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Abstract

The nucleosome remodeling and deacetylase (NuRD) complex makes use of
Chromodomain Helicase DNA binding protein 3 (CHD3) to remodel chromatin. Of the three
CHD proteins NuRD may incorporate (CHD3/4/5); the function of CHD3 within the brain is the
only one to have not been studied through gene knockout. Chd3 mutations in humans cause a
neurodevelopmental disorder (SNIBCPS) characterized by intellect and speech deficits, but
limited work has been done to describe a phenotype in mice. We have generated mice with fore-
brain specific deletion of Chd3 to characterize its impact on embryonic and postnatal cortical
development. To analyze the consequence of Chd3 ablation on cortical lamination, layer-specific
staining was performed and showed a decreased number of cells in layers II-IV. Neuronal
birthdating has demonstrated that this is due to a defect in migration, causing the cells to be
retained in the lower layers. Behaviour testing has also indicated defect in fear learning and
memory in heterozygote males. These initial indications of defects in cortical development and
behavioural deficits in the Chd3 mutant mice suggest that the animals are a good first model of

the SNIBCP syndrome.
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1. Introduction

1.1 Cortical Development

Developmental disability represents a significant burden on the Canadian health care
system with approximately 2% of the population affected (1). The 2017 Canadian Survey on
Disability (CSD) saw 64% of respondents reporting having “severe” or “very severe” disability
and 87% described their mental health as less than “very good” compared to 30% of the general
population (2). Of the 1616 genes definitively linked to developmental disabilities, 10% of the
genes encode epigenetic regulators (3). Dynamic chromatin regulation is a critical aspect of

neurogenesis as genes are activated and repressed throughout developmental time (4).

Murine corticogenesis begins with the formation of radial glia cells (RGCs), a
multipotent neural stem cell, from neuroepithelial cells in the ventricular zone (VZ) around
embryonic day 10.5 (E10.5) (5). RGCs may divide symmetrically (i.e., with the plane of cell
division perpendicular to the ventricle) to form two daughter RGCs or asymmetrically (i.e., with
the plane of cell division parallel or oblique to the ventricle) to form an RGC and a committed
neuron or an intermediate progenitor cell (IPC). The IPCs are more restricted and largely divide
symmetrically to produce two neurons. Nonetheless, both RGCs and IPCs receive external cues
and change their intrinsic expression profile to expression different transcription factors that
subsequently alter their competency to form deep or upper layer neurons with this switch
occurring around E14.5 (6). These progenitors experience a competency switch again at E17.5 to

begin the production of glial cells.

By E12.5, Cajal-Retzius (CR) cells are generated and these form layer I of the cortex. At

this time, the progenitors also start differentiation of the neurons which will populate the cortical



plate (CP) (7). Layer VI cells are the first formed and thus the first to enter the CP. Layer V is
generated next and must travel through the layer VI cells to take their position in the cortex. This
process continues in the so-called inside-out fashion until the final layer, layer Il, is filled. The
timing of production of each layer occurs in a concerted fashion with each occurring in

approximately one day (Figure 1).
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Figure 1. Embryonic development of the murine cortex. Murine corticogenesis occurs in a
concerted inside-out manner. Layer I comprised of CR cells is formed by E12.5. Layer VI begins
formation at the same time and each subsequent day another layer is added. Figure adapted from
Adnani et al. (5).



1.2. Chromatin

The full diploid complement of the human genome contains roughly 6.4 billion
nucleotides (8). This requires over 1.8 m of DNA to fit within a nucleus that is on average 5 um
across (9). In order to achieve the necessary compaction, the DNA is wrapped around eight
positively charged histone proteins — two copies each of histones H2A, H2B, H3, and H4,
forming a nucleosome which holds 147 base pairs (10). A chromatosome is formed with the
association of the linker histone H1 which binds the DNA as it enters the nucleosome.
Additionally, histones only partially reduce the negative charge of the DNA thus repulsion is still
experienced with other regions of the DNA. The incorporation of H1 proteins along with cations
and other positively charged proteins allow for further folding (11).

The next level of compaction still has yet to be fully resolved. The folding of
nucleosomes into a regular fibre with a diameter of 30 nm (the “30-nm fibre”’) was first described
in 1976 (12). This structure has been regularly observed in vitro with debate over the exact
folding of the fibre as it is not readily formed under conditions appropriate for high-resolution
structural analyses (13). The solenoid or “one-start” model has been observed in the presence of
histone HS (14), while on long reconstituted nucleosome arrays the two-start zigzag model has
been seen (15). The zigzag tetranucleosomal model was revealed with x-ray crystallography —
formed by two stacks of nucleosomes attached by a segment of linker DNA (16). Although
resolution of the 30-nm fibre can provide insight into the electrostatic interactions of
nucleosomes, increasing evidence has suggested that the native chromatin has a much more
dynamic “liquid-like” structure (17-19). Furthermore, the regular folding of the 30-nm fiber is
seen under low salt conditions whereas physiological salt concentrations are much higher,

leading to irregular folding described as supramolecular globular structures (19-21). For the



molecular biologist, the conceptualization of this folding is perhaps more pertinent insofar as the
understanding of the function and regulation of genes in vivo.

1.2.1. Histone Tails

An additional level of structural control is provided by the positively charged N-terminal
tails of the histone proteins. The tails of histones H3 and H4 regulate higher order folding by
binding to DNA or acidic regions of other nearby nucleosomes (22-24). Histone tails vary in
length and importantly undergo considerable posttranslational modification (PTM). There are
three main groups of proteins which are involved with the histone PTM landscape (25). Readers
have domains designed to recognize or “read” specific PTMs. Writers are enzymes which add
PTMs onto histone tails. Erasers are enzymes that remove PTMs. More than two dozen possible
modifications have been described, but an exhaustive review of these PTMs is beyond the scope
of this thesis. However, it is comprehensible that this large number of modifications which may
be present in thousands of possible combinations provides the need for the several hundred
histone-modifying enzymes that have been described thus far (26). Here, I briefly review the two
most common modifications, histone acetylation and histone methylation which are typically
involved in chromatin decompaction/compaction, respectively.

Acetylation does indeed result in decompaction. Addition of acetyl groups to lysines of
histone H3 — strongly associated with transcriptional start sites (TSS) — or H4 — variable in
genomic location — by histone acetyltransferase (HAT) results in loosening of the nucleosomes
(27-29). This is due to the acetyl groups neutralizing the positive charge of the lysine residues,
thus reducing the attraction to the negatively charged DNA backbone (30).

Although methylation can result in increased packaging of chromatin it may also reduce

it depending on the location and number of methyl groups added. All basic histone residues can



be methylated, though the most extensively studied is the methylation of lysine (31-34). Histone
lysine methyltransferases (KMTs) can catalyze the transfer of one, two, or three methyl groups

(35). Di-methylation and tri-methylation of H3 lysine 9 or 27 cause repression of the local DNA
region (36-37). However, mono-methylation of H3 lysine 4, 9, 27, or 79, di-methylation of H3

lysine 79, and tri-methylation of H3 lysine 4 and 36 all correspond with gene activation (29, 37-
39). This variable effect on chromatin accessibility is unlike acetylation in that methylation does
not have the same effect on electrostatic interactions, but rather the epigenetic marks present can

act as recognition sites for chromatin remodelers or inhibit binding of transcription factors (40).

1.2.2. Histone Variants

The core canonical histones have paralogs (variants) that can take their place in the
nucleosome, thus providing a different structural or functional capability. One of the key
differences between canonical histones and their variants is that they are synthesized during S-
phase to be added immediately following replication while the variants are replication-
independent and therefore can be synthesized throughout the cell cycle (41). Additionally,
eukaryotic core histones are well conserved whereas the variants have a large disparity between
species (42). Common variants with well described roles include H3.3, H2AZ, and CENP-A.
More variants likely have yet to be described and some that have been identified are not well
understood (43, 44). While there is still much to be learned it is clear that on the whole histone

variants confer further temporal and spatial transcriptional control.

1.2.3. Additional Mechanisms of Chromatin Modification
Beyond modifications to histones, the DNA itself may also be modified. Transfer of a
methyl group onto the fifth carbon of a cytosine by DNA methyltransferase (Dnmt) forms 5-

methylcytosine (5mC) (45). This occurs on cytosines within CpG dinucleotides and regulates



gene expression by blocking binding of transcription factors or by recruiting repressive enzymes.
Patterns of DNA methylation may be inherited from parental chromosomes or de novo
alterations may be made. Dnmt activity is high in developing embryos but reduces drastically by
the time a cell reaches terminal differentiation. However, postmitotic neurons still experience
elevated Dnmt activity. Neurons are thus able to modulate their DNA methylation landscape in
response to internal and external stimuli, thereby altering the gene expression as necessary.
Additionally, there exists a form of RNA which may modulate chromatin structure
known as long non-coding RNAs (IncRNAs). 16000 IncRNA genes have been identified,
however some estimate that the total number exceeds 100000 (46, 47). The negative charge of
the IncRNA may neutralize the positive charges of the histone tails to encourage chromatin
decompaction (48). This is believed to provide a mechanism for rapid control of gene expression
— either by new association of an IncRNA to initiate or increase expression or dissociation to
return the compaction from histone tails. These IncRNAs may act in cis or trans directly with the

DNA, however they may also help recruit or prevent binding of chromatin modifiers (49).

1.3. Chromatin Remodelers

While the contents of genes are important, chromatin remodelers may be considered
equally important as they act to control the expression of the genes. Chromatin remodeler
proteins not only alter the accessibility of chromatin by making covalent changes to the histones
or exchanging histone variants, but also through nucleosome sliding. ATP-dependent chromatin
remodeling proteins contain ATP-dependent helicase domains (ATPases) which hydrolyze ATP
to facilitate the movement of the nucleosomes by disrupting the contacts between the histones
and DNA (50). Chromatin remodeling proteins frequently operate in remodeler complexes, of

which there are 5 main classes: imitation switch (ISWI), switching defective/sucrose non-



fermenting (SWI/SNF), inositol requiring 80 (INO80), alpha thalassemia/mental retardation
syndrome X-linked (ATRX), and chromodomain helicase DNA binding (CHD) (51). These
remodelers all belong to the helicase superfamily 2 (SF2) characterized by their bi-lobed Snf2
ATPase comprising two tandem RecA-like folds. Each family is distinguished by the additional
conserved chromatin motifs and by the distance between the helicase and ATPase domains
which alter the sliding activity. Additionally, these proteins lack the wedge domain found in
other remodeler superfamilies which enables strand separation and as such only act as DNA
translocases (52). These families have all been implicated in neurodevelopmental disorders,

summarized in Table 1 below and described in detail in the following sections.

Helicase - HAND SANT - ISWI
HSA Helicase - Bromo SW|/SN F
HSA Helicase - INO8O
ADD DAXX Helicase - ATRX
CHD CHD Helicase - CHD

Figure 2. Schematic representation of chromatin remodeler families. All families share the
helicase-ATPase domain. Conserved characteristic domains of each family are also displayed.



Table 1. List of SF2-associated neurodevelopmental disorders described in this thesis.

Class Gene Associated Disease(s) Reference
ISWI SMARCAS | Developmental delay, microcephaly, Li et al. (2021)
short stature
SMARCA1 | CSS-like, Rett syndrome-like, Karaca et al. (2015); Homann et al.
schizophrenia (2016); Lopes et al. (2016)
BPTF NEDDFL Stankiewicz et al. (2017)
SWI/SNF | BAF2508 Css Wieczorek et al. (2013)
SMARCA4 | CSS, ASD Tsurusaki et al. (2012); Qian et al.
(2022)
SMARCAZ2 | CSS, NCBRS, schizophrenia Tsurusaki et al. (2012); Miyake et
al. (2016); Koga et al. (2009)
INOB0 INO8O Intellectual disability, developmental Alazami et al. (2014)
delay, microcephaly
SRCAP Floating-Harbor syndrome Hood et al. (2012)
ATRX ATRX ATR-X Syndrome Gibbons et al. (2000)
CHD CHD1 Pilarowski-Bjornsson syndrome Pilarowski et al. (2018)
CHD2 EE, ASD, CHD2-related Lamar et al. (2018); Yasin et al.
neurodevelopmental disorder (2020); Carvill et al. (2021)
CHD3 SNIBCPS Snijders Blok et al. (2018)
CHD4 SIHIWES Sifrim et al. (2016); Weiss et al.
(2016)
CHD5 PMNDS Parenti et al. (2021)
CHD7 CHARGE syndrome Hittner et al. (1979)
CHD8 ASD, Zahir-Friedman syndrome Weissberg et al. (2021); Yasin et al.
(2019)
1.3.1. ISWI

Like all chromatin remodelers, ISWI proteins contain a highly conserved ATPase
domain. ISWI have a SWI2/SNF2 family ATPase domain along with their characteristic HAND-
SANT-SLIDE domains which possess the proteins’ DNA binding activity (52). The HAND
domain performs both histone and DNA binding and recognition, the SANT domain interacts
with unmodified histone tails, and the SLIDE domain binds the DNA of the nucleosome that is

present at the dyad axis (53).



Though ISWI was originally first identified in Drosophila, these proteins are highly
conserved in eukaryotes (54). Mammals have two ISWI proteins: Snf2h encoded by the gene
Smarca5 and Snf2l encoded by the gene Smarcal (55). These proteins have been found to
associate in 8 different chromatin remodeling complexes: ATP-utilizing chromatin assembly and
remodeling factor (ACF), chromatin assembly complex (CHRAC), SNF2H-cohesin, remodeling
and spacing factor (RSF), nucleolar remodeling complex (NoRC), WSTF-ISWI chromatin
remodeling complex (WICH), CECR2-containing remodeling factor (CERF), and nucleosome
remodeling factor (NURF) (56-68). These complexes have been classically described as 6
containing Snf2h and 2 containing Snf2l, however it has been found that both co-purify with all
interactors, suggesting that either gene may be incorporated into any of the complexes (69).

1.3.1.1. ISWI-associated Neurodevelopmental Disorders

As these proteins operate in a multitude of complexes, it can be difficult to connect the
loss of functioning of any one directly to the phenotype observed in related neurodevelopmental
disorders. Indeed, it could be a combinatorial effect between the loss of multiple complexes.
Nevertheless, mutations in the genes themselves have been associated with a few
neurodevelopmental disorders.

Snf2h has been shown to have a critical role in mammalian development. In mice,
constitutive knockouts die early in utero and conditional knockouts have shown to have reduced
body size and cerebellar hypoplasia (70). Pathogenic SMARCAS5 germline variants have been
identified in 12 patients across 10 families (71). All individuals present with mild developmental
delay, microcephaly, short stature, and facial dysmorphisms. Of note, this disorder was found to
be transmissible across at least three generations which is not commonly seen with pathogenic

variants in chromatin remodelers (72, 73).



