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Abstract

Chromatin remodelers are necessary players in modifying and protecting the chromatin
landscape. Aberrant expression of these complexes can lead to epigenetic regulation defects,
which is a common cause of neurodevelopmental disorders. Mutations in the BPTF gene,
encoding the largest subunit of the NURF complex, cause the newly identified disorder called
Neurodevelopmental Disorder with Dysmorphic Facies and distal Limb anomalies (NEDDFL).
Recent research has identified a role for Bptf in progenitor proliferation and neocortical
development. Here, we aimed to enhance the coverage of Bptf deletion in the neural system and
we hypothesized that the phenotype of the Bptf knockout mice will recapitulate the human
phenotype and will be a better model to study NEDDFL. We showed that Bptf conditional KO
mice have major morphological brain defects, including an abnormal cortex and malformed
hippocampus. Furthermore, assessment of these mice revealed key behavioural features found

in NEDDFL patients.

The ATR-X syndrome, a severe neurodevelopmental disorder with autistic-like features,
is caused by mutations in the ATRX gene that encodes an ATP-dependent chromatin remodeling
protein. Previous studies have reported that, in the absence of Atrx, the glutamatergic and
GABAergic networks are altered, which lead us to hypothesize that alteration of the equilibrium
between the excitatory and inhibitory systems play a role in the pathogenesis of ATR-X
syndrome. Here, we showed that mice with Atrx deletion in excitatory neurons (Atrx\VgKO)
and inhibitory neurons (AtrxVtKO) die embryonically or shortly after birth which precluded a
thorough mechanistic analysis, yet they exhibited distinct hippocampal defects. Lastly, we
generated a new conditional Atrx mouse mutant (AtrxEcKO) that survived beyond birth. Using

this model, I showed that loss of Atrx caused a hypoplastic hippocampus, hyperactive and self-



injurious behaviour that could be caused by altered myelinogenesis, axonogenesis, axonal

pathfinding, cell differentiation and transcriptional regulation.
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Chapter 1: General Introduction



1.1 Neurodevelopment

1.1.1 Early embryonic development

Embryonic development is a complex, cooperative and methodical process that is tightly
regulated by a plethora of signaling factors and gene expression changes [1]. Shortly after
implantation, the gastrulation process begins with the formation of the primitive streak. This
transient structure expresses multiple signaling molecules that define the anterior-posterior axis
and gives rise to the three primary germ layers; the endoderm, mesoderm and ectoderm. These
germ layers are the precursors to all the organs and peripheral tissues of the embryo. Of interest

for this thesis, the nervous system derives from the ectodermal cells [2].

The neural plate is the thickened portion of the ectoderm layer that folds onto itself
during neurulation to create the neural tube [2]. The anterior region of the neural tube can be
subdivided into the prosencephalon, mesencephalon and rhombencephalon, which are the
precursors of the forebrain, midbrain and hindbrain respectively [3]. The prosencephalon
undergoes rapid growth by embryonic day eight (E8) and is further divided into the
diencephalon and telencephalon. The diencephalon gives rise to the thalamic regions and the
retina whereas the telencephalon separates along the dorsoventral axis into the dorsal pallial

(neocortex) and ventral subpallial (basal ganglia and amygdala).

1.1.2 Neocortical development

Neocortical formation begins around E8.5 with the expression of the transcription factor
Forkhead box g1 (Foxgl) by the neuroepithelial cells (NECs) [4]. During this period, Coup
transcription factor 1 (CoupTF1), Empty spiracles homeobox 2 (Emx2), Paired box 6 (Pax6),

LIM homeobox protein 2 (Lhx2) and Transacting transcription factor 8 (Sp8) are expressed in



a gradient manner in the rostrocaudal and dorsoventral axes to guide neuroprogenitors to their
respective positions [5-9]. Within the dorsoventral axis, Emx2, Pax6 and Lhx2 are the key
transcription factors that specify the neocortical identity [3]. The neuroepithelial progenitors,
located in the dorsal ventricular zone (VZ), undergo symmetric division generating more NECs
(Figure 1.1) [10]. Then, around E9.5-10.5, NECs begin to differentiate into radial glial cells
(RGCs). RGCs are neural progenitors that serve as a scaffold for neuronal migration [11]. They
are easily identified by their characteristic radial bipolar morphology. They are characterized
by a short apical endfoot located on the surface of the VZ, a soma in the VZ and a long basal
process that expands throughout the entire thickness of the neocortex. Initially, RGCs use
symmetric division to generate two identical daughter cells. At later stages, they undergo
asymmetric division, which produces one RGC for self-renewal and either a postmitotic neuron
or an intermediate progenitor cell (IPC) [3]. RGCs expressed the transcription factor Pax6,
which initiate neurogenesis and regulates the switch between symmetric and asymmetric
division [12]. The differentiation of RGC to IPC triggers the expression of the transcription
factor T-box brain gene 2 (Tbr2) and the cessation of Pax6 expression. The pro-neural gene
Neurogenin2 promotes the transition from RGC to IPC by initiating the Tbr2 expression in IPCs
and repressing Pax6 in RGCs [13, 14]. IPCs start to appear at the onset of peak neurogenesis
(E11.5) [11]. Once generated in the VZ, IPCs migrate radially to the subventricular zone
(SVZ), a proliferative region that lies above the VZ [15]. IPCs have a limited proliferative
potential, thus they mostly divide symmetrically to generate two postmitotic neurons [11].
Occasionally, they produce two identical IPCs that will go on to form neurons. Collectively,

RGCs and IPCs comprise the progenitor pool of the developing neocortex.
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Figure 1.1: Inside-out layer formation of the neocortex

The first wave of postmitotic neurons generated by the RGCs (blue ovals) and the IPCs

(turquoise squares) migrate upward to form the PP. The second wave of newborn neurons (blue

triangles) migrate through the SVZ and split the PP into the MZ (Cajal-Retzius neurons, orange

ovals) and the SP (green diamonds) to form the CP. The subsequent neurons generated in the

SVZ (purple, yellow and red ovals) migrate up to expand the CP in an inside out manner (purple,

yellow and red triangles). Thus, the later-born neurons migrate radially past the existing layers.

The right panel represents the 6 layers of the neocortex. RGC, radial glial cell; IPC, intermediate

progenitor cell; PP, preplate; VZ, ventricular zone; MZ, marginal zone; CP, cortical plate; SP,

subplate; SVZ, subventricular zone.
Adapted from Tan X and Song Hai Shi 2013 [11]



Once they have acquired their progenitor’s identity, neurogeninl/2 and Ascll are expressed to
control and facilitate their differentiation [16]. Neurogeninl/2 expression favors the
differentiation of RGCs and IPCs toward a glutamatergic neuronal identity [16, 17]. On the

other hand, Ascl1 expression specify a GABAergic identity [18].

At E10.5, the newly generated neurons form a layered structure called the preplate (PP).
Then, the PP is split into the marginal zone (MZ), which is the most superficial layer, and the
subplate (SP) located above the SVZ (Figure 1.1) [19]. The MZ, also called layer | in the
postnatal cortex, is mostly populated by Cajal-Retzius neurons [3]. They secrete reelin, a large
glycoprotein, that interacts with the extracellular Matrix to guide the radial migration of cortical
neurons to their respective layer [20]. The MZ is also a corridor during the tangential migration
of GABAergic neurons [21]. On the other hand, the subplate is a transient structure containing
some of the earliest born neurons and it is an important regulator of cortical development and
plasticity [22]. Around E11.5, the newly-born excitatory neurons migrate to the cortical plate

(CP); a structure that develops between the MZ and the subplate [19].

The cortical lamination is a well-organized process that takes place in the CP for the
excitatory projection neurons. Interestingly, the cortex is formed in an inside out manner with
the earliest born neurons (layer V and VI) located at the bottom of the CP [3]. The late born
neurons (layer I1-1V) migrate radially and sequentially past layer V and VI to the top of the CP
(Figure 1.1, right panel). Layer V1 is the deepest layer and has the most diverse morphological
cell types [23]. It contains multiform neurons as well as small and large pyramidal neurons.
These neurons send their projections to the thalamus and are known to express Tbrl [3]. Layer
V neurons are large pyramidal neurons that extend their axonal projections to the basal ganglia,

spinal cord and brain stem [24]. Furthermore, 20% of layer V neurons send their axons across
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the corpus callosum (callosal projections) [25]. The neurons in this layer are characterized by
their expression of Ctip2. Layer IV of the neocortex is populated by different types of spiny
and pyramidal neurons [26]. These cells mainly integrate the thalamic inputs into the cortical
network and are known to express the transcription factor Foxpl [27]. Lastly, layer II/111 are
populated by stellate and pyramidal neurons. These neurons send their axonal projection to the
corpus callosum and/or the anterior commissure, which are crucial to ensure proper
communication between the two hemispheres [25]. Layer [I/IIl neurons express the
transcription factors Cux1, Cux2 and Satb2 [3]. Interestingly, the mouse neocortical layer Il and
I11 are merged whereas in humans they are distinct layers. The transcription factors expressed
by each cortical layer are closely regulated by one another and are crucial to specify laminar
fates. In layer VI, Tbrl represses Ctip2 to specify the identity of the neurons. Once the neuron
has migrated to layer V, Ctip2 will repress Tbrl allowing the production and the differentiation
of those neurons into their final identity. Similarly, Satb2 represses Ctip2 in order to generate
layer I1/111 neurons. This intricate and controlled repression circuit allows for the sequential
differentiation of cortical projection neurons as they migrate to their respective laminar position

[28].

The cortex is comprised of 70-80% of glutamatergic neurons and 20-30% of
GABAergic neurons [29]. Together, they form highly elaborate, interconnected and dynamic
microcircuits. The main role of cortical excitatory neurons is to propagate signals whereas the
cortical interneurons are responsible for shaping and modulating the network dynamics. In
contrast to excitatory projection neurons, there is a large diversity of neocortical interneurons,
which is necessary in order to have a malleable system [30]. It includes variation in their

morphology, connectivity, firing patterns, gene expression and neurochemistry. Interneurons



are classified into three major groups; parvalbumin (PV), somatostatin (Sst) and the ionotropic
serotonin receptor 5HT3a (5HT3aR), which is subdivided into vasoactive intestinal peptide
(VIP) positive and negative. The origin of neocortical inhibitory neurons as well as their
migration to their final position differ from the excitatory neurons. Ventral telencephalic
progenitors give rise to the inhibitory neurons in the ganglionic eminences, which is part of the
subpallium. More specifically, ~60% of inhibitory neurons originate from the medial ganglionic
eminence (MGE) and ~30% from the caudal ganglionic eminence (CGE) [31-33]. PV and Sst
cortical interneurons are made in the MGE whereas VIP neurons come from the CGE [3]. The
subpallium, similar to the dorsal telencephalon where excitatory cortical neurons are generated,
has a VZ with radial progenitors and a SVZ containing basal progenitors [34]. Most
interneurons are generated between E11 and E17 and tend to settle in the same cortical layer as
excitatory neurons born at the same time [3]. Neurons born in the MGE are typically born earlier
and migrate tangentially to the deep cortical layers [35]. On the other hand, neurons from the
CGE are born later and migrate to the upper cortical layers. Interestingly, cortical inhibitory
neurons sense the ambient GABA and glutamate levels, which stimulates their mobility towards
the cortex, and rely on neurotransmission to terminate their migration to their target position

[36].

1.1.3 Hippocampal development

The hippocampus is a cortical structure that consists of the Cornu Ammonis 1, 2 and 3,
also known as CA1, CA2 and CA3, and the dentate gyrus (DG) [37]. The presence of the CA2
hippocampal region in human is unquestionable, however the separation between CA2 and CA3
in other species remains controversial [38]. Even though they are part of the same structure,

neurons populating CA1, CA3 and DG have differences in their migration patterns and origin.



CAL1 pyramidal neurons are generated between E12 to E18 in mice [39]. While most CA1
pyramidal neurons are generated in the VZ, a small portion are produced by basal progenitors
in the SVZ. Newly born neurons move above the VZ in a region called the multipolar cell
accumulation zone (MAZ). Here, they transform into multipolar cells and start migrating
upwards to the intermediate zone (1Z) located above the MAZ. At this stage, they extend and
retract their multiple processes to migrate and sense their environment [40]. Interestingly, the
length of time CA1 neurons spend with a multipolar morphology is dependent on their
birthdates. Neurons born at E12-E13 are only staying in a multipolar state for a day as they
migrate to the 1Z [39]. On the other hand, neurons born at E15-E16 keep their morphology for
three-four days as they accumulate in the MAZ before moving to the 1Z. Time-lapse imaging
has shown that CA1 neurons in the IZ move obliquely first, then migrate radially to the
hippocampal plate, which is the future pyramidal layer of the CA1 region, by following the
tracks of radial fibers. CAL pyramidal neurons continue to populate the pyramidal layer until

the CA1 region is fully formed.

The CAS3 pyramidal neurons originate from the VZ between E14 and E18 in mice [37].
Once generated, they travel above the VZ and acquire a multipolar morphology [40]. It is at
this stage that they start expressing the glutamate receptor subunit KA1, which is a marker for
CAZ3 neurons. Interestingly, KA1 is expressed in a cell-autonomous manner, which means that
the final destination of the CA3 pyramidal neurons is determined during the multipolar stage in
the VZ [41]. CA3 pyramidal neurons accumulate in the MAZ for four days before starting their
migration to their respective location. It is thought that the prolonged sojourn of CA3 pyramidal

cells is due to the neurons waiting to make a connection with the DG granule cells [42]. Unlike



the CA1 region, the CA3 hippocampal region has a neurogenic gradient where the oldest

neurons are located near the CA1 regions and the youngest are near the DG [43].

The DG progenitors are located in a restricted region of the medial pallium called the
DG neuroepithelium [42, 44]. At E13.5, the DG neuroepithelium is referred as the primary
dentate VZ, or primary Matrix. By E15.5, a portion of the newly generated progenitors migrate
out of the primary Matrix towards the pial side of the cortex [37]. This process is referred to as
the dentate migratory stream (DMS) and forms the secondary Matrix (Figure 1.2). This Matrix
is comprised of proliferating progenitors and immature granule cells. Once the cells have
reached the end of the DMS, they accumulate in a new germinative pool called the tertiary
Matrix. Here, dentate granule cells first form the outer portion of the supra-granular blade,
which is the top blade of the DG. Once formed, they move on to the outer shell of the infra-
granular blade and, by E17.5-E18.5, a prototype of the DG is observed [45]. Within the first
two postnatal weeks, the majority of the dentate granule neurons are generated from the tertiary
Matrix. The DG is generated in an outside-in gradient, which means that the oldest cells are
located at the periphery and the youngest are deeper closer to the hilus [42]. Postnatally, neural
stem cells are positioned in the subgranular zone (SGZ), which is one of the two adult
neurogenic niches. The mature DG is composed of three layers, namely the granule cell layer,
molecular layer and the polymorph layer [46]. The molecular layer contains the dendrites of

granule neurons whereas the polymorph layer contains their axons.

Overall, hippocampal microcircuits are highly interconnected networks of neurons that are
crucial for learning, memory consolidation, stress response and more. Anatomical and
functional abnormalities are often associated with neuropsychiatric  disorders,

neurodevelopmental disorders and even post-traumatic stress disorders [37].
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Figure 1. 2: Schematic of the dentate migratory stream during hippocampal development

Newly generated progenitors (blue circles) from the primary Matrix (PM) migrate to the
secondary Matrix (SM). They continue to proliferate as they are migrating to generate either a
daughter cell or an intermediate progenitor (yellow circles) The progenitors continue their
migration toward the tertiary Matrix (TM) where they will form the outer portion of the supra-
granular blade first and then they will form the outer shell of the infra-granular blade.

Adapted from Hayashi K et al. [37]
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Therefore, any impairments during its developmental can lead to severe pathological conditions

including epilepsy, learning and memory disabilities.

1.2 Chromatin and nucleosome organization

1.2.1 Chromatin structure

The human genome is extremely complex and its linear length represents a topological
challenge, as it measures close to two meters long [47]. Extraordinarily, it is contained within
each cell nucleus, which only has a diameter of ~10um. Therefore, the process of DNA
packaging is crucial for the cell architecture and needs to be meticulously organized. Chromatin
remodelers are specialized proteins and/or complexes that cooperate with other chromatin

factors to modify the chromatin landscape to expose or conceal specific DNA regions [48].

Chromatin is a highly dynamic structure that works in conjunction with a plethora of
proteins to regulate DNA accessibility for transcription, recombination, replication and DNA
repair. There are two types of chromatin that have distinct locations and functions. Euchromatin
is the decondensed form of chromatin found in the distal arms of the chromosomes [49]. It is
considered the transcriptionally active form of chromatin. Euchromatin is loosely dispersed in
the nucleus during interphase and is replicated throughout the S phase. Heterochromatin is the
portion of the genome that remains condensed and is largely concentrated at the pericentromeric
regions of the chromosomes and at telomeres [50]. It is considered the transcriptionally inactive
form of chromatin. In the nucleus, heterochromatin is observed at the periphery and is replicated

towards the end of S phase.
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The fundamental repeating subunit of chromatin is the nucleosome. It is an octamer that
consists of two copies of the four canonical histones, namely H3, H4, H2A, H2B, around which
147 bp of DNA is wrapped [51, 52]. Alternatively, nucleosomes can be constructed from
histone variants. They can differ from the core histones by a few amino acids or by the addition
of larger domains [52]. Variants confer specific biochemical properties to the nucleosome,
specialize small or large regions of chromatin and can alter higher-order chromatin structure
[53]. For example, some histone variants are involved in the regulation of transcription, others
have a temporal distribution and/or tissue-specific localisation [53]. Each nucleosome is linked
to another by 10 to 50 bp of DNA, referred as linker DNA arms, depending on the organism
and the cell type. Core histones, linker DNA arms and their binding protein linker histone H1 form the
chromatosome [54, 55]. The positioning and spacing of the nucleosomes are specific to the

regulation of the locus of interest.

