateral ventricles followed by delivery of current while the electrodes are

placed in the middle of two hemispheres. Five pulses of current (50 ms on / 950 ms off) were

delivered across the head of the embryos using 5mm diameter platinum plate electrodes

(CUY650-P5, Protech International Inc). The following voltages were used for different ages: 28-

30 V for E13 and 32-35 for E15. In the DNA mixture, the shRNA plasmid concentration was 2 to

3-fold higher than that of pCAGIG-Venus and membrane bound-GFP. For rescue experiments

with stabilized P-catenin, the ratio between the Chd8 shRNA and P-catenin was 5:1 in co-

expression DNA mixture. For rescue experiments with hCHD8, the ratio between the Chd8

shRNA and hCHD8 was 3:1 in co-expression DNA mixture. For in vivo TCF/LEF luciferase

assay, following ratio is used; shRNA or overexpression constructs (15) : pCAGIG-Venus (3):

8XSuperTOPFLASH (3): pRL-TK (1).

Cell Culture

N2A embryonic carcinoma cell line and human embryonic kidney (HEK) 293T cell line were

cultured in Dulbecco's Modified Eagle Medium (DMEM) GlutaMAX (10566-016, Life

Technologies) containing 10% FBS and penicillin/streptomycin. Cortical mouse NPCs were

cultured using E14 mouse cortex in poly-L-ornithine coated plates and maintained in

Neurobasal medium (21103-049, Life Technologies) containing 1% penicillin/streptomycin, 1%
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L-Glutamine, 1% N-2 supplement, 1% B27 and 10ng/ml bFGF. Human NPCs were plated at

3x10A5 per well of 24-well plate coated with matrigel. hNPCs were cultured in DMEM/F12

Glutamax (10565-042, Life technologies) containing 1% penicillin/streptomycin, 0.5% non-

essential amino acid, 0.5% N2-supplement, 1% B27, 0.00025% insulin. An absence of

mycoplasma in all cell lines was routinely assessed in the lab by Hoechst staining.

qRT-PCR

Total RNA was collected using the Rneasy Plus Kit (Qiagen). For knockdown experiments with

shRNAs, total RNA was collected 48 hours after transfection. Reverse transcription of the

mRNA transcripts to produce cDNA for QPCR was achieved using the SuperScript Ill Reverse

Transcriptase (Invitrogen). qPCR was performed using SsoFast Evagreen Supermix (Bio-Rad)

on CFX96 Real-Time PCR Detection System (Bio-Rad). The reactions were run in triplicates

and average of these triplicates were used for statistical analysis. P-actin was used as internal

control. Primer sequences used for qPCR can be found in Table 2-1.

Immunohistochemistry

Brain Sections: Following dissection, embryonic cortical brains were drop-fixed overnight in 4%

paraformaldehyde (PFA) and then transferred to 30% sucrose/PBS solution at 40C. Brains were

embedded in O.C.T. compound (Electron Microscopy Sciences) and sliced into 14 pm sections

using cryostat. Cryosections were rehydrated with 1X PBS and blocked for 1 - 2 hours with

blocking solution (1X PBS + 10% Donkey Normal Serum + 0.3% Triton-X). Following blocking,

the cryosections were incubated with primary antibodies overnight at 4*C. Incubation with

secondary antibodies were performed for 1 hour at room temperature. Finally, cryosections

were mounted using ProLong Gold Antifade Reagent (Invitrogen).

Fluorescent-activated Cell Sorting (FACS)

GFP transfected cortices from E15 embryos electroporated at E13 were micro-dissected using a

fluorescent dissection microscope to increase concentration of GFP-labeled cells. Cortices from
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3-5 embryos were pooled and cells were enzymatically dissociated and resuspended in HBSS.

GFP-positive cells were isolated using the FACS Aria 1 (BD Biosciences) system. Gating for

GFP fluorescent cells was set using non-transfected cortical cells. Cells were directly sorted into

RLT (QIAGEN RNeasy Plus Kit) buffer.

Genome-Wide RNA-sequencing and Bioinformatic Analyses

Following total RNA isolation from FAC sorted GFP-positive cells using Rneasy Plus Kit

(Qiagen), RNA was quality controlled and quantified using an Agilent 2100 Bioanalyzer. Next,

poly-A purified samples were converted to cDNA using the Clontech Low Input Library Prep Kit

(Cat#: 634947) by MIT BioMicro Center. High-throughput sequencing was performed using the

Illumina HiSeq 2000 platform at the MIT BioMicro Center. The raw FASTQ data files of 40-bp or

75-bp pair-end reads were collected for downstream analysis. Sequencing reads were aligned

to the mouse genome assembly (mm9) using TopHat2 (version 2.0.12212) with inner distance

between mate pairs=200, segment length=20, no coverage search to speed up the process,

and default for other parameters. Differential expression analysis was performed using Cuffdiff

module of Cufflinks (version 2.1.1213) with default parameters, and FPKM values were

normalized by the geometric method that Cuffdiff recommends. Significantly altered genes were

the genes with both fold change greater than 1.2 and P-value less than 0.05 between two

groups. Comparisons of each biological replicate showed Pearson coefficient of higher than

0.65 (Figure 2-6). To compare to human datasets, mouse gene names were converted to

human homologs using MGI annotation database (www.informatics.iax.org/homology.shtml).

Gene ontology was assessed using ToppGene and DAVID web servers. The raw data are

available online (NCBI GEO GSE72442).

Human brain data link to Chd8 KD RNA-Seq data

Human developmental transcriptome dataset (Gencode v10, summarized to genes) was

acquired from BRAINSPAN database (http://www.brainspan.org/static/download.html). CHD8
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expression patterns from early fetal stage to childhood were extracted for comparison. SFARI

ASD risk gene list was acquired from SFARI gene database (http://gene.sfari.org). Statistical

significance of overlap between human ASD risk genes and human homologs of mouse Chd8

knockdown RNA-Seq genes was calculated using hypergeometric probability test.

Mouse E12 forebrain chromatin state analysis

Mouse E12 forebrain ChIP-Seq raw data of seven histone marks (H3K4mel, H3K4me2,

H3K4me3, H3K27ac, H3K27me3, H3K9ac, and H3K36me3) were downloaded from ENCODE

(www.encodeproject.org, contributed by Bing Ren group) and mapped to mouse genome

assembly (mm9) using BWA aligner (version 5, samse option)214. Duplicate reads were

removed using Samtools215 . Mouse genome segmentation based on combinatorial histone

marks was trained using ChromHMM 216 with the default parameters. In brief, sequencing reads

were counted in non-overlapping 200-bp bins across the whole gnome; each bin was binarized

with either 1 for enriched or 0 for non-enriched based on a Poisson P-value (threshold 1 x 104

that compares ChIP-Seq signals against whole-cell extract signals. Models with different

numbers of states (from 10 to 14) were tested, and a model with 13 states was chosen.

Annotation of those chromatin states was based on known classification of histone marks and

relative enrichment of genic and non-genic regions of reference genes. Mouse Chd8, Ezh2, and

Suz12 ChIP-Seq peak files were directly downloaded or called using raw data files downloaded

from GEO database (GSE57369 40 , GSE316551 93, GSE271481 94, mm9 assembly) for chromatin

state enrichment analysis. Human Chd8 ChIP-Seq peak files (GSE57369 40, GSE61487 (overlap

of three antibodies) 178 ) were converted to mm9 assembly using liftover tool for enrichment

analysis.

Overlap of ChIP-Seq data with Chd8 KD RNA-Seq data

ChIP-Seq peaks were further associated to the nearest annotated genes based on the distance

to the transcription start sites using HOMER 217 for overlap analysis with RNA-Seq data. Histone
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ChIP-Seq signal intensity files (bedgraph format, normalized against input data) were generated

using MACS2 program 218. A custom PERL script embedded into NeuEpi-Analyzer

(http://bioinfopilm46.mit.edu/neuepi) was used to calculate ChIP-Seq signal intensity around

transcription start sites (TSS) for all annotated genes. Intensity signals in each 100-bp bin were

averaged for a detection window ranging from -5kb to 5kb around TSS. To compare ChIP-Seq

signals for different gene groups, aggregated average bin signals across all the genes in a

particular group were computed and plotted using a custom R script. Unless specified,

overlapped genes were counted using NeuVenn-Analyzer (bioinfopilm46.mit.edu/neuvenn).

Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed using SimpleChIP Plus Enzymatic Chromatin IP

Kit (Magnetic Beads, 9005, Cell Signaling Technology) as described by the manufacturer.

Briefly, tissue from 6 mouse cortices (embryonic day 12) were pooled for each experiment.

Cortical cell samples were finely minced and crosslinked with formaldehyde (1.5% final

concentration) for 20 min at room temperature, chilled on ice with 1OX glycine and washed once

with ice cold PBS. Samples were passed through 30G needle to homogenize and create single

cell suspension. Cells were resuspended in 1X Buffer A containing 0.1 mM DTT and incubated

on ice for 10 min, followed by incubation in 1X Buffer B containing 0.1 mM DTT. Micrococcal

Nuclease was added to mix and incubated for 20 min at 370C vortexing every 3 min. The

reaction was stopped with 50 mM EDTA (final concentration). Centrifuged pellet was

resuspended in 1x ChIP buffer containing protease inhibitor cocktail. Resuspended nuclei were

sonicated using a bioruptor (medium power, 30 seconds on/30 seconds off - 10 cycles).

Sheared chromatin was immunoprecipitated with 5 pg antibodies against Chd8 (A301-224A,

Bethyl Laboratories) and IgG overnight at 40C. Next day, ChIP grade protein G magnetic beads

were added and incubated for 2 hours at 40C. Crosslinked protein-DNA complexes were eluted

from the beads using 1X ChIP elution buffer, and incubated 650C for 30 min, followed by
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reversion of crosslinking with NaCl and Proteinase K (650C for 2 hours). Finally, DNA was

purified and samples were subjected to qRT-PCR using the indicated primer (Table 2-1).

Western Blot Analysis

Transfected cells were lysed and run on 6% sodium dodecylsulfate-polyacrylamide gels at 60-

120 constant voltage to separate, and transferred onto Immobilon-P PVDF membranes

(Millipore) at a constant voltage (80 volt for 6 hours). Membranes were blocked using 3% bovine

serum albumin prepared in TBS-T (50 mm Tris-HCI (pH 7.4), 150 mM NaCl, 0.1% Tween-20) for

1 hour at room temperature. Membranes were incubated with the primary antibodies overnight

at 4 C. Next, they were washed three times with TBS-T, followed by incubation with

horseradish peroxidase-conjugated secondary antibodies (GE Healthcare, Pittsburgh, PA, USA)

for 1 h at room temperature. Following washing with TBS-T, immunoreactivity signals were

detected by enhanced chemiluminescence (Perkin-Elmer, Waltham, MA, USA).

Luciferase Assay

50Luciferase assays were performed as described elsewhere

In vitro: N2a and HEK293T cells at 1x 105, mNPC and hNPC at 3x1 05 cells per well density were

plated into 24-well plates without antibiotics. Cells were transfected with 0.8 pg of shRNA

plasmid along with 50 ng of Super8XTOPFLASH and 10 ng of pRL-TK. The media

were replaced with one containing antibiotics 2 h after transfection. 36 h after transfection, cells

were stimulated with recombinant mouse Wnt3a for 12 h, in Wnt-stimulated condition. For the

rescue experiments with hCHD8, 0.2 pg of hCHD8 was co-transfected with 0.6 pg of Chd8

shRNA. For the rescue experiments with S/A -catenin, 0.1 pg of S/A P-catenin was co-

transfected with 0.7 pg of Chd8 shRNA.

In vivo: Following ratio is used; shRNA or overexpression constructs (15): pCAGIG-Venus (3):

8XSuperTOPFLASH (3): pRL-TK (1). In utero electroporation was done at E13 and GFP-
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positive cortical region was dissected using fluorescent dissection microscopy to enrich for

luciferase activity. Tissue was lysed using 1X Pasive Lysis Buffer (E1941, Promega).

TCF/LEF reporter activity was measured using the Dual-Luciferase Reporter Assay System

(Promega). Firefly luciferase activity was normalized to Renilla luciferase activity.

Behavioral Experiments

For Behavioral analysis of Chd8 knockdown and Control mice, 10-week old animals were used.

Detailed information on the ages of animals can be found on Table 2-2. All animals were

handled for 3 days before each experiment. All behavioral experiments were performed during

the light cycle. Investigator was blinded to the group allocation during both the experiment and

assessing the outcome. Ear-tag identification numbers were used until outcome analysis were

finalized. Mice that were tested on multiple behavioral paradigms were given a minimum of 1

week resting period between experiments. Animals without successful bilateral targeting of

cortex (i.e. GFP+ cell only in one hemisphere) were excluded from the study, and randomization

of experimental groups was not required.

Open Field Test: Mice were placed in an open field arena (40 cm x 40 cm x 30 cm) and activity

was measured over 10 min period with VersaMex software (AccuScan Intruments, OH). Total

time moving, total distance, time spent in center and margin were measured in 5 min bins using

a grid of infrared light beams and analyzed using the software.

Light-Dark Exploration Test: An apparatus (40 cm x 40 cm) consisting of two chambers - a black

box (20cm x 20 cm) covering half of the arena and light chamber - was used for light/dark

exploration test. A mouse was placed into the dark side, and allowed to explore the arena for 10

min. The number of visits to light chamber and the time spent in the light and dark chambers

were measured.

Elevated Plus Maze: Mice were allowed to explore the elevated plus maze apparatus consisting

of four arms (two open and two closed arms; each arm 45 cm x 9.5 cm; the height of closed
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arms 29.5 cm). The activity of mice was recorded for 10 min. Time spent and number of entries

to each arm was hand scored following the experiment. An entry was defined as a mouse

having front paws and half of the body on the arms.

Three-chamber Social Interaction: The three-chamber social intereaction apparatus consisted of

black acrylic box with three chambers (20 cm x35 cm). Side chambers were connected to

middle chamber through 5 cm openings which can be closed or open. The wired cages placed

in the side chambers were cylindrical with bottom diameter of 10 cm, and bars were spaced 1

cm apart. For testing, test animals were placed into the middle chamber and allowed to

habituate/explore the empty arena (with empty wired cages in place) for 10 min. Following the

first 10 min, an aged matched novel mouse (Stranger) was placed into one of the wired cages,

and an inanimate object in the other wired cage. The test animal was allowed to explore for an

additional 10 min. Activity of the mice were video recorded. Time spent in each chamber and

time spent in close interaction with wired cage (within 5 cm and facing the wired cages) were

hand scored using the recorded videos.

Confocal Imaging

Images were taken with a Zeiss LSM 510 confocal microscope. Brightness and contrast were

adjusted using ImageJ where needed.

Statistics

All plots were generated and statistical analyses were performed using Graphpad Prism 5.0

software. Results are presented as mean s.e.m. Sample size was not predetermined but

number of samples are consistent with previous publications. Two-tailed t test was used for

comparison of two datasets. One-way ANOVA followed by either Dunnett (when comparing to

control condition) or Bonferroni multiple comparison tests were used for experiments with three

or more datasets. Equal variance between groups and normal distribution of data were

presumed but not formally tested. Molecular and biochemical analysis was performed using a
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minimum of three biological replicates per condition. Behavioral experiments require larger data

sets due to increased variability. Minimum of 6 animals per group were used for behavioral

testing.
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Table 2-1: DNA construct and primer sequences

93

Knockdown assays.
Gene-specific TRC Accession Target Sequence

shRNA
Chd8 sh1 TRCN0000194494 GCAGCCTTTAAGCTCAAAGAA
Chd8 sh2 TRCN0000241053 TCGGGAAGCTTGCCATATTAT

Gene expression analysis.
Gene-specific Forward sequence (5'-3') Reverse sequence (5'-3')

primers_____________ ___

Chd8 (NM_201637) AGCCTTTCAATCCAGACTACG CATCCTCTTTTAGCTCCCACG

(NM_020920) AAGTGAACTGGTCCCTCCAC TGGCAGGCTGAGTGGTATAA

(NM_ 01037134 GACGTTCATCCAGATAGCTCAG TCCCATTCCAAACCTGAAGC

Akap8 (NM_19774) GGAGCTGGTGACTTAAGATCAG CTCCTTTGTTTCTCCCGTCTC
Tacc3 GATGTTCCGGTATCTGCCC TTTCAGCTCCAAGTTCTCCTG

(NM 00 1040435)

(NM_10928) AAAATCTGCCCTCCACTGG CCGCTTCATAACTTCCCTCTC

Tm 011589 CCCTGTTCTGCCTCTTCAATC CAAACGCTTTCTGGTTCACG

Cdc7 (NM_009863) GCGACTGCTATGGATCAGATAG TGTCAATCGCTGTGGTCTG

(NMt73872) GGACTTTATGAGGGTACTGGC GATGTCCCTCTTGTCACTAACG

Tiall (NM_009383) ACCTGCCCCTAAAAGTACAC GTTTGTCTCATAAGTTGATCTGT

(NM_183046 TCAGGCACTCAAGACATCAAG TCACCAAGCTGAAGTCCATC
(NM 1806

(NM 008005) CAAGGGCAAGGAGACAGAAT GTACTTGGCAGACATCAGGG

(NM 178394) TCCTGGCATTGGTGACATG CCTCTAGCTTCCGAATCACTG

(NM_ 77343) AATGGAGGGCAAAGGAGATG AACCACAGAGCAAGATATAGGC

Pak6 CTAGCCCTAAGAACCAGGAAAG GTGGTCGGAAAGCAGAATTG
(NM 00 1033254)

Ezh2 (NM_007971) TCCCGTTAAAGACCCTGAATG TGAAAGTGCCATCCTGATCC

(NM 199196) CTCAGGATATACATCGCCAACC GCTCCACTTCTCCATCTTCAG

Fzdl (NM_021457) CCATGAGCCCAGACTTTACAG CTGTTGGTAAGCCTCGTGTAG

Fzd2 (NM_020510) CGTCAAAACCATCACCATCTTG CCGATGAACAGGTATACGAAGA

Dvl2 (NM_007888) TTTCAAGAGCGTTTTGCAGC ACACAAGCCAGGAGACAAC
Dvl3 (NM_007889) CACCGTCACTCTCAACATGG ATATCTCCTGGCTCAATGCG

(NM 07614) GCTATTCCACGACTAGTTCAGC AGCTCCAGTACACCCTTCTAC



(NM 0d1631) GCCCTCCGTATCTTACTTCAAG GCGGTCCAGGTAGTTCATG

Actb (NM 007393) AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA

ChIP analysis.
Promoter-specific Forward sequence (5'-3') Reverse sequence (5'-3')

primers I _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ I__ _ _ _ _ _ _ _ _ _ _ _ _

Fzdl CCAGCCGACTCCTATTCATT TAGCTATGAAGCCGGACAGG
DvI3 CAGGTCCAGCTGCCTGAA CTGGCGATCGCGACTCTT

Ctnnb I CCGCTCTCGATTCCTTTAGTT GAAAGTAGTCCCCGCCAGTC

In situ hybridization
Gene Forward sequence (5'-3') Reverse sequence (5'-3')

Chd8 GGATGAGCTGCCTAGTGTCC TAATACGACTCACTATAGGGCCTC
ATAGGGCAGAGAGCAC
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Table 2-2: Number, age and sex of animals used in behavioral assays

Behavioral Test Condition Sex # of Animals per Total # of Age
__________Sex Animals

M 9 10-13 Weeks
Control F 9 17 10-13 Weeks

M 7 10-13 Weeks
Open Field Chd8 sh2 F 7 12 10-13 Weeks

________ F5 10-13 Weeks

Chd8 sh2 + M 5 10 10-11 Weeks
P-catenin F 5 10-11 Weeks

M 9 11-14 Weeks
F 8 11-14 Weeks

Light/Dark Chd8 sh2 M 6 8 11-14 Weeks
Chamber F 2 11-14 Weeks

Chd8 sh2 + M 5 10 11-12 Weeks
P-catenin F 5 11-12 Weeks

M 6 13-16 Weeks
Control F 713 13-16 Weeks

Three Chamber M 7 13-16 Weeks
Social Chd8 sh2 5 12 13-16 WeeksInteraction

Chd8 sh2 + M 5 10 13-14 Weeks

P-catenin F 5 13-14 Weeks
M 9 15-18 Weeks
F 7 15-18 Weeks

Elevated Plus Chd8 sh2 M 7 12 15-18 Weeks
Maze F 5 15-18 Weeks

Chd8 sh2 + M 5 10 15-16 Weeks
P-catenin F 5 15-16 Weeks

M 4 16-19 Weeks
Control 6

Fear F 2 16-19 Weeks
Conditioning M 8 16-19 Weeks

Chd8_I F 2 16-19 Weeks
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CHAPTER 3:

Ankyrin-G Regulates Neurogenesis and Wnt Signaling by Altering the

Subcellular Localization of 0-catenin

Omer Durak, Froylan Calderon de Anda, Karun K. Singh, Melanie P. Leussis, Tracey L.
Petryshen, Pamela Sklar, and Li-Huei Tsai

Abstract

Ankyrin-G is a scaffolding protein required for the formation of the axon initial segment in

neurons. Recent genome-wide association studies and whole-exome sequencing have

identified ANK3, the gene coding for ankyrin-G, to be a risk gene for multiple neuropsychiatric

disorders such as bipolar disorder (BD), schizophrenia, and autism spectrum disorder (ASD).

Here, we describe a novel role for ankyrin-G in neural progenitor proliferation in the developing

cortex. We found that ankyrin-G regulates canonical Wnt signaling by altering the subcellular

localization and availability of P-catenin in proliferating cells. Ankyrin-G loss-of-function

increases P-catenin levels in the nucleus, thereby promoting neural progenitor proliferation.

Importantly, abnormalities in proliferation can be rescued by reducing Wnt pathway signaling.

Together, these results suggest that ankyrin-G is required for proper brain development.