While SMARCA I has not been directly linked to any one neurodevelopmental disorder,
variants have been found in genetic screens in three different conditions: Coffin-Siris syndrome-
like phenotype, Rett syndrome-/ike phenotype, and schizophrenia spectrum disorders (74-76).
Interestingly, a broad range of phenotypes were seen across all identified SMARCA I mutations.

Aside from the ISWI proteins themselves, several ISWI partner proteins have also been
implicated in neurodevelopmental disorders. For example, the bromodomain PHD finger
transcription factor (BPTF) protein of the NURF complex is causative for Neurodevelopmental
disorder with dysmorphic facies and distal limb anomalies (NEDDFL), characterized by
intellectual disability and microcephaly (77).

1.3.1.2. Current ISWI Neurodevelopmental Disorder Mouse Models

Given that there is no distinct mechanism of action in the ISWI-associated
neurodevelopmental disorders it can be difficult to conceptualize a treatment or cure. Of course,
the location and type of mutation in the gene can result in different aberrant functions or
complete loss of function, making it more difficult to understand the pathogenesis. However,
even general model systems provide direction and give better insight into the actions of a gene.

Smarcal has been characterized in three conditional knockouts (cKOs). The first is using
the Emx1-Cre driver which results in forebrain deletion (78). These mice saw increased cell
death and a decrease in Tbr2+ intermediate progenitor cells (IPCs) and FoxG1+ post-mitotic
neurons, which resulted in a deficit of the upper-layer neurons (79). The loss of cells produced a
reduction in the size of the cortex which was also observed in human patients (see above). A
hyperactivity phenotype was also observed. A central and peripheral nervous system Cre driver
(80) — Nestin-Cre — showed a significant reduction in body weight and cKOs died before

reaching maturity (70). These mice had cerebellar hypoplasia and severe motor defects. Finally,
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PCP2-Cre is active in postmitotic Purkinje cells after postnatal day 10 (P10). Behavioural assays
of PCP2-Cre cKOs suggested impaired associative learning and reduced sociability. Importantly,
these mouse models demonstrated a compensatory mechanism of Snf2l under Snf2h loss.
Though it is difficult to characterize an intellectual disability in mice, these models demonstrate
the molecular mechanisms that result in the microcephaly seen in the SMARCAS variants. It is
likely that these alterations in brain development provide the underpinnings of the developmental
delay as well.

Smarcal mice were generated with a constitutive exon 6 deletion of the gene (81). Exon
6 contains the ATP-binding motif of the SNF2 domain. These animals generate an internally
truncated Snf2] protein that lacks the ability to bind or hydrolyze ATP but can still interact with
its partner proteins. Unlike the hypoplasia seen in Smarca5 models, exon 6 deleted animals saw
an increase in brain size with hypercellularity observed as early as E15.5 due to an increase in
progenitor self-renewal. Though SMARCA I mutations are not associated with a unique
condition, none of the associated disorders have described patients with macrocephaly. This is
perhaps due to a disparity between the model allele and those of patient mutations. While these
mutants provide important insights into the mechanisms of the gene, they are not an ideal model
of the human phenotype.

Though Bptf mice cannot survive knockout with Nestin-Cre, a model generated with
Emx1-Cre demonstrated severe cortical hypoplasia (82). It was found that these mice had a loss
of layer V neurons due to increased cell cycle length and cell death within the progenitor pool.
Additionally, molecular studies identified Bptf target genes involved in fate determination,

neural development, and apoptotic signaling. This is an exemplary mouse model. The Bptf Emx1
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cKO mice display the NEDDFL phenotype and upon analysis demonstrate a clear and distinct

mechanism of the phenotype. They provide an excellent resource in the study of NEDDFL.

1.3.2. SWI/SNF

The first ATP-dependent chromatin remodeler described was the yeast SWI/SNF
complex (83, 84). In mammals, there are two SWI/SNF homologs — brahma (BRM) and brahma-
related gene 1 (BRG1). The SWI/SNF family has a characteristic bromodomain which targets
acetylated histone tails (85). They also contain a helicase-SANT-associated (HSA) domain
which binds actin or actin related proteins (ARPs) which is thought to facilitate remodeling,
histone binding, complex assembly and stability, or regulating ATPase activity (86-88).
Recently, it has been demonstrated that the removal of the HSA domain from the SWI/SNF
protein Brahma-related gene 1 (BRGI) results in a severe reduction in chromatin remodeling
capabilities likely due to disruptions in stable chromatin binding (89).

The SWI/SNF complex is highly dynamic with composition varied between cell types
and tissues (90). In mammals, three SWI/SNF complexes have been found: BRG1/BRM-
associated factor (BAF), polybromo-associated BAF (PBAF), and non-canonical BAF (ncBAF
or GBAF) (91, 92). All contain one of the two SWI/SNF chromatin remodelers BRG1
(SMARCA4) or BRM (SMARCA?2). BAF is a large complex comprised of 13 subunits (93). The
other two complexes are highly similar, except for some key differences. In PBAF, the core BAF
subunit ARIDIA is replaced with its paralog ARID2. Additionally, it contains the proteins
bromodomain containing 7 (BRD7) and polybromol (PBRM1). In the ncBAF complex the
ARIDIA subunit is replaced with the glioma tumour suppressor candidate region gene 1
(GLTSCR1). It is also smaller due to a lack of three BAF proteins: SWI/SNF related, matrix

associated, actin dependent regulator of chromatin subfamily C member 2 (SMARCC2),
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SMARCEI! (subfamily E member 1), and SMARCBI1 (subfamily B member 1). However, it
uniquely contains bromodomain containing 9 (BRD9). These distinct compositions allow for

specificity to enhancers and promoters that is not shared between complexes (94).

1.3.2.1. SWI/SNF-associated Neurodevelopmental Disorders

Many of the SWI/SNF complex subunits are implicated in neurodevelopmental disorders.
BAF250b is the most frequently mutated gene in Coffin-Siris syndrome (CSS), appearing in up
to 68% of patients in some cohorts (95, 96). However, the chromatin remodelers themselves,
SMARCA4 and SMARCA?2, have also been reported to have variants that are pathogenic for CSS
(96). Missense SMARCA2 mutations were found within the ATPase domain, likely affecting
proper ATP hydrolysis (97). Missense and in-frame deletions were also found in the ATPase
domain of SMARCA4 mutants in CSS, though these have been suggested to function through a
gain-of-function (GOF) or dominant-negative effect (98). Aside from CSS, SMARCA4 has also
been implicated in autism spectrum disorder (ASD) (99, 100).

Though both proteins have a 74% amino acid similarity, only SMARCA2 mutations are
seen in Nicolaides-Baraitser syndrome (NCBRS), an intellectual disability characterized by
severe intellectual disability, speech delay, seizures, growth retardation, and characteristic facial
dysmorphisms (101-105). Additionally, SMARCA?2 has uniquely been linked to Schizophrenia
(106, 107).

Some argue that SWI/SNF-associated disorders exist on a spectrum based on the
alterations to the genes (100, 108). This spectrum would see ASD on the end of milder features
with CSS of increasing severity forming the middle of the spectrum and NCBRS as the most

Severe.
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1.3.2.2. Current SWI/SNF Neurodevelopmental Disorder Mouse Models

Given that the SWI/SNF remodelers were the first identified, many mouse models have
been generated to characterize their roles. Smarca2-null mice are available for purchase from the
Jackson Laboratory and the International Mouse Phenotyping Consortium only characterize them
as having hyperactivity in females (109). However, a group at the University of Tsukuba have
found that Smarca2 knockout mice have impaired social interaction and prepulse inhibition
(106). Moreover, psychotogenic drugs lowered the Smarca2 expression in the brain while
antipsychotic drugs lead to an increase.

In stark contrast to the Smarca2-null mice, Smarca4-null mice die in the peri-
implantation stage (110). As such, numerous Smarca4 conditional knockouts have been
generated with three of note examining cortical development (111). Nestin-Cre cKOs showed a
defect in self-renewal and maintenance of neural stem cells (NSCs) along with astrocytic
differentiation (112-114). Glast-Cre affects adult NSCs and astrocytes, leading to a defect in
adult NSC neurogenesis in the subventricular zone (SVZ) and astrogenesis (112, 115).

Arid1A EmxI-Cre cKOs have also demonstrated critical roles of the protein in cortical
development. These mutants were found to have corpus callosum agenesis and mistargeting of
intracortical axons (116). Another group saw a reduction in cortical thickness due in part to
inhibition of proliferation of RGCs as well as an increase in cell death in late cortical
development (117). It was found that the mutants had dysregulation of expression of genes
associated with proliferation and differentiation. These results could explain the intellectual
deficits and microcephaly observed in CSS patients, however further work is required to better
describe the mechanisms behind these phenotypes and elucidate the impact on the functioning of

the mice.

14



Further, Baf155 cKO with Emx-Cre displayed a loss of IPCs due to loss of Pax6-
dependent transcription (118). This resulted in loss of cell adhesion of apical RGCs in the
ventricular zone (VZ) leading to ectopic basal positioning. In addition, Baf170 which competes
with Baf155 for incorporation into the complex, can produce cortical overgrowth in cKOs or a
reduction of the cortex when overexpressed (119). Baf170 also associates with Pax6 to regulate
IPC proliferation. This proposed model comprises Baf170 overexpression leads to repression of
IPC genes causing RGCs to be the direct contributor to the neuronal population leading to
underdevelopment of the cortex. In the absence of Baf170, Baf155 must compensate and causes
overexpression of the IPC genes leading to an overgrowth of the cortex. This provides important
insight into the control of corticogenesis. Further, behaviour analysis of Baf170 cKOs found
spatial learning deficits likely due to the loss of radial glial-like progenitors in the hippocampus
(120). The behaviour results are more demonstrative of the intellectual disability seen in human
patients, indicating that the aberrant function of molecular mechanisms observed in the mice may

have a role in the patients as well though further analysis is needed.

1.3.3. INOS80

The Ino80 family gets its name from its functional role of regulating inositol-responsive
gene expression in yeast (121). The mammalian Ino80 family comprises a homologous INO80
protein and the Snf2-related CREBBP activator protein (SRCAP), each forming a unique
complex (52). These proteins contain an HSA domain like the SWI/SNF, as well as a
characteristic spacer region that splits the ATPase domain. The spacer region was found to bind
RuVB-like subunits and ARPs (122).

The presence of the RuVB-like helicases in the INO80 complexes are indeed involved in

DNA repair. The complex associates with y-H2AX at double stranded breaks (DSBs) in DNA
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and helps with nucleosome eviction of the surrounding area (123-125). Another significant role
is histone variant loading. The SRCAP complex is responsible for replacing H2A with the

histone variant H2A.Z for the regulation of gene expression (126-128).

1.3.3.1. INO80-associated Neurodevelopmental Disorders

Missense mutations in /NO80 have been found to cause intellectual disability due to a
global developmental delay and primary microcephaly (129). As loss of DNA damage repair is
frequently seen with microcephaly, it is thought that loss of repair from the INO80 complex is
what underlies the microcephaly in these patients.

In SRCAP, truncating mutations are causative for Floating-Harbor syndrome,
characterized by language deficits, short stature, delayed ossification, and distinctive facial
dysmorphisms (130). For individuals who had parental DNA available, all mutations were found
to be de novo. Interestingly, the five mutations between the thirteen identified patients all

clustered within 111 codons of the final exon.

1.3.3.2. Current INO80 Neurodevelopmental Disorder Mouse Models

Ino80-null mice die before reaching weaning age (131). Due to this, most
characterization has been performed on the /no80+/- mice. It was found that they have decreased
locomotor activity, decreased novel environment exploration, and increased aggression.
Additionally, females have abnormal vocalization and males have abnormal seminal vesicle
morphology. Conditional knockout of /7080 in neural progenitor cells (NPCs) with Neurod6-Cre
lead to apoptosis and microcephaly due to the loss of DNA repair in symmetric, but not
asymmetric NPC divisions (132). This represents a thorough characterization, providing
exceptional insight into the mechanisms of the /INO80-associated neurodevelopmental disorder.

The analysis of the NPCs confirms the hypothesis of the microcephaly being caused by the loss
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of these cells to repair DNA damage. The addition of the behavioural assays better conveys the
consequences of alterations to the brain that could be seen in human patients. The reiteration of
some aspects of the disorder in the mice warrants further exploration into their behaviour. For
example, mouse models of intellectual disability have shown difficulties in assays requiring
learning and memory which were not explored here (133).

While conditional knockouts of Srcap have been performed in other organ systems (134-

137), no neural mouse models have been described.

1.3.4. ATRX

As previously mentioned, ATRX is an orphan chromatin remodeler. Though it has no
true paralogs, like the other families it contains the conserved helicase-ATPase domain
characteristic of the SNF2 superfamily (138). In addition, it has an ATRX-DNMT3-DNMT3L
(ADD) domain which reads the repressive H3K9me3 marks characteristic of constitutive
heterochromatin and is blocked by the euchromatic signature of H3K4 methylation (139-144). It
then follows that ATRX has been found to mostly localize to regions such as pericentric
heterochromatin, telomeres, and G-rich repeats that can form G4 quadruplex structures (145,
146). It is believed that ATRX plays a key role in maintaining genome integrity by keeping these
regions compacted. Additionally, alternative lengthening of telomeres (ALT) positive cancers
(~15% of cancers) have been found to have somatic loss of ATRX (147, 148). These cancers
utilize recombination to maintain telomere length through the ALT pathway, taking advantage of
the loss of ATRX which is thought to inhibit recombination at telomeres. ALT+ cancers account
for some of the most notoriously difficult to treat, such as glioblastoma multiforme. Beyond
heterochromatin, ATRX has also been found to have roles in gene regulation and localization

with promyelocytic leukemia (PML) nuclear bodies (149-151).
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ATRX forms a complex with death domain associated protein (DAXX) through its
DAXX binding domain (152, 153). DAXX acts as a histone chaperone to the variant H3.3. The
ATRX/DAXX complex deposits H3.3 in nucleosomes present in pericentric heterochromatin and
telomeric repeats (154, 155). H3.3-null cell lines have demonstrated its role in maintaining
genome integrity by supporting constitutive heterochromatic structures (156).

There also exists a notable truncated isoform of ATRX known as ATRXt. This protein
does not have intron 11 spliced from the primary transcript thereby creating a premature stop
codon and making it 80 kDa smaller than ATRX (157, 158). The isoform retains its ADD
domain, but not its DAXX or ATPase domain, indicating that it should still be able to bind DNA
but not perform its canonical functional roles. Though the sequence has been described, its

function has yet to be elucidated.