Histone exchange is a dynamic process that is crucial and needs to be meticulously
regulated. The initiation of histone exchange is facilitated by the weakening of both the histone-
DNA interactions and the histone-histone interactions. This can be achieved by the addition of
post-translational modifications (PTMs) on histones, by altering nucleosome assembly by
histone chaperones or by the ATP-dependent chromatin remodelers [52]. Multiple enzymes can
add PTMs to amino acids found on the histones. They can phosphorylate, acetylate, methylate,
ubiquitinate and sumoylate the histone tails and globular domains to regulate cellular outcomes
[56]. Histone writers, erasers and readers are specific proteins that either add, remove or
recognize PTMs [57]. Furthermore, PTMs can facilitate the recruitment of other proteins to the
chromatin by forming docking sites [58]. They are often referred as epigenetic changes since

they can alter gene expression without modifying the DNA sequence.
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Histone phosphorylation occurs on serine, threonine and tyrosine residues located on
all 4 histone tails. It is a transient and dynamic event that can be triggered by extracellular
signals, DNA damage or entry into mitosis [59]. Histone phosphorylation leads to the specific

binding of reader proteins and can change the affinity of reader or writer proteins of other PTMs.

Histone acetylation is also a dynamic process regulated by two large families with
antagonizing actions, namely the histone acetyltransferases (HATS) and histone deacetylases
(HDACS) [60]. The addition of acetyl groups onto lysine residues neutralizes their positive
charge, which prevents the formation of higher-order chromatin structure. Therefore,
acetylation is associated with relaxed chromatin and increased accessibility for transcription
factors. Oppositely, deacetylation favors a more compact chromatin state and transcriptional
repression [61]. In agreement with this, hyperacetylated histone H3 is found in heavily
transcribed regions whereas hypoacetylated histone H3 is found in heterochromatin [62].
Furthermore, acetylated histones can be binding sites for bromodomain proteins, which
promote transcription [60]. Examples of common acetylated histone marks are H3K4, H3KO9,
H3K27, H3K79 and H4K20 [63]. In yeast, it is found on more than 40% of all histone H3 and

is involved in transcriptional regulation and DNA repair [64, 65].

Methylation can occur either on lysine or arginine residues. Interestingly, there is an
added level of complexity since lysine can be mono-, di- or tri-methylated and arginine can be
mono- or di-methylated [66, 67]. Contrary to phosphorylation and acetylation, methylation does
not alter the charge of the histone protein. It is possible that histone methylation alters the
architecture of the chromatin but, due to the relatively small size of the methyl group, it most
likely creates specialized binding sites for regulatory proteins [68]. Therefore, histone

methylation acts more like a signal for effector molecules that recognize a specific methylated
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mark [69]. There are known methylated marks on histones that dictates the sub-location within
chromatin. For example, H3K9me3 is enriched at the pericentric region whereas H3K27me3 is
found on the inactive X-chromosome [70-72]. Oppositely, methylated H3K4, H3K79 and

H3K36 are associated with regions on euchromatin that are transcriptionally active [68, 72].

The last two PTMs are the histone ubiquitination and sumoylation, which differ
greatly from the other PTMs. Histone ubiquitination involves the covalent binding of a 76-
amino acid protein, ubiquitin, via the sequential actions of three enzymes, E1 activating, E2
conjugating, and E3 ligase enzymes [73]. These complexes determine the degree of
ubiquitination, either mono- or poly-ubiquitylated, and which lysine residues are targeted.
There are two well-characterized ubiquitylated marks found on histone H2A and H2B.
H2BK123ubl is mainly implicated in transcriptional initiation and elongation whereas
H2AK119ubl is involved in gene silencing [74, 75]. Histone sumoylation is closely related to
ubiquitination as it involves the small ubiquitin-like modifier (SUMO). Similarly, it is
covalently bound to lysine residues through the actions of E1, E2 and E3 enzymes. Both of
these PTMs are dynamic processes that can be reversed by the action of either a deubiquitinase

or a SUMO-specific protease (SENP) [76, 77].

Histone chaperones are histone-binding proteins that help with histone storage,
transport, turnover, nucleosome assembly and PTMs [78]. Contrary to ATP-dependent
chromatin remodelers, they destabilize nucleosomes in an ATP-independent manner by using
the spontaneous movement of the DNA [52]. Although some histone chaperones share similar
binding sites, they are recruited at different locations and have different purposes. For example,
deposition of histone variant H3.3 by histone regulator A (HIRA) complex is mainly found in

regions with active transcription [79]. HIRA was also linked with the activation and/or long-
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term maintenance of gene expression patterns [80]. Oppositely, histone H3.3 can be deposited
in telomere and pericentric heterochromatin by the histone chaperone complex comprised of
Death-domain-associated protein (DAXX) and the chromatin remodeler ATRX [81]. Thus, the
coordination between all chromatin-associated proteins needs to be tightly regulated to ensure

genome integrity [78].

1.2.2 Chromatin remodelers and their association with neurological diseases

Chromatin remodelers use the energy from ATP hydrolysis to restructure the
nucleosomes by weakening the histone-DNA interactions [82]. This process can be achieved
by moving, evicting or modifying the composition of the nucleosomes. These dynamic
modifications on the chromatin allow for DNA replication, repair and regulation of gene
transcription [83]. Chromatin remodelers share similar properties to successfully alter the
chromatin landscape. They all have an ATPase domain, part of the SNF2 family of DNA
helicases, that is required to bind and hydrolyze ATP and a subunit that modulates the activity
of the ATPase. Also, they contain multiple associated subunits and/or domains that provide
specificity to binding partners. They can interact with specific histone subunits, DNA
sequences, PTMs and other chromatin-associated proteins or transcription factors [84]. The
association of different ATPases with multiple combination of subunits gives rise to a distinct

set of chromatin-remodelling complexes that are recruited in a context-specific manner [85].

ATP-dependent chromatin remodelers can be classified into five families; SWI/SNF
(switch/sucrose-non-fermenting), ISWI (imitation switch), CHD (chromodomain-helicase-
DNA binding), INO80 (inositol requiring 80) and ATRX (Alpha Thalassemia/Mental
Retardation Syndrome X-Linked) [82, 86]. Each family will be discussed in the following

sections.
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1.2.2.1 SWI/SNF

The SWI/SNF family of chromatin remodelers is the largest and the most well-studied
[87]. There are two different ATPase proteins found in the mammalian SWI/SNF complex that
provide the catalytic activity of these complexes, Brahma (BRM) and Brahma-related gene 1
(BRG1) [85]. These ATPase subunits are mutually exclusive, thus only one of them can be
found in Brahma/BRG1 associated factor (BAF) complexes at a time. Within the ATPase
subunits, there is at least one bromodomain that is responsible for the recognition of acetylated
residues in the histone tails [88]. Additionally, a highly conserved group of proteins (BAF47,
BAF155 and BAF170) is responsible to maintain the integrity of the complex and is crucial for
the chromatin remodeling process [89]. The subunit composition of BAF complexes contributes
to the target specificity and is associated to cell-lineage specific functions [90, 91]. SWI/SNF
complexes can slide and catalyze the ejection/insertion of nucleosomes. First, the complex
binds to specific nucleosomal DNA sequences, which weakens the DNA-histone interactions.
Then, using the ATPase activity of the BRG1 or BRM subunits, a DNA loop is formed and
propagated around the octamer to facilitate nucleosome sliding. The displacement of
nucleosomes exposes genomic DNA, which enables the binding of transcription factors and,
ultimately, the transcriptional regulation of specific gene loci [48]. Interestingly, genome-wide
studies have revealed that BAF complexes are enriched at promoter regions and super-
enhancers of active genes associated with cell proliferation and differentiation [92-94].
SWI/SNF remodelers play central roles in neurodevelopmental processes. In embryonic stem
cells (ESCs) BAF complexes are required to maintain the pluripotency [95]. In neural

progenitors, it plays a critical role to establish and maintain neural fate and functionality [96].
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Multiple neurodevelopmental disorders (NDDs) are associated with mutations in the
SWI/SNF family of chromatin remodelers [87]. The Coffin-Siris syndrome (CSS) is an NDD
characterized by intellectual disability, distinct facial features and abnormal development of the
fifth finger [97]. Mutations in the BAF250B subunit are the most frequent mutations observed
in CSS [98]. However, mutations in BAF47, BAF57, BRG1 and BAF250A have also been
detected. Similarly, mutations in the BRM gene cause a more severe variant of the CSS called
Nicolaides-Baraitser syndrome (NBS). Patients with NBS have intellectual disability, epileptic
seizures, microcephaly and brachydactyly. Furthermore, alteration of SWI/SNF complexes
have been linked to Autism Spectrum Disorder (ASD). Indeed, whole genome sequencing of

ASD patients has identified mutations in BAF155, BAF170, BAF180 and BAF250B [99].

1.2.2.2 ISWI

The ISWI proteins were first identified in Drosophilia as the ATPase subunits of the
nucleosome remodeling factor (NURF) complex [100, 101]. It is characterized by two key
motifs, an N-terminal ATPase domain that provides the energy for the remodeling activity and
a C-terminal HAND-SANT-SLIDE (HSS) domain that binds to the N-terminal tail of histone
H4 and to linker DNA [102-104]. In mammals, SNF2H (SMARCAS) and SNF2L (SMARCAL)
are the two homologs that act as the catalytic subunits of multiple ISWI complexes [105].
SNF2H is transiently expressed during embryogenesis and early postnatal development in
proliferating cells [105]. Oppositely, SNF2L is highly expressed postnatally and during
adulthood in post-mitotic cells. In mammals, there are eight different ISWI complexes that have
been identified: NUcleosome Remodeling Factor (NURF), ATP-utilizing Chromatin assembly
and remodeling Factor (ACF), CHRomatin Accessibility Complex (CHRAC), Remodeling and

Spacing Factor complex (RSF), Nucleolar Remodelling Complex (NoRC), WSTF-ISWI
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CHromatin remodeling complex (WICH), CECR2-containing Remodeling Factor complex
(CERF) and SNF2H-cohesin. The core of each complex consists of an ATPase protein (SNF2H
or SNF2L) and one regulatory subunit (ACF1, WSTF, TIP5, BPTF, CECR2, RSF1 or BAZ2B)
[106]. Unlike the ISWI complexes, CHRAC and NURF contains three subunits instead of one.
Contrary to other families of ATP-dependent chromatin remodelers, ISWI remodelers can only
slide nucleosomes to expose or hide the genomic strand [82]. The NURF complex contains the
catalytic subunit SNF2L, the regulatory protein BPTF, which is one of the two proteins
described in this thesis, and two closely related subunits called RBAP46 and RBAP48 [107].
High levels of NURF were reported in the brain and the ability to regulate the transcription of
Engrailed, suggesting a role for the complex in brain development [108]. Further information

about BPTF will be discussed in section 1.3.

The Williams-Beuren syndrome is an NDD characterized by intellectual disability,
growth delay, motor defects, epilepsy and dysmorphic facial features [109]. Affected
individuals are missing 17 to 28 genes on chromosome 7, which includes the WSTF gene
encoding a subunit of the WICH complex [104]. Another NDD caused by alteration of a subunit
of an ISWI remodeler is the NEurodevelopmental Disorder with Dysmorphic Facies and distal
Limb anomalies (NEDDFL) [110]. NEDDFL is caused by mutations in the BPTF gene and is

further discussed in section 1.3.

1.2.2.3CHD
The CHD family of ATP-dependent chromatin remodelers is characterized by two
signature motifs, namely the tandem chromodomain located in the N-terminal region and a
central SNF2-like ATPase domain [111]. Interestingly, the chromodomain facilitates chromatin

interactions by binding to DNA, RNA and methylated histone H3 [112]. The CHD family
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contains nine members that are divided into three groups according to the presence or absence
of additional domains: CHDI, CHDII and CHDIII [113]. The first sub-family, which includes
the Chdl and Chd2 proteins, have a DNA-binding domain located in the C-terminal region.
They are directly involved in nucleosome assembly and spacing to regulate gene transcription
[107]. The second sub-family harbours a pair of PHD Zinc-finger-like domains rather than the
DNA-binding domain found in CHDI [111]. The Chd3, Chd4, and Chd5 proteins are the
catalytic subunits of the Nucleosome Remodeling Deacetylase (NURD) complex. The NuRD
complex is mostly associated with gene repression. It can directly interact with methylated
histones, transcription factors and histone deacetylases (Hdacl and Hdac2) to remove the
histone PTMs. The third CHD sub-family, which Chd6 to Chd9 are part of, is more diverse and
less studied than the others [114]. The classification was made based on the functional motifs
found in the C-terminal regions that alter the function of the Chd6-9. However, not all members

of the CHDIII sub-family share the additional domains.

Mutations in CHD chromatin remodelers have a wide spectrum of effects. For example,
mutations in CHD2 have been discovered in patients with ASD, developmental delay,
intellectual disability and epileptic seizures [115]. Also, haploinsufficiency of the CHD7 gene
is the main cause of CHARGE syndrome (Coloboma of the eye, Heart defects, Atresia of the
choanae, Retardation of growth and/or development, Genitalia and/or urinary abnormalities,
and Ear abnormalities and deafness) and is found in patients with Kallmann syndrome [116,
117]. In vitro studies found that some CHD7 mutations led to a defect in nucleosome
remodelling, thus directly associating CHARGE syndrome with chromatin remodelling defects

[118].
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1.2.2.3 INO80

The INO80 family consists of the INO80 complex and the SWR subfamily, which
includes the SWR SNF2-related CREB-binding protein activator protein (SRCAP) and
TIP60/P400 [107]. Unlike the other chromatin remodelers, the INO80 family is characterized
by the addition of a conserved insertion in the ATPase domain, which is responsible for the
presence of two RuvB-like helicases, Rvbl1 and Rvb2, in the various complexes [119]. Although
the INO80, SRCAP and TIP60/P400 have a few subunits in common, the additional subunits
within the complex confer different roles in chromatin remodeling, nucleosome modification,
and gene regulation. The INO80 complex is often associated with the establishment of
nucleosome spacing, nucleosome eviction, remodelling and the exchange of histone variant
H2A.Z [120-123]. Also, it has been shown that INO8O is required for embryonic stem cell
renewal and to establish pluripotency [85]. On the other hand, SWR complexes are specialized
in the deposition of histone variant H2A.Z [119]. The SRCAP complex has been associated
with the eviction of the canonical histone H2A to replace it by the histone variant H2A.Z [121].
On the other hand, the TIP60/P400 complex can acetylate the core histones H2A, H3, and H4
and other signaling molecules to modulate specific cellular responses [124, 125]. Particularly,
it can recognize DNA damage sites and promotes the remodelling of chromatin flanking the
site to an “open” state to facilitate the access of the repair machinery to the double strand DNA
break to repair it [107]. This process is accomplished by the acetylation of histone H4 and the

exchange of histone H2A [126].

Multiple syndromes and pathologies have been associated with mutation in the INO80
and SWR complexes. For example, mutations in TIP60 has been linked with a syndrome that

causes individuals to have short stature, cerebral malformations, seizures, global developmental
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delay and intellectual disability [127]. Similarly, SRCAP complex mutations have been
identified as the cause for Floating-Harbor syndrome, which is characterized by a short stature,

language deficits, intellectual disability and dysmorphic features [128].

1.2.2.4 ATRX

ATRX is the other protein of interest of this thesis. Briefly, ATRX was first discovered
as the cause of X-linked alpha thalassemia mental retardation (ATR-X) syndrome (see section
1.4.5) [129]. Similarly to the other families of chromatin remodelers, ATRX has a C-terminal
ATPase domain of the SNF2 family [130]. It is also characterized by an N-terminal ATRX-
DMNT3L-DNMT3A (ADD) domain that is comprised of a PHD- and GATA-zinc finger
module which functions to bind to the H3K9 methylated histone tails. ATRX is also known to
interact with the histone chaperone DAXX to deposit the histone variant H3.3 at telomeric and
pericentric heterochromatin [81]. Further information regarding its structure, interactions and

function are described in section 1.4.

1.3 Bromodomain PHD transcription factor (BPTF)

1.3.1 Protein structure and characterization

The Bptf protein was first isolated from embryo extracts of Drosophilia melanogaster
[131]. It was named NURF301 as it was the largest subunit of the NURF complex at 301kDa.
On the other hand, the full-length BPTF gene was identified through a cDNA database search
for new bromodomain-containing genes [132]. The human BPTF protein is approximately 300

kDa in size and is the largest subunit of the NURF chromatin remodeling complex.
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Figure 1.3: BPTF protein
Schematic representation of the domain organization of the Homo Sapiens BPTF protein (2920

amino acids). Each domain is represented with different colours. The location of the LXXLL

nuclear receptor-binding motifs are depicted as pink asterisks.
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The protein structure of BPTF is characterized by specific motifs at the N- and C-terminal
regions (Figure 1.3). It is also noted that BPTF contains 3 LXXLL nuclear receptor-binding
motifs as well as a glutamine-rich region [133]. However, the functions of those regions are not
well understood. The N-terminus contains an acidic domain, a DDT domain, which has DNA-
binding abilities, and a PHD domain [134]. The C-terminal region contains another PHD
domain adjacent to a bromodomain [133]. This PHD domain can detect methylated marks on
the lysine 4 residue of histone H3 (H3K4me2/3) to promote nucleosome remodelling by the
NURF complex [135]. Interestingly, its affinity declines as the number of methyl groups
decreases. The bromodomain was shown to recognize and interact with multiple acetylated
marks on histone H4, namely K12ac, K16ac and K20ac [136]. In the presence of the H3K4me3
mark within the nucleosome, the specificity of the bromodomain for K16ac is significantly
increased. Also, it was reported that the bromodomain can transiently bind to histone variant

H2A.Z [137].