O.D. and L.-H.T designed the study, and L.-H.T directed and coordinated the study. O.D. and F.C.d.A .
initiated, planned and performed the experiments. O.D. and F.C.d.A. performed most of the in utero
electroporation surgeries, sliced brain tissue, performed immunostaining. O.D. ran the biochemistry
analysis. K.K.S. conducted some of the in utero electroporation experiments. M.P.L. and T.L.P. generated
the Ank3 heterozygous deletion mouse lines. T.L.P and P.S. contributed to the design of the study.
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Introduction

Genome-wide association studies (GWAS) have identified many genes that are

associated with a risk for mental disorders such as bipolar disorder, schizophrenia and

ASD2,6 ,8,4 3 ,44 ,219,220. The ANK3 gene is among the most consistently replicated and statistically

significant bipolar risk gene identified in these studies8 ,220,22 1. A number of single nucleotide

polymorphisms (SNPs) in ANK3 have been associated with bipolar disorder, and several of

these variants have been associated with altered white matter integrity and changes in cortical-

striatal-thalamic circuits, as well as with poorer performance on tasks of sustained

attention2 ,223 . A 2012 study described decreased levels of ANK3 mRNA expression in

schizophrenia patients22 4. Moreover, whole-exome and whole-genome sequencing studies

identified putative causative mutations in coding and non-coding regions of ANK3 in patients

with ASD and intellectual disabilities (ID) 225 -227. However, it remains unknown how alterations in

ANK3 may contribute to the pathology of mental illness.

ANK3 encodes a scaffolding protein, ankyrin-G which, in mature neurons, localizes to

the axon initial segment (AIS) and the nodes of Ranvier' 1 0. Ankyrin-G is required for the

assembly and maintenance of the AIS, which is established through its interaction with

scaffolding and transmembrane proteins, and voltage-dependent sodium and potassium

channels0 '1 . Recently, several studies have suggested that ankyrin-G is required for

establishing and maintaining neuronal polarity, suggesting a central role for this protein in

establishing intact neural circuitry11 ,22 8. Additionally, ankyrin-G has been shown to be a binding

partner of E-cadherin in epithelial cells, and is required, along with P-2-spectrin, for the

localization of E-cadherin to cell adhesion sites, where it assembles a complex that includes the

important Wnt pathway component P-catenin2 29

Canonical Wnt signaling plays an important role in neural progenitor proliferation in the

developing central nervous system (CNS), and is also involved in dendrite development,
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synaptogenesis, and the establishment of axonsi 6,165,230,231. Recent studies utilizing

comparative genome sequencing of human patients, as well as the examination of neuronal

development in rodents, have demonstrated the importance of canonical Wnt signaling in

neuropsychiatric disorders such as schizophrenia, bipolar disorder, and autism spectrum

disorder (ASD) 36 ,23 2 . For instance, the product of the gene Disrupted in Schizophrenia I (DISCI)

has been shown to regulate several aspects of cortical development such as neural progenitor

proliferation and dendritogenesis 2 33-2 36 . Additionally, the autosomal recessive primary

microcephaly risk gene ASPM was shown to regulate Wnt signaling and progenitor proliferation

during cortical development94. These studies highlight the importance of the molecular pathways

that underlie early cortical development to the etiology of complex psychiatric and

neurodevelopmental disorders.

P-catenin is one of the key components of the Wnt signaling pathway. Upon activation of

canonical Wnt signaling, via the interaction of the Wnt peptide with its membrane receptors LRP

and Frizzled, P-catenin is stabilized in the cytoplasm through the inhibition of GSK3P, which

normally promotes the proteolytic degradation of P-catenin. Once stabilized, P-catenin then

enters the nucleus, where it binds to TCF/LEF family transcription factors to activate the

expression of Wnt target genes16 5. In addition to its central role in Wnt signaling, P-catenin also

binds to type I cadherins at the cell membrane, linking them to the actin cytoskeleton and

thereby playing a role in structural organization237. Several lines of evidence suggest that

altering the levels of P-catenin localized to the catenin-cadherin complex can affect the

availability of P-catenin for participation in Wnt signaling 173 ,2 3 7-2 3 9. This includes the observation

that the sequestration of P-catenin at the cell membrane via overexpression of the cytoplasmic

domain of cadherins and the repression of E-cadherin have opposite effects on Wnt signaling.

Importantly, it has previously been shown that overexpression of P-catenin can perturb the

165development of mammalian cortex
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In the current study, we show that ankyrin-G is highly enriched in the ventricular zone

(VZ) of the embryonic brain and is required for proper neural progenitor proliferation. Ankyrin-G

loss of function leads to increased neural progenitor proliferation and increased canonical Wnt

signaling. This is accompanied by a disruption of the P-catenin/cadherin interaction and

increases in the nuclear pool of 1-catenin. These results suggest that ankyrin-G can regulate

canonical Wnt signaling via the fine-tuning of available levels of P-catenin, thereby ensuring

proper brain development. As the importance of canonical Wnt signaling in neuropsychiatric

disorders has become increasingly evident, our results shed light on the molecular events that,

when influenced by human disease genes, may contribute to the etiology of neuropsychiatric

disorders.

Results

Ankyrin-G is Necessary for Proper Embryonic Neural Progenitor Proliferation

To understand whether ankyrin-G has a role in embryonic cerebral cortical development,

we first examined the expression pattern of ankyrin-G in the mouse embryonic day 15 (E15)

brain, at which period the proliferation and differentiation of cortical neurons are both at high

levels 240. We found that ankyrin-G is highly expressed in the ventricular surface of developing

cortex (Figure 3-1a). Previous studies have shown that endfeet of radial glial cells at the

ventricular surface contact neighboring cells through cell junctions which is composed of two

distinct domains: ZO1/mPar3 (apical) and P-catenin/N-cadherin (basal) 24 1. A more careful

examination of ankyrin-G expression at the ventricular surface revealed that ankyrin-G is

expressed in both of the domains co-localizing with both P-catenin (Figure 3-1a, top row of

images) and ZO1 (Figure 3-1a, bottom row of images). P-catenin is well known to regulate

multiple steps of neurogenesis, including proliferation, differentiation, and radial migration1 3' 2 37

The similarity in the expression patterns of P-catenin and ankyrin-G encouraged us to ask

whether ankyrin-G regulates neural progenitor proliferation at early stages of corticogenesis.
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Figure 3-1: Ankyrin-G highly expressed in ventricular surface of developing mouse cortex.

a) Images of mouse cortex stained with Ankyrin-G (red), P-catenin (white), ZO1 (white), GFP (green) and

DAPI (blue) cortex. b) Ankyrin-G shRNA significantly lowered ankyrin-G protein expression compared to

control shRNA in P19 cell line assessed by Western blotting (Control and shRNA2, n=4; shRNA1, n=3). c)

Ankyrin-G shRNAs significantly lowered ankyrin-G mRNA levels compared to control shRNA 48 hours after

transfection in P19 cell line assessed by qPCR analysis. (Control and shRNA1, n=10; shRNA2, n=9).
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To address this question, we selected two small hairpin RNAs (shRNA1 and shRNA2)

based on their ability to down-regulate endogenous ankyrin-G in the P19 embryonic carcinoma

cell line, as assayed by western blot and quantitative polymerase chain reaction (qPCR; Figure

3-1 b,c). We used these two shRNAs to examine the effect of ankyrin-G knockdown on

embryonic neural proliferation. We performed in utero electroporation at E13, using a

combination of either a non-targeting scrambled shRNA (Control) or ankyrin-G shRNA

expression constructs, in addition to a GFP expression construct to label electroporated cells.

This was followed by pulse labeling either at E15 or E16 with 5-bromo-2-deoxyuridine (BrdU),

which incorporates into the newly synthesized DNA of replicating cells during the S phase of the

cell cycle. The brains were harvested either 2 or 24 hours following the BrdU injection and

immunolabeled with antibodies against BrdU, the proliferative marker Ki67 (which is only absent

from cells in Go phase94 ), and GFP. We found that ankyrin-G knockdown resulted in a significant

increase in BrdU incorporation in the GFP-positive (GFP') cell population compared to controls

after both 2 hours (Figure 3-2a,b) and 24 hours (Figure 3-3a,b) of BrdU labeling, indicating an

overall increase in cell proliferation during the BrdU labeling period. Additionally, the number of

Ki67-negative (Ki67-) cells within the GFP' BrdU' population was significantly decreased

following ankyrin-G knockdown (Figure 3-2a,c and Figure 3-3a,c), indicating that ankyrin-G

knockdown reduces the number of cells exiting the cell cycle. To further demonstrate that

ankyrin-G is important for neural progenitor proliferation, a complementary experiment was

conducted using embryonic ANK3 +/- mice in which the brain-specific isoform of the ankyrin-G

is deleted. A previously published study demonstrated that ANK3 +/- mice exhibit bipolar

disorder-like behavioral alterations such as reduced anxiety and increased motivation for

reward 24 2. E15 ANK3 +/- brains were pulse-labeled with BrdU, harvested, and immunolabeled

with antibodies against BrdU and Ki67. Images covering the same area were taken from 5-7

consecutive brain slices per animal. Consistent with our in utero electroporation assay, we

observed a significant increase in the number of BrdU-positive cells in ANK3 +/- mice compared
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to wild-type littermates (Figure 3-2d,e). The increase in BrdU labeled cells was accompanied by

a significant decrease in cell-cycle exit (Figure 3-2d,f). These results further confirm that

ankyrin-G is a positive regulator of neural progenitor proliferation.

Consistent with the observation of increased proliferation, we also observed a significant

increase in mitotic activity in the in utero transfected GFP+ population in ankyrin-G knockdown

animals based on immunoreactivity for phosphohistone H3 (PHH3) 94, which labels mitotic cells

(Figure 3-2g,h). In addition, we observed a reduced percentage of GFP* cells in the cortical

plate (CP) following ankyrin-G knockdown compared to controls (Figure 3-2i). Reduction in

GFP* cells in the cortical plate could be due to either a delay in neuronal differentiation, or an

early neuronal migration defect. To rule out the latter possibility, we analyzed the distribution of

GFP+ cells exclusively in the intermediate zone/cortical plate population and found no

significant difference between control and ankyrin-G knockdown conditions (data not shown).

The fact that the increase in GFP+ cells in the ventricular zone (VZ) correlates with the

reduction in GFP+ cells in the CP is suggestive of a neuronal differentiation phenotype. To test

this possibility, we examined immunoreactivity for Tuj1, a marker of differentiated neurons94.

Our results showed that ankyrin-G knockdown reduced the percentage of GFP* cells

overlapping with the Tuj1 cells in the cortex, which are mostly localized to the cortical plate and

intermediate zone (IZ; Figure 3-2j,k). Overall, these results suggest that ankyrin-G knockdown

increases progenitor proliferation through reducing cell cycle exit and neuronal differentiation in

the developing brain.
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Figure 3-2: Ankyrin-G regulates progenitor cell proliferation in developing cortex.

a) Images of E16 mouse cortices electroporated at E13 with non-targeting (left panel, Control) and

ankyrin-G-directed small hairpin (right panel, AnkG shRNA) and GFP expression plasmid. Single-pulse

BrdU was injected 2 hour prior to brain dissection. Images were stained for GFP (green), BrdU (red) and
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Ki67 (white). Arrows indicate BrdU, GFP double-positive cells, and arrowheads indicate Ki67, BrdU, GFP

triple positive cells. b) Ankyrin-G knockdown resulted in increased BrdU incorporation (Control, n=3;

shRNA1 and shRNA2, n=4). c) Ankyrin-G knockdown decreased cell cycle exit (Control, n=3; shRNA1

and shRNA2, n=4). d) Images of E15 ANK3 +/- brains stained for BrdU (green) and Ki67 (white). Images

were taking by keeping the width of the images constant, and covering all the cortical layers (VZ, SVZ, IZ

and CP). e) Number of BrdU-positive cells per brain slice is significantly increased in ANK3 +/- animals

compared to wild type littermates (WT, n=2; ANK3 +/-; n=3). f) Cell cycle exit in the BrdU-positive

population is decreased in ANK3 +/- animals compared to wild type littermates (WT, n=2; ANK3 +/-; n=3).

g) Images of E16 mouse cortices electroporated at E13. Images were stained for GFP (middle images in

each set), PHH3 (left images in each set) and DAPI. Arrows indicate GFP, PHH3 double-positive cells. i)

Ankyrin-G knockdown increased mitotic index as measure by PHH3 staining (Control, n=4; shRNA1 and

shRNA2, n=3). h) Distribution of GFP+ cells in different cortical zones 72 hours after transfection at E16.

Consistent with proliferative effect of ankyrin-G, percentage of GFP+ cells increased in the VZ/SVZ after

ankyrin-G knockdown (Control, n=7; shRNA1, n=5 and shRNA2, n=6). j) Images of E16 mouse cortices

electroporated at E13. Images were stained for GFP (middle images in each set), Tuj1 (left images in

each set) and DAPI. k) Fraction of GFP+ cells overlapping with Tuj1staining is reduced after ankyrin-G

knockdown (Control, n=7; shRNA1, n=5 and shRNA2, n=8). All analyses, one-way analysis of variance

(one-way ANOVA) followed by Dunnett's Multiple Comparison Test, except panel (f) and (g) where

Unpaired t Test is used; *, P<0.05; **, P<0.01; ***, P<0.001. Scale bar: 10pm (a), 50pm (b, e) and 100pm

(h, k).
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Figure 3-3: Ankyrin-G knockdown reduces neural progenitor proliferation in developing cortex.

a) Images of E16 mouse cortices electroporated at E13 with nontargeting (left panel, Control) and

ankyrin-G-directed small hairpin (right panel, AnkG shRNA) and GFP expression plasmid. Images were

stained for GFP (green), BrdU (red) and Ki67 (blue). Arrows indicate BrdU, GFP double-positive cells,

and arrowheads indicate Ki67, BrdU, GFP triple positive cells. b) Ankyrin-G knockdown resulted in

increased BrdU incorporation (Control, n=4; shRNA1 and shRNA2, n=7). c) Ankyrin-G knockdown

decreased cell cycle exit (Control, n=3; shRNA1, n=8 and shRNA2, n=4). All analyses, one-way analysis

of variance (one-way ANOVA) followed by Dunnett's Multiple Comparison Test; *, P<0.05; **, P<0.01;

P<0.001
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Ankyrin-G Regulates Wnt Reporter Activity

The observation of abundant ankyrin-G expression in the ventricular zone in a pattern similar to

P-catenin expression and the up-regulation of neural progenitor proliferation following ankyrin-G

knockdown, combined with the well-known role of Wnt signaling in proliferation, led us to ask

whether ankyrin-G plays a role in canonical Wnt signaling, of which P-catenin is a core

component. Additionally, the Wnt pathway has recently been implicated in several psychiatric

disorders via its regulatory function in cortical neurogenesis94,233 . To measure Wnt-mediated

transcriptional activity, we used a luciferase reporter construct containing seven copies of the

TCF/LEF-binding site (8XSuperTOPFLASH), which can be activated by P-catenin downstream

of canonical Wnt signaling243244. Murine P19 cells were transfected with either control or

ankyrin-G-targeting shRNA constructs together with the luciferase reporter construct. We found

that, following knockdown of ankyrin-G, TCF/LEF-reporter activity was increased in the absence

of Wnt3a stimulation compared to controls (Figure 3-4a, left). Wnt3a treatment increased the

TCF/LEF reporter activity by -2 fold, and AnkG knockdown further upregulated the luciferase

activity by -1.5 fold (Figure 3-4a, right). These results suggest that ankyrin-G negatively

regulates the canonical Wnt signaling pathway. To further decipher this mechanism, we

examined the protein expression levels of several canonical Wnt pathway components following

ankyrin-G knockdown in P19 cells. We observed that neither the mRNA (Figure 3-4b) nor the

protein (Figure 3-4c,d) levels of P-catenin were altered following ankyrin-G knockdown

compared to control conditions in P19 cells. Moreover, we did not detect differences in GSK3P

or phospho-GSK3p (pY216 GSK3P) abundance at the whole-cell level following ankyrin-G

knockdown (Figure 3-4c,d), suggesting that ankyrin-G does not directly regulate the abundance

of these canonical Wnt pathway components.

106



No Wnt Stimulation

n~'n
Control AnkG AnkG

shRNA 1 shRNA 2

c d
AnkG AnkG

Control shRNA 1 shRNA 2

atenin

GSK3P

pY216 GSK3P
U-

AAnkG

cn

Wnt Stimulation
4.

.21 1
S0

Control Control AnkG AnkG
shRNA1 shRNA2

+Wnt

R-catgenin GSK3B

b
1.5

0 -

0.5-
z

0.0.

P-catenin mRNA Expression

Control AnkG AnkG
shRNA1 shRNA2

pY216 GSK3B
1.5 1.5- 1.5-

1. 1.0- 17-

0.5 -u.
0.5  0.5-

Control AnkG AnkG Control AnkG AnkG Control AnkG AnkG
shRNAI shRNA 2 shRNA1 shRNA2 shRNA1 shRNA2

e AnkG AnkG f
Control shRNA I shRNA 2 IP: P-cat 1.1 7 ns

m n IEB : E-cad -6 -

6 B: "-ct u 0

B 1bE-Cad
Fooft.

0 -Cat -0.7

AnkG M.6

Control AnkG AnkG
shRNA I shRNA 2

gE14 WY Ank3+/- 1P: p-cat h 1.5.

IB: E-cad *

lB: P-cat L. 1-0.

lMMaE-cad M

P-cat 0 .0

meemesmenemnActin L 0 0.0 1 1
WVT ANK3 +/-

Figure 3-4. Ankyrin-G regulates Wnt signaling.

a) Ankyrin-G negatively regulates canonical-Wnt signaling. Ankyrin-G knockdown resulted in significant

increase in luciferase activity with (right) or without (left) Wnt3A stimulation (No Wnt stimulation; n=4, Wnt

stimulation; n=8 ). b) 1-catenin mRNA levels were not changed after ankyrin-G knockdown (Control and

shRNA1, n=7; shRNA2, n=6). c) Ankyrin-G knockdown does not alter expression of canonical-Wnt

signaling proteins. Sample western blots shown for several components of canonical-Wnt signaling. d)

Quantification of protein expression levels does not show significant difference after ankyrin-G

knockdown compared to control, except ankyrin-G levels (please see Supplementary Figure 1 for ankyrin-
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G quantification) (n >3, in all cases). e) Ankyrin-G knockdown reduces interaction between E-cadherin

and P-catenin in P19 cells. Immunoprecipitation (IP) with P-catenin antibody followed by immunoblotting

(IB) E-cadherin antibody. Input, 5% of the total protein used for immunoprecipitation f) Fold change of E-

cadherin levels normalized to loading immunoprecipitated P-catenin (Control and shRNA2; n=5; shRNA1,

n=3). g) Ankyrin-G knockdown reduces interaction between E-cadherin and P-catenin in E14 ANK3 +/-

mice brain lysates. Immunoprecipitation (IP) with P-catenin antibody followed by immunoblotting (IB) E-

cadherin antibody. Input, 5% of the total protein used for immunoprecipitation. h) Fold change of E-

cadherin levels normalized to immunoprecipitated P-catenin (WT, n=7; ANK3 +/-, n=6). All analyses, one-

way analysis of variance (one-way ANOVA) followed by Dunnett's Multiple Comparison Test, except for

panel (a) where Tukey's Multiple Comparison Test is used, and panel (h) where Unpaired t Test is used;

*, P<0.05; **, P<0.01; ***, P<0.001.
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Ankyrin-G Knockdown Alters the Subcellular Localization of (-catenin

In addition to its central role in Wnt-mediated TCF/LEF transcription, -catenin is a core

member of a cell-cell adhesion complex comprised of cadherins and catenins (the cadherin-

catenin complex) 237. Although it was previously thought that the cadherin-bound pool of P-

catenin cannot be made available for Wnt signaling, recent studies have suggested instead the

existence of an interplay between Wnt signaling and this cell adhesion complex1 73 2 37 23 9

Specifically, studies show that sequestration of P-catenin at cell-cell adhesion sites via E-/N-

cadherin overexpression down-regulates Wnt signaling and that the absence of E-cadherin in

embryonic stem cells results in the accumulation of free P-catenin in the nucleus 245 . Importantly,

ankyrin-G has been identified to be a molecular partner of E-cadherin in epithelial cells and is

required for the proper accumulation of E-cadherin to cell-cell contact sites229. Therefore, we set

out to evaluate how ankyrin-G knockdown affects the integrity of the adherens junctions, as well

as to determine changes in the subcellular localization and levels of P-catenin following ankyrin-

G knockdown. First, following ankyrin-G knockdown in P19 cells, we examined the association

of P-catenin and E-cadherin by immunoprecipitation followed by western blot analysis. We

found that the amount of E-cadherin co-immunoprecipitated with P-catenin was markedly

decreased in ankyrin-G knockdown conditions compared to controls (Figure 3-4e,f). We then

repeated this experiment using brain lysates from E14 ANK3 +/- mice. Consistent with the

shRNA knock-down assay, the interaction between P-catenin and E-cadherin is significantly

reduced in ANK3 +/- mice compared to wild-type littermates (Figure 3-4g,h).

We next used immunohistochemistry to determine whether the reduced interaction

between E-cadherin and P-catenin might lead to alterations in the subcellular localization of P-

catenin. P19 cells were transfected with either nuclear GFP-expressing scrambled shRNA

(Control) or ankyrin-G shRNA constructs for 48 hours, then fixed and immunolabeled with

antibodies against ankyrin-G and either P-catenin or E-cadherin. In control cells, as previously

observed229, E-cadherin is localized to the cell membrane, as suggested by the
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immunoreactivity surrounding the cell. However, ankyrin-G knockdown disrupted the localization

of E-cadherin to the cell periphery, resulting instead in a distribution that is more diffuse

throughout the cell (Figure 3-5a, b). This disrupted E-cadherin phenotype was observed in over

85% of ankyrin-G knockdown cells, compared to 20% of control cells (Figure 3-5a). Consistent

with previous observations, P-catenin is mostly localized to the plasma membrane in control

shRNA-transfected cells (Control; Figure 3-5c,d). In ankyrin-G knockdown cells, however, P-

catenin localization to the cell periphery was less conspicuous (AnkG shRNA; Figure 3-5c, d).