1.3.4.1. ATRX Syndrome

ATR-X syndrome is a rare neurodevelopmental disorder primarily affecting males. Most
mutations identified are missense changes that are functional hypomorphs while complete loss of
ATRX function is believed to be incompatible with life. Afflicted individuals present with
intellectual disability, hypotonia, hematological abnormalities, urogenital anomalies, skeletal
alterations, and characteristic facial dysmorphisms (159-162). Of the reported clinical features,
only intellectual disability is shared between all patients. As the syndrome is X-linked, females
are usually asymptomatic carriers with a large skewing of X inactivation for the chromosome
carrying the pathogenic ATRX copy (163). In two cases where females presented with mild

symptoms, they had X inactivation skewing toward the wildtype allele (164-166).
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1.3.4.2. Current ATRX Syndrome Mouse Models

In mouse development, ATRX expression has been noted at the time of fertilization
making knockouts more difficult to produce (167). Even a conditional knockout with Gatal-Cre
causes embryonic lethality (168). Overexpression of human ATRX in mice caused growth
retardation, neural tube defects, and frequently embryonic lethality (169). Those that did survive
to birth had an increased occurrence of perinatal death, seizures, and craniofacial dysmorphisms.

Mice with the forebrain-specific Foxg/-Cre had a substantial reduction in the forebrain
with the largest reduction in the caudal-medial area due to significant neuronal loss in the early
stages of corticogenesis (170). It was found that these mice had an increased occurrence of
apoptosis. Later work identified the association of ATRX with PML bodies which are known
regulators of apoptosis. It is possible that the loss of ATRX leads to dysregulation of apoptotic
genes leaving the cells more sensitive to proapoptotic signals (138). Other studies suggest that
the RGCs are prone to replication stress in the absence of ATRX and this results in a high
incidence of mitotic catastrophe and cell death (171-173). This is an effective demonstration of
the importance of mouse models in their ability to illuminate disease mechanisms that would
otherwise be difficult to resolve.

Knockouts specific to the excitatory neurons of the forebrain using the aCaMKII-Cre
driver led to impaired spatial learning and memory in males (174). It is believed that this
phenotype was produced due to impairments in a hippocampal pathway associated with learning
and memory, however the exact pathway was not determined. Hippocampal defects were also
seen in mice with exon 2 deletions of A#rx (175). It was found that these mice demonstrated
reduced contextual memory likely related to the reduction of long-term potentiation in the CA1

region along with reduction of phosphorylation of aCaMKII and the glutamate receptor GluR1.
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Further study of these mice found abnormal dendritic spine formation in the medial prefrontal
cortex (mPFC) likely caused by aberrant aCaMKII activity (176). The hippocampus and mPFC
along with the amygdala form the triad of brain regions in the circuit of fear memory (177).
Further work found that Atrx binds to G4 quadruplexes in the X/r3B gene to regulate its
expression by recruiting methyltransferases as overexpression of the gene disturbs proper
aCaMKII expression (178). Moreover, it was demonstrated that 5-ALA treatment is able to
rescue this effect in ATR-X model mice. These impairments could explain how the loss of
ATRX in ATR-X syndrome contributes to intellectual disability and therefore warrant further
exploration.

Recently, an alternative approach was taken whereby mice with the mouse homolog
R245C of the most common patient mutation R246C were generated in place of a conditional
knockout (179). This knock-in model better exemplifies the alterations seen in the ATRX
syndrome phenotype. These mice have craniofacial defects, microcephaly, and impaired
neurologic functioning. Furthermore, the knock-in mice had deficits in spatial memory, novelty
recognition, and contextual fear memory. It was found that the mutant protein is less stable and
has disability in binding to heterochromatin, likely explaining the pathogenicity of this variant.
The extensive characterization of these mice and the strong overlap with the patient phenotype

indicate that this is an indispensable model in testing therapeutics for the syndrome.

1.3.5. CHD
The CHD subfamily contains 9 proteins divided into three subfamilies: CHD1 and CHD2
comprise subfamily I, CHD3/4/5 make up subfamily II, and CHD6-9 are in subfamily III (52,

180). Aside from the conserved ATPase domain, the family is characterized by their tandem
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chromodomains which recognize the histone PTMs or certain transcription factors or proteins.
The specific binding of the chromodomains (CHDs) is relative to each protein. Each subfamily
then has their own characteristic domains as well. Subfamily I is the only group to contain no
other distinctive domains (181, 182). Whereas subfamily II has tandem N-terminal plant
homeodomains (PHD). Notably, these PHDs are used for recognition of H3K9me and H3K9ac
in place of the CHDs. Instead, their CHDs are thought to support ATPase activity by binding to
DNA directly as has been demonstrated in Drosophila (182). In subfamily III there are two extra
domains. First a SANT domain which interacts with unmodified histone tails following the
ATPase domain, followed by tandem Brahma Kismet (BRK) domains (183). While the function
of the BRK domains is unknown, similarity was found in the structure to the glycine-tyrosine-
phenylalanine (GYF) domain which acts as a protein-protein interaction module. For this thesis,

we will elaborate more on the role of subfamily II.

1.3.5.1. Subfamily IT and the Nucleosome Remodeling and Deacetylase Complex

All members of subfamily II may be incorporated into the nucleosome remodeling and
deacetylase (NuRD) complex in a mutually exclusive manner with the exact subunit utilized
dependent on physiological conditions or cell type (184). In addition to the CHD proteins, the
NuRD complex also contains a combination of GATA zinc finger domain containing 2A or 2B
(GATAD2A/2B), methyl-CpG-binding domain protein 2 or 3 (MBD2/3), retinoblastoma binding
protein 4 and/or 7 (RBBP4/7), metastasis-associated protein 1, 2, or 3 (MTA1/2/3), and histone
deacetylase 1 or 2 (HDAC1/2) (45). In conjunction with the deacetylase subunits the NuRD
complex has a demonstrated role in transcriptional repression (185-196).

A study of subfamily II in the murine cortex has made great strides to elucidate the

CHD/NuRD complex’s role in cortical development (197). Through Chd3 knockdown with a
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small hairpin RNA (shRNA) construct at E13.5, it was observed that upper layer cells were
being retained in the lower layers. Electroporation of the shChd3 along with a human CHD3
rescue construct was able to resolve the phenotype. Moreover, co-electroporation of shChd3 and
human CHDS also demonstrated a rescue of the phenotype. The Chd4 mice were not knocked
down but rather conditionally knocked out using Nestin-Cre. It was found that these mice had
microcephaly due to a reduction in cortical thickness. The NPCs in the Chd4 cKOs were
prematurely exiting the cell cycle and thus dying before differentiation. Analyses at E18.5
suggested these were progenitors destined for the upper layers. Finally, electroporation with
shChd5 at E13.5 caused cells to be retained in the intermediate zone (IZ) rather than reaching the
cortical plate (CP). Again, co-electroporation with human CHDS5 rescued the phenotype,

however mouse Chd4 and human CHD3 rescue constructs failed in this regard.

1.3.5.2. CHD-associated Neurodevelopmental Disorders

Due to their important regulatory roles, nearly all CHD proteins have been implicated in
neurodevelopmental disorders. Mutations in CHD! are causative for Pilarowski-Bjornsson
syndrome — a condition characterized by developmental delay, hypotonia, speech apraxia,
seizures, and characteristic facial dysmorphisms (198). Pathogenic deletions in CHD2 were
originally described in cases of epileptic encephalopathy (EE) or ASD (199-201). Yet recently
suggested guidelines for genetic counselors and clinicians have been updated for establishing a
diagnosis of “CHD2-related neurodevelopmental disorder” in individuals who present with
early-onset EE and intellectual disability and/or ASD (202).

For subfamily III, no neurodevelopmental disorder has been connected to CHD6
mutations. However, at least one patient has been found with intellectual disability, ASD, and

epilepsy with the causative mutation mapped to a 700 bp deletion within exon 1 of CHDG6 (203).
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Contrarily, CHD7 was the first CHD gene linked to a developmental disorder and is responsible
for a syndrome named after the common phenotypes — coloboma, heart defects, atresia choanae,
retardation of growth, genital abnormalities, and ear abnormalities (CHARGE) (204-206).
Though it should be noted that as neurological phenotypes are not distinguishing in CHARGE
syndrome, it is not primarily considered to be a neurodevelopmental disorder. CHDS is perhaps
the most well-known CHD protein due to its strong association with ASD (207-211). In addition,
Zahir-Friedman syndrome is distinguished by developmental delay, cognitive impairment, and
dysmorphic features due to haploinsufficiency of CHDS8 (212). Though CHD9 does not have an
established associated with any neurodevelopmental disorders it is becoming more frequently

described as a candidate gene for ASD (213-216).

1.3.5.2.1. Subfamily II Neurodevelopmental Disorders

As of 2021, all subfamily II genes have been found to be the cause of a
neurodevelopmental disorder. De novo CHD4 variants were first found in five patients with
congenital heart defects (217). With more than 25 additional identified individuals this condition
is now known as Sifrim-Hitz-Weiss syndrome (SIHIWES) (218, 219). In the majority of cases,
afflicted individuals experience a developmental delay including a speech delay and motor delay,
intellectual disability, brain anomalies, heart anomalies, and ophthalmic anomalies. In the 96%
of SIHIWES patients with brain anomalies, 55% had ventriculomegaly and 32% had Arnold-
Chiari 1 malformation. Additionally, 65% of males had cryptorchidism and/or a microphallus.
Many patients had a large forehead, square face, and periorbital fullness with distinctive
characteristics being more noticeable before puberty. The vast majority of pathogenic mutations
were missense mutations or in-frame indels within the ATPase-helicase domain. Of the three

patients who carried truncating mutations, few symptoms were noted outside of the nervous
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system. ATPase studies showed that variants in the PHD and CHD domains decreased the
activity by 30-50% and a selected helicase variant yielded a significant decrease in nucleosome
remodeling capabilities.

Snijders Blok Campeau syndrome (SNIBCPS) was the next described (220-222). The
first cohort comprises 35 patients with de novo mutations in CHD3. All individuals had an
intellectual disability or developmental delay. Common features include a speech delay or
disorder, hypotonia, macrocephaly, and characteristic facial dysmorphisms such as frontal
bossing and widely spaced eyes (Figure 3). Similarly to SIHIWES, SNIBCPS mutations cluster
within the ATPase-helicase domain. Between 35 patients, 23 unique mutations were identified
with 19 being missense mutations. This indicates the presence of mutational hotspots. In six
children from five families, they contained the p.Arg985Trp mutation and two other individuals
had p.Arg985Glu mutations in the same location. Further analysis of the ATPase mutations
found no difference from wildtype in subcellular localizations of CHD3. However, ATPase
assays in dsDNA or recombinant nucleosomes showed varying results. Of six representative
mutations chosen, two had a significant reduction in both substrates (R1121P, R1172Q) and one
had a significant reduction only in the presence of dsDNA (N1159K). While two others had no
significant difference (R1187P, W1158R), the final mutation (L915P) had a significant increase
in activity in both conditions. Furthermore, combining mutant and wildtype protein together
showed no impact on the function of the wildtype protein. Chromatin remodeling assays of
restriction enzyme accessibility to nucleosomal DNA recapitulated these phenotypes, except
for W1158R which this time showed a reduction in remodeling capabilities. Of course, many
factors affect the impact of a given mutation including the type of mutation and location.

Changes in the electrostatic characteristics from the wildtype amino acid to the mutant could
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have major implications in one position with limited changes in another. For example, the non-
significant R1187P variant has the same mutation as R1121P which had one of the most

significant reductions in activity in both assays.

Individual 1 Individual 5

Individual 7 Individual 8

Figure 3. SNIBCPS patients share characteristic facial dysmorphisms. Characteristic facial
dysmorphisms include frontal bossing, widely spaced eyes, and a broad nasal bridge. Individual
1: truncation following amino acid 457, global developmental delay including speech and motor,
macrocephaly. Individual 5: p.Gly921Glu, global developmental delay with inability to speak or
walk, microcephaly. Individual 7: p.Arg985Trp, global developmental delay including speech
and motor, macrocephaly. Individual 8: p.Arg985Trp, global developmental delay including
speech and motor, macrocephaly. Individuals 7 and 8 are siblings with the mother mosaic for the
mutation. Images represent individuals from the first identified cohort (213).

Interestingly, a separate cohort of SNIBCPS patients whose variants were inherited have
been examined (72). While mutations were still present in the ATPase-helicase domain, these
individuals had a much more even spread across the functional domains (Figure 4). As most of
the carrier parents were female (71%), it has been suggested that a female protective effect could
be what shields the parents from the syndrome’s phenotype though this is questionable as there is

a slight skew towards females in de novo SNIBCPS patients (55%) as well as in the inherited
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variant cohort (57%). However, despite suggesting incomplete penetrance, the presence of
carriers for a syndrome of only heterozygous afflicted individuals warrants further

investigation.

® Missense variant
# Truncating variant
8 In-frame deletion

Snijders Blok et al. 2018

De novo CHD3 variants
Drivas et al. 2020

CHD3 variants

PHD Chromo Helicase Helicase DUF DUF CHDCT2
domains ATPase C-terminal 1087 1086
binding

Figure 4. Schematic representation of de novo and inherited SNIBCPS variants. The de
novo variants show a clear clustering within the ATPase-helicase domain. Though the inherited

variants do not share this trait, they still cluster within functional domains. Figure adapted from
Drivas et al. (71).

Finally, CHD5 missense and truncating mutations have been identified as causative for a
syndrome now called Parenti-Mignot neurodevelopmental syndrome (PMNDS) (223, 224).
Twelve of the cohort of 16 have de novo mutations comprising ten missense and two splice site
variants. Three familial mutations had nonsense or missense variants and one of unknown
inheritance had a frameshift variant. PMNDS patients frequently display intellectual disability,

speech delay, motor delay, behavioural problems, and epilepsy. While pathogenic mutations do
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not cluster in the ATPase-helicase domain, it can be seen that they indeed cluster in functional
domains (Figure 4). This could be due to the fact that the ATPase-helicase clustering is seen
when comparing SIHIWES and SNIBCPS de novo variants, whereas mere functional domain
clustering was seen in inherited variant SNIBCPS. Furthermore, it was found that PMNDS
inherited variants presented with variable phenotypes. Taken with the presence of unaffected
carriers it could indicate an incomplete penetrance — though it has been acknowledged that the

lack of a full clinical history of the carriers could be a contributing factor to this observation.

1.3.5.2. Current CHD Subfamily II Neurodevelopmental Disorder Mouse Models

Both Chd3 and Chd5 can be constitutively deleted and produce surviving adults, yet
Chd4 cannot (225, 226). However, many Chd4 conditional knockouts have been studied.
Deletion in granule neurons of the cerebellar cortex with G6r-Cre showed that the presence of
Chd4 is necessary to turn off a set of developmental genes to allow for proper efferent
connectivity of the granule neurons (227). By far the greatest strides in generating a STHIWES
mouse model has been done with a study comparing both Cmv-Cre (germline deletions) and
Emx1-Cre cKOs (228). As to be expected, Cmv-Cre knockouts experienced embryonic lethality
so heterozygotes were examined in their stead, though this better recapitulates SIHIWES as
patients are heterozygous as well. These mice displayed impaired spatial and motor learning. The
Emx1-Cre cKO mice displayed a different phenotype. Multiple behavioural assays showed
anxiety in the cKOs and the marble burying test revealed a female-driven repetitive behaviour
phenotype. The conditional heterozygotes (cHTs) also showed the female-driven repetitive
behaviour phenotype along with social deficits. It was found that the cKOs had a significant

reduction of the cortex with a loss of late-born upper layer cells. While these models give a
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greater understanding of the role of Chd4 in brain development they also underscore the utility of
patient mutation knock-in mice in modeling disease phenotypes.