1.3.2 Previous studies

Multiple studies have been conducted to elucidate the function of Bptf in different cell
types. It was reported that Bptf is required for the self-renewal of mammary stem cells and their
differentiation into mammary epithelial cells (MECs) [138]. In the absence of Bptf, an
uncharacterized MEC type is generated and is associated with upregulation of apoptotic
pathways. Genome-wide analysis revealed an increase in chromatin accessibility of regulatory
regions located near apoptosis- and cell cycle-related genes when BPTF was deleted. Bptf has
also been shown to be involved in immune cell maintenance. For example, it is essential for
thymocyte maturation, T-cell homeostasis and the development of Treg cells in the periphery

[139, 140].
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Bptf implication in cancer has recently gained importance. Indeed, it was reported that
overexpression of Bptf was noted in non-small-cell lung cancer, hepatocellular carcinoma and
colorectal cancers [141-143]. In melanoma, Bptf overexpression is associated with a poor
survival outcome [144]. It was demonstrated that Bptf regulates BCL2, BCL-XL, and CCND?2,
which are key genes promoting tumorigenesis. Another study showed that Bptf forms a
complex with the transcription factor c-MYC to promote tumorigenesis [145]. In mouse
embryonic fibroblast, Bptf is essential for c-MY C-driven proliferation, the transition from G1
to S-phase and for preventing replication stress. Furthermore, it was reported that in absence of
Bptf, DNA accessibility at c-MY C target genes is reduced and c-MY C recruitment to chromatin
is impaired [146]. This ultimately leads to a reduction in cell proliferation and increased
replication stress [145, 147]. Disruption of the Bptf-c-MYC complex could potentially be used

as a therapy in c-MYC-driven tumours [133].

In mice, Bptf is essential for embryonic development [148]. Embryos with loss-of-
function mutations of Bptf do not survive past E7.5-E8.5. Microarray analysis revealed that
many essential markers for early embryonic tissue differentiation were altered in the mutant
embryos. Also, Bptf was identified as a co-activator of Smad-dependent genes in embryonic
stem (ES) cells. Multiple genes within this pathway require Bptf for their partial or full
activation. In the absence of Bptf, ES cells show significant defects in the differentiation of
ectoderm, mesoderm and endoderm. Thus, Bptf is vital for the early stages of embryonic

development.
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1.3.3 Neurodevelopmental Disorder with Dysmorphic Facies and distal Limb

anomalies

Neurodevelopmental Disorder with Dysmorphic Facies and distal Limb anomalies
(NEDDFL) is a newly identified syndrome caused by loss-of-function or missense mutations
of one of the BPTF alleles [110]. Upon discovery, 11 unrelated individuals were diagnosed with
NEDDFL, seven of which are males and four are females [110, 149]. Common features are
developmental delay observed in 11/11 patients, intellectual disability 11/11, speech delay
11/11, microcephaly 8/10, dysmorphic features 10/11 and motor delay 9/11. Interestingly, one
of the individuals was previously diagnosed with Silver-Russell syndrome, which shares similar
features with NEDDFL. Thus, it is possible that other individuals with comparable features have
been misdiagnosed and that the number of patients with NEDDFL is greater than what is reported.
Recently, 25 new cases were discovered with additional features including seizures, scoliosis, mild

ophthalmologic defects and brain abnormalities [150].

It is thought that NEDDFL results from the haploinsufficiency of BPTF causing an
increase in neuronal cell death [110]. Our lab previously generated a forebrain-specific Bptf
knockout (cKO) using the Emx1 Cre driver to study the pathogenesis of NEDDFL in a mouse
model [151]. It was reported that the Bptf cKO mice has severe forebrain hypoplasia associated
with a reduction in intermediate progenitor cells, increased apoptosis and a prolonged cell cycle
length within proliferating progenitors. The reduced brain size is consistent with patients who
present with microcephaly. Also, RNA-sequencing analysis revealed that specific pathways
involved in neurogenesis and neuronal differentiation were dysregulated. However, more
research on this syndrome is required and more characterization is needed to fully understand the

extent of the pathogenesis and how closely it mirrors the human syndrome.
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1.4 ATRX

1.4.1 Protein structure
ATRX is a large gene that spans over 300 kb on chromosome Xq13.3-21.1 [129, 130]. It is
comprised of 40 exons and is differentially spliced to generate 24 protein-coding transcripts
(http://vega.archive.ensembl.org), including two transcripts of well-characterized protein
variants. These two transcripts are the full-length ATRX and a truncated isoform called ATRXt.
Full-length ATRX is the most abundant protein variant, contains 36 exons and encodes a protein
of 285 kDa in size. On the other hand, ATRXt is the second most common ATRX transcript
and encodes a 200 kDa protein [152]. The ATRXt isoform arises from the failure to splice out
intron 11 causing a premature stop in the translation and the absence of the ATPase/helicase

domain.

ATRX is an ATP-dependent chromatin remodeler (Figure 1.4). In the literature, it is
either considered to be part of the SWI/SNF family or is classified as an orphan member [130,
153]. ATRX has a C-terminal ATPase domain of the SNF2 family, which is used to generate
energy to remodel nucleosomes [130]. This domain consists of two highly conserved RecA-
like lobes that are required for the ATPase activity [153]. Unlike the other members of the
SWI/SNF family that randomly reposition a nucleosome relative to a specific DNA sequence
[154], ATRX participates in triple-helix DNA displacement similar to the DNA repair protein
Rad54 [155]. The other domain essential for ATRX function is the ADD domain. The ADD
domain is subdivided into three components: an N-terminal GATA-like finger, a PHD-like
domain, and a C-terminal a-helix [156, 157]. The primary role of the ADD domain is to bind

to specific modifications of the N-terminus of the histone H3 tail.
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Figure 1.4: ATRX protein
Schematic representation of the domain organization of the ATRX protein with the

corresponding amino acids. All the domains, except for the ADD and helicase domains which
are functional domains, are protein interaction domains. Each domain is represented with
different colours and the amino acids involved are noted. The ADD domain is enlarged to show
the GATA-like finger, PHD-like domain and C-terminal o-helix. The ATPase domain is
comprised of the RecA-likel and RecA-like 2 motifs.

Adapted from Valenzuela M et al. [158].
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The histone post-translational modifications (PTMs) recognized by the ADD domain is a
combinatorial mark of H3K9me3 and H3K4 [159, 160]. It can also recognize the combinatorial
mark H3K9me3S10ph [161]. H3K9me3 recognition module allows ATRX to sense
methylation states of H3K9 and H3K4, which dictate the binding capacity of ATRX to the

H3K9me3 modification (e.g. H3K4me3 prevents ATRX from binding to the nucleosome).

1.4.3 Interacting partners and molecular function
ATRX is localized to pericentromeric and telomeric heterochromatin throughout the cell cycle
[162]. It interacts with specific histone PTMs directly via its ADD domain, or indirectly by
associating with secondary interacting proteins, such as HPla or MeCP2 [163, 164]. HPla
interacts with H3K9me3 through its chromodomain and recruits ATRX to these sites via an
LxVXL binding site located between the ADD and ATPase domains [161]. Mutations within
the motif significantly impair ATRX localization to heterochromatin [160]. MeCP2 interacts
with ATRX through the C-terminal helicase domain of ATRX. Also, ATRX localization to
heterochromatin is disrupted in the absence of MeCP2 [164-166]. Interestingly, the N-terminal
fragments of ATRX localize to heterochromatic loci in an MeCP2-independent manner whereas
the C-terminal localization is dependent on the MeCP2 interaction, thereby suggesting that

multiple mechanisms can recruit ATRX to heterochromatin [164].

Examination of the binding sites of ATRX on heterochromatin showed specific patterns
of simple tandem repeats (STRs), variable number tandem repeats (VNTRs) and long terminal
repeats of endogenous retrovirus sequences of family K (ERVK) [167]. The STRs DNA
sequences have a high GC content and are prone to forming a secondary DNA structure known
as a G-quadruplex (G4 DNA). The formation of G4 DNA is presumed to be an obstacle to the

movement of enzymes along the DNA strand, impacting DNA replication and transcription,
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and presenting a source of genetic instability [168]. The role of ATRX in preventing G4 DNA
formation is thought to promote some of the phenotypes observed in the ATR-X syndrome.
One of the features of the ATR-X syndrome is the a-thalassemia blood disorder. It was reported
that patients sharing the same ATRX mutation can have different levels of a-globin [167].
ATRX binds to a VNTR sequence upstream of the HBM gene. The authors found a positive
correlation between the size of the VNTR sequence and the severity of the a-thalassemia.
Indeed, the longer the size of the VNTRs, the more HbH inclusions were found in the red blood
cells, which correspond to a more severe phenotype. It was inferred that longer VNTR
sequences increases the probability of G4 DNA formation that ultimately alters HBM

expression.

Outside of these heterochromatin interactions, ATRX has a key interacting partner: the
histone chaperone death domain-associated protein (DAXX). Together, they form a histone
chaperone complex for the deposition of histone H3.3 in repetitive regions of the genome,
including telomeres, where deposition of H3.3 with the H3.3K9me3 mark is critical for
telomere maintenance [169-171]. In fact, telomere structure is maintained by a positive
feedback loop. H3.3K9me3 recruits more ATRX-DAXX complexes that will deposit more
H3.3 that will be targeted for trimethylation on its K9 residue [171, 172]. Mutations in the
ATRX-DAXX-H3.3 pathway are prevalent in cancers characterized by alternative lengthening
of telomeres (ALT), which is a telomerase-independent pathway to prevent the shortening of
telomeres [173]. Activation of the ALT pathway is typically found in pancreatic endocrine
tumours (PanNETS), gliomas, neuroblastomas and sarcomas and is associated with a positive

prognosis in most cancers [174-177].
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Aside from telomeres, ATRX-DAXX protects normally-silenced repetitive sequences,
including retrotransposons [172]. ATRX-DAXX loading of histone H3.3 into these regions
prevents DNA secondary structure formation, which stalls replication and transcription and can
promote inappropriate recombination to occur at these sequences [172]. ATRX is also localised
to multiple interstitial heterochromatin sites and imprinted alleles where it has a role in the
regulation of transcription [166, 178, 179]. Under normal condition, the ATRX-DAXX
complex deposits H3.3 preferentially to the methylated allele of imprinted differentially
methylated regions (DMRs) to silence them. In the absence of ATRX, deposition of H3.3 fails
leading to the loss of the H3K9me3 modification at imprinted DMRs, loss of repression and
aberrant expression of these genes [178]. Conditional deletion of Atrx using Foxgl-Cre showed
that some imprinted genes were upregulated in the forebrain and that impairment of the
imprinting process leads to multiple intellectual disability syndromes [166, 180, 181]. In a
mouse model with a human ATRX mutation, the ATRX#%? mice, DNA microarray analysis
revealed that the XIr3b gene, an imprinted gene involved in the regulation of dendritic spine
morphogenesis and synapse assembly, was upregulated in the absence of Atrx [182, 183]. They
showed that ATRX binds directly to the G4 DNA found within the XIr3b gene and regulates its
expression by recruiting DNA methyltransferases. The overexpression of Xlr3b leads to the

inhibition of dendritic transport of the CamKII-oo mRNA causing synaptic dysfunction.

Another study showed that ATRX can bind within the gene bodies at repetitive
sequences that have a high H3.3 occupancy and high probability of forming G4 DNA [184].
They showed that in absence of ATRX, the progression of the RNA polymerase 11 (RNApollil)
at the ancestral pseudoautosomal region (aPAR) is impeded at these sites due to G4 DNA

formation leading to incomplete transcript formation. Of interest, the autism susceptibility gene
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Neuroligin 4 accumulates RNApolll within its gene body leading to a significant reduction of

its expression.

During the neuronal differentiation process, dramatic changes to the chromatin
landscape are required to repress or activate specific genes. In embryonic stem cells, SOX2
forms a complex with OCT4 to maintain pluripotency [185]. In mature neurons, ATRX
associates with SOX2 at neuronal promoters to increase the expression of nearby genes [186].
The localization of ATRX-SOX2 correlates with increased active enhancer marks H3K7ac and
H3K4mel. These results highlight a new regulatory role for ATRX during neuronal

differentiation.

Furthermore, it was suggested that DAXX recruits ATRX to promyelocytic leukemia
protein (PML) nuclear bodies (PML-NBs), thus regulating the cellular localization of ATRX
[158]. PML-NBs are dynamic structures present in the nucleus of most cells [187]. They are
formed by a shell of PML protein that are transiently and/or permanently associated with over
100 proteins, including the DAXX/ATRX complex and histone H3.3 [188-190]. PML-NBs are
implicated in the regulation of multiple cellular processes such as the cell cycle, apoptosis, gene
expression, stress and DNA damage response [158]. It was previously demonstrated that PML-
NBs can be found in specific heterochromatic regions such as telomeres [191]. Due to the
localization of the DAXX/ATRX/H3.3 complex at PML-NBs, it was suggested that the
complex was responsible for the deposition of PML-NBs to specific chromatin regions [189].
Interestingly, in the absence of the PML protein, the deposition of H3.3 by DAXX/ATRX to
PML-associated domains (PADs) on heterochromatin is significantly impaired. Also, there is a

shift in chromatin states of PADs favoring H3K27me3 instead of H3K9me3. H3K27me3 is a
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well-known repressive epigenetic mark that is placed by the Polycomb Repressive Complex 2

(PRC2) [192].

ATRX is critical to maintain genome integrity during cell replication and prevent
replication stress [193, 194]. During cell replication, it is recruited to the site of DNA damage
and associates with the MRE11-RAD50-NBS1 (MRN) complex, which is an important player
in DNA damage recognition and double strand break (DSB) processing [195, 196]. In
embryonic mouse brains, Atrx deletion causes defects in mitotic progression in
neuroprogenitors and abnormal chromosome congression and segregation [197]. Other studies
revealed that ATRX deletion leads to defects in replication fork progression resulting in a
prolonged S-phase, inability to maintain telomere structure, increased DSBs and mitotic
catastrophe [194, 195, 198-200]. Furthermore, the accumulation of DNA damage and fork
degradation triggers the activation of poly(ADP-ribose) polymerase 1 (PARP1) by the neural

progenitors to promote fork protection and ultimately cell survival [200].

Lastly, it is well known that ATRX is an RNA-interacting protein. It binds to Xist, a
long non-coding RNA (IncRNA) on the inactive X chromosome (Xi), to regulate the enrichment
of the histone methyltransferase complex PRC2 and facilitate stable heterochromatin formation
[201]. Also, ATRX is involved in X chromosome inactivation through its direct interaction with
Enhancer of zeste homolog 2 (EZH2), the catalytic subunit of PRC2 (Figure 1.4). Recently, the
RNA binding region (RBR) on ATRX was discovered [202]. It is located within the N-terminal
region. Interestingly, deletion of the RBR significantly impairs the ATRX-RNA interactions
and partially compromises the localization of ATRX to chromatin. Thus, ATRX localization to

chromatin is partially dependent on its RNA interaction.
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1.4.4 Morphology and cellular studies

It was previously shown that the mutations that cause the ATR-X syndrome are
functional hypomorphs [203]. However, it is still unclear how these mutations can cause
intellectual disability and other neurological defects. Several ATRX knockout mouse models
have been generated over the years, which all result in early lethality. Indeed, global ATRX
knockout mice using the GATA-1-Cre diver die around embryonic day 9.5 due to a defect in
the formation of the extraembryonic trophoblast [204]. On the other hand, conditional ATRX
knockout in the forebrain using the Foxgl-Cre knock-in line induces premature cell death
during corticogenesis and death of the animal by P1 [205, 206]. Also, these animals show loss
of proliferating neural progenitors that caused hypocellularity in both the cortex and
hippocampus. More specifically, there is a reduction in dentate granule cells, pyramidal cells
of upper cortical layers, and GABAergic interneurons, disrupting the ratio of excitatory and
inhibitory signals [207]. It is important to note that the Foxgl-Cre line was shown to have a
highly variable Cre activity pattern, abnormal behavioral response, and congenital hypoplasia
in the corpus collosum [208]. Here, the Cre recombinase was knocked-in to one of Foxgl allele,
thus the mice were heterozygous for FOXG1. Therefore, not all the phenotype observed in the
Atrx knockout animals using the Foxgl1-Cre driver can be attributable to the loss of Atrx since
they have a compound mutation. To account for this caveat, another forebrain-specific ATRX
knockout was generated using the Nestin-Cre driver [205]. Similarly, these mice died at P1,
were smaller in size and have a reduced caudal-medial cortex. Overall, the phenotype of

Atrx™;Nestin-Cre mice was comparable to Atrx™;Foxg1-Cre mice but less severe.

To avoid these limitations, the retina has been used to study the role of ATRX, as the

retina is a well-characterized structure with development similar to the CNS [209].
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Additionally, ocular defects were found in 25% of ATR-X syndrome patients [210].
Interestingly, ATRX is important for the survival of amacrine and horizontal cells postnatally
and this critical period coincides with light-induced synaptic organization [210]. However, it is
unclear whether the cell death is due to a developmental defect caused by the absence of ATRX,
or a light-induced phenomenon. Further investigation showed that retinal interneuron survival
requires a non-cell autonomous ATRX activity, suggesting a maturation or cell connection
defect [211]. Also, many subtypes of these retinal interneurons displayed an altered morphology

and reduced number, suggesting that ATRX is required for normal retinal function [210].

Furthermore, quantitative RT-PCR showed altered expression of excitotoxicity-related
genes, like Gad67 and GIuR1, in the retina of conditional ATRX knockout mice [211].
Interestingly, impairment in the glutamatergic system in the brain was observed in mice with a
human ATRX mutation resulting in hypomorphic expression (ATRX?£?). These animals
expressed ATRX protein at 30% levels but survived through adulthood and have behavioral
deficits [212]. Dendritic spines of pyramidal neurons in medial prefrontal cortex (mPFC), but
not hippocampal CAL neurons, showed an altered morphology following ATRX deletion in

this model [212].