The P-catenin on the cell membrane is presumably in a complex with E-cadherin23 7

Therefore, since the overall levels of P-catenin do not change in the absence of ankyrin-G

(Figures 3-4b, c and ), we hypothesized that reduced levels of E-cadherin/P-catenin at the

plasma membrane following ankyrin-G knockdown might increase the levels of free, non-

membrane-bound P-catenin that would then be available for Wnt signaling. We measured

nuclear P-catenin levels in transfected cells expressing control shRNA or ankyrin-G shRNAs, as

well as nuclear GFP, and observed a marked increase in the amount of P-catenin

immunoreactivity localized to the nucleus (Figures 3-5c,d and e). Finally, to confirm that this

phenomenon is observed in the brain in vivo, we examined the localization of intracellular P-

catenin in cortical progenitor cells in sections from in utero transfected E16 embryos as well as

from E15 ANK3 +/- brains. These sections were immunolabeled with antibodies against P-

catenin, Ki67 (to label cycling cells) and DAPI. In both in utero ankyrin-G knockdown and ANK3

+/- animals, a greater level of P-catenin immunoreactivity was observed throughout the

cytoplasm and the nucleus of Ki67* cells compared to those from control animals (Figure 3-5f

and h, respectively). Additionally, consistent with the in vitro assay, increased levels of nuclear

P-catenin are observed in proliferating cortical neural progenitor cells (Figure 3-5g,i). These data

suggest that ankyrin-G knockdown reduces the levels of E-cadherin localized to cadherin-

catenin complexes at the plasma membrane, which in turn results in an increased abundance of

P-catenin in the nucleus, which is then available for the activation of Wnt signaling.
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Figure 3-5. Ankyrin-G knockdown increased nuclear P-catenin levels.

a) Top panels are control cells transfected with non-targeting shRNA (Control) and lower panels are cells

transfected with ankyrin-G targeting shRNA (AnkG shRNA). Ankyrin-G knockdown disrupts E-cadherin

localization to cell membrane. P19 cells are stained for ankyrin-G (white), E-cadherin (red), GFP (green)

and DAPI (blue). b) Orthogonal images of single cells showing that ankyrin-G knockdown disrupt E-

cadherin localization to cell membrane. Arrows point to E-cadherin expression on the cell membrane. c)

Ankyrin-G knockdown disrupts P-catenin localization to cell membrane, and increases nuclear P-catenin

levels. P19 cells are stained for ankyrin-G (white), 1-catenin (red), GFP (green) and DAPI (blue). d)

Orthogonal images of single cells showing that nuclear P-catenin levels are increased after ankyrin-G

knockdown in P19 cells. Cell nuclei are circled in each image. Arrows point to P-catenin expression on the

cell membrane. e) Quantification of nuclear P-catenin levels showing increased levels of P-catenin after

ankyrin-G knockdown (Control, n=127; shRNA1, n=165; shRNA2, n=130; three different cultures in all

cases). f) Ankyrin-G knockdown increases nuclear P-catenin levels in proliferating neural progenitors in

vivo. Images of E16 mouse cortices electroporated at E13 with non-targeting (top panel, Control) and

ankyrin-G-directed small hairpin (bottom panel, AnkG shRNA) and GFP expression plasmid. Images were

stained for GFP (green), Ki67, cell cycle marker (white), P-catenin (red) and DAPI (blue). Arrows indicate

Ki67, GFP double-positive cells. g) Quantification of nuclear P-catenin levels showing increased levels

upon ankyrin-G knockdown compared to control (Control, n= 16; shRNA1 and shRNA2, n=13; two

different animals per condition). f) Loss of ankyrin-G also results in increased nuclear P-catenin levels in

proliferating neuroprogenitors in vivo. E15 brain slices from wild-type (top panels) and ANK3 +/- animals

are stained for Ki67 (red), P-catenin (green) and DAPI (blue). g) Quantification of nuclear P-catenin levels

showing increased levels in ANK3 +/- animals compared to wild-type littermates (WT, n= 16; ANK3 +/-,

n=22; two different animals per condition). All analyses, one-way analysis of variance (one-way ANOVA)

followed by Dunnett's Multiple Comparison Test, except for panel (i) where Unpaired t Test is used; *,

P<0.05; **, P<0.01; ***, P<0.001. Scale bar: 10 pm
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Increased GSK38 Levels Ameliorated Heightened Wnt Signaling Caused by Ankyrin-G

Loss of Function

Our findings suggest that ankyrin-G is a negative regulator of the Wnt signaling pathway,

since reduced levels of ankyrin-G lead to upregulated TCF/LEF reporter activity and nuclear 3-

catenin accumulation. To directly test this hypothesis, we examined the effect of the

overexpression of GSK3P, which phosphorylates P-catenin and targets it for ubiquitin-

dependent proteasomal degradation 24,247, upon on the ankyrin-G loss of function phenotype. In

P19 cells, increased TCF/LEF luciferase reporter activity, observed as the result of ankyrin-G

shRNA knockdown, was completely reversed by the overexpression of GSK3P (Figure 3-6a).

These results indicate that ankyrin-G functionally interacts with other Wnt signaling proteins

such as GSK3P and that the effects of ankyrin-G knockdown on Wnt signaling activity can be

normalized by reducing P-catenin abundance. Together these results further suggest that

ankyrin-G is a negative regulator of Wnt signaling

In Vivo Defects in Neurogenesis Caused by Ankyrin-G Knockdown Can Be Rescued via

Depletion offl-catenin Levels in the Developing Cortex

Given that the ankyrin-G-mediated increase in TCF/LEF activity can be normalized via

the expression of a core member (GSK3P) of the Wnt signaling pathway, we hypothesized that

the neurogenesis defects caused by in vivo knockdown of ankyrin-G could be rescued via

similar manipulations. To examine whether the overexpression of GSK3P can normalize the

effects of ankyrin-G knockdown, we performed in utero electroporation at E13 with control or

ankyrin-G shRNA and co-expressed either control empty vector or GSK3P overexpression

construct. Pulse labeling with BrdU was performed at E16 and brains were harvested 2 hours

later. As shown earlier, knockdown of ankyrin-G resulted in increased BrdU incorporation in the

GFP+ cell population, indicating increased proliferation (Figure 3-6b, c, e). Consistent with the

TCF/LEF luciferase assay, the co-expression of GSK3P with ankyrin-G shRNA led to levels of
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BrdU incorporation that were indistinguishable from the control condition (Figure 3-6b, d, e).

Additionally, overexpression of GSK3P was able to rescue the reduced cell cycle exit phenotype

associated with ankyrin-G down-regulation (Figure 3-6b, c, d, f). Finally, we have observed

normal GFP* cell distribution upon co-expression of GSK3P with ankyrin-G shRNA (Figure 3-

6g). These findings demonstrate that the neurogenesis defects resulting from the in vivo

knockdown of ankyrin-G can be rescued via dampening Wnt signaling through modulation of

other core members of this signaling pathway. These in vivo neurogenesis data, in addition to

our in vitro TCF/LEF reporter data, suggest that ankyrin-G exerts its effect on neural progenitor

proliferation via controlling the pool of P-catenin participating in Wnt signaling (Figure 3-7).
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Figure 3-6. Dampening canonical Wnt-signaling rescues phenotypes associated with ankyrin-G

knockdown.

a) GSK3P overexpression rescues increased Wnt-mediated luciferase activity (in all cases, n=4; Tukey's

Multiple Comparison test). b-d) Images of E16 mouse cortices electroporated at E13 with non-targeting

(b, Control) or ankyrin-G-directed small hairpin along with either empty vector (c, AnkG shRNA) or

GSK3P overexpression construct (d, AnkG shRNA + GSK30), and GFP expression plasmid. Images were
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stained for GFP (green), BrdU (red) and Ki67 (blue). e) Increased BrdU incorporation associated with

ankyrin-G knockdown is reduced to control levels when ankyrin-G shRNA is co-expressed with GSK3P

(Control + Empty Vector, n=4; AnkG shRNA + Empty Vector, n=2; AnkG shRNA+ GSK3P, n=4; Tukey's

Multiple Comparison Test). f) Co-expression of GSK33 with ankyrin-G shRNA rescues the cell cycle exit

phenotype assayed using Ki67 proliferative marker (Control + Empty Vector, n=4; AnkG shRNA + Empty

Vector, n=2; AnkG shRNA+ GSK3P, n=4; Tukey's Multiple Comparison Test). g) Distribution of GFP* cells

in different cortical zones 72 hours after transfection at E16. Co-expression of GSK3P with ankyrin-G

shRNA reduced the percentage of GFP+ cells in the VZ compared to ankyrin-G knockdown condition

(Control + Empty Vector, n=4; AnkG shRNA + Empty Vector, n=2; AnkG shRNA+ GSK3P, n=4; Tukey's

Multiple Comparison Test). *, P<0.05; **, P<0.01; ***, P<0.001. Scale bar: 100 pm
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Discussion

In the current work, we describe a novel role for ankyrin-G in brain development.

Extensive work has addressed the role of ankyrin-G as a scaffolding protein required for

neuronal polarity and the formation of the AIS 9,1 0. Our findings indicate that ankyrin-G is also an

important regulator of neural progenitor cells in the developing cortex. In the current literature,

one of the hypotheses posits that early neurodevelopmental changes predispose the individual

to the development of schizophrenia in adulthood248,249. Furthermore, autism spectrum disorders

are often associated with increased brain size and malformation of multiple brain regions

including the cortex, suggesting alteration in aspects of neurogenesis, such as the proliferation

and differentiation of cortical neurons. Our study further supports these findings and also

suggests that neurodevelopmental changes likely also underlie bipolar disorder etiology.

Recently, it was shown that ankyrin-G regulates the production of olfactory bulb

interneurons in the adult brain via its up-regulation in radial glia destined to become SVZ

ependymal cells 250 . In this environment, ankyrin-G is required for the SVZ niche assembly

through the lateral adhesion of neural progenitors 250 . Consistent with this study, we show that

ankyrin-G regulates proliferation and new neuron production in the developing brain via a

mechanism that involves E-cadherin localization to the cell membrane and alterations in

subcellular P-catenin levels. Our results suggest, for the first time, that ankyrin-G modulates

subcellular compartmentalization of p-catenin, and thereby controls the pool of cellular P-catenin

available to participate in Wnt signaling in cortical progenitor cells (Figure 3-7).

Our data suggest a model in which ankyrin-G regulates P-catenin anchoring at the

progenitor cell membrane via its interaction with E-cadherin. Thus, when ankyrin-G is down

regulated, the localization of E-cadherin to the cell membrane is reduced, and P-catenin

becomes available to act at the nucleus, where it modulates gene transcription (Figure 3-7). In
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Figure 3-6. Working model for ankyrin-G function during cortical development.

a) In control condition ankyrin-G localizes E-cadherin to plasma membrane where it participates in

cadherin-catenin complex. b) In ankyrin-G knockdown condition, E-cadherin localized to plasma

membrane is reduced, which in turn results in increased free P-catenin available for Wnt signaling.

Upregulation of Wnt signaling results in increased neural progenitor proliferation in developing cortex.
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support of this model, it has previously been shown that ankyrin-G down-regulation decreases

N-cadherin attachment to the cell membrane in postnatal radial glia progenitors during the SVZ

niche formation250 . Therefore, by regulating the levels of nuclear P-catenin available for Wnt

signaling, ankyrin-G acts to negatively regulate progenitor cell proliferation. Accordingly, we

were able to counteract the effects of ankyrin-G knockdown upon cortical progenitor proliferation

by dampening Wnt signaling via the overexpression of GSK3P, major component of this

pathway.

These findings support a hitherto unknown role for ankyrin-G in canonical Wnt signaling.

One of the most commonly-used medications for the treatment of bipolar disorder, lithium, has

been shown to inhibit the function of GSK3P, and this has been suggested to underlie some of

lithium's therapeutic effects49 . This mechanism of lithium action further implicates the canonical

Wnt pathway in psychiatric disorders. Although the current study does not have a direct line of

evidence suggesting the loss of function of ankyrin-G manifests itself in behavioral changes, a

recent study using the same ANK3+/- mice line demonstrated that loss of ankyrin-G results in

bipolar disorder-like behavioral alterations such as reduced anxiety which can be considered as

higher risk taking, and increased motivation for reward both of which are features of bipolar

disorder242 . Additionally, they demonstrated that behavioral changes caused by ankyrin-G

knockdown can be reversed by lithium administration 242. However, little is known about the

contribution of Wnt signaling to the etiology of mental illnesses.

We showed previously that deficits in neuronal proliferation via modulation of GSK3P/P-

catenin signaling underlie neurodevelopmental phenotypes reminiscent of psychiatric disorders,

such as schizophrenia233 . Furthermore, a recent analysis of GWAS data examining pathways

implicated in bipolar disorder found that the cadherin- and Wnt-signaling pathways are enriched

in this disease and confirmed ANK3 as a bipolar risk gene. Our study makes the novel
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observation that ankyrin-G may serve as a common regulator of both cadherin- and Wnt-

signaling pathways by altering the availability of P-catenin. We demonstrate the impact of

ankyrin-G loss of function on neurogenesis in the embryonic brain, supporting the importance of

Wnt signaling in the etiology of neurodevelopmental disorders. These results give new insights

into the study of psychiatric disease etiology, and support the idea that alterations in neuronal

proliferation are an important element underlying the pathology of mental illness.

Finally, it is worth discussing that ankyrin-G is also highly expressed at the apical

domain of radial glial progenitor endfeet at the ventricular surface. Mammalian Par3 (mPar3) is

exclusively expressed at apical domain during interphase where P-catenin expression is

minimal241 . Additionally, it was shown that mPar3 regulates asymmetric cell division of radial

glial progenitors via Notch signaling in the developing neocortex. Therefore, we cannot rule out

the possibility that ankyrin-G may also interact with mPar3 in radial glial progenitors, and

thorough which it regulates neural progenitor proliferation. This regulation would be expected to

be a P-catenin-independent pathway. Future studies will be needed to address whether ankyrin-

G also interacts with mPar3 in neural progenitors in the developing neocortex.

Materials and Methods

DNA constructs

shRNA constructs used in this study were cloned into pLKO.2 PU6-shRNA/PUbiC-eGFP vector

available from Broad Institute. Control non-targeting shRNA (Sigma, SHCO02) and shRNA2

targeting Ank3 were obtained from the Petryshen lab at MGH. shRNA1 targeting Ank3 is

obtained from Broad Institute. The sequences can be found on Table 3-1. Full length HA-

GSK3P (kind gift from Dr. Yingwei Mao at Penn State University, PA) were previously used in

Mao et al 2009233. Super8XTOPFLASH, a gift from Dr. R. Moon (University of Washington, WA)
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and a Renilla-Luc-TK reporter (pRL-TK, Promega) were used for testing TCF transcriptional

activity. pCAGIG-Venus was provided by Dr. Zhigang Xie (Boston University, MA).

Animals

Swiss Webster pregnant female mice were purchased from Taconic (Hudson, NY, USA) for in

utero electroporation. Ank3 +/- mice were kind gifts from Bennett Lab (Duke University) and

have been described elsewhere2 42 25 1

Cell Culture

P19 embryonic carcinoma cell line was cultured in Dulbecco's Modified Eagle Medium (DMEM)

GlutaMAX (10566-016, Invitrogen) containing 10% FBS and penicillin/streptomycin.

Antibodies and Reagents

The following primary antibodies were used in this study: rabbit anti-ankyrin G antibody (H-215,

Santa Cruz Biotechnology), rabbit anti-p-catenin antibody (H-102, Santa Cruz Biotechnology),

mouse anti-p-catenin antibody (610153, BD Transduction Laboratories), mouse anti-ZO-1

antibody (33-9100, Invitrogen), chicken anti-GFP antibody (GFP-1 020, Aves Labs), mouse anti-

BrdU antibody (M0744, Clone Bu20a, DakoCytomation), rabbit anti-Ki67 antibody (Clone SP6,

Lab Vision/Thermo Scientific), rabbit anti-phospho-Histone H3 (Ser 0) antibody (06-570,

Millipore), mouse anti-GSK3P antibody (610202, BD Transduction), mouse anti-pY216 GSK3P

antibody (ab75745, Abcam), anti-actin (Sigma A5316, clone AC-74) and mouse anti-E-cadherin

antibody (610181, BD Transduction). Alexa-conjugated secondary antibodies (Jackson

ImmunoResearch) were used for IHC and ICC. Recombinant human Wnt-3a was purchased

from R&D Systems (Catalog number: 5036-WN). BrdU (5-Bromo-2'-deoxyuridine) was

purchased from Sigma-Aldrich (B5002-5G).
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Immunohistochemistry

Brain Sections: Embryonic cortical brains were drop-fixed overnight in 4% formaldehyde (FA)

and then transferred to 30% sucrose/PBS solution at 4*C. Brains were embedded in O.C.T.

compound (Electron Microscopy Sciences) and sliced into 14 - 20 pm sections using cryostat.

Cryosections were rehydrated with 1X PBS and blocked for 1 - 2 hours with blocking solution

(1X PBS + 10% Donkey Normal Serum + 0.3% Triton-X). Following blocking, the cryosections

were incubated with primary antibodies overnight at 40C. Incubation with secondary antibodies

were performed for 1 hour at room temperature. Finally, cryosections were mounted using

ProLong Gold Antifade Reagent (Invitrogen).

Cell Cultures: Cell cultures were plated onto cover slips in 24-well plates. Following transfection

with Lipofectamine 2000, cells were fixed with 4% FA at room temperature for 10 min and then

washed 3 times with 1X PBS. Following 30 min blocking, they were incubated with primary

antibodies for 45 - 60 min, washed again with 1X PBS, incubated with secondary antibodies for

30 min and finally washed and mounted for imaging.

Western Blot Analysis

Transfected cells were lysed and run on 8% SDS-polyacrylamide gels at 60 - 120 constant

voltage to separate, and transferred onto Immobilon-P PVDF membranes (Millipore) at constant

current. Membranes were blocked using 5% BSA prepared in TBS-T (50 mM Tris-HCI pH 7.4,

150 mM NaCl, 0.1% Tween-20) for 30 min at room temperature. Membranes were incubated

with the primary antibodies overnight at 40C. Next, they were washed 3 times with TBS-T,

followed by incubation with horseradish peroxidase-conjugated secondary antibodies (GE) for 1

hour at room temperature. Following washing with TBS-T, immunoreactivity signals were

detected by enhanced chemiluminescence (Perkin Elmer).
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qPCR

Total RNA was collected using the Rneasy Plus Kit (Qiagen) 48 hours after transfection.

Reverse transcription of the mRNA transcripts to produce cDNA for QPCR was achieved using

the SuperScript Ill Reverse Transcriptase (Invitrogen). qPCR was performed using SsoFast

Evagreen Supermix (Bio-Rad) on CFX96 Real-Time PCR Detection System (Bio-Rad). The

reactions were run in triplicates and average of these triplicates were used for statistical

analysis. P-actin was used as internal control. Primer sequences used for qPCR can be found in

Table 3-1.

Immunoprecipitation

48 hour post-transfection, transfected cells were lysed in 1X lysis buffer (150 mM NaCl, 0.1%

NP40, 50 mM Tris, pH7.5, 5 mM EDTA) with protease inhibitors. Whole-tissue lysates of Ank3

+/- mice brains were prepared by homogenization in 500 pl solution including 50 mM Tris, 120

mM NaCl, 0.5% NP-40 with protease inhibitors. 0.5 mg of protein from each condition was

added to protein A sepharose beads (GE Healthcare) conjugated with P-catenin antibody, and

incubated overnight at 40C. The beads were then washed with RIPA and lysis buffers before

boiling in Laemmli sample buffer. Following SDS-Page to separate the proteins, blots were

probed with E-cadherin antibody.

In utero Electroporation

The Institutional Animal Care and Use Committee of Massachusetts Institute of Technology

approved all experiments. In utero electroporation was performed as described elsewhere 2

Briefly, pregnant Swiss Webster mice were anesthetized by intraperitoneal injections of

Ketamine 1 % / Xylazine 2 mg/ml, the uterine horns were exposed, and the plasmids mixed with

Fast Green (Sigma) were microinjected into the lateral ventricles of embryos. Five pulses of

current (50 ms on / 950 ms off) were delivered across the head of the embryos. The following
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voltages were used for different ages: 28-30 V for E13 and 32-35 for E15. In the DNA mixture,

the shRNA plasmid concentration was 2 to 3-fold higher than that of pCAGIG-Venus. For rescue

experiments with GSK3P, the ratio between the ankyrin-G shRNA and GSK3P was 3:1 in co-

expression DNA mixture.

Luciferase Assay

Luciferase assays were performed as described elsewhere2 3 3 . P19 cells at 1x105 cell/well

density were plated into 24-well plates without antibiotics. Cells were transfected with 0.8 pg of

shRNA plasmid along with 50 ng of Super8xTOPFLASH and 10 ng of pRL-TK. The media was

replaced with one containing antibiotics 2 hours after transfection. Either 24 or 36 hours after

transfection, cells were stimulated with recombinant human Wnt3a for either 16 or 12 hours,

respectively, in Wnt-stimulated condition. TCF/LEF reporter activity was measured using the

Dual-Luciferase Reporter Assay System (Promega). For the rescue experiments, 0.2 pg of HA-

GSK3P was co-transfected with 0.6 pg of ankyrin-G shRNA. Firefly luciferase activity was

normalized to Renilla luciferase activity in all conditions.

Gene expression analysis.

Gene-
specific Forward sequence (5'-3') Reverse sequence (5'-3')
primers

ANK3 AGTGAAGAGCCAAAGGAGAAG TCAGAATCAAACTCCCTCGTG

Ctnnb I GCTATTCCACGACTAGTTCAGC AGCTCCAGTACACCCTTCTAC

Actb AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA

124



Knockdown assays.

Gene-
specific
shRNA

Ankyrin-
G CCTGCTCATAGGAAGAGGAAA

shRNA1

Ankyrin-
G CCGCCTGGTAAAGAGACATAA

shRNA2

Table 3-1: DNA construct and primer sequences. ANK3, ankyrin-G (NM_170730.1); Ctnnbl, I-

catenin (NM_007614); Actb, P-actin (NM_007393). Ankyrin-G shRNA1 (TRCN0000090056);

ankyrin-G shRNA2 (TRCN0000090054).
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CHAPTER 4:

The role of Bcl9 in brain development and cognition

Omer Durak, Richard Rueda, Takahiro Soda, Marlian Montesinos, Alexi Nott, Jun Wang,
Trongha X. Phan and Li-Huei Tsai

Abstract

BCL9 (B cell lymphoma 9) is a binding partner of P-catenin and required for Wnt

signaling. Copy number variation of the 1q21.1 region, which contains the BCL9 gene, has been

associated with risk for multiple psychiatric disorders. Microduplication of 1q21.1 regions has

been associated with ASD, developmental delays and macrocephaly, whereas microdeletion

has been associated with schizophrenia, ASD, developmental delay and microcephaly. In order

to investigate whether BCL9 play a role in microcephaly/macrocephaly phenotypes, as well as

behavioral phenotypes associated with ASD and schizophrenia, we characterized a mouse

model with brain-specific heterozygous deletion of Bc19 in neural progenitors of developing

brain. Gross morphological analysis of adult brain showed increased lateral ventricles and

reduced cortical thickness, as well as abnormal neuronal migration in hippocampus.