As Chd5-null mice are viable they would be able to be characterized directly.
Unfortunately, full-body Chd5 deletion produced infertile males due to their inability to produce
sperm (229). Instead, Nestin-Cre cKOs were generated and bred to produce the Chd5-/- mice
(230). These mice displayed behavioural abnormalities including impaired social interactions
and neophobic behaviours across multiple assays. Though the main focus of the characterization
of these mice was on behaviour, RNA-seq results indicated a possible defect of dendritic
arborization. Primary cultured cortical neurons demonstrated it was indeed the case as cells
displayed altered dendritic arborization resulting in a decrease in the dendritic intersections. As
repeatedly mentioned, behavioural assays help to connect molecular phenotypes to the human
syndrome being modeled. The reiteration of the behavioural phenotypes in PMNDS in the Chd5-
/- mice is a good indication human CHDS variants may experience alterations in dendritic
arborization as well and as such these mice may be useful in studying potential PMNDS
therapies.

Generation of Chd3-null mice from an allele that initially had LoxP sites flanking exons
12-21 (containing the ATPase-helicase domain) showed a partial lethality in KOs before
weaning (231). Aside from confirming a high expression of Chd3 in the brain, these mice were

only studied for vascular development and no nervous system analyses were performed.

1.4. Gaps in Knowledge of Chd3

Chromatin remodelers have been implicated in all aspects of cortical development. They
may impact the generation of the progenitor pool or the transition from RGC to IPC through a

variety of mechanisms including altered cell cycle kinetics or increased susceptibility to
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proapoptotic factors. Additionally, cell death or migration deficits may be seen within the
cortical plate. Despite the significant burden of intellectual disabilities on the health care system
and the large number of neurodevelopmental disorders caused by mutations in these genes, there
still remains an overwhelming amount left to be understood.

Preliminary mouse work has suggested that Chd3 may drive migration (197), however
this was in an acute knock-down model which have been seen to diverge from knockout
phenotypes for some genes (232). Moreover, as demonstrated with other CHD proteins as well as
with other chromatin remodelers, mouse models are invaluable not only in defining gene
function but also in elucidating disease pathogenesis. There exists no model to study the
pathogenesis of SNIBCPS which is the focus of this thesis. As such, we have generated and
characterized Emx-Cre conditional knockout mice with the Chd3-flox allele to help address the

gaping hole in the understanding of both CHD3 and SNIBCPS.
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1.5. Hypothesis and Aims
It is hypothesized that Chd3 ablation will reproduce the neurological phenotypes of
SNIBCPS patients due to disruption of cortical lamination caused by defects in late-stage neural
migration. This is examined with the following two aims:
1. Elucidate the pathogenesis of Chd3 ablation on the developing cortex.
2. Define any behavioural alterations and compare to SNIBCPS clinical

presentations.
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2. Methods

2.1. Chd3 Transgenic Mice

2.1.1. Animal Husbandry

All animals were housed in the University of Ottawa animal facilities. Animal breeding
and experimental protocols following the Canadian Council for Animal Care guidelines were
approved by the University of Ottawa Animal Care Committee. Mice were kept on the standard
12-hour light/dark cycle in cages of no more than 5 adult mice with food and water provided ad

libitum.

2.1.2. Timed Breeding

For collection of embryos at a desired timepoint timed breeding was performed. Female
mice were placed into a male’s cage in the evening and replaced into their own cage the
following morning. At the necessary day, the pregnant female was sacrificed with CO»
asphyxiation and the embryos were dissected from her womb. The complete dissection of the

embryos is described in subsequent sections according to the use of the tissue.

2.1.3. Chd3-flox Mice

Chd3-flox alleles were generously provided by Dr. Courtney Griffin (Oklahoma Medical
Research Foundation) and were designed using LoxP sites flanking exons 13 to 20, as previously
described (231). The Chd3-flox mice were obtained on a mixed C57BL/6 and C3H/HeJ

background and subsequently backcrossed with C57BL/6 for 8 generations.

2.1.4. Emx1-Cre Mice
Emx1-Cre mice were purchased from The Jackson Laboratory (stock #005628). They

contain the Cre sequence inserted downstream of the Emx/ stop codon. As such, Cre expression
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begins at E10.5 along with Emx/ (70). These mice were provided on a pure C57BL/6

background.

2.1.5. Genotyping

Tissue samples taken were approximately 1mm by 5 mm. A forelimb was used for

embryonic samples, a tail snip for PO, and an ear snip for P21 and older. The tissue was added to

75 puL of a lysis buffer containing 1N NaOH and 0.5M EDTA at pH 8.0. Tubes were loaded into

a thermal cycler (Eppendorf Mastercycler EP Gradient 96 well thermal cycler) and run at 90°C

for 60 minutes. An equivalent amount of neutralization buffer containing 1M Tris-HCI at pH 8.0

was added to each tube. 1 pL per sample was used for each PCR genotyping reaction. All

reactions followed a standard PCR reaction protocol as follows: 2-minute hot start at 94°C, 35

cycles of 20 second denaturation at 94°C, 20 second annealing at relevant temperature, 20

second elongation at 72°C with a final elongation after the cycles for 5 minutes. All samples

were run on a 1.5% agarose gel at 100V for 30 minutes. Expected annealing temperatures are

given below in Table 2.

Table 2. Primers used for genotyping.

Gene Name 5’-3’ Sequence Annealing
Temperature (°C)
Chd3 flox - F  |GGGTGGAGGTGGAAAGTGTA 55
Chd3 flox - R  |AGAGGACAGGTCACAGGACAA 55
Cre - F ATGCTTCTGTCCGTTTGCCG 60
Cre - R CCTGTTTTGCACGTTCACCG 60
Sry - F TTGTCTAGAGAGCATGGAGGGCCATGTCAA 60
Sry -R CCACTCCTCTGTGACACTTTAGCCCTCCGA 60
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2.1.6. Behaviour Testing

All mice began behaviour testing at 6 weeks of age at the University of Ottawa Animal
Behaviour and Physiology Core facilities. Cages were changed one week before testing began
and two days before the Morris Water Maze test. No mice were individually housed. For tests
that were required to be performed in groups, males were tested before females to avoid
confounding effects from any lingering female scent. The order of tests performed was:
Beambreak, Rotarod, Open Field, Adult Social Interaction, Morris Water Maze, and Fear
Conditioning. The second cohort was only able to complete up to the Open Field test due to
limitations in equipment availability. Testing of the first two cohorts was performed by Anneka
Schoeppe, while that of the latter three was done by Animal Behaviour and Physiology Core
staff. All testing was performed blinded in regard to genotype. Animal Care and Veterinary
Service Standard Operating Procedures were used for each test with relevant parameters altered
as necessary. All statistical analysis used a one-way ANOVA (though the beambreak used a two-

way ANOVA) with post-hoc Tukey-Kramer test due to the uneven sample sizes.

2.1.6.1. Beambreak

Mice were habituated for 1 hour under normal light conditions. They were then
individually loaded into shoebox cages on a Micromax Analyzer with food and water in a metal
hopper but no cage enrichment. Interruptions of infrared beams perpendicular to the length of the
cage were recorded for 48 hours under the standard 12-hour light cycle of 07:00 on until 19:00
off and exported in 1-hour bins. Genotypes were compared at each hour using a two-way
ANOVA with post-hoc Tukey-Kramer test, while total number of beam breaks were compared
with a one-way ANOVA with post-hoc Tukey-Kramer test. Analyses were repeated for both

sexes as well.
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2.1.6.2. Rotarod

Mice were habituated for 30 minutes under normal light conditions. The Ugo Basile
rotarod was used testing 4-5 mice at a time. A ramp protocol of 4-40 rpm over the first minute
for a maximum of 5 minutes was performed for four trials with an intertrial interval (ITI) of 10
minutes. The computer records the latency to fall for each mouse which was later analyzed with
a one-way ANOVA with post-hoc Tukey-Kramer test. Analyses were performed on each sex as

well.

2.1.6.3. Open Field

Mice were habituated for 30 minutes under normal light conditions. Four mice were
tested at a time — being placed in the middle of the arena with movement tracked by centrepoint
for 10 minutes under 300 lux light. The Ethovision tracking software (Ethovision 14, Noldus
Information Technologies, Leesburg, VA, USA) recorded the time spend in the centre of the
arena and the four corners in addition to the average speed and distance travelled. These
measurements were analyzed with a one-way ANOVA with post-hoc Tukey-Kramer test. All

analyses were repeated on the data segregated by sex as well.

2.1.6.4. Adult Social Interaction

Mice were habituated for 30 minutes under 100 lux regular light and under red light in
the testing room for 30 minutes. Testing was performed under red light. In brief, each mouse was
placed in an open field arena with an empty 5.5x9.6x30 cm (WxLxH) wire mesh cage holder for
5 minutes. The mouse was returned to a holding cage for an ITI of 5 minutes. During this time a
gender- and strain-matched mouse of relatively the same age was placed in the cage holder. The
test mouse was then returned to the box for a trial of 5 minutes. Two interactor mice per sex were

used for all trials in the day with a maximum of 5 trials per interactor. The Ethovision tracking
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software (Ethovision 14, Noldus Information Technologies, Leesburg, VA, USA) was used to
measure the distance travelled and time and frequency in the interaction zone. Results were
analyzed with a one-way ANOV A with post-hoc Tukey-Kramer test. All analyses were repeated

on the data segregated by sex as well.

2.1.6.5. Morris Water Maze

Left

Computer

Front Back

Platform

Door

Figure 5. Room set up of Morris Water Maze test. A black X and black square were used as
visual cues. The submerged platform was placed in quadrant BR. A screen next to the back side
of the water tub blocked view of the computer, tester, and other mice. Figure adapted from
ACVS SOP Behav-7 Morris Water Maze.

Mice were habituated in the testing room for 30 minutes. The visual cues used were a
black square on the north wall and a black X on the east wall with the platform located in the

bottom right quadrant (Figure 5). The mice were given 7 training days. Each day the mice are put

into the pool from each end once with each mouse given the same order of entrance to the pool
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on a given day and the order changing each day. This gives a total of 4 trials per day to each
mouse with a maximum trial time of 60 seconds and an ITI of 20 minutes. On the probe day the
platform is removed from the water and each mouse is tested for 60 seconds from a randomly
assigned point of entrance. The Ethovision tracking software (Ethovision 14, Noldus Information
Technologies, Leesburg, VA, USA) measured the time to the platform on each trial to track the
learning of the mice. On the probe day, the time spent in each of the quadrants along with the
total distance travelled were measured and analyzed by one-way ANOVA with post-hoc Tukey-
Kramer's test. Analyses were repeated by sex.

2.1.6.6. Fear Conditioning

Mice were habituated for 30 minutes in a room separated and away from the testing
room. Mice were then placed in phenotyper boxes. After 2 minutes in the boxes, they received 2
tone-shock pairings — a loud 30-second tone delivered with a 2-second foot shock of 0.5 mA —
with a minute in between. The test time was a total of 6 minutes and their movement throughout
the testing was recorded. On the second day, the mice were placed back in the boxes for the same
amount of time but with no tone or shock. On the final day the boxes were altered so that the
mice would not recognize them. Inserts were put in to give triangular walls, the shock floor was
removed, and a vanilla scent was added. Mice were put in a different box than on the training
day, a different disinfectant was used to clean the boxes, a different cart was used to transport the
mice, and a different path was taken to the testing room. A total of 6 minutes of testing was
performed again, this time with no tone for the first 3 minutes and the tone from the training day
played during the last 3 minutes. On each day the Ethovision tracking software (Ethovision 14,

Noldus Information Technologies, Leesburg, VA, USA) measured activity and freezing time to
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test the response to the stimuli and context. Results were then analyzed by one-way ANOVA

with post-hoc Tukey-Kramer's test and repeated by sex.
2.2. Structural Analyses

2.2.1. EdU-pulse Labelling

EdU-pulse labelling was performed by senior lab technician Keqin Yan on timed
breeding (2.1.2.) dams by way of intraperitoneal injections of 300 uL of EAU (10 mg/mL). For
analysis of progenitor populations including quantification of cells in S-phase, injections were
performed at E15.5 and embryos were collected after one hour (1-hour pulse). For neuronal
birthdating, injections were performed at E13.5 to label layer V or E15.5 to label layers II-I11

with pups collected at P7.
2.2.2. Tissue Dissection

2.2.2.1. Embryonic Dissection

Following timed breeding (2.1.2.), pregnant dams were sacrificed with CO> asphyxiation.
Embryo heads were severed at the base of the skull and fixated in 4% PFA (in 1X autoclaved
PBS) for 24 hours at 4°C. Heads were then put in a 30% sucrose solution (in ddH2O with 0.03%
sodium azide) for 7 days at 4°C.

2.2.2.2. Pup Dissection

Weight measurements were taken on a scale (Mettler-Toledo PB302). Pups then had the
brain stem severed with point tweezers and the scalps and calottes were removed. Whole brains
were extracted and fixated in 4% PFA for 24 hours at 4°C. The solution was then switched to

30% sucrose for 7 days at 4°C.
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2.2.2.3. Adult Dissection

Adult mice were sacrificed with CO; asphyxiation and perfused with 4% PFA to remove
blood from the brain vasculature and improve fixation. Heads were then severed and the scalps
and calottes were removed whereby brains were extracted and fixated in 4% PFA for 24 hours at

4°C. The solution was then switched to 30% sucrose for 7 days at 4°C.

2.2.3. Tissue Embedding

30 mL of methylbutane (Sigma M32631) was cooled for 15 minutes in a beaker on dry
ice along with tweezers and labelled tin foil sections. Heads or brains were dried of excess
sucrose solution and submerged in the methylbutane until bubbles were no longer produced.
They were then removed and wrapped in the relevant tin foil section and stored at -80°C.

2.2.4. Cryosectioning

All cryosectioning was performed on a Leica CM 1850 cryostat. Brains were left in the
cryostat set to —28°C for 1 hour before sectioning. They were then embedded on the chuck in
optimal cutting temperature (OCT) compound (Fisher Scientific 23-7300-571). Sections were cut
to 14 um for Nissl staining (2.2.5.) or 12 um for immunofluorescent staining (2.2.6.) and
collected on SuperFrost slides (Thermo Fisher Scientific). Slides were left at room temperature

for 30 minutes for drying and then stored at -20°C until staining.