Recently, an Atrx conditional knockout mouse has been generated using the aCaMKII-
Cre driver [213-215]. Here, Atrx ablation occurs postnatally in forebrain excitatory neurons,
avoiding the early lethality previously mentioned. Both male and female knockout mice have
deficits in odor discrimination but no social deficits, stereotypies, and repetitive behaviours,
which are often observed in autism [214]. Further examination revealed a male-specific long-
term spatial learning and memory deficit associated with structural hippocampal defects [215].

The Atrx knockout male had fewer synaptic vesicles and an enlarged postsynaptic area at the
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CA1 apical dendrite-axon junctions. Next-generation sequencing showed that Atrx ablation in
excitatory neurons of male mice results in an aberrant expression of synapse-related genes.
Also, it was demonstrated that Atrx directly binds to the miR-137 sequence, which is a
microRNA found in presynaptic terminals that has been implicated in neurotransmitter release.
Lastly, electrophysiology experiments revealed that Atrx knockout males had impairments in
hippocampal synaptic transmission [213]. Thus, Atrx is required in excitatory neurons for

adequate hippocampal synaptic transmission and plasticity.

1.4.5 ATR-X syndrome

1.4.5.1 Discovery: a-thalassaemia syndrome

The ATR-X syndrome was first reported in 1981 by Weatherall et al. [216]. The
research group described three families with northern European origin in which a son had severe
intellectual disability and hemoglobin H (Hb H) disease. Hb H disease is a blood disorder
resulting from a reduction in the synthesis rate of the a-chains of hemoglobin and an
accumulation of B-chains. This leads to the formation of B4 molecules (Hb H) instead of the
normal a2B2 molecules. The Hb H precipitates in the red blood cells which leads to their
premature hemolysis causing anemia. Hb H disease is a type of a-thalassaemia syndrome, in

which molecular defects lead to the suppression of the a-chain synthesis.

ATR-X syndrome is a neurodevelopmental disorder associated with mutation in the
ATRX gene [129]. There is a wide range of clinical features observed in patients and the
severity of those features is variable. In the following sections, we will discuss the patients’

phenotype.
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1.4.5.2 Neurological features

The first neurological features observed in ATR-X affected males is the microcephaly
that develops postnatally despite a normal head circumference at birth. A comprehensive study
used the MRI and CT scans of 27 patients with ATRX mutations or ATR-X syndrome to assess
the neuroradiologic features [217]. They classified the brain anomalies they found in five
categories; 1) nonspecific brain atrophy (17/27); 2) white matter abnormalities, especially
around the trigones (11/27); 3) widespread and scattered white matter abnormalities (1/27); 4)
delayed myelination (4/27); and 5) severe and rapidly progressive cortical brain atrophy (1/27).
Other studies have shown either hypoplasia, and partial or complete agenesis of the corpus
callosum [218-220]. Seizures have been reported in approximately one third of ATR-X patients
and most of those seizures are tonic/clonic or myoclonic in nature [218, 221-225]. Parents often
report jerking movements that resemble seizures but they are not associated with epileptiform

activity on EEG. As the affected children grow older, there is a tendency for spasticity.

1.4.5.3 Anatomical features

ATR-X syndrome patients share distinct facial features that are used, in combination
with other symptoms, for the diagnosis. It is thought that most of the facial anomalies are caused
by facial hypotonia [226]. Generally, the distance between the eyes is increased, while the nose
is small, triangular and uplifted (Figure 1.5). Also, affected males have mid-face hypoplasia,
upswept frontal hair line and their tongue protrudes causing significant drooling. Many affected
subjects have skeletal abnormalities and some of them are due to hypotonia and immobility.
Indeed, it was reported that 91% of ATR-X syndrome patients have relatively mild skeletal

abnormalities [218].
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Figure 1.5: Anatomical abnormalities shown in ATR-X syndrome patients.

A) Subject is 1.5 years old; facial abnormalities, positional deformity of the feet, severely
hypotonic, lethargic with a poor suck, occasional myoclonic jerks and delay in his motor
development. B) Subject is 13 years old; facial abnormalities; feeding difficulties from birth,
cleft of the soft palate, walk without assistance and no speech. C) Subject is 14 days old;
abnormal facial appearance, hypotonia, difficulties feeding, several cardiovascular defects. D)
Subject is 4 years old; facial abnormalities, micropenis, hypotonia, psychomotor delays, no
speech, no language comprehension and brain atrophy. E) Same subject at 1.5 years old (left
panel) and 23 years old (right panel); severe developmental delays, facial anomalies, skeletal
abnormalities of the lower limbs, able to walk, no speech, poor language comprehension and
episodes of agitation and headbanging. Adapted from Gibbons et al. [6] with permission from
John Wiley and Sons.
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Growth delays is common as well as short stature in 2/3 of the affected males. These skeletal
abnormalities lead to motor delays and/or deficits and in worst cases the subjects are wheelchair

bound.

Genital abnormalities are found in 80% of affected children and their severity is highly
variable. In some cases, the phenotype is very mild and presents as undescended testes or
deficient prepuce. Other subjects have a micropenis, hypospadias or even ambiguous female
external genitalia [222, 227]. In more severe cases, the male pseudohermaphrodites are raised
as female. These subjects have no Mullerian structures, dysgenetic testes and streak gonads.

Commonly, the puberty is delayed and, sometimes, is completely arrested in some subjects.

1.4.5.4 Behavioral features

It is important to note that no systematic study of behaviour has been conducted for
ATR-X syndrome. Thus, most of the behavioural phenotypes of the subjects are anecdotal.
Nevertheless, all reports taken together are generating a thumbnail sketch of the mannerisms
[228, 229] that could be useful for diagnostic purposes. Parents report that their children have
a happy demeanor and experience a wide range of emotions that are appropriate to the
circumstances. Many individuals with ATR-X syndrome are affectionate towards their
caregivers and appreciate physical contacts [226]. Occasionally, some patients will exhibit
autistic-like behaviours that include eye contact avoidance and little interest and/or recognition
of people around them. In this situation, patients appear to be in a world of their own with little
contact with reality. Aggressive behaviours, including hair pulling, pinching and scratching, are
common behaviours that can be observed towards siblings. Affected individuals experience

episodes of hyperactivity where they become highly agitated and vocal. These occurrences are
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accompanied with screams that can last for days as well as head banging and other self-injurious

behaviours.

Lastly, affected males exhibit choreoathetotic movements, which are defined as rapid
(chorea) and slow (athetosis) involuntary movements. In the case of ATR-X syndrome patients,
they frequently put their fingers into their mouths and, on occasion, induce vomiting.
Unfortunately, other involuntary movements are related to self-injuries. Repetitive stereotypic
behaviours can be found in most ATR-X syndrome males. They vary between pill-rolling and
hand flapping to spinning around on one spot while gazing into a light. These behaviours are
commonly shared in several autism spectrum disorders and neurodevelopmental disorders,

which can lead to misdiagnosis.

1.4.5.5 Gastrointestinal features
Infantile hypotonia is a very common symptom associated with severe sucking
difficulties [226]. Consequently, a feeding tube is often required for many weeks to ensure
proper nutrition. Several children develop persistent feeding problems that ultimately leads to
malnutrition and require the use of a feeding gastrotomy. In early childhood, recurring
vomiting, gastroesophageal reflux, regurgitating, abdominal distention and chronic constipation

have been recognized as common complications [218, 230].

1.4.5.6 Diagnostic criteria
To this day, there are no definitive diagnostic criteria that have been set for ATR-X
syndrome. Nevertheless, there are typical features that are common among affected individuals;
severe intellectual disabilities, severe expressive language disorders, distinctive facial traits,

genital abnormalities and a-thalassaemia blood disorder. Based on these clinical features and
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blood tests, ATR-X syndrome can be suspected at birth or early childhood. However, a

definitive diagnostic can only be obtained by sequencing the ATRX gene to identify mutations.

1.5 Inhibitory/excitatory balance in Autism spectrum disorders

Autism spectrum disorder (ASD) encompasses a large number of intellectual disability
disorders that share common symptoms (e.g. Epilepsy and hyperactivity) [231]. In most cases,
a reduction in GABAergic signaling has been observed in the brains of autistic patients [232].
Based on various studies, a new theory emerged suggesting that an increase in the inhibitory to
excitatory neuron ratio leads to hyper-excitability of cortical circuits in ASDs [233]. This could
explain the changes in GABAergic inputs and the epileptic episodes found in autistic patients.
Contradictory findings, however, have shown a reduction in the ratio is modified in ASD [234].
The discrepancy in these findings may arise from single genes that are mutated in ASD and are
responsible for a large number of fundamental cellular processes. Thus, alteration of these genes
has complex effects in multiple cell types and can give rise to changes in excitation or inhibition

altering network activity.

1.6 Hypothesis and specific objectives

Aberrant epigenetic regulation is now recognized as a common cause of
neurodevelopmental disorders, yet many syndromes remain poorly understood. Chromatin
remodelers are critical players in modifying and protecting the chromatin landscape. Mutations
in Bptf, the largest subunit of the NURF complex, causes the newly identified disorder called

Neurodevelopmental Disorder with Dysmorphic Facies and distal Limb anomalies (NEDDFL).
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It was previously reported that Bptf is important for progenitor proliferation and neocortical
development [151]. By enhancing the coverage of Bptf deletion in the neural system, we
hypothesized that the phenotype of the Bptf knockout mice will recapitulate the human

phenotype and will be a better model to study NEDDFL.

Mutations in the chromatin remodeler Atrx is known to cause the ATR-X syndrome, a
severe neurodevelopmental disorder with autistic-like behaviours [226]. Studies have reported
that in the absence of Atrx, the glutamatergic and GABAergic network are altered [206, 207,
211-215]. Therefore, we hypothesized that alteration of the equilibrium between the excitatory
and inhibitory systems play a role in the pathogenesis of ATR-X syndrome. We generated two

different Atrx conditional mouse mutants to characterize specific neuronal populations.

Lastly, multiple studies have generated Atrx knockout models to elucidate Atrx
function. However, none of them have successfully deleted Atrx embryonically in post-mitotic
cells without early postnatal lethality. Thus, individually, they do not represent strong models
of the ATR-X syndrome. We generated a new conditional Atrx mouse mutant to dissect the
function of Atrx in the developing brain and to provide a better understanding of the

development of intellectual disabilities in ATR-X syndrome.

To address these hypotheses, we examined the following specific objectives:

1. Generate and perform a Behavioral characterization of the Bptf; Nestin-Cre mice

2. Generate and characterize mice ablated for Atrx in specific excitatory and
inhibitory neuronal populations

3. Generate and characterize mice ablated for Atrx in the developing forebrain

using the Emx1-Cre driver.
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Chapter 2: Material & Methods
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2.1 Transgenic mice

2.1.1 Animal Husbandry

Mice were housed in the Animal Care and Veterinary Services (ACVS) facility of the
University of Ottawa. The University of Ottawa Animal Care Committee approved all animal
studies and experimental procedures in accordance with guidelines established by the Canadian
Council of Animal Care. Mice were maintained under a 12-hour light/dark cycle with food and

water ad libidum.

2.1.2 Mouse lines

2.1.2.1 Atrx loxP line
The Atrx™™ mice were generated by our lab in collaboration with A. Smith (University
of Edinburgh, Edinburgh, United Kingdom). These mice have two loxP sites flanking exon 18
of the Atrx gene, which contains the ATP binding pocket [205]. Excision of exon 18 by Cre
recombinase creates a frameshift and leads to the inactivation of the full-length ATRX protein

while leaving the ATRXt isoform intact. Atrx™™ mice were kept on a C57BL/6 background.

2.1.2.2 Bptf loxP line
The Bptf"™ mice were generated by the research group of Dr. Wu at Johns Hopkins
University [148] and donated to our lab by Dr. Camila dos Santos from the Cold Spring Harbor
Laboratory [138]. These mice have two loxP sites flanking exon 2 of the Bptf gene. Deletion of
exon 2 results in a frame shift which leads to a loss of function variant. Bptf! mice were kept

on a C57BL/6 background.
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2.1.2.3 Cre driver lines
The first Cre driver line we used, was the Nestin-Cre line that were bred to the Bptf
line. Nestin is expressed in the central and peripheral nervous system starting at E7.5 [235].

These mice were kept on a mixed background of C57BL/6 and 129sv.

Three Cre recombinase expressing mouse models were used to breed with the Atrx
floxed line to generate three distinct conditional Atrx knockouts. The Vglut2-IRES-Cre mice
were purchased from The Jackson Laboratory (stock #028863) to target the ablation of Atrx in
a subset of excitatory neurons. The mice were generated by inserting the Cre recombinase gene
preceded by the internal ribosomal entry sequence (IRES-Cre) downstream of the Vglut2 stop
codon [236]. Thus, the Cre recombinase expression is driven by the endogenous Vglut2 gene.

These mice were backcrossed for eight generations on a C57BL/6 background.

The Viaat-Cre mice were purchased from The Jackson Laboratory (stock #017535) and
bred with C57BI/6 mice for 10 generations to generate a pure C57BI/6 background. To generate
these mice, ahomology arm (A box) containing the regulatory elements of the Viaat gene linked
to a Cre recombinase cassette was introduced 5’ of the Viaat sequence by homologous
recombination [237]. Thus, Viaat expression is directly driving the transcription of Cre

recombinase.

The Emx1-IRES-Cre mice were purchased from The Jackson Laboratory (stock
#005628) to generate a forebrain-specific Atrx knockout. The mice were generated by inserting
IRES-Cre sequence downstream of the Emx1 stop codon [238]. Consequently, Emx1
endogenous expression is driving the expression of the Cre recombinase. These mice were kept

on a C57BL/6 background.
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2.1.2.4 Tdtomato reporter line
The TdTomato, also called Ail4, mice were a kind gift from Dr. Jing Wang at the
University of Ottawa. These animals were bred with the Vglut2-IRES-Cre and Viaat-Cre mice

to document the expression of the Cre recombinases using the TdTomato reporter gene.

2.1.3 Genotyping

Ear or tail clips were added to a lysis buffer containing 0.95 N NaOH and 7.6 mM EDTA
at a pH of 8 and placed into a PCR thermocycler (Eppendorf Mastercycler EP Gradient 96 well
thermal cycler) at 90° C for 60 minutes. The reaction was stopped by the addition of neutralization

buffer containing 0.97 M Tris-HCI pH 8.1.

The genotyping PCR was performed as follows: 3 minutes of denaturation at 95°C, then
32 cycles of denaturation at 95°C for 15 seconds, followed by annealing between 52-62°C
(depending on the primer pairs) for 15 seconds and elongation at 72°C for 30 seconds. Then,
fourr minutes of elongation at 72°C was done. The samples were ran on a 1% agarose gel for
visualization. The list of primers used can be found in table 2.1. Briefly, SRY and Fabp1l primers
were used for determining sex and Cre primers were used to detect all Cre driver lines by

amplifying the coding region.
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Table 2.1: List of primers used for genotyping

Gene Primer Sequence

Sry-F TTGTCTAGAGAGCATGGAGGGCCATGTCAA

o Sry-R CCACTCCTCTGTGACACTTTAGCCCTCCGA
Fabpl-F TGGACAGGACTGGACCTCTGCTTTCCTAGA

s Fabpl-R TAGAGCTTTGCCACATCACAGGTCATTCAG

Cre-F ATGCTTCTGTCCGTTTGCCG

ore Cre-R CCTGTTTTGCACGTTCACCG
Atrx-F GGTTTTAGATGAAAATGAAGAG

Atrx Atrx-R1 TGAACCTGGGGACTTCTTTG
Atrx-R2 CCACCATGATATTCGGCAAG
Bptf flox-F GGCACTTGCATGATCTGTTGTCACCCG

Bptf Bptf flox-R TTCTACATGGCCAGCCATGTCCAGGCC
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2.2 Behaviour tests

2.2.1 General procedure

Prior to testing, mice were handled every other day and their cages were changed.
During the testing period, only the water bottles were changed. All the behaviour tests were
scheduled with at least one rest day between each other. Mice were kept under the normal 12-

hour light cycle and had access to food and water ad libidum.

2.2.2 Beam Break assay

Each mouse is placed in a novel cage surrounded by a metal frame equipped with
horizontal beams of infrared red detectors (Micromax analyzer). When the mouse moves, the
photocell analyzer records the interruption in the beam. The number of beam breaks and
locomotor activity are recorded over 48 hours (Micromax, Omni-tech Electronics Inc.,

Columbus, OH) [239].

2.2.3 Phenotyper box

The phenotyper box is a home cage simulator where multiple parameters are recorded
automatically allowing long-term data collection. The chambers consist of clear Plexiglas boxes
(Noldus Information Technology PhenoTyper) with an overhead camera linked to the mouse
tracking software EthoVision (Ethovision 14, Noldus Information Technologies, Leesburg,
VA, USA). The fully automated cages are designed to measure parameters such as locomotion,
feeding, drinking and exploration. Each testing chamber is equipped with water bottle, nest box
and food chamber. For our protocol, we video recorded the mice over a period of 72 hours

[239].
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2.2.4 Rotarod

The mouse is placed on a rotating textured rod (Ugo Basile) and the speed is gradually
increased to 45 rpm reaching maximum speed within 60 seconds. The test is concluded once
the mouse falls off the rod, does a 360° rotation around the rod or after five minutes. Each
mouse has four five-minutes trials per day for three consecutive days. There is a 10-minute

inter-trial interval in the home cage [239-241].

2.2.5 Open field

The open field arena is a 45-cm square box made of opaque white plastic (custom-built
by Canus Plastics Inc.). There is overhead illumination (300 lux) and a camera linked to the
Ethovision tracking program (Ethovision 14, Noldus Information Technologies, Leesburg, VA,
USA) records the activity of the mouse. During testing, the mouse is allowed to freely move in
the arena for a duration of 10 minutes [239, 242, 243]. The time spent in the centre of the box,

time spent in the four corners and distance traveled are the main measurements of this test.