Furthermore, Bcl9 heterozygous mice showed deficits in disease-relevant behavior such as

learning and memory, anxiety, depression and social interaction. Finally, these mice displayed

reduced hippocampal long-term potentiation (LTP). Our findings suggest that deletion of Bcl9

may contribute to the changes in brain morphology and behavior observed in 1q21.1 deletion

syndrome.

O.D., T.S. and L.-H.T designed the study, and L.-H.T directed and coordinated the study. O.D. initiated,
planned and performed the experiments. T.S. initiated the Bcl9f/f and Nestin-Cre mice line corssing to
generate Bcl9 heterozygous deletion mice. O.D. and M.M. performed immunostaining and confocal
imaging. O.D., R.R. M.M. and A.N. conducted most of the behavioral experiments. J.W. conducted
electrophysiology recording. T.X.P. ran the circadian rhythm assay.

126



Introduction

Duplications and deletions in different regions of the human genome can cause

numerous disorders. Copy number variations (CNVs) in the 1q21.1 region has previously been

identified to be associated with multiple disorders such as intellectual disability, autism spectrum

disorder (ASD), mental retardation and schizophrenia19' 42 4 4 . Interestingly, microdeletion of the

distal 1q21.1 region was associated with ASD 19, whereas reciprocal duplication of the region

was associated with ASD and schizophrenia1 9,42-44. Furthermore, patients with microdeletion

displayed microcephaly, and microduplication was associated with macrocephaly 19. Other

clinical issues associated with 1q21.1 CNVs included seizures, sleep disturbances, ADHD and

feeding issues.

ASD is an etiologically and clinically complex neurodevelopmental disorder that is

typically characterized by social deficits, communication difficulties, stereotyped behaviors and

cognitive delays 23 ,24 . In many cases, these clinical symptoms are preceded by altered brain and

head growth apparent as early as the first year of age, strongly implicating perturbed neural

development in ASD etiology24-26 . Prefrontal cortex, which is involved in higher cognitive

functions such as social interaction and communication, has been shown to be the most

commonly affected brain region in ASD, exhibiting increased dendritic spine density, neuron

number and soma size in postmortem samples from ASD patients 27-31. Whereas ASD symptoms

manifest early life, schizophrenia is a late-onset disorder most commonly diagnosed between

the ages of 20 and 25253. Symptoms of schizophrenia include positive symptoms (i.e. delusions

or hallucinations), negative symptoms (i.e. diminished emotional expression or avolition) and

cognitive symptoms (i.e. deficits in learning and memory or attention)1 5'1 6. Alterations in cortical

morphology, especially regions concerning language processing, increased ventricle size and

changes in hippocampal circuitry are central to pathophysiology of schizophrenia21 22 . As such,
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understanding the mechanisms that regulate cortical and hippocampal devleopment is likely to

provide invaluable insight into the etiology of these disorders.

Minimum deletion region associated with 1q21.1 deletion syndrome contains a total of 9

genes including PRKAB2, FM05, CHD1L, BCL9, CAP6, GJA5, GJA8 and GPR89B. This

suggest that one or more of these could underlie the cause of behavioral deficits and

microcephaly/macrocephaly phenotypes observed in patients with 1q21.1 deletion/duplication.

Of these genes, BcI9 is a potential candidate for its known role in Wnt signaling.

Bcl9, which is the protein product of B-cell CLL/lymphoma 9 genes, is a homolog of

drosophila legless gene. It was shown that legless/Bcl9 functions a transcriptional coactivator of

P-catenin and is an essential for canonical Wnt signaling pathway254. In the absence of Wnt

ligand binding to its receptors, P-catenin protein is targeted for proteolytic degradation through

phosphorylation by the so-called destruction complex composed of scaffolding protein Axin, the

Adenomatous Polyposis Coli (APC) gene product, casein kinase 1 (CK1) and glycogen

synthase kinase 3P (Gsk3 P). Upon activation of canonical Wnt signaling, P-catenin is stabilized

in the cytoplasm through disassembly of the destruction complex. P-catenin then enters the

nucleus, where it binds to TCF/LEF family transcription factors to activate expression of Wnt

target genes255. In this complex, Bc19 functions as an adaptor protein binding to both P-catenin

and Pygopus (Pygo). Recruitment of Pygo to this complex is required for transcriptional activity

of P-catenin 254 . Furthermore, knockdown of Bcl9 has been shown to attenuate nuclear

localization of P-catenin, suggesting that Bc19 may be necessary for translocation to or retention

in nucleus of P-catenin.

An overwhelming body of literature has shown that Wnt signaling is necessary for proper

cortical and hippocampal development26 ,257 . In the embryonic brain, the Wnt signaling is

necessary for expansion of neural progenitor cells located in the ventricular zone (VZ) of mouse

cortex. Induction of Wnt signaling via overexpression of stabilized P-catenin increased neural
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progenitor proliferation due to reduced cell cycle exit165 . These findings suggest that

dysfunctional Wnt signaling in the developing brain may alter brain size. In dentate gyrus of

hippocampus, which is one of the two brain regions where adult neurogenesis occurs,

attenuated Wnt signaling has been shown to reduce the number of newborn neurons257

Dysfunctional adult neurogenesis has been implicated in impaired learning and memory, and

likely involved in mood and psychiatric disorders such as schizophrenia2.

In this study, we investigated the role of Bc19 in mouse brain development and behavior

under the hypothesis that Bcl9 may recapitulate some of the phenotypes observed in patients

with 1q21.1 microdeletion. To do that, we have created a heterozygous Bc19 conditional

knockout mice lacking Bc19 expression in neural progenitors. Gross morphological analysis of

adult brain showed increased lateral ventricles and reduced cortical thickness, as well as

abnormal neuronal migration in hippocampus. Furthermore, Bc19 heterozygous mice showed

deficits in disease-relevant behavior such as learning and memory, anxiety, depression and

social interaction. Finally, these mice displayed reduced hippocampal long-term potentiation

(LTP). Our findings suggest that deletion of Bcl9 may contribute to the changes in brain

morphology and behavior observed in 1q21.1 deletion syndrome.

Results

BCL9/Bcl9 expression is high both in human and mouse developing brain

The role of Bc19 in neuronal and brain development has not been studied previously. In

order to understand whether Bcl9 is important for brain development, we first investigated the

temporal expression of BcI9 in the developing mouse and human brain. Mouse cerebral cortical

samples ranging from E13 to P2 were collected and subjected to qPCR using Bc/9-specific

primers. BcI9 expression was highest at E13 cortex which progressively decreased with lowest

expression at P2 (Figure 4-1a). To understand how the BCL9 temporal expression in human
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Figure 4-1. BcI19 is highly expressed in developing mouse and human embryonic brain.

(a) Bcl9 is highly expressed in early embryonic mouse cortex (E13; n=6, E14; n=6, E16; n=7, E18; n=7,

E19; n=5, PO; n=7, P2; n=5,). (b) BCL9 expression in the developing human dorsolateral prefrontal cortex

(DFC) (Early fetal (8 post-conceptional weeks (PCW) 5 Age < 13 PCW); n=4, Early mid-fetal (13 PCW

Age < 19 PCW); n=7, Late mid-fetal (19 PCW 5 Age < 24 PCW); n=2, Late fetal (24 PCW < Age < 38

PCW); n=3, Infancy (0 months (M) (Birth) Age < 12 M); n=3, Childhood (1 postnatal year (Y) 5 Age < 12

Y); n=7). "n" refers to number of different brain tissue samples.
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brain compares to mouse brain, we assessed the BCL9 expression in developing human DFC

using BrainSpan developmental transcriptome data generated from post-mortem human brains.

Age of the brain samples ranged from Early Fetal (9-12 post conception weeks) to Childhood (1-

11 year old). BCL9 was highly expressed in developing human DFC, with expression peaking

around early fetal period. Its expression decreases with the progression of corticogenesis with

lowest expression at childhood period (Figure 4-1 b). These findings show that temporal

expression of BcI9/BCL9 is very similar between mouse and human developing brain, and

indicates that the role of BcI9/BCL9 may be conserved between two species. Furthermore,

progressive reduction in expression throughout early development combined with its key role in

Wnt signaling suggest that BcI9/BCL9 could play a pivotal role in early brain development.

Generating brain-specific Bc9 deletion mouse model

To investigate whether deletion of BcI9 is associated with defects in brain morphology

and adult behavior, we have generated heterozygous BcI9 conditional knockout (BcI9 Het cKO)

mice lacking BcI9 expression in neural progenitors. This mouse line was created by crossing

BcI9 loxP-flanked mice with transgenic Nestin-promoter-driven Cre (Nestin-Cre) mice. The loss

of BcI9 in E15 cerebral cortex (Figure 4-2a), 3 month-old cerebral cortex (Figure 4-2b) and

hippocampus (Figure 4-2c) was confirmed by qPCR. As expected there was around 50%

reduction in BcI9 expression in both embryonic and adult cortex of BcI9 Het cKO mice (Figure 4-

2a,b) compared to control mice (heterozygous for BcI9 but negative for Nestin-Cre). However,

we observed an -80% decrease in BcI9 expression in hippocampus collected from 3 month-old

mice (Figure 4-2c). Unexpectedly, characterization of gross body development showed that both

male and female BcI9 Het cKO mice were significantly smaller than their control littermates

evident by reduced whole body weight (Figure 4-2d). This is quite interesting as approximately

43% of patients with 1q.21.1 microdeletion display either short stature or FTT (failed to thrive;

pediatric term for faltering weight).
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Figure 4-2. BcI9 Het cKO mouse shows reduced Bc19 expression and reduced body weight.

(a) qRT-PCR analysis of Bcl9 expression using E15 cortical samples from control and BcI9 Het cKO mice

(Control; n=3, Bcl9 Het cKO; n=3). (b) qRT-PCR analysis of Bcl9 expression using 3-month old cortical

samples from control and BcI9 Het cKO mice (Control; n=4, Bc19 Het cKO; n=2). (c) qRT-PCR analysis of

Bc19 expression using 3-month old hippocampal samples from control and BcI9 Het cKO mice (Control;

n=4, Bc19 Het cKO; n=4). (d) Body weight of control and BcI9 Het cKO mice were measured using 3-

month old animals. BcI9 Het cKO mice have significantly reduced body weight (Control; n=10, Bc19 Het

cKO; n=1 1). All analyses, two-tailed t-test; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001.
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Bcl9 Het cKO mice display defects in brain morphology

Previous studies have shown that 1q21.1 microdeletion is associated with microcephaly,

whereas microduplication is associated with macrocephaly. However, the role of BcI9 in brain

development has previously not been studied. We wondered whether brain-specific deletion of

BcI9 could mimic the microcephaly phenotype observed in these patients. To characterize the

brain morphology, we used 3 month-old male BcI9 Het cKO mice and compared them to

littermate controls. First, we immunostained region-matched brain slices with DAPI to determine

gross brain morphological changes. Bc/9 Het cKO mice displayed smaller brain size compared

to control littermates (Figure 4-3a, b). Furthermore, the smaller brain size was accompanied

with increased lateral ventricle size in both hemispheres, which one of the most consistently

observed brain structural abnormality in schizophrenia (Figure 4-3a, c). These findings suggest

that there is an overall reduction in whole brain mass.

Accumulating body of evidence suggest that defects in cortical development could be a

common defect for underlying the etiology of ASD24 ,2 5. Additionally, reduced cortical thickness

has been observed in schizophrenic patient brains 25 9. To determine whether deletion BcI9

causes any defects in cortical thickness and organization, we first measured the cortical

thickness in DAPI immunostained brain slices. There was significant decrease in cortical

thickness in BcI9 Het cKO mice brain compared to control animals (Figure 4-3a, d). We further

investigated the organization of cortical layers using two different cortical layer markers, Tbrl

and Brnl. Tbrl is a deep layer marker mainly labeling cortical layer 6 and part of layer 5,

whereas Brn1 is a superficial cortical layer marker mainly labeling layers 1-4 and part of layer 5.

In both BcI9 het cKO and control mice, Tbrl and Brn1 immunostainings were largely similar

where Tbrl antibody immunolabeled deep cortical layers, and Brn1 labeling more superficial

layer suggesting intact cortical layer organization (Figure 4-3e).
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Figure 4-3. BcI9 Het cKO mice display defects in brain morphology.

(a) Images of coronal brain slices of 3-month old control (left) and BcI9 Het cKO (right) male mice stained

for DAPI. Images were captured using tile scan of a confocal microscope. (b) Whole brain area of 3-

month old mice are measured by drawing an encapsulating line around the brain slices and calculating

the area via ImageJ software. BcI9 Het cKO mice displayed significantly reduced brain area (Control; n=4,

Bcl9 Het cKO; n=3). (c) Lateral ventricle area of 3-month old mice are measured by drawing an

encapsulating line around the lateral ventricle and calculating the area via ImageJ software. Bc/9 Het cKO

mice displayed significantly increased lateral ventricle size (Control; n=8, Bc19 Het cKO; n=8). (d) Cortical

thickness of 3-month old mice are measured by drawing a line from bottom to top of cortex and

calculating the length via ImageJ software. A total six measurements taken from different regions of the

cortex and average of six measurements are used. Bc19 Het cKO mice displayed significantly reduced

cortical thickness (Control; n=5, Bcl9 Het cKO; n=4). (e) Images of coronal brain slices of 3-month old

control (left) and BcI9 Het cKO (right) male mice stained for Tbrl (green) and Brn1 (white). Cortical layer

organization was similar between control and BcI9 Het cKO mice. All analyses, two-tailed t-test; *, p-

value<0.05; **, p-value<0.01; ***, p-value<0.001.
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Sleep disturbance and increased risk-taking behavior in BcI9 Het mice

A subset of 1q21.1 microdeletion patients developed ASD and schizophrenia, and had

developmental delay19. Some of the behavioral deficits associated with these disorders include

difficulty in social interaction, cognitive impairment and depression. Therefore, we wondered

whether BcI9 Het cKO mice would display any of these behavioral defects. To do that, we

subjected 2 month-old male mice to battery of behavioral tests. Because BcI9 Het cKO mice are

significantly smaller than controls, we first wanted to exclude any complications which could

arise due to abnormal basic locomotor activity. This was assessed using open field arena test

where mice are allowed to explore brightly lit arena. The total in motion and total distance were

similar between BcI9 Het cKO and control mice suggesting no change in basic motor activity

(Figure 4-4a, b). Changes in time spent in the center of the arena can implicate anxiety-like

behavior. We also did not observe any difference in time spent in the center suggesting no

anxiety-like behavior is induced in BcI9 Het cKO mice (Figure 4-4c). Furthermore, fine motor

coordination of BcI9 mice was also intact, as assessed by accelerating rotarod (Figure 4-4d).

26026
Sleep problems are commonly observed among ASD and schizophrenia patients2-22

Furthermore, some of the patients with 1q21.1 microdeletion displayed sleep disturbances19. To

test whether BcI9 Het cKO mice display sleep problems, we investigated circadian rhythm of

these mice via recording sleep/wake activity in a cage fitted with a running wheel. Each rotation

on the running wheel is designated as a measure of active/wake stage. Initially, mice are kept in

a 12-hour light and 12-hour dark cycle for one week. Then they are switched to 24 hour dark

stage for another week. During the 24 dark cycle stage, mice utilize their internal circadian clock

to regulate their activity, and the circadian cycle of wild-type mice is around 23.5 hours. Change

in the circadian cycle can be interpreted as sleep disturbance. The observed circadian cycle for

our control mice was approximately 23.72 hours (Figure 4-5a, b). On the other hand, Bc/9 Het

cKO mice showed significantly longer circadian cycle (-23.95 hours). These findings suggest

that BcI9 Het cKO mice have altered circadian rhythm which could cause sleep problems.
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Figure 4-4. BcI9 Het cKO mice exhibit normal basic locomotor activity.

(a-c) BcI9 Het cKO mice exhibit normal basic locomotory activity. Both groups of mice were subjected to

open-field test for 10 minutes (Control; n=10, Bc19 Het cKO; n=10). (a) Total time in motion (s), (b) total

distance traveled (m), (c) total time spent in the center (s). All analyses, two-tailed t-test; *, p-value<0.05;

**, p-value<0.01; ***, p-value<0.001. (d) Latency to fall from an accelerating rotarod (s) (Control; n=10,

Bcl9 Het cKO; n=9; Two-way ANOVA followed by Bonferroni's Multiple Comparison Test). "n" refers to

number of animals.
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Figure 4-5. BcI9 deletion causes sleep disturbances and increased risk-taking.

(a) Representative actograms of control (left) and BcI9 Het cKO (right) mice trained under 12:12 LD (12h

Light and 12 h Dark) cycle for one week and followed by constant darkness (DD) for another week, and

their locomotor activity was recorded over two weeks. Light-colored boxes above the actograms indicate

light-on period, and dark-colored boxes indicate light-off period. Darker shade on the bottom half of each

actogram indicate switch to DD cycle. (b) Internal circadian rhythm period is significantly increased in BcI9

Het cKO mice compared to controls (Control; n=4, Bc19 Het cKO; n=3). (c) Latency to enter the light

chamber was slightly increased in BcI9 Het cKO group, though it was not significantly different than

control mice (Control; n=9, Bcl9 Het cKO; n=9). (d) BcI9 Het cKO mice show reduced number of entries to
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the light chamber in light-dark chamber assay (Control; n=9, Bc19 Het cKO; n=9). (e) Both BcI9 Het cKO

and control mice spent similar amount of time in light chamber (Control; n=9, Bcl9 Het cKO; n=9). (f)

Number of entries to the open arms in elevated plus maze assay is significantly increased in BcI9 Het

cKO mice (Control; n=7, Bc19 Het cKO; n=5). (g) BcI9 Het cKO mice spent significantly more time in the

light chamber suggestive of increased risk-taking behavior (Control; n=7, Bc19 Het cKO; n=5). All

analyses, two-tailed t-test; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001. "n" refers to number of

animals.
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Furthermore, we examined anxiety-like behavior using the light/dark box test which is

based on the natural aversion of rodents to brightly illuminated areas 26 3. The Bc/9 Het cKO

group exhibited increased latency in entering the light arena and reductions in entries to the light

chamber, however, these did not reach significance (Figure 4-5c, d). Furthermore, the amount

of time spent in the light chamber was similar to controls (Figure 4-5e). These results suggest

no induction in anxiety-like behavior following BcI9 heterozygous loss-of-function. We further

employed the elevated plus maze which consist of four arms; two closed and dark and two open

and bright. Interestingly, the BcI9 het cKO mice entered and spent significantly more time in the

open arms of the maze compared to controls (Figure 4-5f, g). Although these results would

suggest that Bcl9 deletion has an anxiolytic-like effect in this paradigm, it could also be

interpreted as increased risk-taking behavior. Impulsivity, risk-taking and risk adjustment in

decision-making have previously been reported in schizophrenic patients 26 4 ,265 . Furthermore,

dysfunctional dorsolateral frontal cortex, which may play an important role in these behaviors,

has been implicated in schizophrenia26 5 . Overall, these results suggest that Bcl9 deletion does

not cause anxiety-like behavior, but could play a role in impulsive risk-taking behavior.

Bcl9 Het mice exhibit social interaction and cognition deficits

Dysregulated social behavior has been implicated as a hallmark of both ASD and

schizophrenia266 . We used the three-chamber social arena assay to examine the sociability of

control and Bcl9 Het cKO mice. During the habituation period, before the stranger mouse or

novel object were introduced, both control and Bcl9 Het cKO mice explored the two lateral

chambers equally, suggesting no preference for any of the lateral chambers (Figure 4-6a).

When the novel mouse introduced to one of the lateral chambers, as expected the control mice

spent significantly more time in the lateral chamber with the novel mouse than the chamber with

the inanimate object. However, Bcl9 Het cKO mice did not display any significant preference for

either lateral chamber (Figure 4-6b). These data suggest that heterozygous deletion of Bcl9 in
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neural progenitors of developing brain manifests in abnormal social interaction behavior in adult

mice.

To test whether loss of Bc19 affects cognition, we first utilized a fear-conditioning

behavioral paradigm in which a mild aversive stimulus (electrical shock to feet) is associated

with a context (test chamber) and a tone to measure memory recall. We first measured

contextual memory recall 24 hours after the initial training and found that BcI9 Het cKO were

severely impaired compared to control mice (Figure 4-6c). Likewise, cued memory recall to the

auditory tone was also impaired in BcI9 Het cKO mice (Figure 4-6d). We further evaluated

hippocampal-dependent spatial learning via the Morris water maze paradigm, which requires

mice to find a hidden platform in opaque pool of water by using visual cues. As expected control

mice learned the spatial positioning of the hidden platform by day 5 as evidenced by reduced

latency to the platform (Figure 4-6e). Although BcI9 Het cKO learned the location the platform

as well, overall they performed worse than the control mice, suggesting spatial learning deficits

(Figure 4-6e). Finally, we conducted a probe trial 24 hours after the last acquisition day to

assess the reference memory. During the probe trial, the platform is removed and the mice are

allowed the swim for 60 seconds. Consisting with the spatial learning deficit, BcI9 Het cKO mice

spent significantly less time in the quadrant where platform used to be (target quadrant)

suggesting memory recall deficiency (Figure 4-6f).

In sum, these results suggest that brain-specific deletion of BcI9 in the developing brain

causes abnormal behavior in adult mice such as abnormal social interaction, disturbed sleep,

increased risk taking behavior, and deficits in cognition.
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Figure 4-6. Bc19 Het mice exhibit social interaction and cognition deficits.