2.2.5. Nissl Staining

Slides were dried in an incubator at 37°C for 30 minutes prior to staining. Sections were
rehydrated in decreasing concentrations of ethanol as follows: 95% for 10 minutes, 70% for 1
minute, and 50% for 1 minute followed by two 5-minute washes in water. Slides were then
placed in 0.25% cresyl violet acetate (0.25g cresyl violet (Thermo Fisher Scientific 405760100),

100 mL water, 1 mL acetic acid) for approximately 15 minutes. Excess stain was washed off
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with two 5-minute washes in water. Dehydration of sections was then performed in increasing
concentrations of ethanol: 50% for 2 minutes, 70% for 10 seconds, 95% for 2 minutes, 100% for
5 minutes twice, followed by three 5-minute washes in xylene. The xylene was dried from the
slides and mounted with Permount Mounting Medium (Fisher Chemical SP15-100) with 22x50
mm cover slips (Fisherbrand 12545E). Stained sections were imaged on a ZEISS Axio Scan slide

scanner (ZEISS Axio Scan.Z1) under brightfield.

2.2.6. Immunofluorescent Staining

Slides were removed from -20°C and put in an incubator at 37°C for 15 minutes. Sections
were next rehydrated with three 5-minute washes in phosphate-buffered saline (PBS). Sodium
citrate solution (pH 6.0) was heated to boiling in a microwave. The slides were added to the
solution for antigen retrieval and put in the microwave for 10 minutes on level 0. Once finished,
slides were allowed to cool for 30 minutes. Sections were traced with Dako pen (Agilent S2002)
and 300 pL of 10% horse serum (in PBS) was added to each slide for 1 hour for blocking.
Following blocking, 300 uL of 10% horse serum containing the applicable dilution of primary
antibody (Table 3) was added to each slide and left overnight at 4°C. Three 5-minute washes in
PBS were performed and 300 pL of 10% horse serum containing a 1:500 dilution of the relevant
species secondary antibody conjugated with Alexa Fluor (Table 3) was added to each slide for 1
hour. Slides underwent three 5-minute PBS washes again. If EdU staining was required, slides
were put into an EdU click chemistry solution (100 pL. 1.M Tris-HCI (pH 7.2), 100 pL 100mM
ascorbic acid, 20 pL. 2 mM CuSOg, 2 pL fluorescent azide (Cy-5-Azide, Sigma 777323-1MG),
778 uL ddH20) for 1 hour and then washed three times for 5 minutes in PBS before moving to
DAPI staining. Otherwise, slides went directly into a 1:20000 (in PBS) solution of DAPI for 15

minutes. After a final three 5-minute washes in PBS, slides were mounted with DAKO mounting
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media (Agilent s3023) and coverslips were sealed with clear nail polish. Stained sections were

imaged on the widefield upright Zeiss Axiolmager M2 microscope with the Zen imaging

package (Zen Blue). Images were produced using a Z-stack and tiling under the 20x objective.

Post-imaging processing included stitching (Zen Blue) and five iteration deconvolution

(AutoQuant X3). Images were finally prepared and quantified in Image J (Fiji).

Table 3. Primary and secondary antibodies used in immunofluorescent staining.

Antibody Host Dilution Company Catalog Number
Chd3 Rabbit 1:300 Abcam Ab109195
Ctip2 Rat 1:300 Abcam Ab18465
| Pax6 Rabbit 1:200 BioLegend 901301
g pHH3 Rabbit 1:500 EMD Millipore | 06-570
A | Satb2 Mouse 1:300 Abcam ADb51502
Tbrl Rabbit 1:100 Abcam ADb31940
Tbr2 Rabbit 1:200 Abcam Ab23345
Alexa Fluor | Mouse 1:500 Invitrogen A-21202
488
Alexa Fluor | Rat 1:500 Invitrogen A-48263
E 555
§ Alexa Fluor | Rabbit 1:500 Cederlane 711-585-152
A | 594
Alexa Fluor | Rabbit 1:500 Invitrogen A-31573
647
2.3. Protein Analysis

2.3.1. Tissue Dissection

Embryos were euthanized as per 2.2.2.1. or pups as per 2.2.2.2. Brains were extracted and
cortices were put into liquid nitrogen in CryoPure tubes (Sarstedt 72.380) for flash freezing.

Samples were then stored at -80°C until required.
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2.3.2. Protein Extraction

Brain samples were removed from -80°C and kept on dry ice. They were then moved to
cell lysis tubes containing 1 mL RIPA buffer (50mM Tris-HCI pH 7.5, 1% NP-40, 1% Triton-X-
100, 150mM NacCl, 12mM Na-deoxycholate, 0.05% sodium dodecyl sulfate (SDS), 2mM EDTA,
ImM DTT) with 5 puL protease inhibitor (Sigma P8340) on ice for 1 minute. After, each cortex
was homogenized using setting 1 of the Tissue Tearor (Biospec Products 985-370). Following
20-minute incubation on ice, lysates were moved to Eppendorf tubes for centrifuge at 14500 rpm

for 10 minutes at 4°C. The supernatant was removed and stored at -80°C.

2.3.3. Bradford Protein Assay

A 1:5 dilution of Bio-Rad protein assay dye reagent (cat #5000006) in ddH2O was
prepared. Thawed cortical lysates were mixed to ensure even protein distribution before adding
luL of lysate to 1 mL of protein assay solution in cuvettes (Sigma-Aldrich C5416). The
absorbances were measured from a Ultrospec 3100 pro spectrophotometer (Pharmacia Biotech
80-2106-25) at 595 nm and subsequently used to calculate the protein concentration from a
standard curve.

2.3.4. Western Blot

Protein samples were diluted to a total of 20 pg of protein as necessary in RIPA buffer
based on Bradford assay results. All samples had a total of 7 uL of protein dye with 5% B-
mercaptoethanol (Sigma M3148) to a total volume of 20 uL and were then boiled for 5 minutes
at 95°C. The samples were then loaded onto a 6% SDS-PAGE gel flanked by protein ladder
(FroggaBio PM008-0500) on either side in SDS running buffer (25mM Tris-HCI, 192mM
glycine and 0.1% SDS). The gel was run at 180V for 5 minutes and then 150V until the 75 kDa

band was the lowest visible band on the protein ladder. The protein was then transferred to
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polyvinylidene fluoride (PVDF) membranes at 100 volts for 90 minutes in transfer buffer
(39mM glycine, 48mM Tris-HCI and 20% methanol). Following transfer, the membranes were
cut at about 180 kDa and put into a blocking solution of 5% milk in TBS-T (150 mM NaCl,
50mM Tris, pH 7.4, 0.05% Tween 20, pH 7.4) for 1 hour. Primary antibodies were prepared by
adding the relevant concentration (Table 4) to the 5% milk solution and membranes were
incubated overnight a 4°C with agitation. On the second day, membranes were washed for 5
minutes thrice in TBS-T and then incubated in the relevant concentration of the matched animal
HRP conjugated secondary antibody in 5% milk solution for 1 hour. After another 3x 5-minute
wash in TBS-T the membranes were incubated with Clarity Western ECL Substrate (Bio-Rad
1705061) prepared by manufacturer guidelines for 1 minute. The membranes were then exposed
to X-ray film and developed for visualization.

Table 4. Primary and secondary antibodies used in western blot.

Antibody Host Dilution Company Catalog Number
1° Chd3 Rabbit 1:7500 Abcam Ab109195
1° Vinculin Rabbit 1:10000 Abcam Ab129002
2° HRP Rabbit 1:15000 Jackson 111-035-003
Immunoresearch
2.4. RNA Analyses

2.4.1. RNA Extraction

Frozen cortices were placed immediately on ice from -80°C and 1 mL of TRIzol was
added to each tube. Samples were homogenized using setting 1 of the Tissue Tearor (Biospec
Products 985-370). Tubes were then left at room temperature for 5 minutes to allow for complete
dissociation of the nucleoprotein complex. 200 pL of chloroform was added to each tube and
shaken vigorously for approximately 15 seconds before another room temperature incubation for

3 minutes. The samples were centrifuged for 15 minutes at 4°C at 12000 x g. The upper aqueous
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phase was then removed and the organic phase discarded. Each tube had 500 pL of 100%
isopropanol added and were left to incubate at room temperature for 10 minutes. Tubes were
again centrifuged for 15 minutes at 4°C at 12000 x g. The supernatant was removed from the
tubes and the remaining pellets were washed with 1 mL of 75% ethanol. After vortexing, tubes
were centrifuged at 7500 x g for 5 minutes at 4°C. The wash step was repeated twice. The final
supernatants were again removed and the pellets were left to air dry under careful watch to
prevent desiccation. The dried pellets were resuspended in 30 pL. of HPLC water and incubated
in a heat block for 1 minute at 70°C. Samples were finally stored at -80°C or immediately

underwent cDNA synthesis.

2.4.3. cDNA Synthesis

Previously prepared RNA samples first underwent a DNAse treatment as per the
manufacturer’s instructions using the DNAse kit for cDNA (Fisher AM1906). Total RNA
concentrations were quantified with the NanoDrop One (Thermo Scientific 13-400-518) and 2
pg of total RNA was added to 2 pl of 10X DNAse buffer, 1 ul DNAse 1 and HPLC water up to
20 pl and incubated at 37°C for 30 minutes in a thermal cycler. Afterwards, 2 pl of inactivation
buffer was added to each tube and incubated at room temperature for 2 minutes. After a quick
spin in a mini centrifuge (VWR), 15 pul of supernatant was used for cDNA synthesis. Each RNA
sample had 1 ul of 100 ng/uL random hexamers (Thermo Fisher Scientific #50142) added and
the tubes were put in a thermal cycler at 70°C for 5 minutes to allow for denaturation. Upon
completion, they were left on ice for 2 minutes and 9 pl of a master mix containing 5 pl of 5X
buffer, 0.6 uL of RNAse out, 2.5 ul 10 mM dNTPs, and 1 uL of RevertAid reverse transcriptase
(Thermo Fisher Scientific) per sample was added to each of the tubes. Tubes were loaded into a

thermal cycler (Eppendorf Mastercycler EP Gradient 96 well thermal cycler) with the protocol as
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follows: 25°C for 5 minutes, 42°C for 60 minutes, and 70°C for 15 minutes. 1/10 dilutions were
stored at -20°C and used for further testing while extract stocks were stored at -80°C.

2.4.4. RT-PCR

The same protocol used for genotyping (2.1.5.) was repeated for RT-PCR except with 1
puL of cDNA per sample and primers as described in Table 5 below.

2.4.5. RT-qPCR

The master mix was prepared using 6 pL of 2X SYBR green advantage qPCR Premix
(Clontech 639676), 0.5 uL of each primer (10 uM), and 5 puL of water per sample. A 96-well
plate had 10 puL of master mix loaded per well with three wells per sample and one non-template
control (NTC) for each master mix. Then 1 pL of sample was added to each of the relevant
wells. In the Applied Biosystems 7500 Real-Time Fast PCR thermocycler, the standard 3-step
PCR protocol was used with an annealing temperature of 55°C and an extension time of 30
seconds. For analysis, samples were normalized to their respective GAPDH results and

calculated using the AACT method. Primers are described below.

Table 5. Primers used for RT-PCR and RT-qPCR.

Gene Name 5’-3” Sequence Annealing | Expected Band
Temperature Size (bp)
o)
Chd3 Exons 12-21 -F | ATCCCAGAGTACGACGACA 54 WT - 1359
Chd3 Exons 12-21 -R | GAAGCGATCAATGGCCTCT 55 cKO — 158
Chd3 Exons 16-17 F GAGGCTCATCGACTCAAGAAC |55 87
Chd3 Exons 16-17R | CCCCGTCAGCAACAACTTATG 55
Gapdh - F CGGCAAATTCAACGGCACAG 60 183
Gapdh - R TCACAAACATGGGGGCATCG 60
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2.5. Statistics

Mendelian ratios were analyzed with the Chi-square test and birthweights with the one-
way ANOVA. All staining protocol analyses were performed on triplicates unless otherwise
stated. Number of biological replicates varied between test and genotype for the behavioural
assays and are given in figure captions. As the number of replicates was consistent across groups
for staining protocols, one-way ANOVA with post-hoc Dunnett’s test was performed for
analyses. Behavioural analyses are listed by test but used one-way ANOV A with post-hoc
Tukey-Kramer's test, except for the beam break test which used two-way ANOVA with post-hoc
Tukey-Kramer's test. The Tukey-Kramer's test was used to account for the difference in sample

size across genotypes in the behaviour assays. Significant P values are signified in figures as

follows: * < 0.05, ** < 0.01, *** <0.001, **** <0.0001.
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3. Results

The Chd3 allele used to assess forebrain development (Figure 6) was designed in the

Courtney Griffin laboratory at the Oklahoma Medical Research Foundation. LoxP sites flank

exons 13 to 20 such that introduction of Cre will result in excision of the ATPase-helicase

domain and generate a loss of function allele caused by a frameshift.

Wildtype Chd3 allele:

+AHHHHHH-HHEHHHH —F -

4 5 67 8 910 11 12 13 14 15 1617 18 1920 212223 24 2526 27 40

Targeted Chd3 allele:

—+AHHHH — o

5 67 8 910 11 12 13 14 15 1617 18 1920 212223 24 2526 27 40

Chd3 allele after Flp-mediated recombination (Chd3-flox):

+HHHH — P — -

4 5 67 8 910 11 12 13 14 15 1617 18 1920 212223 24 2526 27 40
> < €
F R1 R2

Chd3 allele after Cre-mediated recombination (Chd32):

—+HHHH -

4 5 67 8 910 11 12 212223 24 2526 27 40
Neomycin Conditional H |
Exon } LoxP site I FRT site \EYe] resistance —— knockout — FRCINOOgY
cassette region ol

Figure 6. Chd3 floxed allele design. The Chd3 allele was designed so that upon Cre-mediated
recombination exons 13 through 20 are excised. This removes the ATPase-helicase region of the
protein and is predicted to cause a frameshift resulting in loss of function — adapted from Xie et

al. (226).
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The Emx1-Cre driver was chosen to conditionally knockout the Chd3 gene. Emx1
expression turns on at E10.5 and is extensively expressed both in proliferative and postmitotic
populations of the lateral, medial, and dorsal pallia by E12.5 (78). The use of this Cre-driver
ensures that Chd3 will be excised before radial glial cells (RGCs) begin their expansion and
generation of the neocortex. Additionally, Emx 1+ progenitor pools contribute minimally to
structures outside of the telencephalon. This confirms that any observed phenotype can be
attributed to the cortex or nearby regions.