2.2.6 Elevated plus maze

The apparatus consists of two 6- cm wide and 75 cm long arms intersected in the centre
at a perpendicular angle (Noldus, Wageningen, The Netherlands). The first arm is an open
platform and the second arm is closed with 20 cm high walls. The junction between the two
arms is open allowing the mouse to freely move in the maze. An overhead illumination (100
lux) and a camera linked to the Ethovision tracking program (Ethovision 14, Noldus
Information Technologies, Leesburg, VA, USA) records the mouse movements. The test starts
when the mouse is placed in the centre of the maze and ends after 10 minutes [244-247]. Time
spent in the closed arms, time spent in the open arms and distanced travelled are measured
during this test.
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2.2.7 Morris water maze

Morris water maze is the most commonly used test to evaluate spatial learning and
memory in mice. In this paradigm, a pool of 132 cm in diameter (Med Associates Inc. and Maze
Engineers) is filled with tap water and non-toxic white paint. A hidden platform of 10 cm in
diameter is located 24 cm away from the edge of the pool and one cm from the surface. Visual
cues are placed on the walls of the testing room. In our protocol, each mouse is randomly placed
in the pool from four starting locations and is given one minute to find the platform. Each mouse
has four trials per day for seven consecutive days. On day eight, the platform is removed from
the pool and the time spent in the target quadrant is measured. The mouse is tracked by an

overhead camera linked to the Ethovision 14 software.

2.2.8 Fear conditioning

The fear conditioning test is used to evaluate learning and memory. The testing
chambers are Phenotyper boxes (see 2.2.3) equipped with grid shock floors (Med Associates
Inc.). The camera from within the Phenotyper box records the mouse’s behaviour, which is then
analyzed with the Ethovision 14 software. The fear conditioning test takes place on three

consecutive days.

The first day is the training day. The mouse is placed in the testing box for a total of six
minutes. After the first two minutes, the mouse goes through the following training session: 30

second tone, two second foot shock and 1-minute rest. This sequence is repeated three times.

The second day corresponds to the contextual memory. The mouse is loaded into the
same Phenotyper box as day one for a six-minute trial while its freezing time is measured. No

shock is applied.
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The third day is the “cue” day. The mouse is placed in a modified Phenotyper box with
triangular walls, vanilla scent and a different lighting. After the first three minutes, the same

tone as day one is played but without any shock. The mouse freezing time is recorded.

2.2.9 Nest building

In the nest building test, a square nestlet material is added to the bottom of a clean cage.
Then, each mouse is loaded into their respective cage and allowed to build a nest for 16 hours
(5pm to 9am). The following day, the mice are returned to their home cage and the nestlets are

scored based on specific criteria (Table 2.2) [239, 248, 249].

2.2.10 Splash test

Four cages with bedding are positioned in front of a camcorder (Handycam by Sony).
Each mouse is sprayed twice on the back with water. The test begins when the mouse is placed
in one of the cages and allowed to groom for a duration of 10 minutes (Figure 2.1). Latency to

groom and total grooming time are manually scored.

2.2.11 Marble burying

The marble burying test is separated into two trials; habituation and the burying steps.
In the habituation step four rat cages are filled with 10 cm of woodchips. Then, mice are loaded
in the cages and allowed to explore for five minutes. After the habituation, the mice are put
back in their home cage for five minutes. Meanwhile, 20 marbles are evenly placed on top of
the woodchip bedding (Figure 2.2). Following the inter-trial, the mice are loaded once again in

the testing cages for 30 minutes. The number of buried marbles is manually scored at the end.
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Table 2.2: Scoring system for nest building test

Score Description

1 Nestlet not noticeably touched (>90% intact)

2 Nestlet partially torn up (50-90% intact)

3 Nestlet mostly shredded; not identifiable nest site: <50% intact, <90% within a
quarter of the cage floor area.

4 An identifiable, flat nest: >90% of nestlet is torn up, material gathered into a nest
within a quarter of the cage floor area. Nest is flat - walls higher than mouse body
height (curled up on its side) on less than 50% of its circumference.

5 A (near) perfect nest: >90% of nestlet is torn up, nest is a crater with walls higher
than the mouse body height on more than 50% of the circumference.
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A) Splash B) Grooming 10 min
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Figure 2.1: Schematic of the splash test.
A The mouse is sprayed twice on its back with water and B put back in its cage allowing

grooming time for 10 minutes.
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Figure 2.2: Schematic of marble arrangements

Top view of the mouse cage containing the marbles (blue).
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2.2.12 DigiGait

The DigiGait is an apparatus that analyzes the gait of rodents (DigiGait treadmill system
by Mouse Specifics). It is comprised of a transparent treadmill suspended above a camera that
tracks and captures images of the mouse’s paws (Figure 2.3). The mouse is loaded onto the
treadmill in a clear Plexiglass box to contain the mouse on the belt. The speed of the belt is set
at 18cm/s and three-second long videos are captured for the analysis. Then the videos are

analyzed using the Digigait Analysis software.
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Figure 2.3: Picture of the DigiGait

The mouse is loaded in the clear plexiglass container on the top of the belt. The settings are

located on the blue panel.
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2.3 Histology

2.3.1 Tissue collection

2.3.1.1 Embryo fixation
An intraperitoneal (IP) injection of EdU was administered to the pregnant female at
gestational day 16.5 followed by a 1-hour waiting period. Then, the pregnant female was put to
sleep using CO> and the embryos were collected. The head of all the embryos were dissected
and placed in a fixating solution of 4% paraformaldehyde (PFA) for 24 hours. A tail sample
was taken for later genotyping. Fixed brains were immersed in a 30% sucrose solution with
0.3% sodium azide for one week to ensure cryoprotection. Following that, brains were fast

frozen in methyl-butane at -60°C and stored at -80°C.

2.3.1.2 Adult mouse perfusion
Postnatal day 40 and 60 (P40 and P60) mice were anesthetized using CO> and their thoracic
region was opened to expose the heart. Transcardiac perfusion of cold PBS was used to flush
the blood followed by 4% PFA to fix the tissues.Whole brain was dissected and stored in 4%
PFA solution for one hour. Once fixed, brains were placed in a 30% sucrose with 0.3% sodium

azide for 1 week and fast frozen in -60°C methyl butane.

2.3.2 Cryostat sectioning

Brains were transferred to a HM525X cryostat set at -28°C for 1 hour prior to sectioning.
Optimal cutting temperature (O.C.T.) compound (Fisher Scientific; 23-730-571) was used as
an embedding medium. Brains were sectioned coronally at a 20um thickness and mounted on

Superfrost Plus (Fisher Scientific, 22-037-246) microscope slides. Slides were stored at -20°C.
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2.3.3 Nissl staining

Cortical and hippocampal brain sections mounted on microscope slides were rehydrated
in a series of baths containing 95% ethanol for 10 min, 70% ethanol for 1min 50% ethanol for
one min and 2x water five min. The rehydrated sections were stained in a 0.25% cresyl violet
solution for 15 min and then washed twice with water for three mins. The stained slides were
then dehydrated in 50% ethanol two min, dip in 70% ethanol+0.5% acetic acid, 95% ethanol

for two min and xylene 30 min.

2.3.4 Volumetric analysis

Neuroanatomical studies were carried out using four AtrxEcKO mice (Emx1-cre) at 16-
weeks of age compared to four littermate WT animals. Mouse brain samples were fixed in 4%
buffered formalin for 48 hours, before paraffin embedding and sectioning at Sum thickness
using a sliding microtome (Microm HM 450). One sagittal section was defined, previously
described in Collins et al. 2018 [250], at lateral 0.60 mm, double-stained (Luxol Fast Blue for
myelin and Cresyl violet for neurons) and scanned at cell-level resolution using the
Nanozoomer whole-slide scanner 2.0HT C9600 series (Hamamatsu Photonics, Shizuoka,
Japan). A total of 40 brain morphological parameters, made of area and length measurements,
were taken blind to the genotype using scripted routines and manual segmentation on ImageJ.
These measurements included 22 brain parameters: 1) the total brain area; 2) the primary and
secondary motor cortices; 3) the pons; 4) the cerebellar area, the internal granular layer of the
cerebellum and the medial cerebellar nucleus; 5) the lateral ventricle; 6) the corpus callosum;
7) the thalamus; 8) the caudate putamen; 9) the hippocampus and its associated features; 10)
the fimbria of the hippocampus; 11) the anterior commissure; 12) the stria mEdUIlaris; 13) the

fornix; 14) the optic chiasm; 15) the hypothalamus; 16) the pontine nuclei; 17) the substantia
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nigra; 18) the fibers of the pons; 19) the granular retrosplenial cortex; 20) the dorsal subiculum;

21) the inferior colliculus; and 22) the superior colliculus.

2.3.5 Immunofluorescence staining

Microscope slides containing brain coronal sections were dried at room temperature for
one hour and washed three times for five minutes using PBS. Then, the slides were transferred
into a plastic staining jar containing the antigen retrieval solution (sodium citrate buffer). The
container was microwaved for 10 minutes (power level 1) and cooled down on the bench for
30 minutes. Brain sections were outlined using an immuno pen (Agilent, cat # s2002) and
washed once with PBS. Then, the sections were blocked using 10% horse serum for one hour
at room temperature. The antibody solution was prepared using the 10% horse serum and the
appropriate antibody dilution (Table 2.3). Following the blocking step, the antibody was added
on the slide overnight at 4°C. The following day, the slides were washed three times with PBS

and incubated with the secondary antibody (Table 2.4) for one hour at room temperature.
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Table 2.3: List of primary antibodies used for immunofluorescence staining

Antibody Host Dilution Company Catalog #
ATRX Rabbit 1:1000 Santa Cruz SC-15408
Calretinin Rabbit 1:400 Millipore AB5054
Ctip2 Rat 1:300 Abcam Ab18465
DCX Guinea pig 1:500 Millipore AB2253
MAG Mouse 1:500 Millipore MAB1567
Math2 Rabbit 1:300 Abcam Ab85824
NeuN Mouse 1:300 Millipore MAB377
Ntngl Mouse 1:50 Santa Cruz SC-271774
Ntng2 Rabbit 1:1000 Gift from Dr Shigeyoshi Itohara,

RIKEN Center for Brain Science
Pax6 Rabbit 1:200 BioLegend 901301
Prox1 Mouse 1:200 Millipore MAB5654
Satb2 Mouse 1:300 Abcam Ab51502
Tbrl Rabbit 1:100 Abcam Ab31940
Tbr2 Rabbit 1:200 Abcam Ab23345
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Table 2.4: List of secondary antibodies used for immunofluorescence staining

Antibody Host Dilution Company Catalog #
Alexa Fluor 488 | Mouse 1:500 Invitrogen A-21202
Alexa Fluor 488 | Rat 1:500 Jackson 712-545-150
Alexa Fluor 594 | Rabbit 1:500 Cederlane 711-585-152
Alexa Fluor 647 | Mouse 1:500 Invitrogen A-3571
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Following the three washes, DAPI was added to the slide (1:25 000 in PBS) for 15 minutes.

The slides were mounted using Dako (Agilent, cat # s3023) and sealed using nail polish.

2.3.6 Microscopy and image processing

Microscope slides with immunofluorescence staining were imaged using the widefield
upright Zeiss Axiolmager M2 microscope and the Zen imaging software. We used the z-stack
with extended focus module to capture all the layers of cells within the sample. The tiling option
was used to take wide field of view using the 20x objective. The tiles were than stitched to
generate an image. Next, the images were deconvoluted using the Autoquant software and

manually quantified using Image J (Fiji).

2.4 Protein and RNA

2.4.1 Protein extraction

Cortex and hippocampus were dissected and homogenized in RIPA buffer (50mM Tris-
HCI pH 7.5, 1% NP-40, 1% Triton-X-100, 150mM NaCl, 12mM Na-deoxycholate, 0.05%
sodium dodecyl sulfate (SDS), 2mM EDTA, 1mM DTT) containing a protease inhibitor
cocktail (Sigma cat# P8340) using a homogenizer. The lysates were incubated at 4°C for 30
minutes on a shaker and centrifuged at 12,000 rpm in a temperature-controlled centrifuge set at
4°C for 10 minutes. The supernatants were transferred to clean tubes and the protein
concentrations were determined using a Bio-Rad protein assay dye reagent (cat #5000006) and

a spectrometer to read absorbance at 595nm.
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2.4.2 Immunoblotting

Aliquots containing 20 mg of protein extracts were denatured in a heat block set at 92°C
for five minutes. Samples were loaded on 8% polyacrylamide gels and run for 90 minutes at 50
milliamps (mA) in SDS running buffer (25mM Tris-HCI, 192mM glycine and 0.1% SDS).
Next, the gels were transferred to polyvinylidene fluoride (PVDF) membranes at 100 volts for
90 minutes in transfer buffer (39mM glycine, 48mM Tris-HCI and 20% methanol). Antibody
solutions were prepared using 5% BSA and the appropriate antibody concentrations. The
membranes were probed with the primary antibody solution overnight at 4°C on a rocker. Upon
the removal of the primary antibody, the membranes were washed three times using TBS-T
(150 mM NacCl, 50mM Tris, pH 7.4, 0.05% Tween 20, pH 7.4) for five minutes at room
temperature. The HRP-conjugated secondary antibodies were added to the membrane at the
appropriate concentrations in 5% BSA and incubated for 1 hour at room temperature. The
secondary antibodies were removed and the membrane was washed 3 times with TBS-T.
Protein visualisation was done using the Clarity Western ECL Substrate (Bio-Rad, cat#
1705061) according to the manufacturers guidelines. The treated membranes were exposed to

X-ray films and developed.

2.4.3 RNA extraction

We dissected the hippocampi from P60 Atrx; Emx1-Cre mice and flash froze the tissue
using liquid nitrogen. We followed the RNA extraction protocol from Invitrogen. Briefly,
samples were transferred into clean tubes with 1ml of TRIzol, homogenized using a
homogenizer and incubated on ice for five minutes to permit complete lysis. We added 200pl
of chloroform to each tube, incubated them for two minutes and centrifuged for 15 minutes at

12 000 x g at 4°C. The aqueous phase was removed and transferred to a clean RNA-free tube.
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We precipitated the RNA by adding 500ul of isopropanol to the samples, incubated them for
10 minutes on ice and centrifuged them for 10 minutes at 12 000 x g at 4°C. We removed the
supernatant and resuspended the pellet with 1 ml of 75% ethanol and centrifuged for five
minutes at 7500 x g at 4°C. The supernatant was removed and the extra ethanol was allowed to
evaporate for 10 minutes on the bench. The RNA pellet was resuspended using 50ul of RNase-
free water and incubated in a heat block set at 55°C for 10 minutes. The concentration was

determined by using a nanodrop and samples were stored at -80°C.

2.4.4 cDNA synthesis

The collected RNA was treated using the Invitrogen™ DNA-free™ DNA Removal Kit
(Cat# 10729525). Briefly, 2 pg of RNA, 1 ul of DNase, 2 ul of 10x buffer and HPLC water
were mixed and incubated for 30 minutes at 37°C. The mix was centrifuged and the supernatant
was collected. The cDNA synthesis was done by mixing 15 pl of 500 ng of RNA with 1 pl of
random primers (300 ng/ul) and incubating at 70°C for 5 minutes. The reverse transcription
procEdUre was done using the RevertAid RT Reverse Transcription Kit (Thermofisher, cat#
K1691) according to the manufacturer’s protocol. In summary, 5 pl of 5x buffer, 0.6 ul of
RNase out, 1 pl of dNTPs (25 mM), 1 pl of reverse transcriptase and 1.4 ul of HPLC water
were added to the 16 pl mixture. Samples were incubated at 25°C for 5 minutes, followed by
42°C for 1 hour and lastly 70°C for 15 minutes. Samples were diluted 1:10 using HPLC water

and stored at -20°C.

2.4.5 Quantitative real-time PCR
A master mix was prepared using 17.5 ul of 2X SYBR green advantage gPCR Premix
(Clontech, cat# 639676), 11.9 ul of HPLC water, 3.5 pl of cDNA and 2.1 pl of the appropriate

primers (10 uM). Triplicates wells were loaded with 10 pl of master mix in a 96-well gPCR
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plate. Then, the plate was loaded on an Applied Biosystems 7500 Real-Time Fast PCR
thermocycler. The gRT-PCR was performed as follows: initial 5-minute hold at 50°C, followed
by 10 minutes of denaturation at 95°C, then 40 cycles of denaturation at 95°C for 15 seconds,
followed by annealing and extension at 60°C for 60 seconds. The relative mRNA levels were
calculated using the AACT method and normalized using the ribosomal 18S specific primers.

The primer list can be found in table 2.5.