(a) Both groups of mice did not show any preference for side chambers during the 10-minute habituation

period (Control; n=9, Bcl9 Het cKO; n=9; one-way ANOVA followed by Bonferroni's Multiple Comparison

Test; ***, p-value<0.001). (b) In the three-chamber social interaction assay, BcI9 Het cKO animals did not

spend significantly more time in the chamber with the novel social animal (Stranger) relative to the

chamber with the empty wire cage (Empty) compared to control group (Control; n=9, Bcl9 Het cKO; n=9;

one-way ANOVA followed by Bonferroni's Multiple Comparison Test; *, p-value<0.05; **, p-value<0.01;

***, p-value<0.001). (c) In the contextual fear-conditioned memory, scored as percent time spent freezing

during a 3-min exposure to the context, BcI9 Het cKO group demonstrated reduced freezing compared to
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control mice (Control; n=9, Bcl9 Het cKO; n=9; two-tailed t-test; ***, p-value<0.001). (d) In the cued fear-

conditioned memory, scored as percent time spent freezing during a 3-min exposure to the context, BcI9

Het cKO group demonstrated reduced freezing compared to control mice (Control; n=9, Bcl9 Het cKO;

n=9; two-tailed t-test; ***, p-value<0.001). (e) In the Morris watermaze, the latency to reach the hidden

platform was scored for 7 days. BcI9 Het cKO group overall took longer to reach the platform compared

to control mice (Control; n=6, Bc19 Het cKO; n=6; two-way ANOVA followed by Bonferroni's Multiple

Comparison Test; **, p-value<0.01). (f) Probe trial was conducted on day 8, in which percentage time

spent in each quadrant was scored. Whereas control mice spent significantly more time in the quadrant

where hidden platform used to be, time spent in each quadrant was similar for BcI9 Het cKO mice

(Control; n=6, Bc19 Het cKO; n=6; one-way ANOVA followed by Bonferroni's Multiple Comparison Test;

***, p-value<0.001).
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Bcl9 deletion causes abnormal adult newborn localization and hippocampal synaptic plasticity

Our findings that Bcl9 Het cKO mice display reduced learning and memory in fear

conditioning and Morris watermaze, both of which are hippocampal-dependent paradigms, point

to dysfunctional hippocampus in these mice. The hippocampus is considered to be one of the

key region for long-term memory formation in rodents 267 ,268 . To determine whether hippocampal

development and function are disrupted in Bcl9 Het cKO mice, we first investigated the gross

morphology of hippocampus by DAPI labeling. The hippocampi of Bcl9 Het cKO mice looked

stubbier compared to control mice (Figure 4-7a). This is most likely due to increased lateral

ventricle size, since the total area of hippocampi were similar between two groups (Figure 4-7a,

b). Bc19 is a key component of canonical Wnt signaling, lack of which is shown to reduce adult

neurogenesis 257 . Therefore, we hypothesized that deletion of Bcl9 would result in diminished

adult neurogenesis in dentate gyrus of hippocampus. To test this idea, we immunostained adult

brain slices with immature neuronal marker doublecortin (DCX) 269 to measure rate of

neurogenesis. Surprisingly, we did not observe any difference in number of DCX-positive

(DCX*) cells between control and Bcl9 Het cKO mice (Figure 4-7c, d). However, the localization

of DCX+ adult newborn neurons in the granule cell layer was disrupted in Bcl9 Het cKO mice

compared to control animals (Figure 4-7c, e). Overall, these result suggest that Bcl9 is important

for proper hippocampal development and localization of adult newborn neurons.

Activity-dependent hippocampal synaptic plasticity such as long-term potentiation (LTP)

is crucial for learning and memory 268 . Therefore, we next wondered whether disrupted

hippocampal synaptic plasticity could underlie the cognitive deficits observed in Bcl9 Het cKO

mice. To this end, we examined LTP in CA1 neurons using acute hippocampal slices from Bcl9

Het cKO or control mice. Following 15 min of baseline recording, LTP was induced using high

frequency stimulation and recorded for 60 min. Although LTP was maintained for the duration of

recording in control group, there was a significant reduction in field excitatory postsynaptic
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Figure 4-7. Bc19 deletion causes abnormal adult newborn neuron localization and hippocampal

synaptic plasticity.

(a) Images of coronal hippocampal slices of 3-month old control (top) and BcI9 Het cKO (bottom) male

mice stained for DAPI. Images were captured using tile scan of a confocal microscope. (b) Hippocampal
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area of 3-month old mice are measured by drawing an encapsulating line around the hippocampi and

calculating the area via ImageJ software. Hippocampal were similar between groups (Control; n=6, Bcl9

Het cKO; n=6; two-tailed t-test). (c) Images of coronal dentate gyrus slices of 3-month old control (left)

and BcI9 Het cKO (right) male mice stained for Dcx. (d) Total number of Dcx+ cells per dentate gyrus

showed no difference between control and BcI9 Het cKO mice (Control; n=5, Bcl9 Het cKO; n=6; two-

tailed t-test). (e) Distribution of Dcx+ cells in the granule cell layer of dentate gyrus. To score distribution,

granule cell layer was divided into three layers (inner, middle, and outer), and number of cells in each

layer was counted to achieve percentage (Control; n=20, Bcl9 Het cKO; n=17; Two-way ANOVA followed

by Bonferroni's Multiple Comparison Test; **, p-value<0.01; ***, p-value<0.001). (f) LTP in CA1 neurons

using acute hippocampal slices from 3-month old Bc9 Het cKO or control mice. Following 15 min of

baseline recording, LTP was induced using high frequency stimulation (100 Hz, 1s) and recorded for 60

min (Control; n=10, Bcl9 Het cKO; n=13; Two-way ANOVA followed by Bonferroni's Multiple Comparison

Test; ***, p-value<0.001).
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potentials in BcI9 Het cKO compared to control mice (Figure 4-7f). These data indicate that LTP

measures of hippocampal synaptic plasticity is impaired in Bcl9 Het cKO mice, suggesting

dysfunctional hippocampus could be one of the underlying reasons for the cognitive deficits in

these mice.

Discussion and Future Directions

In this study, we have investigated the role of Bc19 in brain development and adult

behavior using a heterozygous Bc19 conditional knockout mouse line in which Bcl9 is deleted in

neural progenitors. Heterozygous Bc19 deletion caused significant reduction in whole brain size

as well as cortical thickness, and altered newly born neurons in dentate gyrus of hippocampus.

The reduced brain size is likely to stem from reduced neural progenitor proliferation in the

developing brain. The role of Bc19 in proliferation has extensively been studied in cancer cells,

showing that Bc19 is an oncogene and increased levels of its expression contributes to tumor

progression270. Additionally, inhibition of Bc19 in colorectal cancer cells shifted these cells from

stem cell-like identity to differentiation 271. Although the role of Bc19 in neural progenitor

proliferation has not been studied previously, given that Bcl9 is an essential component of

canonical Wnt signaling, it may play an important role in cortical neurogenesis. It has previous

been shown that Wnt signaling maintains the stem cell identity by promoting self-renewal and

inhibiting differentiation 272,273. For example, knockdown of P-catenin or inactivation of P-catenin-

dependent transcription activity via overexpression of dominant-negative TCF4, lacking p-

catenin binding sites, caused increased cell cycle exit and induced neuronal differentiation in the

VZ/SVZ of embryonic mouse cortex 16 3. Furthermore, inhibition of GSK3, an essential

component of P-catenin destruction complex, promoted proliferation of human iPSC-derived

neural progenitors. Together, these support the idea that heterozygous deletion of Bc19 in neural

progenitors would induce cell cycle exit resulting in reduced number of differentiated neurons in

adult brain. This is consistent with the observation that 1q21.1 deletion patients display
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microcephaly. Future experiments utilizing BrdU incorporation assay in developing mouse brain

to assess proliferation would be necessary to prove this point.

Interestingly, although the role of Wnt signaling in dentate gyrus neurogenesis is well

established 25 7, BcI9 Het cKO mice showed similar number of newborn neurons in dentate gyrus

based on our Dcx immunostaining. However, this finding does not rule out the possibility that

adult neural progenitor proliferation is affected following Bc19 deletion since neurogenesis is a

complex process which include proliferation, differentiation, migration and survival of

differentiated neurons. More detailed experiments such as BrdU labeling and Ki67

immunostaining of dentate gyrus would be required to rule out the possibility that neural

progenitor proliferation is not affected.

Upon differentiation, dentate granule cells migrate radially to occupy granule cell layer and

integrate into the neuronal circuitry. Although generation of newborn neurons were not affected,

we observed altered neuronal migration in dentate granule cell layer in BcI9 Het cKO mice.

Previous work showed that multiple Wnt signaling components can affect neuronal migration in

dentate gyrus 2 74 ,2 75 . Acute knockdown of Wnt signaling receptor Frizzled-1 (Fzd1) and GSK3P

inhibitor DISC1 in dentate gyrus neural progenitors of 2-month old mice resulted in overextended

migration of newborn neurons. Findings from these studies combined with our observations in

BcI9 Het cKO mice suggest that Wnt signaling is necessary for proper localization and

integration of postmitotic neurons in dentate gyrus. It remains to be seen whether Bc19 is

important for maturation of these neurons.

276-7Enlargement of lateral ventricle size is one of the hallmarks of schizophrenia patients27*

This was also one of the most profound gross morphological alterations we observed in BcI9

Het cKO mice. Enlargement of the lateral ventricles can cause structural alterations in adjacent

brain region. Although we did not see gross size difference in hippocampus, it structurally

looked stubbier in BcI9 Het cKO mice compared to controls. The underlying cause of this

148



enlargement remains to be resolved. However, a study investigating the schizophrenia risk gene

DISCI in mouse brain development showed that DISC1 mutant mice had enlarged ventricles 279.

Furthermore, these mice displayed deficits in social interaction and hippocampus-dependent

learning and memory, similar to BcI9 Het cKO mice. Interestingly, our preliminary findings

suggest that Bcl9 interacts with DISC1, suggesting that this protein-protein interaction could be

one of the underlying molecular mechanism for the observed phenotypes. Although, DISC1

participates in Wnt signaling, we cannot exclude the possibility that Bc19-DISC1 complex could

function in a Wnt-independent manner as DISC1 has been shown to interact with other

complexes such as ATF4/CREB2 and N-Cor complex280 . Further supporting this idea is the

finding that DISCI transgenic flies, expressing full-length human DISCI, displayed sleep

disturbances, similar to BcI9 Het cKO mice, likely mediated through Creb signaling280 . Future

studies aiming at understanding the role of Bcl9 in Wnt-independent signaling would be of

importance for investigating brain development in neuropsychiatric disorders and open venue

for potential drug targets.

In summary, in this study we showed that brain-specific deletion of Bc19 disturbs brain

development and causes deficits in ASD and schizophrenia relevant adult behavior in mice. Our

findings suggest that deletion Bc19, at least in part, could be responsible for behavioral

phenotypes observed in 1q21.1 deletion patients. Furthermore, microcephaly seen in these

patients would likely result due to reduced expression of Bcl9 in neural progenitors in the

developing brain.

Materials and Methods

Antibodies and Reagents

The following primary antibodies were used in this study: rabbit anti-TBR1 antibody (ab31940,

Abcam; 1:500 dilution, IHC), goat anti-Brnl antibody (1:500 dilution, IHC) and rabbit anti-

doublecortin (4604S, Cell Signaling Technology; 1:500 dilution, IHC). Alexa-conjugated
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secondary antibodies (Jackson ImmunoResearch; 1:1000 dilution) were used for IHC. Nuclei

were visualized with Hoechst 33342.

Animals

All animal work was approved by the Committee for Animal Care of the Division of Comparative

Medicine at the Massachusetts Institute of Technology. Mice were housed in groups of 3-4 on

standard 12h light / 12 h dark cycle.

qRT-PCR

Total RNA was collected using the Rneasy Plus Kit (Qiagen). Reverse transcription of the

mRNA transcripts to produce cDNA for QPCR was achieved using the SuperScript Ill Reverse

Transcriptase (Invitrogen). qPCR was performed using SsoFast Evagreen Supermix (Bio-Rad)

on CFX96 Real-Time PCR Detection System (Bio-Rad). The reactions were run in triplicates

and average of these triplicates were used for statistical analysis. P-actin was used as internal

control. Primer sequences used for qPCR can be found in Table 4-1.

Table 4-1: DNA construct and primer sequences

Gene expression analysis.
Gene-specific Forward sequence (5'-3') Reverse sequence (5'-3')primers

Bc19 (NM_029933) CATGCTGGGAAGTGTGGA GGAGAGTGGATTCTGGGAAAG
Actb (NM 007393) AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA

Immunohistochemistry

Brain Sections: 3-month old adult mice were perfused 4% formaldehyde and brains were drop-

fixed overnight in 4% paraformaldehyde (PFA). Brains were sliced into 40 pm sections using

vibratome. Brain slices were blocked for 1 - 2 hours with blocking solution (1X PBS + 10%

Donkey Normal Serum + 0.3% Triton-X) at room temperature. Following blocking, the slices

were incubated with primary antibodies overnight at 40C in blocking solution. Incubation with

secondary antibodies were performed for 1 hour at room temperature. Finally, brain slices were

mounted using ProLong Gold Antifade Reagent (Invitrogen).
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Confocal Imaging

Images were taken with a Zeiss LSM 710 confocal microscope. Brightness and contrast were

adjusted using ImageJ where needed.

Behavioral Experiments

For behavioral analysis, 8-week old animals were subjected to battery of behavioral paradigms.

All animals were handled for 3 days before each experiment. All behavioral experiments were

performed during the light cycle. Investigator was blinded to the group allocation during both the

experiment and assessing the outcome. Ear-tag identification numbers were used until outcome

analysis were finalized. Mice that were tested on multiple behavioral paradigms were given a

minimum of 1 week resting period between experiments. Randomization of experimental groups

was not required.

Open Field Test: Mice were placed in an open field arena (40 cm x 40 cm x 30 cm) and activity

was measured over 10 min period with VersaMex software (AccuScan Intruments, OH). Total

time moving, total distance, time spent in center and margin were measured in 5 min bins using

a grid of infrared light beams and analyzed using the software.

Rotarod Test: Rotarod machine (Ugo Basile model 47600), which consists of 5 lanes divides 6

round flanges, was used to measure motor coordination of adult male mice. Mice were placed

on rotating lanes (4 rpm) and recorded for 5 min. The rotation was accelerated at 7.2 rpm per

min. Amount of time to fall from the rotarod was used as latency. Each mouse was subjected to

three trials separated by 30 min resting time.

Locomotor Activity (Circadian Rhythm): To assess the circadian voluntary activity, the mice

were individually housed in mouse cages equipped with running wheel, and rotation activity of

the running wheel was recorded. Mice were kept under 12h light and 12h dark cycle (LD) for 7

days before they were switched to 12h dark and 12h dark cycle (DD). Activity under DD cycle

was used to determine the internal circadian period length.
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Light-Dark Exploration Test: An apparatus (40 cm x 40 cm) consisting of two chambers - a black

box (20cm x 20 cm) covering half of the arena and light chamber - was used for light/dark

exploration test. A mouse was placed into the dark side, and allowed to explore the arena for 10

min. The number of visits to light chamber and the time spent in the light and dark chambers

were measured.

Elevated Plus Maze: Mice were allowed to explore the elevated plus maze apparatus consisting

of four arms (two open and two closed arms; each arm 45 cm x 9.5 cm; the height of closed

arms 29.5 cm). The activity of mice was recorded for 10 min. Time spent and number of entries

to each arm was hand scored following the experiment. An entry was defined as a mouse

having front paws and half of the body on the arms.

Three-chamber Social Interaction: The three-chamber social interaction apparatus consisted of

black acrylic box with three chambers (20 cm x35 cm). Side chambers were connected to

middle chamber through 5 cm openings which can be closed or open. The wired cages placed

in the side chambers were cylindrical with bottom diameter of 10 cm, and bars were spaced 1

cm apart. For testing, test animals were placed into the middle chamber and allowed to

habituate/explore the empty arena (with empty wired cages in place) for 10 min. Following the

first 10 min, an age-matched novel mouse (Stranger) was placed into one of the wired cages,

and an inanimate object in the other wired cage. The test animal was allowed to explore for an

additional 10 min. Activity of the mice were video recorded. Time spent in each chamber was

scored via Ethovision XT software (Noldus Information Technology) using the recorded videos.

Contextual and Cued Fear-conditioning: The contextual and cued fear-conditioning paradigm

spanned three days. On day 1, the mice were allowed to explore the fear-conditioning chamber

for 3 minutes, followed by 30 seconds of 75-dB tone. Then, the tone was then followed by 2

seconds of constant foot shock at 0.8 mA (TSE Systems). Following the training, the mice were

returned to their home cages and stayed in the cage for 24 hours. On day 2, the mice were
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returned to fear-conditioning chamber to assess contextual-fear memory. The freezing activity of

the mice was recorded in the absence of the tone. 24 hours after the contextual testing, cued

memory was assessed in a novel environment with 3 min of 75-db tone.

Morris Watermaze: The apparatus used for the Morris watermaze was a circular tank with 1.2 m

diameter. The tank was filled with opaque water at room temperature. The hidden platform, 10

cm in diameter, was placed in one of the four quadrants. Mice were given spatial reference cues

placed on the walls of the experiment room. On each day, mice were randomly placed into

maze and allowed to explore for 60 seconds or until they reach the hidden platform. Two trials

per day separated by 1 hour were conducted each day. On day 8 (probe trial), the hidden

platform was removed and mice were allowed to explore the maze for 60 second to assess

spatial learning. Escape latency and time spent in quadrants were scored using Ethovision XT

software.

Electrophysiology

Hippocampi of 3-month old male mice were dissected in ice-cold oxygenated artificial CSF

(ACSF) following sacrifice by cervical dislocation. Transverse hippocampal slices (400 um thick)

were prepared in ice-cold dissection buffer (in mM: 211 sucrose, 3.3 KCI, 1.3 NaH 2 PO4 , 0.5

CaC1 2, 10 MgC 2 , 26 NaHCO 3 and 11 glucose) with a vibratome. Slices were placed in a

chamber and supplied with oxygenated ACSF consisting of (in mM) 124 NaCl, 3.3 KCl, 1.3

NaH 2PO4, 2.5 CaCl 2, 1.5 MgCI 2, 26 NaHCO 3 and 11 glucose. A tungsten bipolar electrode was

placed in the stratum radiatum to stimulate CA3 Schaffer collateral axons. Extracellular

recordings were measured with an ACSF-filled glass microelectrode (resistance of 2-3 MO)

placed in the stratum radiatum of CA1 region. Two trains of high frequency stimulation (100 Hz

for 1 second) were delivered following 15 minutes of baseline recording. The amplitudes of

fEPSPs were measured to quantify the strength of synaptic transmission. An AM-1800

microelectrode amplifier (A-M systems) and a Digidata 1440A A-D converter (Axon Instruments)

were used for data acquisition and data were analyzed with pClamp10 (Axon Instruments). The
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input-output curve was obtained by plotting the amplitude of fEPSPs against fiber volley

amplitudes.
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CHAPTER 5:

Conclusions and Future Directions

In this thesis work, the main goal was to investigate the roles of neuropsychiatric and

neurodevelopmental disorder risk genes in the brain development, especially in cerebral cortical

development, with hopes to better understand disease pathophysiology. I tried to accomplish

this goal by first studying the functions of three separate risk factors, CHD8, ANK3 and BCL9, in

embryonic cortical development. In addition to their proven role in cortical development, another

unifying factor was their role in canonical Wnt signaling. I have first shown that ASD risk gene

Chd8 regulates cortical neurogenesis through transcriptional regulation of cell cycle and Wnt

signaling genes. Chd8 functions as a positive regulator of neural progenitor proliferation in the

developing mouse brain, and governing Wnt signaling in a cell type-specific manner. This work

was one of the first studies to characterize the role of Chd8 in neurogenesis in the developing

brain. I then examined the functions of ankyrin-G (ANK3) In cortical neurogenesis, and

discovered its previously unknown role in regulation of Wnt signaling through alteration of

subcellular localization of P-catenin. Finally, work on BcI9 transgenic mice provided first insights

into its role in brain development and adult behavior. Findings from these studies, while

shedding further light on the role of Wnt signaling in brain development and the contribution of

cortical development to neurodevelopmental and neuropsychiatric disorders, raise fundamental

questions about the complexity and difficulty of studying these disorders.

ASD patients harboring Chd8 mutations display increased head size, indicative of

macrocephaly phenotype. While there can be many underlying causes for macrocephaly, such

as increased cell number, cell size or extra-axial fluid collection in the brain, our work on Chd8

suggests that increased neuronal number may not be the cause. However, because the in utero

electroporation technique employed in our study is limited to only targeting the neural
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progenitors, we cannot rule out the possibility that alterations in number or size of other cell

types may contribute to observed macrocephaly phenotype. Of importance, a recent study

showed that heterozygous deletion of Chd8 caused increased brain weight in mice281 . However,

the study did not provide further evidence for the underlying cause of this effect, such as neural

progenitor overproliferation. As such, it would be interesting to investigate whether the heavier

brain weight is due to increase in all cells or a subtype of cells. Furthermore, although CHD8

mutations associated with ASD are predicted to be de novo loss-of-funtion mutations, there is

currently no data on the nature of these mutations. Unpublished data from the Tsai lab suggest

that not all of these mutations may be loss-of-function. For example, a knock-in transgenic

mouse line harboring one of the CHD8 mutations did not show loss of protein product. Then one

might hypothesize that, if not loss-of-function, some of these mutations may perturb the protein-

protein interaction between Chd8 and its binding partners. However, studying individual

mutations in mouse models is a difficult task as this type of work takes time. An entry point to

study effects of individual mutations would be to utilize organoid technology. This technology

has been successfully used to characterize various disease models such as ASD and

Alzheimer's disease ,283. For example, Mariani and colleagues generated organoids using

idiopathic ASD patient derived iPSCs, and showed that ASD-derived organoids exhibited

accelerated cell cycle and overproduction of GABAergic inhibitory neurons 28 2. A similar

approach using cells from ASD patients with CHD8 mutations could be applied to understand

the impact of each mutation on neural progenitor proliferation and neuronal development.

Furthermore, if any underlying pathways identified, the same system could be for drug screens.