Using primers designed by the Griffin laboratory for the Chd3-flox allele (Table 2), PCR
genotyping confirmed that the wildtype allele generated a PCR product of 152 base pairs (bp)
and that the floxed allele produced a product of 213 bp (Figure 7), allowing one to discriminate

between wildtype, heterozygous and homozygous floxed alleles._

Samples
a: Chd3f/+

b: Chd3f/f
c: Chd3f/+
d: Chd3f/+
e: Chd3f/+

Controls
f: Chd3-flox
g: Chd3 wildtype

Figure 7. Genotyping results from an experimental litter. Samples were genotyped using
Chd3-flox primers designed by the Griffin laboratory (Table 6.A.1.). PCR products were run on
a 1.5% agarose gel for 35 minutes at 90V. The Chd3-flox band appears at 213 bp and the
wildtype Chd3 band appears at 152 bp.
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3.1. Confirmation of Excision

Before characterization of forebrain Chd3 ablation could begin, the expected excision
first had to be validated. Protein extracted from PO cortical lysates displayed a reduction in Chd3
protein levels (Figure 8). RT-PCR analyses were designed such that the forward primer was in
exon 12 and the reverse in exon 21. Alleles that had undergone recombination would produce a
158 bp band as the exons would be connected, while the wildtype allele would have a much
larger amplicon size of 1359 bp. The excision was observed in both conditional heterozygotes
(cHTs) and the conditional knockouts (cKOs) but not the wildtype samples and there was an
approximately 2-fold enrichment in cKOs compared to the cHTs (Figure 9). For RT-qPCR
experiments, the primers were designed to span exons 16 to 17 which are excised upon Cre
recombination. This experiment showed a decreased amplification in the cHT and cKO animals
although the expected 2:1:0 ratio of WT:cHT:cKO was not seen because the interneurons present
in the cortical RNA samples provide wildtype transcripts to amplify thus skewing the ratio from
the expectation (see below). Further, immunofluorescent staining of PO cortical sections showed
a depletion of Chd3+ cells in the cKO animals (Figure 10). While there are some Chd3+ cells
remaining (9.77% =+ 0.52%), these are almost certainly interneurons which migrate tangentially
from the ganglionic eminences and do not express the Cre protein. It is consistently seen that

about 5-10% of DAPI+ cells remain marker positive as well in Emx-Cre models (79, 82).
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cKO

cHT

WT

Figure 8. Western blot of PO cortical lysates. Protein extracted at PO demonstrated a loss of

Chd3 protein in the cKO mice. Cre excision does not occur in interneurons which likely accounts

for any remaining Chd3 protein levels in cKO samples.
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Figure 9. RT-PCR and RT-qPCR of ¢cDNA produced from RNA extracted from P0 cortical
lysates. For the RT-PCR each genotype produces their expected bands (A) with some non-

specific bands present due to the slightly cooler than optimal annealing temperature necessary
for the housekeeping gene control primer set. Nonetheless, compared to wildtype, the cHT and

cKO have significant increase over wildtype in densitometry analyses (B). The RT-qPCR
showed the expected band size (C) with a significant reduction in the presence of the exon 16-17
band in the cKOs (D). A schematic for the Chd3 primer design shows the set 1 used for RT-

qPCR and set 2 used for RT-PCR (E) (n = 3, one-way ANOVA with post-hoc Dunnett’s test).
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WT ckO

E15.5

PO

Figure 10. Immunofluorescent staining of E15.5 and P0 coronal sections. Staining with an
aChd3 antibody displays the loss of Chd3 in the cKO cortex (right) as compared to the wildtype
cortex (left) (scale = 50 um). Schematic diagrams on the right indicate the location of the
sections corresponding to the images shown.
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3.2. Knockout Viability

Knockout animals were indistinguishable by eye from wildtype mice (Figure 11). When
aged to P100 there was no noticeable difference in their ability to survive nor any issue with
cohabitation with cHT or wildtype mice. Litters contained all genotypes in the expected
mendelian ratios (Table 6), and birthweights were consistent across genotypes even when

analyzed by sex (Table 7).

Figure 11. Whole body images of experimental litters at P4 and P21. Mice have no
noticeable differences either by gross morphology or behaviour. The genotype cannot be known
without analysis of tissues.
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Table 6. Genotypic ratios of knockout litters. While a slightly higher number of wildtype
animals with only one floxed Chd3 allele is observed, there is no statistically significant

difference between the occurrence of genotypes. (*P>0.9, n=327, chi-square).

Genotype Observed Expected Mendelian Observed Mendelian
Offspring Ratio Ratio*
Chd3f/f; Emxlcre+/— (cKO) @ 80 25% 24.5%
Chd3f/f; Emxlcre—/— (WT) 70 25% 21.4%
Chd3f/+; Emxlcre+/— (cHT) | 83 25% 25.4%
Chd3f/+; Emxlcre—/— (WT) 94 25% 28.7%

Table 7. Perinatal bodyweight measurements of knockout litters. The average bodyweight of
pups at PO have no statistically significant difference in general or by sex. (¥*P>0.05, n=158, one-

way ANOVA).

Genotype Average Body Weight (g)* Male (g)* Female (g)*
Chd3f/f; Emx1cre+/— (cKO) 1.456 1.449 1.466
Chd3f/f; Emx1cre—/— (WT) 1.460 1.477 1.423
Chd3f/+; Emx1cre+/— (cHT) 1.434 1.411 1.458
Chd3f/+; Emx1cre—/— (WT) 1.503 1.505 1.500

Looking at gross structure of the forebrain at E15.5 and P40 by Nissl staining (Figure
12), there were no clear differences observed between genotypes. Overall, it is concluded that

brain structure remains relatively consistent between genotypes.
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Figure 12. Nissl staining of embryonic and adult coronal forebrain sections. Nissl stained
E15.5 and P40 representative coronal sections (scale = Imm).

3.3. Progenitor Kinetics and Cortical Lamination

Previous work has suggested that Chd3 protein is expressed at earlier times when
progenitors are prevalent (E13.5) (228, 233). To test whether there was any effect on progenitor
homeostasis, we examined the proportion of cells in different stages of the cell cycle. E15.5
embryos were sacrificed following a 1-hour EdU pulse'.To examine the proportion of cells in
mitosis, we performed phosphohistone H3 (pHH3) staining on the E15.5 sections (Figure 13).
Though there is a slight increase in the number of basal pHH3+ cells (WT: 7.20 + 0.77; cHT:

7.00 £ 0.40; cKO: 8.40 + 0.61) as well as with the apical pHH3+ cells (WT: 26.20 + 3.06; cHT:

U All EdU injections were performed by senior lab technician Keqin Yan, MSc.
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25.80 + 3.70; cKO: 27.40 + 2.24, which may suggest a cell cycle delay in the mutants, the
increases were not statistically significant. To look at the proportion of cells in S-phase, the
EdU+ stained cells from al-hour pulse were quantified. A decrease in the proportion of EdU+
cells were seen in the mutant (WT: 23.23% £ 0.69%; cHT: 22.33% = 0.62%; cKO: 21.48% +
0.65%) but they do not reach significance. Together these two cell cycle parameters indicate that
there are no significant differences in cell cycle kinetics, and that the slight variations observed
are likely due to natural variation between animals. Pax6 and Tbr2, which are markers of RGCs
and IPCs respectively, were also examined to evaluate any changes in the proportion of these

progenitors at E15.5. These stainings produced no noticeable difference.
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Figure 13. Phosphohistone H3 staining in E15.5 cortical sections following a 1-hour EAU
pulse. Quantification was performed on 200pm-wide sections covering from the surface of the
lateral ventricle to the basal pHH3+ cells (A). Sections show no clear differences (B) which is in
line with the quantifications which have no change between genotypes in apical or basal pHH3+
cells (C) nor in EAU+ cells (D). (scale = 50 um, n = 3, one-way ANOVA).
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In line with what was seen in the progenitors, DAPI+ cells were present in equal numbers
between all genotypes (WT: 730.14 = 48.62; cHT: 720.76 £ 42.99; cKO: 696.33 + 45.56 at PO
and WT: 370.33 £ 16.66; cHT: 406.78 + 10.60; cKO: 381.78 + 8.26 at P7). (Figure 14). As such
it is taken that any differences observed in the layers are not due to a loss of cells. The difference
in raw counts between timepoints is attributed to the difference in size of the representative
sections chosen for counting. As P7 cortices are much taller than PO, narrower sections were

taken to maintain efficiency during quantification.
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P7 DAPI
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wT cHT ko wT CHT cko
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Figure 14. Raw DAPI counts for cortical sections. There is no difference in the DAPI counts,

i.e., number of cells present in the cortices, at PO (A) nor P7 (B) between the three genotypes. (n
=3, one-way ANOVA).
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In order to assess the cortical lamination of the animals, antibodies against three layer-
specific neuronal markers were chosen for IF analysis: Tbrl which is expressed in layer VI,
Ctip2 staining as a marker for layer V neurons, and Satb2 which is primarily expressed in the
superficial layers II-IV. While no difference was observed for the deep layer markers (Tbrl,
Ctip2), the proportion of Satb2+ cells were decreased in layers II-IV in both heterozygote and
knockout cortices (WT: 32.61% £ 1.26%; cHT: 26.06% + 1.38%; cKO: 22.44% + 1.22%)
Moreover, there was also an increase in the proportion of Satb2+ cells in layer VI at PO (WT:
24.12% = 1.82%; cHT: 31.09% = 1.65%; cKO: 34.71% + 2.04%) (Figure 15). Although the cells
were being retained in layer VI there was no change in the cells co-labelled with Satb2 and Tbr1
between the genotypes, indicating that there is not an error with misexpression. By P7, when all
cells should have migrated to their final destination within the cortex, the deficit within upper
layer cells observed at PO remained apparent (WT: 42.41% = 2.87%; cHT: 31.40% = 1.63%;
cKO: 30.57% + 1.28%). However, the difference was not as prevalent and at this age a slight
decrease in Satb2+ cells was seen in layer V of the cKO animals as well. An improvement of the
number of Satb2+ cells remaining in layer VI is also observed albeit it is still near significance

(WT: 21.26% + 1.74%; cHT: 19.37% + 1.06%; cKO: 26.04% + 1.41%, P = 0.0645).
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Figure 15. Cortical lamination of coronal sections. Cortices were stained with Satb2, Ctip2,
and Tbrl to mark layers II-IV, V, and VI respectively (A). In PO a reduction of the upper layer
cells is observed in mutant animals along with a concurrent rise in the number of Satb2+ cells in
layer VI (B). No significant difference was seen between the lower layer proportions (C, D). The
same is still observed in P7 with a decrease in Satb2+ cells in the cKO in layers II-V (E) and no

difference in Ctip2+ cells (F) nor Tbrl+ cells (G). (n = 3, one-way ANOV A with post-hoc

Dunnett’s test).
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Since no changes in progenitor cell cycle kinetics were observed, we next asked whether
there were any defects in migration that could explain the increased number of Satb2+ cells
within the lower layers. To examine migration, we performed a neuronal birthdating experiment
to track the progression of the upper layer cells (Figure 16). Pregnant dams were injected with
EdU? at E15.5 and brains were harvested at P7. The cKO and cHT sections showed not only a
paucity of EAU+ cells in the upper region (WT: 19.55% = 1.77%, 16.60% + 0.99%, 2.39% =+
0.72%; cHT: 10.93% £ 1.71%, 9.33% £ 0.47%,1.16% + 0.35%; cKO: 10.26% =+ 1.85%, 3.12% +
0.41%, 0.58% = 0.17%) but a sharp increase in the EQU+ cells at the bottom of the cortex as well
(WT: 1.35% % 0.65%; cHT: 8.13% £ 2.05%; cKO: 7.62% + 1.98%). When comparing the cells
that are co-labelled with EQU and Satb2, the same pattern is seen in the upper layers. The
proportion of cells co-labelled is dramatically decreased near the top of the cortex with
approximately 40% less co-labelled cells in cHTs and 80% less co-labelled cells in cKOs as
compared to wildtype (WT: 20.71% + 1.18%; cHT: 12.79% + 1.29%; cKO: 4.44% + 0.51%) and
a ~233% increase in co-labelled cells in cHTs and a ~210% increase in co-labelled cells in cKOs
in the lowest region (WT: 0.64% £ 0.18%; cHT: 14.49% + 2.31%; cKO: 12.60% + 1.95%). This
is supported by the pattern of the nuclei staining with DAPI reduced in the upper region (WT:
146.0 £5.9; cHT: 132.3 £2.6; cKO: 119.3 £+ 5.6) and increased in the lower two regions (WT:
145.0 £8.0; cHT: 155.0 £ 1.9; cKO: 174.3 £ 5.5 and WT: 121.3 £ 5.6; cHT: 130.7 £ 6.7; cKO:

153.7 + 4.6).

2 EdU injections performed by senior lab technician Keqin Yan, MSc.
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Figure 16. Neuronal birthdating of layers II-I1I in P7 cortices. Quantification was performed
on 200 um-wide sections covering from the border of the white matter to the top of the section.
Measurements were performed in bins calculated based on distance from the ventricle starting at
a minimum of 280 pm and increasing by 260 um each bin. The spread of the EAU shows a clear
difference between the genotypes (A) with overall EAU (B) recapitulating the phenotype
observed in lamination analysis. The same pattern is seen in the EAU+Satb2+ colabelled cells (C)
and DAPI+ cells (D) as well. (n =3, one-way ANOVA with post-hoc Dunnett’s test).
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3.4. Behaviour Analyses

A battery of behavioural assays was performed to assess the impact of the loss of cells in
the upper layers on the overall capabilities of the animals. The first test performed was the Beam
Break assay. This test looks at general locomotor abilities, habituation to a novel environment,
and as it was performed over a period of 48 hours it may find disruptions of the circadian rhythm
as well. All mice showed the expected pattern of the highest level of activity during the first few
hours as they habituated to the new cages (Figure 17). As they were loaded in the morning, a net
drop in activity is seen in all genotypes during the light hours and a following rise in activity
during dark hours which is repeated for the second day as well. As mice are nocturnal, this is an
expected outcome and indicative of normal circadian rhythms. The majority of subjects place
below or around the average curves, however the more active mice greatly increase the scale of
the graph, making the curves appear flattened despite the difference in light and dark hours
which would otherwise be apparent on a smaller scale. Of note, the cKO curve is consistently
below that of the wildtype, only crossing above in 7 of the 48 hours and not by much at these
times. This is consistent with the total number of beam breaks seen throughout the course of the
test whereby cHTs and cKOs have reduced activity overall (WT: 40793.14 &+ 7215.74; cHT:
38561.21 + 8499.93; 37360.00 + 7639.37). Analysis of total activity and at each hour showed no
significant differences combined nor when data was segregated by sex. This suggests that there
are no gross locomotor deficits in the cKO mice and as such can also act as a good control for the

rotarod test.
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Figure 17. Horizontal activity count over 48 hours. All three genotypes follow the same
general pattern of activity with the most beam breaks occurring during habituation in the first
hour and then a following increase of activity during the dark periods. The curves may appear to
not show the expected distinction between light and dark cycles; however, this is due to the
subjects above the curve increasing the scale for the number of beam breaks. Inset contains the
total average number of beam breaks over the 48 hours of testing. (n=29, 19, 19 for WT, cHT,
cKO respectively, two-way ANOVA with post-hoc Tukey-Kramer test).
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For the accelerating rotarod test, which can measure motor coordination and motor
learning, mice are placed on a rod that rotates at 4 rpm and increases to 40 rpm during the first
minute with up to 5 minutes of testing permitted if they are able to stay on. Mice are tested over
four trials a day and for two consecutive days. It is expected that there is an increase in the
latency to fall over the course of the first four trials as well as between the two days reflecting
the mouse’s ability to learn the mechanism of the test and improve their performance
accordingly. Unfortunately, the wildtype control animals do not clearly demonstrate the expected
motor learning as they show minimal improvement in their ability to remain on the rod on the
first day and an overall decrease in ability on the second day (Figure 18A). This would preclude
the rest of the data from analysis due to the lack of a proper control. However, it is noted that
despite a lack of significance the cKOs show superior performance on both days of testing