2.4.6 Library preparation and sequencing

The RNA was extracted as previously described in section 2.4.3 and purified using the
ThermoFisher PureLink RNA Mini Kit (cat #12183018). We used four WT and four AtrxEcKO
P60 hippocampus samples that we sent for sequencing to Genome Quebec (Montréal). The
following section was performed by the sequencing facility. RNA concentration was
determined using a NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies, Inc.)
and the integrity of the RNA was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies). They generated the library using 250 ng of RNA and performed an mRNA
enrichment using the NEBNext Poly(A) Magnetic Isolation Module (New England BioLabs).
The cDNA synthesis was done using the NEBNext RNA First Strand Synthesis and NEBNext
Ultra Directional RNA Second Strand Synthesis Modules (New England BioLabs). The
following steps to the library preparation was done using the NEBNext Ultra 11 DNA Library
Prep Kit for Illumina (New England BioLabs). The library quantification was performed using
the Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies) and the Kapa Illumina GA
with Revised Primers-SYBR Fast Universal kit (Kapa Biosystems). The LabChip GX analyzer

(PerkinElmer) was used to determine the average fragment size.
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Table 2.5: List of primers used for gRT-PCR

Primer

Sequence (5’ to 3°)

Ntngl-forward

TTTGGGCTCAATCCATGATCG

Ntngl-reverse

TGTTGTTCCAGTCTTACACTCAC

Ntng2-forward

ATGGATAGCCGCCTTACATCA

Ntng2-reverse

CCCCAACCCTTCCCTATTTGTG

Neurog2- forward

AACTCCACGTCCCCATACAG

Neurog2-reverse

GAGGCGCATAACGATGCTTCT

Unc13c-forward

AGTTACCGAGTTGCTATCGCC

Uncl3c-reverse

GCTGCTCCTTAGCTCATTGAA

Ntn5-forward TGACCCTGCGTTTCTGCAC
Ntn5-reverse CGGCCTCTTACTCCAGTGG
m18S-forward AGTCCCTGCCCTTTGTACAC
m18S-reverse GATCCGAGGGCCTCACTAAAC
COUP-TF1-foward TCCCATCGAAACTCTCATCC
COUP-TF1-reverse AGTGGGCTGCTCTTGTTCC

CXCR4-foward

ATGGAACCGATCAGTGTGAGT

CXCR4-reverse

TGAAGTAGATGGTGGGCAGG
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The resulting library was normalized, denatured and diluted to 200 pM and neutralized with
hybridization (HT1) buffer Lastly, EXAMP was added and the clustering was performed on an
[llumina cBot. The flowcell was run on a HiSeq 4000 for 2x100 cycles (paired-end mode). We
used the HCS HD 3.4.0.38 as the Illumina control software and RTA v. 2.7.7 for the real-time
analysis. The bcl2fastq2 v2.18 program was used to demultiplex samples and generate fastq

reads.

2.4.7 Bioinformatic analysis

Transcript reads were quantified and mapped using Kallisto (v0.45.0) with the GRCm38
transcriptome reference and the -b 50 bootstrap option [251]. Then, we used Sleuth, which is
an R package, to construct general linear models for the log-transformed expression of each
gene across genotypes. The significant variables for each gene was tested using the Wald’s test
followed by the Benjamini-Hochberg false discovery rate method to adjust the p-values to g-
values. Significant genes were defined as genes with a g-value < 0.05 and the effect size (beta
coefficient of the regression model) cut-off of |b|>0.25 was also used for each data set. Also,
we performed Gene Ontology analysis on the differentially expressed genes (DEGS) using the

R package gProfileR and Disease Gene Ontology using DOSE [252].

2.6 Data collection and statistical analysis

The behaviour data was collected from different cohorts and comprising a minimum of
four independent experiments that resulted in n>15 for most genotypes. Data from independent
experimental cohorts were compared with each other to ensure consistency. All the statistical
analysis and graphs were generated using Graphpad Prism 8 software. Error bars on all graphs

represent Standard Error of Mean (SEM). We calculated the P-value between two groups using
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the two-tailed student’s t-test analysis. We used a one-way analysis of variance (ANOVA)
followed by the Tukey’s test for multiple comparisons when more than two groups were
compared. Lastly, two-way ANOVA along with a Tukey Post-hoc test was used when
comparing more than two groups with two variables. Statistical significance was determined by
a p-value of < 0.05. In graphs, asterisks were used to represent different p-value results (* p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

For the histological studies, multiple brain samples from independent litters were
collected. We used four different animals per genotype for the immunofluorescence staining.
Specific to the analysis of cortical layers, three different cortical regions were quantified per

mouse and averaged.
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Chapter 3: Characterization of the Bptf; Nestin-Cre mice
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3.1 Introduction and rationale

Mutation in the Bptf gene is associated with a neurodevelopmental disorder called
NEurodevelopmental Disorder with Dysmorphic Facies and distal Limb anomalies (NEDDFL)
[110]. NEDDFL patients exhibit various degrees of intellectual disability, motor deficits,

developmental delay and specific limb and facial characteristics.

Our lab has previously generated a conditional knockout mouse model, Bptf; Emx1-Cre,
to determine the effect of Bptf deletion in the brain [151]. These mice survive to adulthood but
were smaller in size when compared to WT animals. Interestingly, these mice had severe
cortical hypoplasia, prolonged cell cycle and increased cell death that ultimately led to reduced

neuronal output.

The mouse model we are using in this chapter is the Bptf; Nestin-Cre mice. Nestin, also
called neuroepithelial stem cell protein, is a type VI intermediate filament, which is a critical
component of the cytoskeleton. It is mainly expressed in the neural progenitors of the central
and peripheral nervous system [253]. We generated this model to enhance the coverage of Bptf
deletion in the neural system in comparison to the Emx1-Cre driver that targets only excitatory
neurons within the forebrain. Previously, a preliminary study conducted in our lab showed that
the Bptf knockout (Bptf NcKO) mice died embryonically or at birth on a pure C57BL/6
background. Knowing that the NEDDFL patients are heterozygous, we wanted to examine the

brain and behavioural phenotype of the heterozygous Bptf; Nestin-Cre mice.

While generating the Bptf; Nestin-Cre hetereozygotes, we noted that animals from all
genotypes were generated, including Bptf NcKO mice which were surviving past P0O. After

further investigation, we found that the offspring were no longer on a pure C57BL/6
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background but rather a mixed background of C57BL/6 and Sv129s. Therefore, we decided to

characterize both Bptf NcKO and Het mice.

3.2 Bptf NcKO mice survive to adulthood with major morphological brain defects

To generate the Bptf conditional knockout mouse, we used two mouse lines. First, we
used the Bptf mice, which have two loxp sites flanking exon 2 of the Bptf gene (Figure 3.1
A) [148]. In the presence of Cre recombinase, exon 2 is excised creating a frame shift that
results in a loss of function allele. We bred these mice to the second mouse line, Nestin-Cre*"
mice, where the expression of Cre recombinase is driven by the Nestin promoter. The
expression of Nestin begins at E7.75, which means that we are deleting the Bptf gene in the

early stages of neurodevelopment [235].

We wanted to test the viability of the mice, therefore we made a survival curve with the
WT, Het and Bptf NcKO mice (Figure 3.1 B). We monitored survival for 100 days because
NEDDFL is not a degenerative disease and the physical and biological manifestations of the
disease were predicted to remain constant over time. We found that we lost 27 of 43 Bptf NcKO
pups before weaning age and two between 40-50 days. 14 Bptf NcKO mice survived to the end
of the 100 day monitoring period. Interestingly, we only lost two Hets and one WT at postnatal
day 0 (P0). At the end of the experiment, we had 52 Hets and 36 WT animals. Although we
were able to get several Bptf NcKO mice past P21, Bptf deletion in neural progenitors leads to

a high mortality rate (67%; 29/43).
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Figure 3.1: Characterization of the Bptf; Nestin-Cre mice

A Schematic of the Bptf floxed allele and the Cre excised allele. B Survival curve showing the
percent survival of WT, Het and Bptf NcKO mice up to 100 days. Data represent means. n=37
(WT), n=54 (Het), n=43 (Bptf NcKO). C Bodies and D brains of P100 WT (left), Het (middle)
and Bptf NcKO (right) mice.
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Next, we visually compared the WT, Het and Bptf NcKO mice (Figure 3.1 C-D). We
noticed that the WT and Het mice were similar in size and the gross morphology of their brains
were comparable. On the other hand, Bptf NcKO mice were smaller compared to the WT
animals. Interestingly, we noticed that the Bptf NcKO mice had consistently a dirty coat
suggesting inefficient grooming and/or lack of grooming behaviour (Figure 3.1 C). This subject
will be further discussed in section 3.7. The next striking phenotype we observed in the Bptf
NcKO mice was the overall brain morphology. We noted that they had a smaller brain and,

most evidently, severe cortical hypoplasia (Figure 3.1D).

To better visualize the brain defects, we did a Nissl stain using brain sections of P90
animals. The first striking difference we observed was that the brains of BPTF NcKO mice
were half the size of the other two groups (Figure 3.2 A). Furthermore, the coronal section
allowed us to clearly see the cortical hypoplasia. We examined the hippocampus of the three
groups because NEDDFL patients have intellectual disability, which is mainly linked to this
brain region. We noted no change between the WT and Het mice (Figure 3.2 B). However, the

hippocampus of BPTF NcKO mice were indiscernible.

Taken together, we can conclude that Bptf deletion in neural progenitors causes severe

brain morphological defects and the death of 50% of the animals by the weaning age.
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Figure 3.2: Bptf NcKO mice have severe brain defects

Nissl stain was performed on P90 WT, Het and Bptf NcKO coronal sections. A Whole brain
coronal sections and B hippocampal regions are shown. Scale bars represent A 500um and B
300pm.



3.3 Bptf deletion in neuronal progenitors affects cortical lamination and hippocampal

formation

The significant brain morphological alterations we observed directed us to examine the
neocortical cell types and their laminar location. We performed IF staining on PO brain coronal
sections using Satb2, Ctip2 and Tbrl to label layer 11-1V, V and VI respectively (Figure 3.3).
The most noticeable effect of Bptf deletion was the thinning of the cortex. We quantified the
total number of cells using DAPI and did not find any significant change (WT: 406.4 cells +
25.56; Het: 412.7 cells £ 23.66; Bptf NcKO 346.9 cells + 22.60; n=3). However, we observed
that the cells were more densely packed and, sometimes, overlapped in the Bptf NcKO mice,

which suggested a migration defect.

To quantify the proportion of neurons expressing a laminar layer marker, we restricted
the counts to their respective layers and normalized them to the total number of cells. We found
no significant change in the percentage of Satb2+ cells in layer I1-VI (WT: 31.81% + 1.721;
Het: 31.16% + 1.550; Bptf NcKO 36.97% + 1.630; n=3). Interestingly, compared to the Het and
WT littermates the Bptf NcKO mice showed no clear distinction between the cells in layer V
and VI. Therefore, an approximation of the layers was made to quantify both Ctip2+ and Thrl+
cells. We found no significant change in the percentage of Ctip2+ cells in layer V (WT: 8.927%
+ 0.4984; Het: 9.025% = 0.4750; Bptf NcKO 6.700% * 0.7202; n=3). However, we observed a
significant reduction in the percentage of Thrl+ cells in layer VI (WT: 27.72% * 1.469; Het:
26.07% = 0.5150; Bptf NcKO 16.03% = 0.2307; n=3). It is important to note that almost all
Thbrl+ cells were also expressing Ctip2 in the Bptf NcKO mice. These results suggest that Bptf
NcKO mice do not have a lamination defect but rather a differentiation defect in cortical

progenitors.
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Figure 3.3: Bptf NcKO mice shows a thinner cortex and reduction in deep layer cells

A PO coronal sections were used to do immunofluorescence staining. Satb2 (cyan), CTIP2
(green) and Thbrl (red) were used to label layer 1I-1V, layer V and layer VI respectively.
Quantification of B Sath2, C CTIP2, D Tbrl and E DAPI. Scale bar, 50um. Data represent

means = SEM. n=3. ** p < 0.01, *** p < 0.001.
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In section 3.2, we showed that the hippocampus of P90 Bptf NcKO mice was missing.
Here, we wanted to determine whether they had a hippocampus at an earlier age and
characterize it. We performed IF staining on PO coronal sections using NeuN to label mature
neurons (Figure 3.4A). First, the general structure of the hippocampus was unchanged in the
WT and Het animals. Interestingly, Bptf NcKO mice did have a hippocampus. However, it was
significantly smaller and the organization of the mature neurons was altered. In fact, instead of
lining the outside border of the hippocampus, the mature neurons of BPTF NcKO mice were

scattered throughout the entire structure.

The analysis of the hippocampus was separated by subregions; CAl, CA3 and dentate
gyrus (DG). We began by counting the number of DAPI+ cells in each subregion and found a
significant decrease in all three sections of Bptf NcKO mice (WT: CA1 556.33 cells + 74.48,
CA3 679 cells + 99.035, DG 711.667 cells + 88.35; Het: CA1 cells 452.333 + 39.405, CA3 668
cells + 38.974, DG 669 cells + 52.205; Bptf NcKO: CA1 204.667 cells £ 12.454, CA3 238.667
cells + 37.356, DG 318.667 cells + 48.528; n=3) (Figure 3.4C). There was no change observed
in the Het animals. Next, we quantified the number of NeuN+ cells per subregion and
normalized it to the total number of cells within that subregion. We found a significant increase
in the percentage of NeuN+ cells in the CA1 and CAS3 region of Het mice and in CA1 of Bptf
NcKO mice (WT: CA117.267% + 2.43, CA3 37.443% + 2.521, DG 47.68% = 0.824; Het: CA1
37.973% £ 5.626, CA3 55.523% + 2.889, DG 31.253% = 4.755; Bptf NcKO: CA1 36.057 %=+

4.646, CA3 45.17% + 7.869, DG 43.947% + 6.864; n=3) (Figure 3.4B).
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Figure 3.4 Bptf NcKO mice show a smaller HPC and a reduction in mature neurons.

A PO coronal sections were used to do immunofluorescence staining using NeuN (green) and
DAPI (blue). CA1, CA3 and DG (outlined in white) of WT and Bptf NcKO are shown. B
Percentage of NeuN+ cells, C Number of DAPI+ cells and D Number of NeuN+ cells were
assessed. Scale bar, 100um. Data represent means + SEM. n=3. * p < 0.05, ** p < 0.01, *** p

<0.001, **** p < 0.0001.
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Furthermore, we wanted to include the number of NeuN+ cells per hippocampal regions to
show the striking difference in mature neurons (WT: CA1 99.667 cells + 24.768, CA3 258 cells
+ 48.748, DG 339 cells + 40.772; Het: CA1 169.667 cells £ 24.251, CA3 365.667 cells £
25.828, DG 211.333 cells £ 43.322; Bptf NcKO: CA1 74.667 cells £ 12.811, CA3 102.333 cells

+0.882, DG 134.333 cells £+ 2.333; n=3) (Figure 3.4D).

These results suggest that Bptf is required in cortical and hippocampal progenitors for

the proper expansion of the cortex and the development of the hippocampus.

3.4 Bptf NcKO mice display motor deficits

The severe cortical hypoplasia previously observed led us to hypothesize that Bptf
NcKO mice may have motor deficits since it appears that the motor cortex is affected. We
started a battery of behaviour tests to examine the motor behaviour including mobility, fatigue

resistance, coordination and overall locomotor activity.

The first test we performed was the Beam Break (BBK) assay. Here, the mouse is placed
in a stress-free home cage-like environment for 48 hours and its movements are recorded. We
found that Bptf NcKO mice had significantly more beam breaks throughout the 48-hour period
than the WT and Het mice (Figure 3.5 A). Interestingly, the total ambulatory time was not
changed across the 3 groups of mice (Figure 3.5 B). During the night, the total movement time
was significantly increased in the Bptf NcKO mice (Figure 3.5 C), which encompasses
ambulatory time and any other type of movements. Lastly, Bptf NcKO mice travelled more

distance at the beginning of the test and sporadically during the 48-hour period.
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Figure 3.5 Bptf NcKO mice have higher baseline activity level and show motor deficits.

A The number of beam breaks, B ambulatory time and C total movement were measured during
the beam break assay. The X axis represents the time of the day. The 12-hour light/dark cycle
is depicted as the yellow and grey rectangles, respectively. D The latency to fall and the E
distance traveled were measured during the rotarod test. The values plotted for each day are an
average of the 4 trials. Data represent means + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
****p <0.0001. n=17 (WT), n=20 (Het), n=5 (Bptf NcKO).

80



These results showed that Bptf NcKO mice have a higher activity baseline than the WT

and Het mice, which are not significantly different from one another.

The next test performed was the rotarod. The mouse needs to utilize its coordination and
endurance to stay on the rotating rod. Each mouse is tested four times a day on three consecutive
days. We found that Bptf NcKO mice were falling more quickly on day two and day three than
the WT and Het mice (WT: Dayl 197.705s + 9.255, Day2 211.471s + 13.237, Day3 199.838s
+ 10.236, n=17; Het: Dayl 192.375s + 8.446, Day2 211.675s *+ 10.591, Day3 217.563s +
10.898, n=20; Bptf NcKO: Day1 153.688s + 19.237, Day2 151.563s + 12.847, Day3 146.125s
+ 13.770, n=4) (Figure 3.5 D,E). Similarly, we found that Bptf NcKO mice travelled
approximately half of the distance of WT and Het mice (WT: Dayl 6028.138mm + 484.530,
Day2 69433mm + 696.048, Day3 6102.156mm + 511.698, n=16; Het: Dayl 5523.471mm +
387.809, Day2 6491.519mm £ 511.568, Day3 6840.738mm + 551.406, n=20; BPTF NcKO:
Dayl 32.537mm * 806.229, Day2 3474.767mm * 676.782, Day3 3472.493mm + 652.919,
n=4). These results suggest that Bptf NcKO mice have locomotor deficits when presented with

a complex motor function task.

The last motor function test we performed was the DigiGait. It uses red light reflection
to capture multiple paw-related data to analyze the gait of the animal. The first measurement
that interested us was the swing (Figure 3.6 A). It corresponds to the time the paw was not in

contact with the belt.
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Figure 3.6: Bptf NcKO mice have gait impairments.