Collective results presented in my thesis work point to convergence of perturbations in

neurodevelopmental and Wnt signaling in clinically different disorders such as schizophrenia,

bipolar disorder and ASD. Neurodevelopmental theory of schizophrenia has been around for a

while now 2 84 . Under this theory, it is suggested that developmental insults, starting as early as
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embryonic development, lead to activation of pathological circuits during adolescence. Our work

on ANK3 and BCL9 support this neurodevelopmental hypothesis of schizophrenia, and further

implies that same could be true for bipolar disorder. However, it is important to realize that

although perturbations in cortical development have been connected to loss of Ank3 and Bcl9,

the direction of neurogenesis regulation by these two proteins are in different direction -

whereas Ank3 negatively regulates neural progenitor proliferation and Wnt signaling, Bcl9

seems to be a positive regulator neurogenesis and Wnt signaling. It will be important to see if

there is a unifying cortical development perturbation for each disease. However, there exist the

possibility that regardless of the direction of perturbation, if a crucial neural circuit is disturbed

creates risk for the rise of the disease.

Currently, ASD, schizophrenia and bipolar disorder are considered to be clinically

different, however this type of categorical psychiatric classification has shortcomings and being

repeatedly challenged. Categorical classification overlooks the fact that evidence exist for

etiological and mechanistic overlap between psychiatric disorders. Genome sequencing studies

repeatedly showed that common risk factors exist across the border285 . Additionally, many of

these disorders are now discovered to be polygenic. Therefore, the possibility of common

pathways underlying individual symptoms is important factor to consider. Supporting this idea,

findings from my thesis work suggest that Wnt signaling could be one of the common pathways

underlying the pathophysiology of these disorder. However, as evidenced by the complexity of

the phenotypic outcomes of perturbing Wnt signaling via different genetic factors, it is crucial to

get a better understanding how each risk factor contribute to disease pathology. Furthermore,

research focused on investigating the role of common risk factors, rather than studying genetic

factors specific to each disease, could be more beneficial if one considers neurodevelopmental

and neuropsychiatric disorder as pathway disorders.

157



References

1 De Rubeis, S. et al. Synaptic, transcriptional and chromatin genes disrupted in autism. Nature
515, 209-215, doi:10.1038/naturel3772

http://www.nature.com/nature/journal/v515/n7526/abs/nature13772.html#supplementary-
information (2014).

2 Genome-wide association study of 14,000 cases of seven common diseases and 3,000 shared
controls. Nature 447, 661-678,
doi:http://www.nature.com/nature/journal/v447/n7145/suppinfo/nature05911 S1.html
(2007).

3 Sklar, P. et al. Whole-genome association study of bipolar disorder. Mol Psychiatry 13, 558-569,
doi:10.1038/sj.mp.4002151 (2008).

4 Fromer, M. et al. De novo mutations in schizophrenia implicate synaptic networks. Nature 506,
179-184, doi:10.1038/naturel2929 (2014).

5 Geddes, J. R. & Miklowitz, D. J. Treatment of bipolar disorder. The Lancet 381, 1672-1682,
doi:http://dx.doi.org/10.1016/SO140-6736(13)60857-0.

6 Sklar, P. et al. Whole-genome association study of bipolar disorder. Mol Psychiatry 13, 558-569,
doi:http://www.nature.com/mp/ournal/v13/n6/suppinfo/4002151s1.html (2008).

7 Kieseppa, T., Partonen, T., Haukka, J., Kaprio, J. & L6nnqvist, J. High Concordance of Bipolar I
Disorder in a Nationwide Sample of Twins. American Journal of Psychiatry 161, 1814-1821,
doi:10.1176/ajp.161.10.1814 (2004).

8 Ferreira, M. A. R. et a. Collaborative genome-wide association analysis supports a role for ANK3
and CACNA1C in bipolar disorder. Nat Genet 40, 1056-1058,
doi:http://www.nature.com/ng/ournal/v40/n9/suppinfo/ng.209 S1.html (2008).

9 Kordeli, E., Lambert, S. & Bennett, V. Ankyrin. Journal of Biological Chemistry 270, 2352-2359,
doi:10.1074/jbc.270.5.2352 (1995).

10 Grubb, M. S. & Burrone, J. Building and maintaining the axon initial segment. Current Opinion in
Neurobiology 20, 481-488, doi:10.1016/j.conb.2010.04.012 (2010).

11 Hedstrom, K. L., Ogawa, Y. & Rasband, M. N. AnkyrinG is required for maintenance of the axon
initial segment and neuronal polarity. The Journal of cell biology 183, 635-640,
doi:10.1083/jcb.200806112 (2008).

12 Strakowski, S. M. et al. The functional neuroanatomy of bipolar disorder: a consensus model.
Bipolar disorders 14, 313-325, doi:10.1111/j.1399-5618.2012.01022.x (2012).

13 Najt, P. et al. Anterior Cortical Development During Adolescence in Bipolar Disorder. Biological
Psychiatry 79, 303-310, doi:http://dx.doi.org/10.1016/j.biopsych.2015.03.026 (2016).

14 McGrath, J., Saha, S., Chant, D. & Welham, J. Schizophrenia: A Concise Overview of Incidence,
Prevalence, and Mortality. Epidemiologic Reviews 30, 67-76, doi:10.1093/epirev/mxn001 (2008).

15 Holder, S. D. & Wayhs, A. Schizophrenia. American family physician 90, 775-782 (2014).
16 Bowie, C. R. & Harvey, P. D. Cognitive deficits and functional outcome in schizophrenia.

Neuropsychiatric Disease and Treatment 2, 531-536 (2006).
17 Pearlson, G. D. & Folley, B. S. Schizophrenia, Psychiatric Genetics, and Darwinian Psychiatry: An

Evolutionary Framework. Schizophrenia Bulletin 34, 722-733, doi:10.1093/sch bul/sbm130
(2008).

18 Gulsuner, S. & McClellan, J. M. Copy Number Variation in Schizophrenia.
Neuropsychopharmacology 40, 252-254, doi: 10. 1038/npp.2014.216 (2015).

158



19 Brunetti-Pierri, N. et al. Recurrent reciprocal 1q21.1 deletions and duplications associated with

microcephaly or macrocephaly and developmental and behavioral abnormalities. Nat Genet 40,
1466-1471, doi:10.1038/ng.279 (2008).

20 Walsh, T. et al. Rare Structural Variants Disrupt Multiple Genes in Neurodevelopmental
Pathways in Schizophrenia. Science 320, 539 (2008).

21 DeLisi, L. E., Szulc, K. U., Bertisch, H. C., Majcher, M. & Brown, K. Understanding structural brain
changes in schizophrenia. Dialogues in Clinical Neuroscience 8, 71-78 (2006).

22 Harrison, P. J. The hippocampus in schizophrenia: a review of the neuropathological evidence
and its pathophysiological implications. Psychopharmacology 174, 151-162,
doi:10.1007/s00213-003-1761-y (2004).

23 Miles, J. H. Autism spectrum disorders--a genetics review. Genetics in medicine : officialjournal
of the American College of Medical Genetics 13, 278-294, doi:10.1097/GIM.ObOl3e3l8lff67ba
(2011).

24 Watts, T. J. The pathogenesis of autism. Clinical medicine. Pathology 1, 99-103 (2008).
25 Courchesne, E. et al. Neuron number and size in prefrontal cortex of children with autism. JAMA

306, 2001-2010, doi:10.1001/jama.2011.1638 (2011).
26 Courchesne, E., Carper, R. & Akshoomoff, N. Evidence of brain overgrowth in the first year of life

in autism. JAMA 290, 337-344, doi:10.1001/jama.290.3.337 (2003).
27 Carper, R. A. & Courchesne, E. Localized enlargement of the frontal cortex in early autism.

Biological Psychiatry 57, 126-133, doi:http://dx.doi.org/10. 1016/j. biopsych.2004.11.005 (2005).
28 Courchesne, E., Mouton, P. R., Calhoun, M. E. & et al. NEuron number and size in prefrontal

cortex of children with autism. JAMA 306, 2001-2010, doi:10.1001/jama.2011.1638 (2011).
29 Stoner, R. et al. Patches of Disorganization in the Neocortex of Children with Autism. New

England Journal of Medicine 370, 1209-1219, doi:doi:10.1056/NEJMoa1307491 (2014).
30 Courchesne, E. & Pierce, K. Brain overgrowth in autism during a critical time in development:

implications for frontal pyramidal neuron and interneuron development and connectivity.
International Journal of Developmental Neuroscience 23, 153-170,
doi:http://dx.doi.org/10.1016/.ijdevneu.2005.01.003 (2005).

31 Hutsler, J. J. & Zhang, H. Increased dendritic spine densities on cortical projection neurons in
autism spectrum disorders. Brain Research 1309, 83-94,
doi:http://dx.doi.org/10.1016/.brainres.2009.09.120 (2010).

32 Sanders, S. J. et al. De novo mutations revealed by whole-exome sequencing are strongly
associated with autism. Nature 485, 237-241,
doi:http://www.nature.com/nature/journal/v485/n7397/abs/nature10945.html#supplementary
-information (2012).

33 O/'Roak, B. J. et al. Sporadic autism exomes reveal a highly interconnected protein network of
de novo mutations. Nature 485, 246-250,
doi:http://www.nature.com/nature/journal/v485/n7397/abs/nature10989.html#supplementary
-information (2012).

34 O'Roak, B. J. et al. Multiplex Targeted Sequencing Identifies Recurrently Mutated Genes in
Autism Spectrum Disorders. Science 338, 1619-1622, doi:10.1126/science.1227764 (2012).

35 Neale, B. M. et a/. Patterns and rates of exonic de novo mutations in autism spectrum disorders.
Nature 485, 242-245,
doi:http://www.nature.com/nature/journal/v485/n7397/abs/naturellOll.html#supplementary
-information (2012).

36 Talkowski, Michael E. et al. Sequencing Chromosomal Abnormalities Reveals
Neurodevelopmental Loci that Confer Risk across Diagnostic Boundaries. Cell 149, 525-537,
doi:10.1016/j.cell.2012.03.028 (2012).

159



37 Bernier, R. et al. Disruptive CHD8 Mutations Define a Subtype of Autism Early in Development.
Cell 158, 263-276, doi:http://dx.doi.org/10.1016/.cell.2014.06.017 (2014).

38 Kobayashi, M. et al. Nuclear localization of Duplin, a beta-catenin-binding protein, is essential
for its inhibitory activity on the Wnt signaling pathway. The Journal of biological chemistry 277,
5816-5822, doi:10.1074/jbc.M108433200 (2002).

39 Subtil-Rodriguez, A. et al. The chromatin remodeller CHD8 is required for E2F-dependent
transcription activation of S-phase genes. Nucleic acids research 42, 2185-2196,
doi:10.1093/nar/gktll6l (2014).

40 Cotney, J. et al. The autism-associated chromatin modifier CHD8 regulates other autism risk
genes during human neurodevelopment. Nat Commun 6, doi:10.1038/ncomms7404 (2015).

41 Sakamoto, I. et al. A Novel -Catenin-binding Protein Inhibits @-Catenin-dependent Tcf
Activation and Axis Formation. Journal of Biological Chemistry 275, 32871-32878,
doi:10.1074/jbc.M004089200 (2000).

42 Rare chromosomal deletions and duplications increase risk of schizophrenia. Nature 455, 237-
241, doi:http://www.nature.com/nature/journal/v455/n7210/suppinfo/nature07239 S1.html
(2008).

43 Stefansson, H. et al. Large recurrent microdeletions associated with schizophrenia. Nature 455,
232-236,
doi:http://www.nature.com/nature/journal/v455/n7210/suppinfo/natureO7229 S1.html
(2008).

44 Mefford , H. C. et al. Recurrent Rearrangements of Chromosome 1q21.1 and Variable Pediatric
Phenotypes. New England Journal of Medicine 359, 1685-1699,
doi:doi:10.1056/NEJMoaO8O5384 (2008).

45 Genome-wide association study identifies five new schizophrenia loci. Nat Genet 43, 969-976,
doi:http://www.nature.com/ng/journal/v43/n10/abs/ng.940.html#supplementary-information
(2011).

46 Moskvina, V. et al. Gene-wide analyses of genome-wide association data sets: evidence for
multiple common risk alleles for schizophrenia and bipolar disorder and for overlap in genetic
risk. Mol Psychiatry 14, 252-260,
doi:http://www.nature.com/mp/ournal/v14/n3/suppinfo/mp2008133s1.html (2008).

47 Kalkman, H. 0. A review of the evidence for the canonical Wnt pathway in autism spectrum
disorders. Molecular autism 3, 10, doi:10.1186/2040-2392-3-10 (2012).

48 Singh, K. K. An emerging role for Wnt and GSK3 signaling pathways in schizophrenia. Clinical
Genetics 83, 511-517, doi:10.1111/cge.12111 (2013).

49 Gould, T. D. & Manji, H. K. The Wnt Signaling Pathway in Bipolar Disorder. The Neuroscientist 8,
497-511, doi:10.1177/107385802237176 (2002).

50 Mao, Y. et al. Disrupted in Schizophrenia 1 Regulates Neuronal Progenitor Proliferation via
Modulation of GSK3@/@-Catenin Signaling. Cell 136, 1017-1031,
doi:http://dx.doi.org/10.1016/.cell.2008.12.044 (2009).

51 Siddiqui, S. V., Chatterjee, U., Kumar, D., Siddiqui, A. & Goyal, N. Neuropsychology of prefrontal
cortex. Indian Journal of Psychiatry 50, 202-208, doi:10.4103/0019-5545.43634 (2008).

52 Gbtz, M. in eLS (John Wiley & Sons, Ltd, 2001).
53 Molnar, Z. et al. Evolution and development of the mammalian cerebral cortex. Brain, behavior

and evolution 83, 126-139, doi:10.1159/000357753 (2014).
54 Finlay, B. L. & Darlington, R. B. Linked regularities in the development and evolution of

mammalian brains. Science 268, 1578-1584 (1995).
55 Caviness, V. S., Jr., Takahashi, T. & Nowakowski, R. S. Neuronogenesis and the early events of

neocortical histogenesis. Results and problems in cell differentiation 30, 107-143 (2000).

160



56 Qian, X. et a/. Timing of CNS Cell Generation: A Programmed Sequence of Neuron and Glial Cell

Production from Isolated Murine Cortical Stem Cells. Neuron 28, 69-80,

doi:http://dx.doi.org/10.1016/SO896-6273(00)00086-6 (2000).

57 Greig, L. C., Woodworth, M. B., Galazo, M. J., Padmanabhan, H. & Macklis, J. D. Molecular logic

of neocortical projection neuron specification, development and diversity. Nature reviews.

Neuroscience 14, 755-769, doi:10.1038/nrn3586 (2013).

58 Ayala, R., Shu, T. & Tsai, L.-H. Trekking across the Brain: The Journey of Neuronal Migration. Cell

128, 29-43, doi:http://dx.doi.org/10.1016/.cell.2006.12.021 (2007).

59 Taverna, E., G6tz, M. & Huttner, W. B. The Cell Biology of Neurogenesis: Toward an

Understanding of the Development and Evolution of the Neocortex. Annual review of cell and

developmental biology 30, 465-502, doi:10.1146/annurev-cellbio-101011-155801 (2014).

60 LaMonica, B. E., Lui, J. H., Wang, X. & Kriegstein, A. R. OSVZ progenitors in the human cortex: an

updated perspective on neurodevelopmental disease. Current opinion in neurobiology 22, 747-

753, doi:10.1016/j.conb.2012.03.006 (2012).

61 Zhadanov, A. B. et al. Absence of the tight junctional protein AF-6 disrupts epithelial cell-cell

junctions and cell polarity during mouse development. Current biology: CB 9, 880-888 (1999).

62 Aaku-Saraste, E., Hellwig, A. & Huttner, W. B. Loss of occludin and functional tight junctions, but

not ZO-1, during neural tube closure--remodeling of the neuroepithelium prior to neurogenesis.

Developmental biology 180, 664-679, doi:10.1006/d bio.1996.0336 (1996).

63 Hartfuss, E., Galli, R., Heins, N. & Gotz, M. Characterization of CNS precursor subtypes and radial

glia. Developmental biology 229, 15-30, doi:10.1006/dbio.2000.9962 (2001).

64 Chenn, A., Zhang, Y. A., Chang, B. T. & McConnell, S. K. Intrinsic polarity of mammalian

neuroepithelial cells. Molecular and cellular neurosciences 11, 183-193,

doi:10.1006/mcne.1998.0680 (1998).
65 Halfter, W., Dong, S., Yip, Y. P., Willem, M. & Mayer, U. A critical function of the pial basement

membrane in cortical histogenesis. The Journal of neuroscience : the official journal of the

Society for Neuroscience 22, 6029-6040, doi:20026580 (2002).

66 Kriegstein, A. R. & Gotz, M. Radial glia diversity: a matter of cell fate. Glia 43, 37-43,

doi:10.1002/glia.10250 (2003).
67 Campbell, K. & Gotz, M. Radial glia: multi-purpose cells for vertebrate brain development.

Trends in neurosciences 25, 235-238 (2002).

68 Gotz, M. Glial cells generate neurons--master control within CNS regions: developmental

perspectives on neural stem cells. The Neuroscientist : a review journal bringing neurobiology,

neurology and psychiatry 9, 379-397 (2003).

69 Reid, C. B., Liang, I. & Walsh, C. Systematic widespread clonal organization in cerebral cortex.

Neuron 15, 299-310 (1995).
70 Miyata, T. et al. Asymmetric production of surface-dividing and non-surface-dividing cortical

progenitor cells. Development 131, 3133-3145, doi:10.1242/dev.01173 (2004).

71 Attardo, A., Calegari, F., Haubensak, W., Wilsch-Brauninger, M. & Huttner, W. B. Live imaging at

the onset of cortical neurogenesis reveals differential appearance of the neuronal phenotype in

apical versus basal progenitor progeny. PloS one 3, e2388, doi:10.1371/journal.pone.0002388

(2008).
72 Englund, C. et al. Pax6, Tbr2, and Tbrl are expressed sequentially by radial glia, intermediate

progenitor cells, and postmitotic neurons in developing neocortex. The Journal of neuroscience:

the officialjournal of the Society for Neuroscience 25, 247-251, doi:10. 1523/J NEU ROSCI.2899-

04.2005 (2005).

161



73 Noctor, S. C., Martinez-Cerdeno, V., Ivic, L. & Kriegstein, A. R. Cortical neurons arise in symmetric
and asymmetric division zones and migrate through specific phases. Nat Neurosci 7, 136-144,
doi:10.1038/nn1172 (2004).

74 Hansen, D. V., Lui, J. H., Parker, P. R. & Kriegstein, A. R. Neurogenic radial glia in the outer
subventricular zone of human neocortex. Nature 464, 554-561, doi:10.1038/nature08845
(2010).

75 Wang, X., Tsai, J.-W., LaMonica, B. & Kriegstein, A. R. A new subtype of progenitor cell in the
mouse embryonic neocortex. Nature neuroscience 14, 555-561, doi:10.1038/nn.2807 (2011).

76 Lui, Jan H., Hansen, David V. & Kriegstein, Arnold R. Development and Evolution of the Human
Neocortex. Cell 146, 18-36, doi:10.1016/j.cell.2011.06.030.

77 Tuoc, T. C., Pavlakis, E., Tylkowski, M. A. & Stoykova, A. Control of cerebral size and thickness.
Cellular and molecular life sciences: CMLS 71, 3199-3218, doi:10.1007/s00018-014-1590-7
(2014).

78 Paridaen, J. T. M. L. & Huttner, W. B. Neurogenesis during development of the vertebrate
central nervous system. EMBO Reports 15, 351-364, doi:10.1002/embr.201438447 (2014).

79 Pang, T., Atefy, R. & Sheen, V. Malformations of cortical development. The neurologist 14, 181-
191, doi:10.1097/NRL.0b013e31816606b9 (2008).

80 Huttner, W. B. & Brand, M. Asymmetric division and polarity of neuroepithelial cells. Current
opinion in neurobiology 7, 29-39, doi:http://dx.doi.org/10. 1016/SO959-4388(97)80117-1 (1997).

81 Kosodo, Y. et al. Asymmetric distribution of the apical plasma membrane during neurogenic
divisions of mammalian neuroepithelial cells. The EMBOjournal 23, 2314-2324,
doi:10.1038/sj.emboj.7600223 (2004).

82 Heins, N. et al. Emx2 promotes symmetric cell divisions and a multipotential fate in precursors
from the cerebral cortex. Molecular and cellular neurosciences 18, 485-502,
doi:10.1006/mcne.2001.1046 (2001).

83 Heins, N. et al. Glial cells generate neurons: the role of the transcription factor Pax6. Nat
Neurosci 5, 308-315, doi:10.1038/nn828 (2002).

84 Marthiens, V. & ffrench-Constant, C. Adherens junction domains are split by asymmetric division
of embryonic neural stem cells. EMBO Rep 10, 515-520, doi:10.1038/embor.2009.36 (2009).

85 Lien, W. H., Klezovitch, 0., Fernandez, T. E., Delrow, J. & Vasioukhin, V. alphaE-catenin controls
cerebral cortical size by regulating the hedgehog signaling pathway. Science 311, 1609-1612,
doi:10.1126/science.1121449 (2006).

86 Heuberger, J. & Birchmeier, W. Interplay of cadherin-mediated cell adhesion and canonical Wnt
signaling. Cold Spring Harbor perspectives in biology 2, a002915,
doi:10.1101/cshperspect.a002915 (2010).

87 (!!! INVALID CITATION !!!).
88 Takekuni, K. et al. Direct binding of cell polarity protein PAR-3 to cell-cell adhesion molecule

nectin at neuroepithelial cells of developing mouse. The Journal of biological chemistry 278,
5497-5500, doi:10.1074/jbc.C200707200 (2003).

89 Reinsch, S. & Karsenti, E. Orientation of spindle axis and distribution of plasma membrane
proteins during cell division in polarized MDCKII cells. The Journal of cell biology 126, 1509-1526
(1994).

90 Bond, J. et al. ASPM is a major determinant of cerebral cortical size. Nat Genet 32, 316-320,
doi:10.1038/ng995 (2002).

91 Villanea, F. A., Perry, G. H., Gutierrez-Espeleta, G. A. & Dominy, N. J. ASPM and the evolution of
cerebral cortical size in a community of New World monkeys. PloS one 7, e44928,
doi:10.1371/journal.pone.0044928 (2012).

162



92 Fish, J. L., Kosodo, Y., Enard, W., Psabo, S. & Huttner, W. B. Aspm specifically maintains

symmetric proliferative divisions of neuroepithelial cells. Proceedings of the National Academy

of Sciences 103, 10438-10443, doi:10.1073/pnas.0604066103 (2006).
93 Bond, J. et al. Protein-truncating mutations in ASPM cause variable reduction in brain size.