(Figure 18B) and cHT animals show the greatest improvement on the second day (Figure

18C).
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Figure 18. Comparison of latency to fall for the rotarod test. Though the knockout animals
show clear motor learning, there is a lack of the expected motor learning being demonstrated in
the wildtype controls (A). The cKO animals show an increase in latency to fall on both testing
days compared to wildtype animal (B) with the cHTs showing the greatest improvement on the
second day (C), however there is no significance. (n= 13, 16, 13 for WT, cHT, cKO respectively,
one-way ANOVA).
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The open field test may also be used to examine motor function or activity levels, but as
the beam break and rotarod assays assess these capacities the parameters were set such that
anxiety was measured. Throughout the course of the 10-minute test there is a minor but non-
significant increase in the average speed of the cKO mice (WT: 4.55 cm/s = 0.19 cm/s; cHT:
4.49 cm/s = 0.24 cm/s; cKO: 4.84 cm/s + 0.33 cm/s) (Figure 19A). This is also seen with the
average distance travelled by the animals (WT: 2735.93 cm £+ 110.36 cm; cHT: 2695.63 cm =+
14.13 cm; cKO: 2902.64 cm £+ 197.98 cm) (Figure 19B). Overall, there were no significant
differences in average speed or distance traveled. When comparing the location of the mice
during the test, all genotypes spent the majority of the test in the dim corners of the testing arena
with cHT spending the most time at 55.9% and the cKO spending the least time at 53.2% (WT:
330.30 s £9.79 s; cHT: 335.23 s £ 14.17 s; cKO: 319.49 s + 14.30 s). Regardless of all animals
spending limited time in the brightly lit centre, the cKOs spent the most time at 2.9% and the
cHTs spent half of that time at 1.5% (WT: 15.01 s £ 1.99 s; cHT: 8.74 s + 1.62 5; cKO: 16.78 s +
2.89 s). Again, despite differences seen on a small scale, no significant differences were
observed between genotypes for the proportion of time spent in the dim corners or the bright
centre of the arena (Figure 19C, D), suggesting that anxiety levels are unaffected in mutant

animals.
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Figure 19. Open field measurements show no differences between genotypes. Approximately
the same results were seen for wildtype, conditional heterozygote, and conditional knockout
animals for the total distance (A), average speed (B), duration in the centre of the arena (C), and
the duration in the corners (D). (n=29, 19, 19 for WT, cHT, cKO respectively, one-way
ANOVA).
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The adult social interaction test looks at social recognition which may be impacted by
alterations to the lateral entorhinal cortex or ventral subiculum in the case of the Emx/-Cre cKOs
(208-210). When the tested mice are first permitted to survey the empty arena, they are able to
explore the small wire cage that the interactor will be placed in. As it is the only object in the
arena this allows for generation of a baseline so that the exposure to the interactor mouse is not
confounded with exposure to a novel object. It is then expected that at the next trial with the
presence of an age- and sex-matched interactor mouse it will lead to an increase in the presence
of the test mice in the interaction zone surrounding the wire cage due to normal social
recognition capabilities. The results of the testing showed that all genotypes travel less distance
overall in the presence of the social target mouse (WT: -632.02 cm + 82.74 cm; cHT: -493.04 cm
+97.97 cm; cKO: -731.62 cm £ 90.94 cm) (Figure 20A). Additionally, they all increase the
amount of time spent in the interaction zone by approximately the same amount (WT: 14.68 s +
3.43s; cHT: 19.77 s £4.19 s; cKO: 18.75 s £ 6.10 s) (Figure 20B). Though the same pattern is
seen with both sexes, when looking at the frequency of entrance into the interaction zone female
wildtype animals expectedly entered the zone more often but the female mutant animals entered
the zone less on average (WT: 9.5 + 2.80; cHT: -4.25 £ 5.21; cKO: -0.43 + 4.91). Despite this

observation, the change between genotypes is not significant.
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Figure 20. Concordant sociability is observed in all groups during the adult social
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interaction test. There is no change in the total distance travelled (A) nor the time spent in the
interaction zone (B) with the interactor mouse absent or present between genotypes. (n= 25, 16,

17 for WT, cHT, cKO respectively).
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The last two tests evaluate different forms of learning. The Morris water maze has
external visual cues on the walls to help the mice learn the location of a platform slightly below
the surface in a tub of water in order to measure spatial learning and memory. The learning
curves for each genotype are statistically similar with plateauing at the final days indicating
successful training for each group (Figure 21A). When comparing performance on the probe day,
there is an equal time spent in the target quadrant (WT: 29.35 s £1.55 s; cHT: 24.26 s + 1.64 s;
cKO: 27.66 s + 2.06 s) along with no difference in the distance travelled (WT: 1329.31 cm +
35.79 cm; cHT: 1298.68 + 75.13 cm; cKO: 1163.54 cm + 70.20 cm). Taken together it suggests
that there was no difference between the genotypes in their ability to learn and remember the
expected location of the platform (Figure 21B, C). Additionally, the tracking software can
measure thigmotaxis. In this context, thigmotaxis refers to an animal circling the perimeter of the
pool due to increased anxiety (234, 235). Since increased anxiety can impair learning and
memory (236, 237), it follows that these animals which demonstrate no such impairment also
have no change in time spent in thigmotaxis (WT: 15.96 s + 1.69 s; cHT: 15.65 s + 1.68 s; cKO:

18.68 s +£2.32 s) (Figure 21D).
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Figure 21. Mutant animals show outcomes consistent with wildtype during Morris water
maze. All animals learn the platform location in the same amount of time (A). During probe day
they then spend the same amount of time in the target quadrant (B), travel the same total distance
(C), and spend the same amount of time in thigmotaxis (D) on probe day. (n= 25, 16, 17 for WT,
cHT, cKO respectively).
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The final test, fear conditioning, looks at both contextual and associative memory. A foot
shock is delivered in a phenotyper box at the same time a loud tone is played. The activity
beforehand is analyzed to get a baseline activity for the mice and determine if there is a
difference between genotypes (Figure 22A). At this point there was no difference in the activity
levels between the mice. All mice were active ~80% of the time and freezing only 20% (WT:
82.05% £ 2.56%; cHT: 83.53% + 2.18%; cKO: 82.16% =+ 2.90%). The next day the amount of
freezing is measured to see if the mice associate the phenotyper box with the previous day’s foot
shock. Here, the mice from all 3 genotypes showed an increase in freezing (from 20% day 1 to
60% day 2) demonstrating that they recognized the environment (WT: 61.24% + 3.87%; cHT:
55.28% =+ 3.98%; cKO: 58.27% + 3.92%). Again, no differences were seen between genotypes
when placed in the same context (Figure 22B). On the final day the context is completely
changed but the tone is played. The freezing before the tone was played was equally low for each
genotype, indicating that none recognized the phenotyper box as desired (WT: 13.39% =+ 2.08%;
cHT: 13.88% =+ 2.44%; cKO: 11.25% + 2.04%). After the tone was played, the amount of
freezing increased to around 70% indicating that they recognized the context of the tone with the
same freezing response observed between the genotypes (WT: 79.70% + 2.04%; cHT: 67.98% =+
6.01%; cKO: 73.13% =+ 3.53%) (Figure 22C). However, when compared by sex, the results for
the females were consistent with the entire group but the males showed significant differences.
Though the initial activity levels on the training day were the same (WT: 76.80% =+ 4.89%; cHT:
86.04% =+ 1.88%; cKO: 79.73% + 3.79%), when exposed again to the context wildtype and cKO
animals were freezing around 60% of the time but the cHT males were freezing significantly less
at ~45% (WT: 62.62% + 5.57%; cHT: 44.82% =+ 2.10%; cKO: 62.17% + 4.54%) (Figure 22D,

E). Further, on the cue day, all males were active around 80-90% of the time before the tone
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(WT: 17.75% £ 3.64%; cHT: 9.81% + 2.20%; cKO: 11.43% + 2.41%) yet after the tone the
freezing of the wildtype and cKO males increased to 70-80% but the cHT males only froze
around 50% (WT: 83.83% + 1.67%; cHT: 52.83% + 8.28%; cKO: 69.46% =+ 4.32%) (Figure
22F). This could indicate either a memory deficit or a reduction in anxiety. Due to the fact that
the open field testing conditions were set to assess anxiety and no differences were seen it is
supposed that the cHT males have reduced ability in contextual memory and associative memory

leading to a reduced instinct to freeze when exposed to previously adverse conditions.
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Figure 22. No difference is seen in the fear conditioning test until males are analyzed
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separately. The same outcome is seen for all genotypes when comparing the entire group (A-C).

The males show no change in their activity when first put in the phenotyper box (D). On the
second day, cHT males freeze less when put in the same context than their wildtype or cKO

counterparts (E). When they are put in what they believe to be a novel context and the tone is
played again the same decrease in freezing is seen in the cHT males (F). (Total n = 25, 16, 17,

malen=9, 8, 10 for WT, cHT, cKO respectively, one-way ANOVA with post-hoc Tukey-

Kramer test).
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4. Discussion

4.1. Forebrain-specific loss of Chd3 does not impair the survival or behaviour of the
mice

Although Chd3 has been examined in the neocortex through embryonic knockdown
studies, never before has it been conditionally knocked out in the murine forebrain. We are
aware of other groups looking at whole body knock outs of Chd3 in mice, yet for a gene that is
still not well understood these analyses are premature especially given that chromatin remodelers
may act on many genes and thereby multiple systems within the body. Knockout with the Emx1-
Cre driver easily allows for connection of observed phenotypes to their root cause. This is an
important demonstration of the gene’s role in cortical development and the consequential impact
on the behaviour of the mice.

It was found that cKO mice were born in expected numbers (Table 6) with no impact on
their size (Table 7, Figure 11) or development to weaning. These mice thus have no barrier in
feeding from their mother or learning to obtain food from the wire bar pellet holder. Other
knockout lines have shown increased aggression to their wildtype cage mates (238, 239), but
there were no issues observed in cohabitation of the genotypes post-weaning. Moreover, cages
with experimental litters of both sexes were kept past P100 without consequence.

When looking at the maturation of the brain, the gross morphology of the cortex through
development is consistent with that of the wildtype animals (Figure 12). Furthermore, the
increased activity with the steady decline seen across genotypes when put into the fresh cages of
the beam break test demonstrates that the mutant animals have no defects in habituation to a
novel environment (Figure 17). The nocturnal nature of mice gives expectations for this test such

that there should be a drop in activity during light cycles with a concurrent rise during the dark
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cycles. Even for those whose activity is elevated overall, this cyclic pattern was observed
revealing normal and stable circadian rhythms in cHTs and cKOs. This test additionally shows
that the mutants have no defects in locomotor abilities overall as the total number of beam breaks
is relatively congruent with that of the wildtype animals. Moreover, though the wildtype animals
were not viable as a control for the rotarod test, the cKOs still demonstrate a clear ability of
motor learning in the performance of the test (Figure 18). Accordingly, though these assays were
not testing for it, the open field test, adult social interaction, and Morris water maze still require
stable locomotor ability or the results would otherwise be confounded. Since no such alterations
were observed, we conclude that cHT and cKO mice have full locomotor abilities.

During the open field test under bright light conditions, mice are expected to spend more
time in the dimly lit corners and less time in the bright centre of the box due to their nature as
prey animals. A decrease in the duration in the centre could show an increase of anxiety
behaviours, however an increase in the duration in the centre could also demonstrate a decrease
of natural anxiety that tells the mice that the bright centre is the least safe. The mice all spend
more than 50% of the test in the corners and less than 3% of the test in the centre (Figure 19).
Furthermore, the speeds and total distances travelled throughout the duration of the test are all
consistent. Thus, it can be gathered that the mutants display neither an inappropriate increase nor
decrease in anxiety and as such are able to take apposite action in the interest of their safety.

An additional demonstration of average anxiety levels was seen in the Morris water maze
test. It is believed that thigmotaxis, or circling of the pool, can occur due to increased anxiety
since it may impair learning and memory (240-242). All genotypes spent about a quarter of the

test in thigmotaxis, reinforcing that anxiety levels are consistent across genotypes (Figure 21).
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Further, there was no indication of impairment of learning or memory due to all animals
spending about half the test in the target quadrant and travelling the same distance overall.

Mice are also known to form social hierarchies, though this has been shown to be more
dynamic in laboratory mice, it is the basis of the adult social interaction test (243-245). Itis a
requirement to be able to recognize members of the same species and further recognize sexual
status, dominance, and colony identity. The social targets chosen are age-, sex-, and strain-
matched such that the aforementioned factors will confound results as little as possible. The cHT
and cKO mice show the same drop in distance travelled and increase in the time spent in the
interaction zone in the presence of the social target as the wildtype mice (Figure 20). This
indicates that their social recognition abilities are unhindered which is important for animals
which live in colonies (244). This is in line with what was seen in the laboratory colonies
whereby, as previously mentioned, the cHT and cKO mice displayed no difficulties in their home
cages.

Taken together, the mutant animals display the physiological capabilities for survival as
well as the necessary behavioural habits. Aside from being postnatally viable, they were able to
steadily gain weight while breast feeding and learn how to access food and water from the cage
system. They were able to maintain the social environment which was again demonstrated
quantitatively in the adult social interaction test. No alterations were seen in locomotor ability
nor motor learning which could make acquisition of resources necessary for survival difficult.
Further, they had neither an increase in anxiety nor a decrease in anxiety that could make them
more prone to hazardous behaviour. Overall, they not only demonstrate an adequate ability to
survive in controlled conditions, but also indicate they have the same means as the wildtype

animals for survival in nature.
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These results are not unexpected given what has been seen in the other CHD subfamily II
knockouts. For example, the Chd4 Cmv-Cre heterozygote females only showed a deficit in
spatial and locomotor learning and memory (228). The Chd4 EmxI-Cre cKOs demonstrated
behaviours equivalent behaviour to wildtype animals in the Morris water maze, beam break, and
rotarod assays. Though there is a slight increase in significant behaviour in these mice from the
Chd3 EmxI-Cre mice, Chd4 has been shown to be expressed earlier and in more cell types than
Chd3 (197, 233). This suggests that the Chd4 cKOs should be expected to have a further
reaching phenotype than what may be seen in the Chd3 cKOs which is what was observed.