A The swing, B brake, C brake stride, D propel, E braked stance, F propel stance, G stride

length and H stride frequency were measured during the DigiGait test. Each paw was processed

individually. Data represent means + SEM. * p < 0.05, ** p < 0.01, n=15 (WT), n=19 (Het),

n=9 (Bptf NcKO).
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We found that the right fore paw of Bptf NcKO mice spent significantly less time swinging
when compared to the WT and Het mice (WT: Left fore 0.118s + 0.003, Left hind 0.106s +
0.004, Right fore 0.119s £ 0.004, Right hind 0.102s + 0.003, n=15; Het: Left fore 0.120s +
0.004, Left hind 0.110s + 0.005, Right fore 0.121s + 0.003, Right hind 0.106s £ 0.003, n=19;
Bptf NcKO: Left fore 0.109s + 0.005, Left hind 0.097s + 0.005, Right fore 0.104s £+ 0.003, Right
hind 0.098s + 0.006, n=9). In agreement with this result, we found that the brake time, which
is the time between the initial paw contact with the belt to the maximum paw contact, was
significantly increased for both right fore and right hind paws in Bptf NcKO mice (WT: Left
fore 0.088s + 0.005, Left hind 0.044s £ 0.005, Right fore 0.075s + 0.005, Right hind 0.041s +
0.004, n=15; Het: Left fore 0.090s £ 0.006, Left hind 0.045s £ 0.004, Right fore 0.079s + 0.003,
Right hind 0.044s + 0.003, n=19; Bptf NcKO: Left fore 0.098s + 0.005, Left hind 0.051s +

0.003, Right fore 0.094s + 0.007, Right hind 0.058 + 0.004, n=9) (Figure 3.6 B).

When we analyzed the total stride, we found that the Bptf NcKO mice had a higher
percentage of the stride that was for the braking phase for both right fore and hind paws (WT:
Left fore 27.633% + 1.440, Left hind 13.767% + 1.397, Right fore 23.593% * 1.681, Right hind
13.140% + 1.300, n=15; Het: Left fore 28.453% + 1.927, Left hind 14.163% + 1.310, Right
fore 24.905% =+ 1.130, Right hind 13.721% + 1.052, n=19; Bptf NcKO: Left fore 33.011% =+
1.679, Left hind 17.111% + 1.288, Right fore 31.489% + 2.285, Right hind 19.378% + 1.132,

n=9) (Figure 3.6 C).

The next measurement that was interesting was the propulsion phase, which is the time
the paw was in maximum contact with the belt (Figure 3.6 D). We found that the right hind paw
of Bptf NcKO mice had significantly less propel time than the WT and Het mice (WT: Left fore

0.112s + 0.005, Left hind 0.169s + 0.005, Right fore 0.125s + 0.006, Right hind 0.172s + 0.004,
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n=15; Het: Left fore 0.109s + 0.006, Left hind 0.164s + 0.006, Right fore 0.120s + 0.005, Right
hind 0.170s = 0.006, n=19; Bptf NcKO: Left fore 0.090s + 0.007, Left hind 0.154s + 0.007,

Right fore 0.102s + 0.008, Right hind 0.142s + 0.006, n=9).

The next phase of the stride we analyzed was when the paw is in contact with the belt,
referred as stance (Figure 3.6 E-F). First, we analyzed the percentage of the stance phase when
the paw is in braking phase. The right fore and hind paws of Bptf NcKO mice had a significantly
higher braking stance percentage than WT and Het mice (WT: Left fore 43.993% =+ 2.436, Left
hind 20.433% + 1.888, Right fore 37.740% + 2.753, Right hind 19.220% + 1.691, n=15; Het:
Left fore 45.247% + 2.673, Left hind 21.663% + 2.040, Right fore 39.921% + 1.678, Right hind
20.553% = 1.583, n=19; Bptf NcKO: Left fore 52.422% + 2.246, Left hind 25.267% * 1.910,
Right fore 48.356% + 3.542, Right hind 29.044% =+ 1.768, n=9). Second, we investigated the
percentage of the stance phase when the paw was in propulsion phase. Once again, we found
that the right paws of Bptf NcKO mice had a lower percentage of propel stance (WT: Left fore
56.007% = 2.436, Left hind 79.567% * 1.888, Right fore 62.260% + 2.753, Right hind 80.787%
+1.693, n=15; Het: Left fore 54.753% £ 2.673, Left hind 78.337% = 2.040, Right fore 60.079%
+ 1.678, Right hind 79.447% + 1.583, n=19; Bptf NcKO: Left fore 47.578% + 2.246, Left hind

74.733% £ 1.910, Right fore 51.644% + 3.542, Right hind 70.956% + 1.768, n=9).

The last paw measurements we performed were the stride length and frequency (Figure
3.6 G-H). We observed a smaller stride length in Bptf NcKO left fore (WT: Left fore 5.740cm
+0.081, Left hind 5.753cm + 0.100, Right fore 5.740cm + 0.085, Right hind 5.693cm + 0.097,
n=15; Het: Left fore 5.737cm + 0.116, Left hind 5.742cm £ 0.104, Right fore 5.742cm + 0.111,
Right hind 5.758cm + 0.103, n=19; Bptf NcKO: Left fore 5.333cm £ 0.100, Left hind 5.433cm

+ 0.105, Right fore 5.411cm + 0.112, Right hind 5.389cm + 0.102, n=9). In agreement with
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that, we found a higher stride frequency in Bptf NcKO mice for the left fore and right hind paws
(WT: Left fore 3.133 steps/s = 0.040, Left hind 3.193 steps/s £ 0.056, Right fore 3.180 steps/s
+ 0.048, Right hind 3.240 steps/s = 0.051, n=15; Het: Left fore 3.174 steps/s £ 0.067, Left hind
3.205 steps/s + 0.065, Right fore 3.174 steps/s + 0.065, Right hind 3.174 steps/s + 0.058, n=19;
Bptf NcKO: Left fore 3.89 steps/s + 0.068, Left hind 3.356 steps/s + 0.063, Right fore 3.378

steps/s £ 0.074, Right hind 3.422 steps/s £ 0.057, n=9).

Taken together, we found that the Bptf NcKO mice have gait impairments. Their paws
spent more time in contact with the belt and less time swinging or in propulsion phase. This
suggests that the Bptf NcKO mice have a harder time swinging and moving their paws during
a stride. Furthermore, to keep up with the belt set speed, they make smaller strides and increase

their frequency.

3.5 Repetitive behaviours are observed in Bptf NcKO mice

In our battery of behaviour tests, we wanted to assess anxiety. First, we performed the
open field (OF) test (Figure 3.7 A-B). It is based on the mouse’s conflicted inclination to explore
a novel environment and its fear of brightly lit open spaces. First, we observed no change
between the WT and Het mice in their time spent in the centre (WT: 25.99s + 3.308, n=19; Het:
18.24s + 2.716, n=24), time spent in the four corners (WT: 272.7s = 13.44, n=19; Het: 294.9s
+ 8.187, n=24) and distance travelled (WT: 4071mm % 202.2, n=19; Het: 3997mm + 159.0,

n=24).
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Figure 3.7 Bptf NcKO mice have no anxiety phenotype.
A Time in the small centre, B Time in the 4 corners and C distance traveled were measured

during the OF test. D Representative tracking data of the mice for each genotype. E Time in the
open arm, F time in the closed arm and G distance traveled were measured during the EPM
test. H Representative tracking data for mice of each genotype. Data represent means + SEM.
**p<0.01, ***p<0.001, ****p<0.0001. n=17-19 (WT), n=20-24 (Het), n=5-9 (Bptf NcKO).
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In contrast, we noticed that the Bptf NcKO mice spent significantly less time in the centre of
the OF (BPTF NcKO 5.138s + 1.739, n=5), more time in the four corners (Bptf NcKO 399.3s
+ 20.90, n=5) and overall were moving more than the WT and Het mice (Bptf NcKO 5775mm
+ 664.1, n=5). Normally, these results would lead us to the conclusion that Bptf NcKO mice
have an anxiety phenotype. However, based on the mouse tracks during the test, we saw that
the Bptf NcKO mice were continuously running along the periphery of the OF arena in a tight
line, which is reminiscent of a stereotypical behaviour. Therefore, we decided to perform a
second test, the elevated plus maze (EPM), to assess the possible anxiety phenotype (Figure 3.7

C-D).

The EPM test is based on the notion that mice prefer dark closed places rather than
bright open places. In this paradigm, the mouse is conflicted by the desire of exploring the new
environment and the safety of the closed arm. We saw no change in the time spent in the open
arms (WT: 102.3s £ 14.56, n=16; Het: 130.0s £ 13.26, n=20; Bptf NcKO 135.6s £ 16.00, n=9)
and closed arms (WT: 408.8s £ 14.73, n=16; Het: 382.7s + 15.13, n=20; Bptf NcKO 421.3s +
14.95, n=9) across all the groups. However, the Bptf NcKO mice had an increased distance
travelled (WT: 2429mm + 99.57, n=16; Het: 2287mm % 91.75, n=20; Bptf NcKO 3551mm %

345.3, n=9), which was consistent with the previous test.

Thus, we concluded that the Bptf NcKO mice did not have an anxiety phenotype, but
rather experienced stereotypical movements that were further tested in later sections. Also, we

found no anxiety phenotype in Het mice.
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3.6 Bptf NcKO mice have learning and memory deficits

The first test we used to assess the learning and memory ability of our mice was the Morris
water maze (MWM). Here, the mouse needs to learn to find a hidden platform under the surface
of the water by using visual cues positioned on the walls of the testing room. For our protocol,
we trained the mice to locate the platform for seven consecutive days. On the eighth day (probe
day), the platform was removed and we calculated the time spent in the target quadrant. We
found that the WT and Het mice spent a comparable amount of time in the target quadrant (WT:
30.55s £ 2.560, n=19; Het: 29.18s + 2.501, n=24) (Figure 3.8A). However, the Bptf NcKO mice
spent significantly less time in the target quadrant when compared to the WT and Het mice
(BPTF NcKO 8.222s + 2.371, n=5). Also, we compared the distance traveled to verify that each
cohort of mice were swimming around and not just floating and we found no significant
difference (WT: 1314mm £ 87.23, n=19; Het: 1183mm % 78.05, n=24; Bptf NcKO 1131mm %
134.7, n=5) (Figure 3.8B). These results suggest that the Bptf NcKO mice were not impaired in

their ability to swim but did not learn the location of the hidden platform.

The second test we used to assess the learning and memory skills of the mice was the
cue and contextual fear conditioning. Here, an aversive stimulus, foot shock, is associated with
a neutral context and neutral tone. Following the training sessions, the neutral stimulus, context
or auditory cue, triggers the same behavioural reaction as would the aversive stimulus (Figure
3.8G). We measured the fear of the neutral stimulus by recording the mouse freezing time,
which is the typical mouse response in reaction to fear. On day one, we measured the percentage
of mobility time for six minutes to determine if there were any discrepancies between the groups
and we found no change (WT: 88.49% + 2.411, n=19; Het: 92.97% * 1.607, n=24; Bptf NcKO

95.89% = 2.133, n=5) (Figure 3.8D).
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Figure 3.8: Bptf NcKO mice have learning and memory deficits.

A Time spent in the target quadrant and B distance traveled were measured during the MWM
test. C Schematic of the MWM apparatus. The pool is separated into 4 quadrants and the hidden
platform is depicted as the red cross. D Percentage of mobility time on day 1, E percentage
freezing time on day 2 and F percentage of freezing time on day 3 were measured during the
fear conditioning test. G Schematic of the fear conditioning. On day 1, the mouse is trained to
associate a foot shock (yellow lightnings) with a tone (yellow bell)/environment. On day 2, the
mouse is assessed of whether they associated the foot shock with the environment. On day 3,
the environment is changed and the mouse is assessed to determine if they associated the cue
with the foot shock. Data represent means £ SEM. * p < 0.05, ** p < 0.01, *** p <0.001, ****
p <0.0001. n=19 (WT), n=24 (Het), n=5 (Bptf NcKO).
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This means that all the mice had a similar activity baseline during the training period. On day
two, we tested whether the mice made the association between the foot shock and the neutral
context, which was the surrounding environment, without the auditory tone. We found that the
WT and Het mice spent significantly more time freezing than the Bptf NcKO mice (WT:
57.45% + 5.801, n=19; Het: 59.75% * 6.006, n=24; BptfNcKO 13.93% + 4.790, n=5) (Figure
3.8E). This suggested that the WT and Het mice made the association between the aversive
stimulus and the neutral context but not the Bptf NcKO mice. On day three, we wanted to
determine if the mice associated the foot shock with the neutral auditory cue in the absence of
the familiar context. Here, the environment was completely changed; the shape of the cage, the
scent in the cage, the light parameters, surrounding sounds and the person administering the
test were modified. Pre cue, no change was observed in mice movements across all cohorts.
Following the cue, both WT and Het mice froze longer than Bptf NcKO mice (WT: Pre cue
12.161% + 2.120, Cue 52.464% + 6.768, n=19; Het: Pre cue 15.987% + 2.284, Cue 72.285% +
4.700, n=24) (Figure 3.8F). Interestingly, the tone triggered a minor freezing response in Bptf
NcKO mice, but it was significantly smaller to the WT and Het mice (Bptf NcKO: Pre cue
5.085% + 0.477, Cue 24.537% + 12.537, n=5). This suggested that only the WT and Het mice

associated the foot shock with the context and the tone.

In summary, Bptf NcKO mice were not able to use spatial cues to learn the location of
a hidden platform during the MWM test. Also, they were incapable to make the association
between an aversive stimulus with a neutral stimulus. Thus, BPTF NcKO mice have strong
learning and memory deficits. Interestingly, the Het mice displayed a comparable behaviour to
those of WT mice. Thus, we were not able to find any learning and memory deficits in Het

mice.
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3.7 Bptf NcKO mice show difficulty initiating conscious voluntary movements

All our mice were randomly group housed at weaning age. Interestingly, we noticed a
certain behaviour when Bptf NcKO mice were housed together without a WT or Het mouse in
the cage. Following a cage change, the nest material remained untouched. That led us to
question whether the Bptf NcKO mice exhibit the fundamental behaviour that a typical mouse

display.

First, we performed the nest building test to confirm our previous observation. Nest
building is a daily activity that is complex and considered a spontaneous behaviour. It requires
several coordinated actions including digging, carrying, fraying, sorting and fluffing of nest
material. For this test, we loaded each mouse in a clean cage, provided a square of nestlet
material and let them build their nest for 16 hours. Each nest was scored using specific criteria
(Table 2.2). The WT and Het mice were able to make at least a flat nest, which corresponded
to a score of 4, and in some cases would make a near perfect nest (WT: 4.313 £ 0.1983, n=16;
Het: 4.200 + 0.1170, n=20) (Figure 3.9 A-B). The Bptf NcKO mice did not even touch the
nestlet material (Bptf NcKO 1.000 + 0.000, n=9). These results showed that the Bptf NcKO
mice are incapable of building their own nest and did rely on other mice to build it in their home

cage.

Second, we wanted to assess the digging and burrowing ability, thus we chose the
marble burying test. In this paradigm, mice are presented with 20 glass marbles laying on top
of woodchip bedding. The number of buried marbles after 30 minutes is manually scored. The
WT mice fully buried seven marbles on average (Figure 3.9 C-D). The Het mice only buried
four and the Bptf NcKO mice did not bury any of the glass marbles (WT: 7.000 marbles +

0.8619, n=15; Het: 4.250 marbles + 0.8172, n=20; Bptf NcKO 0.000 marbles + 0.000, n=9).
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Figure 3.9: Bptf NcKO mice are lacking innate behaviour

A Nest score was given to the mice nestlet during the nest building test. B Representative image
of the nestlet of each genotype after the 16-hour period. C The number of buried marbles was
measured during the marble burying test. D Representative image of the marbles’ arrangement
following the 30-minute trial. E Latency to groom and F total grooming time were measured
during the splash test. Data represent means + SEM. ** p < 0.01, *** p < 0.001, **** p <
0.0001. n=16 (WT), n=20 (Het), n=9 (Bptf NcKO).
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Furthermore, we noticed that the WT and Het mice made substantial digging pits whereas none
of the Bptf NcKO mice dug. Based on the repetitive behaviour found in section 3.5, we expected

the Bptf NcKO mice to bury more marbles.

However, due to their motor deficits observed in section 3.4, it was fair to assume that
they would have difficulty digging since it is a complex movement and requires multiple

coordinated actions.

The final test we performed to examine the innate behaviour of our mice was the splash
test, also called the grooming test. Here, the mice are sprayed with a water solution on their
back and loaded into a clean cage placed in front of a camcorder for 10 minutes. The time spent
grooming and latency to first grooming session were manually scored. First, we observed that
Bptf NcKO mice spent significantly more time grooming than the WT and Het littermates (WT:
97.81s + 6.572, n=16; Het: 98.95s + 6.813, n=20; Bptf NcKO 155.1s + 16.30, n=9) (Figure
3.9F). Second, the latency to groom was also increased in the Bptf NcKO mice (WT: 49.27s +

5.860, n=16; Het: 60.55s + 8.283, n=20; Bptf NcKO 135.2s + 20.68, n=9) (Figure 3.9E).

Furthermore, we noticed that Bptf NcKO mice were unstable during grooming. They
easily lost their balance and had to lean against the wall of the cage for support. During the test,
the WT and Het mice dug, buried their nose in the bedding and were grooming. On the other
hand, Bptf NcKO mice were running around the periphery of the cage, similar to their behaviour
in the OF test. At the end of the 10-minute trial, both WT and Het animals were completely dry
but Bptf NcKO mice were still wet. Thus, Bptf NcKO mice had a longer and inefficient

grooming session.
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Taken together, these results suggest that Bptf NcKO mice have strong deficits in

initiating conscious voluntary movements, which are critical for innate behaviours.

3.8 Summary of Findings

We generated Bptf; Nestin-Cre mice to specifically delete the Bptf gene in neural
progenitors. We found that approximately 50% of Bptf NcKO mice survive past weaning age
and they had severe developmental deficits. They were overall smaller in size and had severe
brain malformations. We observed that a considerable portion of the cortex did not develop and
that their hippocampus was not noticeable by P90. Interestingly, we did not find any obvious

change in the heterozygous mice.

Next, we examined the cortical layers to determine whether there was any defect at a
cellular level. We found that the cortex of the Bptf NcKO mice were approximately 50% thinner
and that the number of deep layer neurons were significantly reduced. Also, we observed that

the cells within the cortex were more tightly packed than in the WT or Het mice.