American journal of human genetics 73, 1170-1177, doi:10.1086/379085 (2003).
94 Buchman, J. J., Durak, 0. & Tsai, L. H. ASPM regulates Wnt signaling pathway activity in the

developing brain. Genes & development 25, 1909-1914, doi:10.1101/gad.16830211 (2011).

95 Takahashi, T., Nowakowski, R. S. & Caviness, V. S., Jr. Cell cycle parameters and patterns of

nuclear movement in the neocortical proliferative zone of the fetal mouse. The Journal of

neuroscience : the official journal of the Society for Neuroscience 13, 820-833 (1993).
96 Frade, J. M. Interkinetic nuclear movement in the vertebrate neuroepithelium: encounters with

an old acquaintance. Progress in brain research 136, 67-71 (2002).

97 Fish, J. L., Dehay, C., Kennedy, H. & Huttner, W. B. Making bigger brains-the evolution of neural-

progenitor-cell division. Journal of cell science 121, 2783-2793, doi:10.1242/jcs.023465 (2008).

98 Gambello, M. J. et al. Multiple dose-dependent effects of Lisi on cerebral cortical development.

The Journal of neuroscience: the official journal of the Society for Neuroscience 23, 1719-1729

(2003).
99 Murciano, A., Zamora, J., Lopez-Sanchez, J. & Frade, J. M. Interkinetic nuclear movement may

provide spatial clues to the regulation of neurogenesis. Molecular and cellular neurosciences 21,
285-300 (2002).

100 Calegari, F. & Huttner, W. B. An inhibition of cyclin-dependent kinases that lengthens, but does

not arrest, neuroepithelial cell cycle induces premature neurogenesis. Journal of cell science

116, 4947-4955, doi:10.1242/jcs.00825 (2003).
101 Takahashi, T., Nowakowski, R. S. & Caviness, V. S., Jr. The cell cycle of the pseudostratified

ventricular epithelium of the embryonic murine cerebral wall. The Journal of neuroscience : the

officialjournal of the Society for Neuroscience 15, 6046-6057 (1995).
102 Calegari, F., Haubensak, W., Haffner, C. & Huttner, W. B. Selective lengthening of the cell cycle in

the neurogenic subpopulation of neural progenitor cells during mouse brain development. The

Journal of neuroscience : the official journal of the Society for Neuroscience 25, 6533-6538,

doi:10.1523/JNEUROSC.0778-05.2005 (2005).
103 Malumbres, M. & Barbacid, M. Cell cycle, CDKs and cancer: a changing paradigm. Nat Rev

Cancer 9, 153-166 (2009).
104 Pardee, A. B. G1 events and regulation of cell proliferation. Science 246, 603 (1989).

105 Lundberg, A. S. & Weinberg, R. A. Functional Inactivation of the Retinoblastoma Protein

Requires Sequential Modification by at Least Two Distinct Cyclin-cdk Complexes. Molecular and

Cellular Biology 18, 753-761, doi:10.1128/mcb.18.2.753 (1998).
106 Ferguson, K. L. et al. Telencephalon-specific Rb knockouts reveal enhanced neurogenesis,

survival and abnormal cortical development. The EMBO journal 21, 3337-3346,
doi:10.1093/emboj/cdf338 (2002).

107 Helin, K. Regulation of cell proliferation by the E2F transcription factors. Current opinion in

genetics & development 8, 28-35 (1998).
108 Lange, C., Huttner, W. B. & Calegari, F. Cdk4/CyclinD1 Overexpression in Neural Stem Cells

Shortens G1, Delays Neurogenesis, and Promotes the Generation and Expansion of Basal

Progenitors. Cell Stem Cell5, 320-331, doi:http://dx.doi.org/10.1016/.stem.2009.05.026 (2009).

109 Martynoga, B., Drechsel, D. & Guillemot, F. Molecular Control of Neurogenesis: A View from the

Mammalian Cerebral Cortex. Cold Spring Harbor perspectives in biology 4,

doi:10.1101/cshperspect.a008359 (2012).

163



110 Logan, C. Y. & Nusse, R. The Wnt signaling pathway in development and disease. Annual review
of cell and developmental biology 20, 781-810, doi:10.1146/annurev.cellbio.20.010403.113126
(2004).

111 Clevers, H. Wnt/@-Catenin Signaling in Development and Disease. Cell 127, 469-480,
doi:http://dx.doi.org/10.1016/.cell.2006.10.018 (2006).

112 De Ferrari, G. V. & Moon, R. T. The ups and downs of Wnt signaling in prevalent neurological
disorders. Oncogene 25, 7545-7553, doi:10.1038/sj.onc.1210064 (2006).

113 Nusse, R. Wnt signaling in disease and in development. Cell research 15, 28-32,
doi:10.1038/sj.cr.7290260 (2005).

114 Liu, C. et al. Control of -Catenin Phosphorylation/Degradation by a Dual-Kinase Mechanism.
Cell 108, 837-847, doi:http://dx.doi.org/10.1016/SO092-8674(02)00685-2 (2002).

115 Chenn, A. Wnt/-catenin signaling in cerebral cortical development. Organogenesis 4, 76-80
(2008).

116 Tanaka, K., Kitagawa, Y. & Kadowaki, T. Drosophila Segment Polarity Gene Product Porcupine
Stimulates the Posttranslational N-Glycosylation of Wingless in the Endoplasmic Reticulum.
Journal of Biological Chemistry 277, 12816-12823 (2002).

117 Willert, K. et al. Wnt proteins are lipid-modified and can act as stem cell growth factors. Nature
423, 448-452,
doi:http://www.nature.com/nature/journal/v423/n6938/suppinfo/natureOl6ll S1.htmi
(2003).

118 Hausmann, G., Banziger, C. & Basler, K. Helping Wingless take flight: how WNT proteins are
secreted. Nat Rev Mol Cell Biol 8, 331-336 (2007).

119 Galli, L. M., Barnes, T. L., Secrest, S. S., Kadowaki, T. & Burrus, L. W. Porcupine-mediated lipid-
modification regulates the activity and distribution of Wnt proteins in the chick neural tube.
Development 134, 3339 (2007).

120 Komekado, H., Yamamoto, H., Chiba, T. & Kikuchi, A. Glycosylation and palmitoylation of Wnt-3a
are coupled to produce an active form of Wnt-3a. Genes to cells : devoted to molecular &
cellular mechanisms 12, 521-534, doi:10.1111/j.1365-2443.2007.01068.x (2007).

121 Takada, R. et al. Monounsaturated fatty acid modification of Wnt protein: its role in Wnt
secretion. Dev Cell 11, 791-801, doi:10.1016/j.devcel.2006.10.003 (2006).

122 Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 127, 469-480,
doi:10.1016/j.cell.2006.10.018 (2006).

123 Schulte, G. & Bryja, V. The Frizzled family of unconventional G-protein-coupled receptors. Trends
in pharmacological sciences 28, 518-525, doi:10.1016/j.tips.2007.09.001 (2007).

124 He, X., Semenov, M., Tamai, K. & Zeng, X. LDL receptor-related proteins 5 and 6 in Wnt/beta-
catenin signaling: arrows point the way. Development 131, 1663-1677, doi:10.1242/dev.01117
(2004).

125 Cong, F., Schweizer, L. & Varmus, H. Wnt signals across the plasma membrane to activate the
beta-catenin pathway by forming oligomers containing its receptors, Frizzled and LRP.
Development 131, 5103-5115, doi:10.1242/dev.01318 (2004).

126 Price, M. A. CKI, there's more than one: casein kinase I family members in Wnt and Hedgehog
signaling. Genes & Development 20, 399-410, doi:10.1101/gad.1394306 (2006).

127 Luo, W. et al. Protein phosphatase 1 regulates assembly and function of the beta-catenin
degradation complex. The EMBOjournal 26, 1511-1521, doi:10.1038/sj.emboj.7601607 (2007).

128 Su, Y. et al. APC Is Essential for Targeting Phosphorylated -Catenin to the SCFP-TrCP Ubiquitin
Ligase. Molecular Cell 32, 652-661, doi:http://dx.doi.org/10.1016/j.molcel.2008.10.023 (2008).

129 Major, M. B. et al. Wilms tumor suppressor WTX negatively regulates WNT/beta-catenin
signaling. Science 316, 1043-1046, doi:10.1126/science/1141515 (2007).

164



130 Kimelman, D. & Xu, W. [beta]-Catenin destruction complex: insights and questions from a
structural perspective. Oncogene 25, 7482-7491 (0000).

131 Klaus, A. & Birchmeier, W. Wnt signalling and its impact on development and cancer. Nat Rev
Cancer 8, 387-398, doi:http://www.nature.com/nrc/journal/v8/n5/suppinfo/nrc2389 S1.html
(2008).

132 Tamai, K. et al. A mechanism for Wnt coreceptor activation. Mol Cell 13, 149-156 (2004).
133 Davidson, G. et a/. Casein kinase 1 gamma couples Wnt receptor activation to cytoplasmic signal

transduction. Nature 438, 867-872, doi:10.1038/nature04170 (2005).
134 Zeng, X. et al. A dual-kinase mechanism for Wnt co-receptor phosphorylation and activation.

Nature 438, 873-877, doi:10.1038/nature04185 (2005).
135 Wong, H. C. et al. Direct binding of the PDZ domain of Dishevelled to a conserved internal

sequence in the C-terminal region of Frizzled. Mol Cell 12, 1251-1260 (2003).
136 Cliffe, A., Hamada, F. & Bienz, M. A role of Dishevelled in relocating Axin to the plasma

membrane during wingless signaling. Current biology: CB 13, 960-966 (2003).
137 Zeng, X. et al. Initiation of Wnt signaling: control of Wnt coreceptor Lrp6

phosphorylation/activation via frizzled, dishevelled and axin functions. Development 135, 367
(2007).

138 Stadeli, R., Hoffmans, R. & Basler, K. Transcription under the Control of Nuclear Arm/-Catenin.
Current Biology 16, R378-R385, doi:http://dx.doi.org/10.1016/j.cub.2006.04.019 (2006).

139 Yokoya, F., Imamoto, N., Tachibana, T. & Yoneda, Y. @-Catenin Can Be Transported into the
Nucleus in a Ran-unassisted Manner. Molecular Biology of the Cell 10, 1119-1131,
doi:10.1091/mbc.10.4.1119 (1999).

140 Fagotto, F., Gluck, U. & Gumbiner, B. M. Nuclear localization signal-independent and
importin/karyopherin-independent nuclear import of beta-catenin. Current biology: CB 8, 181-
190 (1998).

141 Wu, X. et al. Raci activation controls nuclear localization of beta-catenin during canonical Wnt
signaling. Cell 133, 340-353, doi:10.1016/j.cell.2008.01.052 (2008).

142 van de Wetering, M. et al. Armadillo coactivates transcription driven by the product of the
Drosophila segment polarity gene dTCF. Cell 88, 789-799 (1997).

143 Cavallo, R. A. et a/. Drosophila Tcf and Groucho interact to repress Wingless signalling activity.
Nature 395, 604-608, doi:10.1038/26982 (1998).

144 Valenta, T., Lukas, J. & Korinek, V. HMG box transcription factor TCF-4's interaction with CtBP1
controls the expression of the Wnt target Axin2/Conductin in human embryonic kidney cells.
Nucleic acids research 31, 2369-2380 (2003).

145 Cadigan, K. M. & Waterman, M. L. TCF/LEFs and Wnt signaling in the nucleus. Cold Spring Harbor
perspectives in biology 4, doi:10.1101/cshperspect.a007906 (2012).

146 Daniels, D. L. & Weis, W. I. Beta-catenin directly displaces Groucho/TLE repressors from Tcf/Lef
in Wnt-mediated transcription activation. Nature structural & molecular biology 12, 364-371,
doi:10.1038/nsmb912 (2005).

147 Willert, K. & Jones, K. A. Wnt signaling: is the party in the nucleus? Genes & Development 20,
1394-1404, doi:10.1101/gad.1424006 (2006).

148 Krieghoff, E., Behrens, J. & Mayr, B. Nucleo-cytoplasmic distribution of beta-catenin is regulated
by retention. Journal of cell science 119, 1453-1463, doi:10.1242/jcs.02864 (2006).

149 Tissir, F. & Goffinet, A. M. Shaping the nervous system: role of the core planar cell polarity
genes. Nature reviews. Neuroscience 14, 525-535, doi:10.1038/nrn3525 (2013).

150 Das, G., Jenny, A., Klein, T. J., Eaton, S. & Mlodzik, M. Diego interacts with Prickle and
Strabismus/Van Gogh to localize planar cell polarity complexes. Development 131, 4467-4476,
doi:10.1242/dev.01317 (2004).

165



151 Lu, X. et al. PTK7/CCK-4 is a novel regulator of planar cell polarity in vertebrates. Nature 430, 93-
98, doi:10.1038/nature02677 (2004).

152 Seifert, J. R. & Mlodzik, M. Frizzled/PCP signalling: a conserved mechanism regulating cell
polarity and directed motility. Nature reviews. Genetics 8, 126-138, doi:10.1038/nrg2042 (2007).

153 Curtin, J. A. et al. Mutation of Celsri disrupts planar polarity of inner ear hair cells and causes
severe neural tube defects in the mouse. Current biology: CB 13, 1129-1133 (2003).

154 Sheldahl, L. C. et al. Dishevelled activates Ca2+ flux, PKC, and CamKII in vertebrate embryos. The
Journal of cell biology 161, 769-777, doi:10.1083/jcb.200211094 (2003).

155 KOhl, M., Sheldahl, L. C., Malbon, C. C. & Moon, R. T. Ca2+/Calmodulin-dependent Protein Kinase
11 Is Stimulated by Wnt and Frizzled Homologs and Promotes Ventral Cell Fates in Xenopus.
Journal of Biological Chemistry 275, 12701-12711, doi:10.1074/jbc.275.17.12701 (2000).

156 De, A. Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochimica et Biophysica Sinica 43,
745-756, doi:10.1093/abbs/gmrO79 (2011).

157 Drees, F., Pokutta, S., Yamada, S., Nelson, W. J. & Weis, W. 1. Alpha-catenin is a molecular switch
that binds E-cadherin-beta-catenin and regulates actin-filament assembly. Cell 123, 903-915,
doi:10.1016/j.cell.2005.09.021 (2005).

158 Orsulic, S., Huber, 0., Aberle, H., Arnold, S. & Kemler, R. E-cadherin binding prevents beta-
catenin nuclear localization and beta-catenin/LEF-1-mediated transactivation. Journal of cell
science 112 ( Pt 8), 1237-1245 (1999).

159 Stockinger, A., Eger, A., Wolf, J., Beug, H. & Foisner, R. E-cadherin regulates cell growth by
modulating proliferation-dependent beta-catenin transcriptional activity. The Journal of cell
biology 154, 1185-1196, doi:10.1083/jcb.200104036 (2001).

160 Eger, A., Stockinger, A., Schaffhauser, B., Beug, H. & Foisner, R. Epithelial mesenchymal
transition by c-Fos estrogen receptor activation involves nuclear translocation of beta-catenin
and upregulation of beta-catenin/lymphoid enhancer binding factor-1 transcriptional activity.
The Journal of cell biology 148, 173-188 (2000).

161 Maretto, S. et al. Mapping Wnt/beta-catenin signaling during mouse development and in
colorectal tumors. Proceedings of the National Academy of Sciences of the United States of
America 100, 3299-3304, doi:10.1073/pnas.0434590100 (2003).

162 Backman, M. et al. Effects of canonical Wnt signaling on dorso-ventral specification of the
mouse telencephalon. Developmental biology 279, 155-168, doi:10.1016/j.ydbio.2004.12.010
(2005).

163 Woodhead, G. J., Mutch, C. A., Olson, E. C. & Chenn, A. Cell-autonomous beta-catenin signaling
regulates cortical precursor proliferation. The Journal of neuroscience : the official journal of the
Society for Neuroscience 26, 12620-12630, doi:10.1523/JNEUROSCI.3180-06.2006 (2006).

164 Munji, R. N., Choe, Y., Li, G., Siegenthaler, J. A. & Pleasure, S. J. Wnt signaling regulates neuronal
differentiation of cortical intermediate progenitors. The Journal of neuroscience : the official
journal of the Society for Neuroscience 31, 1676-1687, doi:10.1523/JN EU ROSCI.5404-10.2011
(2011).

165 Chenn, A. & Walsh, C. A. Regulation of Cerebral Cortical Size by Control of Cell Cycle Exit in
Neural Precursors. Science 297, 365 (2002).

166 Wrobel, C. N., Mutch, C. A., Swaminathan, S., Taketo, M. M. & Chenn, A. Persistent expression of
stabilized beta-catenin delays maturation of radial glial cells into intermediate progenitors.
Developmental biology 309, 285-297, doi:10.1016/j.ydbio.2007.07.013 (2007).

167 Machon, 0. et al. A dynamic gradient of Wnt signaling controls initiation of neurogenesis in the
mammalian cortex and cellular specification in the hippocampus. Developmental biology 311,
223-237, doi:10.1016/j.ydbio.2007.08.038 (2007).

166



168 Mutch, C. A., Schulte, J. D., Olson, E. & Chenn, A. Beta-catenin signaling negatively regulates

intermediate progenitor population numbers in the developing cortex. PloS one 5, e12376,

doi:10.1371/journal.pone.0012376 (2010).

169 Hirabayashi, Y. et al. The Wnt/beta-catenin pathway directs neuronal differentiation of cortical

neural precursor cells. Development 131, 2791-2801, doi:10.1242/dev.01165 (2004).

170 Hirabayashi, Y. & Gotoh, Y. Stage-dependent fate determination of neural precursor cells in

mouse forebrain. Neuroscience research 51, 331-336, doi:10.1016/j.neures.2005.01.004 (2005).

171 Rosso, S. B., Sussman, D., Wynshaw-Boris, A. & Salinas, P. C. Wnt signaling through Dishevelled,

Rac and JNK regulates dendritic development. Nat Neurosci 8, 34-42, doi:10.1038/nn1374

(2005).
172 Wayman, G. A. et al. Activity-dependent dendritic arborization mediated by CaM-kinase I

activation and enhanced CREB-dependent transcription of Wnt-2. Neuron 50, 897-909,

doi:10.1016/j.neuron.2006.05.008 (2006).

173 Yu, X. & Malenka, R. C. [beta]-catenin is critical for dendritic morphogenesis. Nat Neurosci 6,

1169-1177, doi:http://www.nature.com/neuro/journal/v6/nll/suppinfo/nnll
3 2 S1.html

(2003).
174 Farias, G. G., Godoy, J. A., Cerpa, W., Varela-Nallar, L. & Inestrosa, N. C. Wnt signaling modulates

pre- and postsynaptic maturation: therapeutic considerations. Developmental dynamics: an

official publication of the American Association of Anatomists 239, 94-101,

doi:10.1002/dvdy.22065 (2010).

175 Smalley, S. L., Asarnow, R. F. & Spence, M. A. Autism and genetics. A decade of research. Arch

Gen Psychiatry 45, 953-961 (1988).
176 Nishiyama, M. et al. Early Embryonic Death in Mice Lacking the -Catenin-Binding Protein

Duplin. Molecular and Cellular Biology 24, 8386-8394, doi:10.1128/mcb.24.19.8386-8394.2004

(2004).
177 Rodriguez-Paredes, M., Ceballos-Chavez, M., Esteller, M., Garcfa-Dominguez, M. & Reyes, J. C.

The chromatin remodeling factor CHD8 interacts with elongating RNA polymerase I and

controls expression of the cyclin E2 gene. Nucleic acids research 37, 2449-2460,

doi:10.1093/nar/gkplOl (2009).
178 Sugathan, A. et al. CHD8 regulates neurodevelopmental pathways associated with autism

spectrum disorder in neural progenitors. Proceedings of the National Academy of Sciences 111,

E4468-E4477, doi:10.1073/pnas.1405266111 (2014).

179 Courchesne, E., Carper, R. & Akshoomoff, N. EVidence of brain overgrowth in the first year of life

in autism. JAMA 290, 337-344, doi:10.1001/jama.290.3.337 (2003).

180 Dehay, C. & Kennedy, H. Cell-cycle control and cortical development. Nature reviews.

Neuroscience 8, 438-450 (2007).

181 Kriegstein, A., Noctor, S. & Martinez-Cerdeno, V. Patterns of neural stem and progenitor cell

division may underlie evolutionary cortical expansion. Nature reviews. Neuroscience 7, 883-890

(2006).
182 Hardwick, L. J. A. & Philpott, A. Nervous decision-making: to divide or differentiate. Trends in

Genetics 30, 254-261, doi:10.1016/j.tig.2014.04.001.

183 Niehrs, C. & Acebron, S. P. Mitotic and mitogenic Wnt signalling. The EMBO journal 31, 2705-

2713, doi:10.1038/emboj.2012.124 (2012).

184 Hirabayashi, Y. et al. The Wnt/@-catenin pathway directs neuronal differentiation of cortical

neural precursor cells. Development 131, 2791-2801, doi:10.1242/dev.01165 (2004).

185 Chenn, A. & Walsh, C. A. Regulation of cerebral cortical size by control of cell cycle exit in neural

precursors. Science 297, 365-369, doi:10.1126/science.1074192 (2002).

167



186 Hirabayashi, Y. & Gotoh, Y. Epigenetic control of neural precursor cell fate during development.
Nature reviews. Neuroscience 11, 377-388 (2010).

187 Pereira, J. D. et al. Ezh2, the histone methyltransferase of PRC2, regulates the balance between
self-renewal and differentiation in the cerebral cortex. Proceedings of the National Academy of
Sciences 107, 15957-15962, doi:10.1073/pnas.1002530107 (2010).

188 Kang, H. J. et al. Spatio-temporal transcriptome of the human brain. Nature 478, 483-489,
doi:http://www.nature.com/nature/journal/v478/n7370/abs/naturel0523.html#supplementary
-information (2011).

189 Wang, P. et al. CRISPR/Cas9-mediated heterozygous knockout of the autism gene CHD8 and
characterization of its transcriptional networks in neurodevelopment. Molecular autism 6, 55,
doi:10.1186/s13229-015-0048-6 (2015).