Additionally, other mouse models which saw a deficit in upper layer neurons have
yielded similar behavioural results as what was seen in our mice. Though the Smarca5 Emx1-Cre
mice had a broader phenotype in the cortex than what was seen in the Chd3 Emx-Cre mice, they
too showed an impairment of contextual fear memory along with alterations in anxiety-like
behaviours but no change to spatial learning and memory in the Morris water maze test (79).
4.2. Chd3 is required for proper migration of cells to the supragranular layers

Generation of the 6-layer murine cortex occurs in an inside-out fashion. Neocortical
neurogenesis begins around E10.5 when the neuroepithelial cells in the ventricular zone (VZ)
differentiate to the multipotent RGCs (246). In their proliferation, RGCs will divide
symmetrically (with the cell division plane perpendicular to the ventricle) to generate two
daughter RGCs, however when they divide asymmetrically one daughter RGC and one IPC or
committed neuron is produced. This progenitor pool goes on to next form layer I which is
comprised of Cajal-Retzius (CR) cells. From there, the layers are produced with layer VI first
and subsequent layers having to travel through the existing layers to the top of the cortical plate

(CP) (247).
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Upon examination of E15.5 cortices, there was no noticeable difference in the
populations of RGCs or IPCs. Investigation of cells in M phase with the mitosis marker pHH3
demonstrated equal numbers of actively dividing cells in each genotype (Figure 13). By staining
for EAU on cortices that were dissected following a 1-hour EAU pulse, the proportion of cells in
S-phase were also quantified. Similarly to the M-phase analysis, no change in the number of
cells in S-phase was seen either. Together this suggests that Chd3-deficient cortical progenitors
are still able to maintain normal cell cycle kinetics.

Following, PO cortices show a consistent number of DAPI+ cells across genotypes
(Figure 14). This indicates that there is no unexpected loss of cells by the time of birth. The
number of DAPI+ cells in all genotypes is also consistent at P7, so it can be taken that the
relative cell numbers are stable in the first week of life.

At this point it is known that the ~30% decrease in Satb2+ cells in layers II-IV of the
cKOs cannot be attributed to loss of progenitors or changes in cell number in the CP, as both
these parameters were normal in the Chd3 cKO mice. Additionally, there was no increase in the
proportion of Ctip2+ cells in layer V or Tbrl+ cells in layer VI, further suggesting that cell fate
was not the main reason for reduced Satb2+ cell numbers. Though Satb2 is used as a marker of
the upper layers, Satb2+ cells may also be found in lower quantities in the lower layers.
Quantification of Satb2+ cells in layer V revealed similar proportions between the genotypes, but
there was a ~30% increase in Satb2+ cells in layer VI of the cKOs (Figure 15). Despite the clear
defect in migration at PO, it is not clear if it is a defect or simply a delay as the cells do not
complete migration until P7. Performing the same quantifications at P7 showed that the
phenotype is improved but not resolved. These cortices exhibit a ~23% decrease in Satb2+ cells

in layers II-IV and a ~20% increase in cells in layer VL.
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To confirm an apparent migration defect behind the retention of the Satb2+ cells in the
lower layers, we performed neuronal birthdating experiments by injecting pregnant dams with
EdU at E15.5 and collecting the pups for dissection at P7 to track the migration of the upper
layers. These mice not only show a clear paucity of EQU+ cells in the upper regions of the
cortex, but also an accordant collection of EQU+ cells in the bottom region that is not present in
the wildtype cortex (Figure 16). When comparing the co-labelled cells, the upper regions contain
an 80% decrease in cKOs and 40% decrease in cHTs and the lower regions contain a ~233%
increase in cHTs and a ~210% increase in cKOs. Though it should be noted that this is not a true
disparity in co-labelling, but rather a facet of the difference in EAU+ and Satb2+ position
between the genotypes. These data confirm a defect in migration of the superficial layers under
the ablation of Chd3.

As the migration of the neurons rely on polarity of a tangentially oriented process to
migrate radially along a radial glial fiber to its final position in the cortex (248), future work
should examine the polarity of the Satb2+ cells that are being retained at the bottom of the CP.
Knockdown of Chd3 at E15.5 with electroporation of a small hairpin RNA (shRNA) construct
targeting Chd3 saw indications that cells retained in the lower layers remained multipolar (197).
It is plausible that as these cells enter the CP they are not able to transition from multipolar to
polar cells and as such do not migrate to their correct position within the cortex. As Chd3 is a
chromatin remodeler it is also possible that its loss prevents expression of other factors that are
critical for regulation of radial migration. These factors can generally be placed into five
categories — transcription factors, secreted molecules, cytoskeletal-regulating elements,
neurotransmitters, and adhesion molecules (249). Looking at deficits in migration of late-born

neurons, secreted guidance factors such as Semaphorin-3A (Sema3A) have been found to form a
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descending gradient within the cortex in order to guide newborn neurons to the upper layers
(250).

Defects in neuronal migration have been identified in other neurodevelopmental
disorders. A variety of mutations have been found in ASD which result in a spectrum of
migration defects of the cortex (251). Additionally, migration defects were seen in the
knockdown of CHD subfamily II member Chd5 (197). As such, elucidation of the mechanism in
the Chd3 Emx1 cKO mice could provide important direction for the mechanisms of other genes

as well.

4.3. Loss of Chd3 in the telencephalon produces memory defects in males

The fear conditioning test is a classic behavioural assay used on a multitude of animals to
examine their ability to learn to predict adverse events by combining an aversive stimulus (the
foot shock) with a neutral context (the phenotyper box) and a neutral stimulus (the tone). In mice
the fear response is then measured with freezing behaviour to test if they have learned to
associate the neutral context and/or stimulus with the aversive stimulus.

After training, the male cHTs showed a distinct 30% decrease in freezing compared to
wildtype when exposed to the context again on the second day. They also only froze 50% of the
time following the tone on the third day while wildtype froze 84%. As the open field test did not
find reduced anxiety in these animals it indicates a reduction in contextual and associative
memory of the cHT males thereby reducing their instinct to freeze when exposed to a previously
adverse stimulus.

The amygdala is typically the first brain region associated with fear conditioning and is
well established in its role in the acquisition of fear memories (252-255). However, increasing

evidence suggests that it is the inhibitory neurons within the amygdala that regulate fear output
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(256-260) which are outside the impact of the Emx/-Cre driver and therefore should not be
affected in the cHTs.

The medial prefrontal cortex (mPFC) is associated with fear regulation which has been
further resolved to contain two relevant subdivisions in rodents — the prelimbic cortex regulates
fear expression and the infralimbic cortex regulates fear suppression (261-263). The prelimbic
cortex and infralimbic cortex are both laminar structures. Though the analyses of cortical
lamination performed in this thesis were outside of this region, it is possible that laminar defects
may be present in other regions of the neocortex and future directions should include analysis of
the lamination in the mPFC.

The hippocampus is involved with fear renewal or the return of fear when presented
again with the neutral context or stimulus (264-266). It has been repeatedly shown that
hippocampal inactivation leads to a drop in fear renewal (267-270). Further, the hippocampus
has been demonstrated to be responsible for integrating contextual information during the
training (271-274). Mouse brains dissected one hour after fear conditioning presented with 675
demethylated genes and 613 hypermethylated genes in the hippocampus (275). The lack of
normal fear response could be due to the lack of Chd3 to respond to the change in methylation
patterns. Confirmation of this hypothesis could provide molecular targets of Chd3 which remain
largely unknown. Moreover, though knockdown studies did not see compensation from other
subfamily II proteins in the embryonic cortex (197), upregulation of Chd3 and Chd5 has been
observed in the cortex of Chd4 cKOs. Despite a lack of overlapping function in the cortex, it is
not known if this is the case in the hippocampus. One confirmed mechanism of genetic
compensation acts through nonsense-mediated decay (NMD) (276). NMD is triggered when

mutant mRNAs contain premature termination codons (PTCs) such as those that are predicted to
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occur in the Chd3-flox transcripts. Though the mechanism of upregulation of homologs upon
mutant mRNA degradation is not resolved, the presence of the wildtype allele in cHTs could
inhibit the animal from meeting a genetic threshold required for compensation that is not a
barrier in the cKOs which have two mutant copies. This would explain the lack of diminished
fear response in the cKO males despite the large reduction in cHT males.

However, this explanation does not explain why the same response is not then seen in the
female cHTs. Perhaps it is a feature of differences in the transcriptomic landscape of the sexes in
which one study identified 1415 differentially expressed genes between males, estrus females,
and diestrus females (277). Importantly, one of the four regions sampled in this study was the
medial amygdala which may point to the region altered in the cHT males which caused their
reduced fear response. Whether this is a true alteration in the male cHT brains or, alternatively

and effect of a small sample size, it highlights an area which warrants further exploration.

4.4. Chd3 Emx1 ¢cKO as a model of SNIBCPS

In this thesis, the Emx1-Cre driver line was used to inactivate Chd3 in the developing
telencephalon in order to generate as a first model of SNIBPC syndrome. As SNIBPC syndrome
results in clinical manifestations across the body, a telencephalon cKO could not entirely
recapitulate the syndrome. However, the mice may be assessed within the limits of the forebrain
morphology and the neurologic conditions. For example, 58% of the original cohort had
macrocephaly and of those that had magnetic resonance imaging (MRI) performed 33% showed
widening of the cerebrospinal fluid (CSF) spaces. Further, intellectual disability and
developmental delays may be tested for in behavioural assays that look at learning and memory.
Another characteristic of SNIBCP syndrome is a speech delay or deficit which may be present in

the mice as altered ultrasonic vocalizations in the pups.
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Successful excision of exons 13-20 is seen upon Cre-mediated recombination (Figure 8,
9). The allele was designed with the expectation that it would lead to a frameshift causing a PTC
(231). As the primary aChd3 antibody used in the western blot recognizes the N-terminus of the
protein, if the excision simply removed the exons leaving the C-terminal end intact this truncated
protein of approximately 190 kDa would have been identified by the antibody as well. In
numerous blots no such band was observed. Furthermore, the same antibody was used for
immunofluorescent staining and a clear loss of Chd3 is demonstrated both embryonically and
perinatally which would not be seen if a truncated protein were still present (Figure 10). The RT-
PCR and RT-qPCR identified both the connection of exons 12 to 21 and the loss of the
intervening exons. Taken together, this validates the conditional deletion of the desired region.

When looking at the gross morphology of the brains, there was no indication of widened
CSF spaces (Figure 12). Additionally, though behaviour results do not have a strong indication
of a murine intellectual disability or developmental delay, there is evidence of learning and
memory deficits in the male cHTs which should be explored further. Further, the ultrasonic
vocalizations were not tested for and may recapitulate the speech difficulties seen in SNIBCPS
patients.

Of interest, neuronal migration disorders are a spectrum of conditions that cause cortical
malformations associated with defects in neuronal migration. Though the scope of symptoms in
these disorders is wide, some common clinical presentations including developmental delay,
intellectual disability, hypotonia, and difficulties with feeding are all seen in SNIBCPS as well
(278). Although MRIs of SNIBCPS patients did not show some of the more severe
malformations associated with some neuronal migration disorders such as lissencephaly or

periventricular nodular heterotopias, it is possible that the migration defect seen in the cKO mice
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is also present in SNIBCPS patients as it would not be visible on an MRI. If this were to be
confirmed by clinicians, the Chd3 Emx1 cKO mice would make an excellent SNIBCPS mouse
model as they have no pre-existing issue with survival or behavioural abnormalities not
associated with the syndrome. This would allow for easy exploration of treatments to resolve the
migration defect.

Despite our mice not strongly mimicking the human syndrome, this is commonly seen in
mouse mutants of chromatin remodelers. Given that chromatin remodelers act on a wide array of
genes that may not always be well defined it can be difficult to predict where and how they will
act. This is especially important when considering that gene expression is not identical between
mice and humans. A study of matched cell types from human and mouse cortices compared
14553 orthologous genes and found that two-thirds had divergent expression in at least one of 37
homologous types or classes of genes (279). Beyond this, many mutations in human chromatin
remodeling genes including CHD3 are point mutations or deletions rather than the complete loss
of function often generated in mouse models (Figure 4). Even deletion of an exon that leaves the
rest of the sequence intact may affect tertiary structure and thereby the function of supposedly
unaltered regions of the protein.

The results that seem somewhat nebulous in relation to its human disease in the Chd3
Emx1-Cre cKOs was also seen in the Chd4 EmxI-Cre cKOs where they too had a deficit in upper
layers and variable behavioural results that did not entirely match the SIHIWE syndrome which
it was intended to model (228). However, it was demonstrated in Az7x knockout mouse models
that despite the lack of recapitulation of the syndromic phenotype, these mouse models can still
serve to demonstrate important molecular mechanisms of the protein that would otherwise

remain unknown (175-178). The A#rx mouse studies also exemplify that though conditional
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deletions may not completely model the respective human syndrome, knock-in of patient
mutations such as the Afrx R245C may (179). This highlights the success of these Chd3 Emx1-
Cre models in providing insight into the understudied function of Chd3 and support to the

generation of a SNIBCPS patient mutation knock-in model to better understand its pathology.

4.5. Future Directions

The mice described here represent an important first look into cortical development as
regulated by Chd3. Chd3 is not a well described gene, and though many aspects of the
development were unaffected this serves to better narrow the focus of its study and to give
insight into where it may be dispensable.

One aspect which has been demonstrated in a knockdown and now knockout model of
Chd3 is the migration deficit of the upper layers (197). As the cells in the knockdown cortices
showed evidence of multipolarity, further study should examine the polarity of the cells in the
cKOs or in vitro. Additionally, there exist few suggested molecular targets of Chd3 and a study
such as single cell RNA sequencing (scRNA-seq) could indicate other genes that may be
involved in the action of the protein and the migration defect.

Furthermore, the presence of altered associative fear learning and memory in cHT males
presents two avenues which warrant future study. First, the circuit of fear learning and memory
involves the mPFC, the hippocampus, and the amygdala; all of which would have been affected
by the EmxI Cre driver and none of which were examined in this thesis. Evidence from the
literature described in a previous section (4.3.) suggests that any one or perhaps a combination of
the three structures may have been altered in these mice. Secondly, the fear conditioning results

in combination with the mild phenotype in the mice may indicate genetic compensation from
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another CHD subfamily IT member. This could be identified with an RNA-seq experiment as
well as knocking out two or all three of the genes.

Finally, as seen in the Atrx R245C mice, a knock-in model of a patient mutation may be
a better tool in which to study the pathogenesis of SNIBCPS. An excellent candidate would be
the R985W mutation as it was observed in six children from five families (220). In addition, this
residue was identified as a mutational hotspot as two other individuals were found to have

mutations at the same location.
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