190 Wilkinson, B. et al. The autism-associated gene chromodomain helicase DNA-binding protein 8
(CHD8) regulates noncoding RNAs and autism-related genes. Translational psychiatry 5, e568,
doi:10.1038/tp.2015.62 (2015).

191 Abrahams, B. S. et al. SFARI Gene 2.0: a community-driven knowledgebase for the autism
spectrum disorders (ASDs). Molecular autism 4, 36, doi:10.1186/2040-2392-4-36 (2013).

192 Ernst, J. & Kellis, M. ChromHMM: automating chromatin-state discovery and characterization.
Nat Meth 9, 215-216,
doi:http://www.nature.com/nmeth/journal/v9/n3/abs/nmeth.1906.htm l#supplementary-
information (2012).

193 Sher, F., Boddeke, E., Olah, M. & Copray, S. Dynamic Changes in Ezh2 Gene Occupancy Underlie
Its Involvement in Neural Stem Cell Self-Renewal and Differentiation towards Oligodendrocytes.
PloS one 7, e40399, doi:10.1371/journal.pone.0040399 (2012).

194 Arnold, P. et al. Modeling of epigenome dynamics identifies transcription factors that mediate
Polycomb targeting. Genome Research 23, 60-73, doi:10.1101/gr.142661.112 (2013).

195 Molenaar, M. et a/. XTcf-3 transcription factor mediates beta-catenin-induced axis formation in
Xenopus embryos. Cell 86, 391-399 (1996).

196 Thompson, B. A., Tremblay, V., Lin, G. & Bochar, D. A. CHD8 Is an ATP-Dependent Chromatin
Remodeling Factor That Regulates -Catenin Target Genes. Molecular and Cellular Biology 28,
3894-3904, doi:10.1128/mcb.00322-08 (2008).

197 Nishiyama, M., Skoultchi, A. 1. & Nakayama, K. 1. Histone H1 recruitment by CHD8 is essential for
suppression of the Wnt-beta-catenin signaling pathway. Mol Cell Biol 32, 501-512,
doi:10.1128/MCB.06409-11 (2012).

198 Molyneaux, B. J. et al. DeCoN: genome-wide analysis of in vivo transcriptional dynamics during
pyramidal neuron fate selection in neocortex. Neuron 85, 275-288,
doi:10.1016/j.neuron.2014.12.024 (2015).

199 Fame, R. M., MacDonald, J. L. & Macklis, J. D. Development, specification, and diversity of
callosal projection neurons. Trends in neurosciences 34, 41-50, doi:10.1016/j.tins.2010.10.002
(2011).

200 Bourin, M. & Hascoet, M. The mouse light/dark box test. European Journal of Pharmacology
463, 55-65, doi:http://dx.doi.org/10.1016/SO014-2999(03)01274-3 (2003).

201 Walf, A. A. & Frye, C. A. The use of the elevated plus maze as an assay of anxiety-related
behavior in rodents. Nat. Protocols 2, 322-328 (2007).

202 Moy, S. S. et al. Sociability and preference for social novelty in five inbred strains: an approach
to assess autistic-like behavior in mice. Genes, Brain and Behavior 3, 287-302,
doi:10.1111/j.1601-1848.2004.00076.x (2004).

168



203 Menon, T., Yates, J. A. & Bochar, D. A. Regulation of androgen-responsive transcription by the

chromatin remodeling factor CH D8. Mol Endocrinol 24, 1165-1174, doi:10.1210/me.2009-0421

(2010).
204 Fang, M., Ou, J., Hutchinson, L. & Green, Michael R. The BRAF Oncoprotein Functions through

the Transcriptional Repressor MAFG to Mediate the CpG Island Methylator Phenotype.

Molecular Cell 55, 904-915, doi:http://dx.doi.org/10.1016/J.moIce1.201
4 .0 8 .010 (2014).

205 Batsukh, T. et al. CHD8 interacts with CHD7, a protein which is mutated in CHARGE syndrome.

Human molecular genetics 19, 2858-2866, doi:10.1093/hmg/ddq189 (2010).

206 Hurd, E. A., Poucher, H. K., Cheng, K., Raphael, Y. & Martin, D. M. The ATP-dependent chromatin

remodeling enzyme CHD7 regulates pro-neural gene expression and neurogenesis in the inner

ear. Development 137, 3139-3150, doi:10.1242/dev.047894 (2010).

207 Layman, W. S. et al. Defects in neural stem cell proliferation and olfaction in Chd7 deficient mice

indicate a mechanism for hyposmia in human CHARGE syndrome. Human molecular genetics 18,

1909-1923, doi:10.1093/hmg/ddpll2 (2009).

208 Balow, S. A. et al. Knockdown of fbxllO/kdm2bb rescues chd7 morphant phenotype in a

zebrafish model of CHARGE syndrome. Developmental biology 382, 57-69,

doi:http://dx.doi.org/10.1016/j.ydbio.2013.07.026 (2013).

209 Platt, J. L., Rogers, B. J., Rogers, K. C., Harwood, A. J. & Kimmel, A. R. Different CHD chromatin

remodelers are required for expression of distinct gene sets and specific stages during

development of Dictyostelium discoideum. Development 140, 4926-4936,

doi:10.1242/dev.099879 (2013).

210 Terriente-F6lix, A., Molnar, C., G6mez-Skarmeta, J. L. & de Celis, J. F. A conserved function of the

chromatin ATPase Kismet in the regulation of hedgehog expression. Developmental biology 350,

382-392, doi:http://dx.doi.org/10.1016/j.ydbio.2010.12.003 (2011).

211 Xie, Z. et al. Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor

pool. Neuron 56, 79-93, doi:10.1016/j.neuron.2007.08.026 (2007).

212 Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: discovering splice junctions with RNA-Seq.

Bioinformatics 25, 1105-1111, doi:10.1093/bioinformatics/btpl2O

btp120 [pii] (2009).
213 Trapnell, C. et al. Differential gene and transcript expression analysis of RNA-seq experiments

with TopHat and Cufflinks. Nat Protoc 7, 562-578, doi:10.1038/nprot.2012.016

nprot.2012.016 [pii] (2012).

214 Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform.

Bioinformatics 25, 1754-1760, doi:10.1093/bioinformatics/btp324 (2009).

215 Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079,

doi:10.1093/bioinformatics/btp352

btp352 [pii] (2009).
216 Ernst, J. & Kellis, M. ChromHMM: automating chromatin-state discovery and characterization.

Nat Methods 9, 215-216, doi:10.1038/nmeth.1906

nmeth.1906 [pii] (2012).
217 Heinz, S. et al. Simple combinations of lineage-determining transcription factors prime cis-

regulatory elements required for macrophage and B cell identities. Mol Cell 38, 576-589,

doi:10.1016/j.molcel.2010.05.004

S1097-2765(10)00366-7 [pii] (2010).

169



218 Liu, T. Use model-based Analysis of ChIP-Seq (MACS) to analyze short reads generated by
sequencing protein-DNA interactions in embryonic stem cells. Methods Mol Biol 1150, 81-95,
doi:10.1007/978-1-4939-0512-6_4 (2014).

219 Baum, A. E. et al. A genome-wide association study implicates diacylglycerol kinase eta (DGKH)
and several other genes in the etiology of bipolar disorder. Mol Psychiatry 13, 197-207,
doi:http://www.nature.com/mp/ournal/v13/n2/suppinfo/4002012s1.html (2007).

220 Smith, E. N. et a/. Genome-wide association study of bipolar disorder in European American and
African American individuals. Mol Psychiatry 14, 755-763,
doi:http://www.nature.com/mp/journal/v14/n8/suppinfo/mp200943s1.html (2009).

221 Pandey, A. et al. Epistasis network centrality analysis yields pathway replication across two
GWAS cohorts for bipolar disorder. Translational psychiatry 2, e154, doi:10.1038/tp.2012.80
(2012).

222 Hatzimanolis, A. et al. Bipolar disorder ANK3 risk variant effect on sustained attention is
replicated in a large healthy population. Psychiatr Genet (2012).

223 Linke, J. et al. Genome-wide supported risk variant for bipolar disorder alters anatomical
connectivity in the human brain. Neurolmage 59, 3288-3296,
doi:10.1016/j.neuroimage.2011.10.083 (2012).

224 Roussos P, K. P. D. K. L. & et al. MOlecular and genetic evidence for abnormalities in the nodes
of ranvier in schizophrenia. Archives of General Psychiatry 69, 7-15,
doi:10.1001/archgenpsychiatry.2011.110 (2012).

225 Bi, C. et al. Mutations of ANK3 identified by exome sequencing are associated with autism
susceptibility. Human Mutation 33, 1635-1638, doi:10.1002/humu.22174 (2012).

226 lqbal, Z. et al. Homozygous and heterozygous disruptions of ANK3: at the crossroads of
neurodevelopmental and psychiatric disorders. Human molecular genetics,
doi:10.1093/hmg/ddtO43 (2013).

227 Shi, L. et a!. Whole-genome sequencing in an autism multiplex family. Molecular autism 4, 8,
doi:10.1186/2040-2392-4-8 (2013).

228 Sobotzik, J.-M. et al. AnkyrinG is required to maintain axo-dendritic polarity in vivo. Proceedings
of the National Academy of Sciences 106, 17564-17569, doi:10.1073/pnas.0909267106 (2009).

229 Kizhatil, K. et a!. Ankyrin-G Is a Molecular Partner of E-cadherin in Epithelial Cells and Early
Embryos. Journal of Biological Chemistry 282, 26552-26561, doi:10.1074/jbc.M703158200
(2007).

230 Zhou, C.-J., Zhao, C. & Pleasure, S. J. Wnt Signaling Mutants Have Decreased Dentate Granule
Cell Production and Radial Glial Scaffolding Abnormalities. The Journal of Neuroscience 24, 121-
126, doi:10.1523/jneurosci.4071-03.2004 (2004).

231 Kim, W. Y. et a!. GSK-3 is a master regulator of neural progenitor homeostasis. Nat Neurosci 12,
1390-1397, doi:10.1038/nn.2408 (2009).

232 O'Roak, B. J. et al. Sporadic autism exomes reveal a highly interconnected protein network of de
novo mutations. Nature 485, 246-250, doi:10.1038/naturel0989 (2012).

233 Mao, Y. et al. Disrupted in schizophrenia 1 regulates neuronal progenitor proliferation via
modulation of GSK3beta/beta-catenin signaling. Cell 136, 1017-1031,
doi:10.1016/j.cell.2008.12.044 (2009).

234 Duan, X. et al. Disrupted-In-Schizophrenia 1 Regulates Integration of Newly Generated Neurons
in the Adult Brain. Cell 130, 1146-1158 (2007).

235 Singh, K. K. et al. Dixdcl is a critical regulator of DISC1 and embryonic cortical development.
Neuron 67, 33-48, doi:10.1016/j.neuron.2010.06.002 (2010).

236 Wexler, Eric M. & Geschwind, Daniel H. DISC1: A Schizophrenia Gene with Multiple Personalities.
Neuron 72, 501-503, doi:http://dx.doi.org/10.1016/j.neuron.2011.10.023 (2011).

170



237 Nelson, W. J. & Nusse, R. Convergence of Wnt, beta-catenin, and cadherin pathways. Science

303, 1483-1487, doi:10.1126/science.1094291 (2004).
238 Heuberger, J. & Birchmeier, W. Interplay of Cadherin-Mediated Cell Adhesion and Canonical

Wnt Signaling. Cold Spring Harbor perspectives in biology 2, doi:10.1101/cshperspect.a002915
(2010).

239 Noles, S. R. & Chenn, A. Cadherin inhibition of beta-catenin signaling regulates the proliferation

and differentiation of neural precursor cells. Molecular and cellular neurosciences 35, 549-558,
doi:10.1016/j.mcn.2007.04.012 (2007).

240 Dehay, C. & Kennedy, H. Cell-cycle control and cortical development. Nature reviews.
Neuroscience 8, 438-450, doi:10.1038/nrn2097 (2007).

241 Bultje, R. S. et al. Mammalian Par3 Regulates Progenitor Cell Asymmetric Division via Notch
Signaling in the Developing Neocortex. Neuron 63, 189-202,
doi:http://dx.doi.org/10.1016/.neuron.2009.07.004 (2009).

242 Leussis, M. P. et al. The ANK3 Bipolar Disorder Gene Regulates Psychiatric-Related Behaviors
That Are Modulated by Lithium and Stress. Biological Psychiatry,
doi:http://dx.doi.org/10.1016/j.biopsych.2012.10.016.

243 Molenaar, M. et al. XTcf-3 Transcription Factor Mediates S-Catenin-Induced Axis Formation in
Xenopus Embryos. Cell 86, 391-399, doi:10.1016/s0092-8674(00)80112-9 (1996).

244 van de Wetering, M. et al. Armadillo Coactivates Transcription Driven by the Product of the
Drosophila Segment Polarity Gene dTCF. Cell 88, 789-799, doi:10.1016/s0092-8674(00)81925-x
(1997).

245 Orsulic, S., Huber, 0., Aberle, H., Arnold, S. & Kemler, R. E-cadherin binding prevents beta-
catenin nuclear localization and beta-catenin/LEF-1-mediated transactivation. Journal of cell
science 112, 1237-1245 (1999).

246 Aberle, H., Bauer, A., Stappert, J., Kispert, A. & Kemler, R. [beta]-catenin is a target for the

ubiquitin-proteasome pathway. The EMBO journal 16, 3797-3804 (1997).
247 Hart, M. et al. The F-box protein 1-TrCP associates with phosphorylated 0-catenin and regulates

its activity in the cell. Current Biology 9, 207-211, doi:10.1016/s0960-9822(99)80091-8 (1999).
248 Fatemi, S. H. & Folsom, T. D. The Neurodevelopmental Hypothesis of Schizophrenia, Revisited.

Schizophrenia Bulletin 35, 528-548, doi:10.1093/schbul/sbnl87 (2009).
249 Insel, T. R. Rethinking schizophrenia. Nature 468, 187-193, doi:10.1038/nature09552 (2010).
250 Paez-Gonzalez, P. et al. Ank3-Dependent SVZ Niche Assembly Is Required for the Continued

Production of New Neurons. Neuron 71, 61-75, doi:10.1016/j.neuron.2011.05.029 (2011).

251 Zhou, D. et al. AnkyrinG Is Required for Clustering of Voltage-gated Na Channels at Axon Initial
Segments and for Normal Action Potential Firing. The Journal of cell biology 143, 1295-1304,
doi:10.1083/jcb.143.5.1295 (1998).

252 Xie, Z. et al. Cep120 and TACCs Control Interkinetic Nuclear Migration and the Neural Progenitor
Pool. Neuron 56, 79-93 (2007).

253 Walker, E., Kestler, L., Bollini, A. & Hochman, K. M. Schizophrenia: Etiology and Course. Annual
Review of Psychology 55, 401-430, doi:doi: 10. 1146/annurev.psych.55.090902.141950 (2004).

254 Kramps, T. et al. Wnt/Wingless Signaling Requires BCL9/Legless-Mediated Recruitment of
Pygopus to the Nuclear -Catenin-TCF Complex. Cell 109, 47-60,
doi:http://dx.doi.org/10.1016/SO092-8674(02)00679-7 (2002).

255 MacDonald, B. T., Tamai, K. & He, X. Wnt/p-catenin signaling: components, mechanisms, and
diseases. Developmental cell 17, 9-26, doi:10. 1016/j.devcel.2009.06.016 (2009).

256 Kleber, M. & Sommer, L. Wnt signaling and the regulation of stem cell function. Current Opinion
in Cell Biology 16, 681-687, doi:http://dx.doi.org/10.1016/.ceb.2004.08.006 (2004).

171



257 Lie, D.-C. et al. Wnt signalling regulates adult hippocampal neurogenesis. Nature 437, 1370-
1375, doi:http://www.nature.com/nature/journal/v437/n7063/suppinfo/nature04l08 S1.html
(2005).

258 Apple, D. M., Fonseca, R. S. & Kokovay, E. The role of adult neurogenesis in psychiatric and
cognitive disorders. Brain Research, doi:http://dx.doi.org/10.1016/.brainres.2016.01.023.

259 Goldman, A. L. et al. Widespread reductions of cortical thickness in schizophrenia and spectrum
disorders and evidence of heritability. Arch Gen Psychiatry 66, 467-477,
doi:10.1001/archgenpsychiatry.2009.24 (2009).

260 Gail Williams, P., Sears, L. L. & Allard, A. Sleep problems in children with autism. J Sleep Res 13,
265-268, doi:10.1111/j.1365-2869.2004.00405.x (2004).

261 Polimeni, M. A., Richdale, A. L. & Francis, A. J. A survey of sleep problems in autism, Asperger's
disorder and typically developing children. J Intellect Disabil Res 49, 260-268,
doi:10.1111/j.1365-2788.2005.00642.x (2005).

262 Cohrs, S. Sleep disturbances in patients with schizophrenia : impact and effect of antipsychotics.
CNS Drugs 22, 939-962 (2008).

263 Bourin, M. & Hascoet, M. The mouse light/dark box test. EurJ Pharmacol 463, 55-65 (2003).
264 Kaladjian, A., Jeanningros, R., Azorin, J. M., Anton, J. L. & Mazzola-Pomietto, P. Impulsivity and

neural correlates of response inhibition in schizophrenia. Psychol Med 41, 291-299,
doi:10.1017/S0033291710000796 (2011).

265 Hutton, S. B. et al. Decision making deficits in patients with first-episode and chronic
schizophrenia. Schizophr Res 55, 249-257 (2002).

266 Couture, S. M. et al. Comparison of social cognitive functioning in schizophrenia and high
functioning autism: more convergence than divergence. Psychol Med 40, 569-579,
doi:10.1017/S003329170999078X (2010).

267 Morris, R. G., Garrud, P., Rawlins, J. N. & O'Keefe, J. Place navigation impaired in rats with
hippocampal lesions. Nature 297, 681-683 (1982).

268 LYNCH, M. A. Long-Term Potentiation and Memory. Physiological Reviews 84, 87-136,
doi:10.1152/physrev.00014.2003 (2004).

269 Couillard-Despres, S. et al. Doublecortin expression levels in adult brain reflect neurogenesis.
European Journal of Neuroscience 21, 1-14, doi:10.1111/j.1460-9568.2004.03813.x (2005).

270 Mani, M. et al. BCL9 Promotes Tumor Progression by Conferring Enhanced Proliferative,
Metastatic, and Angiogenic Properties to Cancer Cells. Cancer Research 69, 7577 (2009).

271 Moor, A. E. et al. BCL9/9L-1-catenin Signaling is Associated With Poor Outcome in Colorectal
Cancer. EBioMedicine 2, 1932-1943, doi:http://dx.doi.org/10.1016/.ebiom.2015.10.030 (2015).

272 Haegele, L. et al. Wnt signalling inhibits neural differentiation of embryonic stem cells by
controlling bone morphogenetic protein expression. Molecular and Cellular Neuroscience 24,
696-708, doi:http://dx.doi.org/10.1016/S1044-7431(03)00232-X (2003).

273 Esfandiari, F. et al. Glycogen synthase kinase-3 inhibition promotes proliferation and neuronal
differentiation of human-induced pluripotent stem cell-derived neural progenitors. Stem cells
and development 21, 3233-3243, doi:10.1089/scd.2011.0678 (2012).

274 Mardones, M. D. et al. Frizzled-1 receptor regulates adult hippocampal neurogenesis. Molecular
Brain 9, 29, doi:10.1186/s13041-016-0209-3 (2016).

275 Lee, H. et al. DISC1-mediated dysregulation of adult hippocampal neurogenesis in rats. Frontiers
in Systems Neuroscience 9, 93, doi:10.3389/fnsys.2015.00093 (2015).

276 Gaser, C., Nenadic, I., Buchsbaum, B. R., Hazlett, E. A. & Buchsbaum, M. S. Ventricular
Enlargement in Schizophrenia Related to Volume Reduction of the Thalamus, Striatum, and
Superior Temporal Cortex. American Journal of Psychiatry 161, 154-156,
doi:10.1176/appi.ajp.161.1.154 (2004).

172



277 Kempton, M. J., Stahl, D., Williams, S. C. R. & DeLisi, L. E. Progressive lateral ventricular
enlargement in schizophrenia: A meta-analysis of longitudinal MRI studies. Schizophrenia
Research 120, 54-62, doi:http://dx.doi.org/10.1016/j.schres.2010.03.036 (2010).

278 Vita, A. et al. Cerebral ventricular enlargement as a generalized feature of schizophrenia: a
distribution analysis on 502 subjects. Schizophrenia Research 44, 25-34,
doi:http://dx.doi.org/10.1016/SO920-9964(99)00134-6 (2000).

279 Pletnikov, M. V. et al. Inducible expression of mutant human DISCi in mice is associated with
brain and behavioral abnormalities reminiscent of schizophrenia. Mol Psychiatry 13, 173-186,
doi:http://www.nature.com/mp/ournal/v13/n2/suppinfo/4002079s1.html (2007).

280 Sawamura, N. et al. Nuclear DISCI regulates CRE-mediated gene transcription and sleep
homeostasis in the fruit fly. Molecular psychiatry 13, 1138-1069, doi:10.1038/mp.2008.101
(2008).

281 Katayama, Y. et al. CHD8 haploinsufficiency results in autistic-like phenotypes in mice. Nature
advance online publication, doi:10.1038/naturel9357

http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature19357.html#supplementary-
information (2016).

282 Mariani, J. et al. FOXG1-Dependent Dysregulation of GABA/Glutamate Neuron Differentiation in
Autism Spectrum Disorders. Cell 162, 375-390, doi:10.1016/j.cell.2015.06.034 (2015).

283 Raja, W. K. et al. Self-Organizing 3D Human Neural Tissue Derived from Induced Pluripotent
Stem Cells Recapitulate Alzheimer's Disease Phenotypes. PloS one 11, e0161969,
doi:10.1371/journal.pone.0161969 (2016).

284 McGrath, J. J., Feron, F. P., Burne, T. H., Mackay-Sim, A. & Eyles, D. W. The neurodevelopmental
hypothesis of schizophrenia: a review of recent developments. Annals of medicine 35, 86-93
(2003).

285 Sullivan, P. F., Daly, M. J. & O'Donovan, M. Genetic architectures of psychiatric disorders: the
emerging picture and its implications. Nature reviews. Genetics 13, 537-551,
doi:http://www.nature.com/nrg/ournal/v13/n8/suppinfo/nrg3240 S1.html (2012).

173