At PO, Bptf NcKO animals had a small and unorganized hippocampus. Using DAPI
counts, we found that all the hippocampal regions in Bptf NcKO mice were significantly smaller
when compared to the WT and Het mice. Furthermore, the number of mature neurons in CA3

and DG were significantly reduced.

Subsequently, we wanted to characterize the behaviour of Bptf; Nestin-Cre mice. We
started by assessing the motor function using the BBK, RR and DigiGait. We found that Bptf
NcKO mice were breaking more beams during the BBK and that the total movement was
increased at certain points during the day. Since the ambulatory time was not significantly

different, we associated these increases to grooming behaviours. Moreover, we found that Bptf
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NcKO mice had a lower a latency to fall during the RR, which meant they had motor deficits.
During the DigiGait, we found that Bptf NcKO mice had gait impairments that translated into
a difficulty propelling their paws to initiate a stride, smaller stride length and increased stride

frequency. We found no abnormality in the Het mice in any of the motor function tests.

The next set of behaviour tests we performed was to assess the learning and memory
ability of our Bptf; Nestin-Cre mice. During the MWM, we found that Bptf NcKO mice were
unable to use the spatial cues to learn the location of the hidden platform following the 7-day
training period. Furthermore, they were incapable of associating an aversive stimulus to a
neutral stimulus during the FC test. They did not memorize that in a specific context or
environment they received a foot shock. Also, they did not learn that the auditory cue preceded
a foot shock. The Het mice did learn the location of the hidden platform and did make the
association of the aversive stimulus with the neutral stimulus. Thus, we can conclude that Bptf

NcKO mice have severe learning and memory deficits.

The last behavioral assessment we did was to examine the fundamental behaviour of the
Bptf; Nestin-Cre mice. We found that BptfNcKO mice were unable to build a nest, did not bury
any marbles, did not dig and had difficulties grooming themselves. These results suggest that
the Bptf NcKO mice have dyspraxia. Dyspraxia is defined as the partial loss of the ability to
plan, organize and coordinate movements [254]. Praxis deficits are most commonly found in
patients with strokes, neurodegenerative disorders and neurodevelopmental disorders including

autism spectrum disorders [255-257].
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Chapter 4: Characterization of mice ablated for Atrx in specific neuronal populations
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4.1 Introduction and rational

Mutations in the Atrx gene are the primary cause of the ATR-X syndrome and they are
also frequently found in patients with an autism spectrum disorder (ASD) diagnosis [258-260].
ASDs are characterized by impairments in social interactions and repetitive and stereotypical
behaviours. They can also include intellectual disabilities, hyperactivity and epilepsy [231].
Rett syndrome is classified as an ASD and shares common symptoms and features with the
ATR-X syndrome [261]. Furthermore, both syndromes are caused by mutations in genes
encoding chromatin-interacting proteins. Rett syndrome is associated with mutations in the
MECP2 gene, which encodes a nuclear protein that binds methylated DNA and is essential in

the reorganization of chromatin landscape.

Animal studies showed that Mecp2 removal in inhibitory neurons, using the Cre-driver
Viaat, recapitulates numerous features of Rett syndrome patients, and Mecp2 knockout mice
[237]. Interestingly, Mecp2 ablation in excitatory neurons (Vglut2-Cre) also showed specific
Rett syndrome characteristics that were very distinct from the ones found in the Mecp2;Viaat-
Cre mice [262]. Consequently, it is possible to tease out the contributions of the excitatory and

inhibitory neurons to the phenotype of Rett syndrome.

The lack of information surrounding the ATR-X syndrome and the implication of the
glutamatergic/GABAergic system in ASDs led us to hypothesize that alteration of the

equilibrium between these two systems play a role in the pathogenesis of ATR-X syndrome.
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4.2 Generation and initial characterization of Atrx; Vglut2-Cre and Atrx; Viaat-Cre mice

In this chapter, we used two conditional Atrx knockout (KO) mouse models to tease out
the contribution of the inhibitory and excitatory network to the ATR-X syndrome’s phenotype.
We used Atrx™™ mice, which have exon 18 flanked by two loxp sites. When Cre recombinase
is expressed, it results in the excision of exon 18 (as shown in Figure 4.1A), the inactivation of
the ATPase activity, and an overall reduction in Atrx transcript and protein levels [205]. The
first model used was the Atrx; Vglut2-Cre that we generated by crossing Atrx™™ mice to Vglut2-
IRES-Cre mice (Figure 4.1B). The second model used was the Atrx; Viaat-Cre that we obtained

by crossing Atrx™/

mice to Viaat-Cre mice (Figure 4.1C). Here, our goal was to compare Atrx;
Vglut2-Cre (AtrxVgKO) and Atrx; Viaat-Cre (AtrxVtKO) with WT littermates for any
differences in brain development. Since ATRX is an X-linked gene and mutations primarily
show phenotypes only in males, we chose to limit our analysis to male mice in this chapter. To
assess viability, we recorded the genotypes of all births from both mouse lines to discover that
the Mendelian ratios were skewed (Figure 4.1D). AtrxVtKO and AtrxVgKO mice should
represent 25% of all births. However, we observed a reduction of ~50% of conditional KO
(cKO) mice born. Of these mice, between 65 and 72% died at birth or embryonically. The cKO
pups that were alive at birth died within a few hours and we saw no obvious cause of death for

either mouse line. Due to the early lethality, all further characterization of these two transgenic

mouse lines was performed at PO.
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Figure 4.1: Characterization of Atrx;Vglut2-Cre and Atrx;Viaat-Cre mice

A Schematic of the Atrx floxed allele and the Cre excised allele. Breeding schemes of B
Atrx;Vglut2-Cre and C Atrx;Viaat-Cre mice. D Table showing the number of males that were
born alive and stillborn. *Pups only survived for a few hours. Body weight at PO for E

Atrx;Vglut2-Cre and F Atrx;Viaat-Cre mice. PO brains of G Atrx;Vglut2-Cre and H Atrx;Viaat-

Cre mice. Data represent means + SEM. n=10.
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We weighed the pups and found no significant differences in mass across all genotypes and
mouse lines (WT: 1.2g £ 0.02108; AtrxVgKO: 1.210g = 0.02322; n=11) (WT: 1.245g +
0.02473; AtrxVtKO: 1.245g + 0.02073; n=10) (Figure 4.1E-F). We dissected the PO brains of
WT, AtrxVgKO and AtrxVtKO mice and we saw no gross morphological difference between

the genotypes (Figure 4.1 G-H).

To confirm the proper expression of our Cre drivers, we crossed the Vglut2-Cre and the
Viaat-Cre lines to a tdtomato reporter mouse line, also called Ail4. When bred together, a stop
cassette preceding the reporter gene is excised allowing for expression of the fluorescent protein
as a marker of Cre+ cells. The vesicular glutamate transporter 2 (VGLUT2) is highly expressed
at embryonic and postnatal stages in the cortex and hippocampus [263, 264]. We found that the
tdtomato reporter was highly expressed in all cortical layers at PO (Figure 4.2A). Also, we saw
that it was strongly expressed in the hippocampus, which was consistent with previously
published data [262]. The vesicular inhibitory amino acid transporter (VIAAT) is widely
expressed in the central nervous system during embryogenesis [265]. We found that the
expression pattern of tdtomato in the cortex was sparse and consistent with the literature (Figure
4.2B) [237, 266]. We saw that it was highly expressed inside the hippocampus and at a lower
level at its periphery. We conclude that the two Cre lines are driving expression of Cre

recombinase in a pattern similar to the known endogenous expression for each gene.

Next, we used PO coronal sections and Nissl staining to visualize the hippocampus of
Atrx;Vglut2-Cre and Atrx;Viaat-Cre mice to determine whether they had morphological defects
(Figure 4.3). We noted that both Atrx\VVgKO and AtrxVVtKO mice had a hippocampus formation

and that the sub-regions, namely CA1, CA3 and DG, were also present.
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Figure 4.2: Expression of the tdtomato reporter in Vglut2-Cre and Viaat-Cre mice

PO coronal sections of A-B Tdtomato; Vglut2-Cre and C-D Tdtomato; Viaat-Cre mice stained
with DAPI (blue). A, C Cortex and B, D hippocampus are shown. Scale bar, 50um for cortex
and 200um for hippocampus.
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Figure 4.3: Atrx deletion in excitatory and inhibitory neurons does alter the gross

morphology of the hippocampus.
PO coronal sections of WT (top), AtrxVVgKO (middle) and AtrxVtKO (bottom) were used for

Nissl stain. CA1 and CA3 hippocampal regions were identified on each image. The dentate

gyrus (DG) was outlined in a dotted black line. Scale bar, 100um.
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We observed no gross structural differences in the hippocampus at PO in either mutant mouse

line.

In summary, we generated two mouse models to tease out the involvement of the
excitatory and inhibitory neurons in the phenotype of ATR-X syndrome. We found that both

AtrxVgKO and AtrxVtKO mice died at birth or shortly after birth with no apparent cause.

4.3 Cortical layer lamination is not affected by Atrx deletion in excitatory neurons

The first mouse model we examined was the Atrx; Vglut2-Cre mice. Although we did
not observe any obvious differences in brain size, we wanted to determine whether AtrxVgKO
mice had cortical abnormalities. We used PO coronal sections to perform IF staining using
Satb2, Ctip2 and Thbrl antibodies to label layer 11-V, V and VI neurons, respectively (Figure
4.4). We counted three identical regions within one side of the cortex from each animal (n=3
mice/genotype) to get an accurate representation. Each layer marker was quantified within its
own layer limits and normalized to the total number of cells. We did not find any change in
cortical thickness nor in total number of cells (WT: 557.3 cells £ 8.212; AtrxVVgKO 586.0 cells
+ 88.16; n=3). Furthermore, we did not find any difference in the percentage of Satb2+ (WT:
36.44% * 1.000; AtrxVgKO% 34.15 + 1.396; n=3), Ctip2+ (WT: 9.767% £ 0.6566; Atrx\VgKO
9.273% + 1.032; n=3) and Thrl+ cells (WT: 31.34% + 1.467; AtrxVVgKO 30.73% + 1.506;
n=3). We also noted that the signal of Tbrl in layer VI was fainter in Atrx\VgKO mice and that
there were cells strongly expressing Ctip2 in layer VI. This could be the result of cells not

switching the expression of Ctip2 for Tbrl in layer VI [28].
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Figure 4.4: Atrx deletion in excitatory neurons does not impact the cortical layers

A PO coronal sections were used for immunofluorescence staining. Satb2 (cyan), Ctip2 (green)
and Thbrl (red) antibody staining are shown with nuclei counterstained with DAPI (Blue) were
used to label layer 11-V, layer V and layer VI neurons, respectively. Quantification of marker
positive cells for B Satb2, C CTIP2, D Thrl and E DAPI. Scale bar, 50um. Data represent mean

+ SEM. n=3.
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These results suggest that Atrx deletion in excitatory neurons does not significantly
influence cortical lamination although some fate changes may be occurring given the reduced

expression level of Thrl and increased expression of Ctip2 within layer V1.

4.4 Atrx deletion in excitatory neurons leads to a reduction in mature neurons in some

hippocampal regions

As previously shown in section 4.2, the hippocampus of AtrxVgKO mice had
morphological defects. Briefly, we saw a shortened CA1 region and a thinner CA3 region. Here,
we determined whether the hippocampal neurons were affected by Atrx deletion in excitatory
neurons. We used IF staining to visualise and quantify the number of mature neurons in
different hippocampal regions, namely CA1, CA3 and DG (Figure 4.5). Firstly, we examined
the total number of cells in each region and we found no difference (WT: CA1 815.250 cells +
116.102, CA3 842.750 cells £ 39.926, DG 1292 cells £ 121.269; AtrxVgKO: CAl 797.500
cells £ 159.652, CA3 823.750 cells + 122.395, DG 968.250 cells + 165.853; n=4). Also, the
overall size of the hippocampi was comparable. Next, we quantified the number of mature
neurons using the NeuN marker. We found that the percentage of NeuN+ cells in CAl and CA3
were significantly reduced in Atrx\VgKO mice (WT: CA1 44.803% * 1.369, CA3 60.638% +
2.700, DG 70.973% =+ 3.269; AtrxVgKO: CAl 21.195% + 1.657, CA3 46.515% + 4.418, DG
64.615% + 2.597; n=4). In the CA3 region of Atrx\VVgKO mice, there was only a small line of
positive cells on the outside edge. However, the magnification of this region showed us that
multiple cells expressed the marker but had a fainter signal. We also saw this characteristic in

the CAL region.
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Figure 4.5: Atrx\VgKO mice have less neurons in some hippocampal regions

A PO coronal sections were immunostained for mature neurons using a NeuN (green) antibody
and nuclei were counterstained with DAPI (blue). B Magnified images of CAl, CA3 and DG
(white squares) of WT and AtrxVVgKO are shown. C Percentage of NeuN+ cells and D Number
of DAPI+ cells were assessed. Scale bar, 100um. Data represent means + SEM. n=4. ** p <
0.01, **** p < 0.0001.
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Interestingly, there was no effect of Atrx deletion in excitatory cells on the number of mature
neurons in the DG. These results were consistent with our previous observations (Figure 4.3

middle).

Lastly, we decided to examine the number of intermediate progenitors. We used PO
coronal sections that we stained using Thr2 (Figure 4.6A). We saw no difference in the overall
shape of the DG and location of the Tbr2+ cells. Upon quantification, we found no change in
the number of intermediate progenitors (WT: 210.3 cells = 8.090; Atrx\VVgKO: 212.0 cells =

11.59; n=4) (Figure 4.6B).

Taken together, these results suggested that Atrx was needed in glutamatergic cells to
generate mature neurons in CA1 and CA3 hippocampal regions. Since there is a similar number
of cells within those regions and that we can see a faint NeuN signal, it is possible that these
cells are taking longer to differentiate into mature neurons. Also, Atrx ablation in excitatory

cells did not impact the progenitor pool at PO.
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Figure 4.6: AtrxVgKO mice have normal number of intermediate progenitors in the DG

A IF staining was performed on PO coronal sections using a Tbr2 (red) antibody and
counterstained with DAPI (blue). DG (outlined in white) of WT and AtrxVVgKO are shown. B

Number of Thr2+ cells was assessed. Scale bar, 200um. Data represent means + SEM. n=4.
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4.5 AtrxVVtKO mice show no defect in cortical lamination

The following sections of this chapter were performed using the Atrx; Viaat-Cre mice.
Here, we wanted to determine the outcome of deleting Atrx in inhibitory neurons. We analyzed
the cortical layers using PO coronal brain sections. We did IF staining and labeled layer 11-V, V
and V1 using Satb2, Ctip2 and Tbrlantibodies, respectively (Figure 4.7). The quantification was
done as previously mentioned in section 4.3. We found no change in the percentage of Satb2+
(WT: 35.60% £ 2.329; AtrxVgKO 31.68% + 1.002; n=3), Ctip2+ (WT: 8.767% * 1.136;
AtrxVgKO 8.343% + 0.7831; n=3) and Thrl+ cells (WT: 28.57% + 2.768; Atrx\VVgKO 26.19%
+ 1.933; n=3) when we compared the WT to the AtrxVVtKO mice. Also, we found no difference
in the total number of cell nuclei (WT: 538.0 cells + 10.44; AtrxVVgKO 534.3 cells + 29.61,
n=3) and cortical thickness. Of note, we also compared the total number of cells of AtrxVtKO

with AtrxVVgKO mice and found no difference.

These results suggest that cortical lamination was not affected by Atrx deletion in

inhibitory neurons.
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Figure 4.7: AtrxVtKO have no cortical lamination defects

A PO coronal sections were used to perform immunofluorescence staining. Satb2 (cyan), CTIP2
(green) and Thbrl (red) were used to label layer 11-V, layer VV and layer VI respectively.
Quantification of B Sath2, C CTIP2, D Thrl, and E DAPI+ cells. Scale bar, 50um. Data

represent means £ SEM. n=3.
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4.6 AtrxVtKO mice have more mature neurons in the CA3 hippocampal region

Previous Atrx knockout mouse models have shown hippocampal defects [205]. Also,
Mecp?2 deletion in inhibitory neurons leads to hippocampal learning and memory impairments
[237]. Therefore, we examined the hippocampus of AtrxVtKO mice. We used PO coronal
sections to perform IF staining using the mature neuron marker NeuN, which was quantified in
each hippocampal region (Figure 4.8). First, we found no change in the total number of cells
(WT: CA1 559.250 cells + 62.324, CA3 636.750 cells = 94.491, DG 1060 cells + 123.544;
AtrxVtKO: CA1 539.500 cells £ 27.536, CA3 618.500 cells + 51.741, DG 1100.500 cells +
47.174; n=4). Interestingly, we found that the CA3 region had more mature neurons in
AtrxVtKO mice (WT: CAL 46.355% + 1.889, CA3 69.755% + 1.211, DG 67.050% =+ 3.727;
AtrxVtKO: CALl 44.978% + 3.794, CA3 85.768% + 2.132, DG 69.150% + 2.157; n=4),
Contrary to the phenotype observed in AtrxVVgKO, we saw no difference in the signal intensity

and location of NeuN-stained cells in AtrxVVtKO mice.

We continued the assessment of the hippocampus by assessing the number of
progenitors in the DG. We performed IF staining on PO coronal section using Pax6 and Thr2 to
label radial glial and intermediate progenitors respectively (Figure 4.9). We outlined the DG
and quantified the number of positive cells within the region of interest. We found that
AtrxVVtKO mice had more Pax6+ and Thr2+ cells in comparison to WT mice (Pax6: WT: 519.6
cells + 48.98; AtrxVtKO: 683.0 cells + 50.46; n=5) (Thr2: WT: 213.3 cells + 35.37; AtrxVtKO:
326.3 cells + 17.38; n=5). Furthermore, we noticed that the progenitors were aggregating at the

bottom blade of the DG.

Thus, Atrx deletion in inhibitory neurons caused an increase in the progenitor pool and

percentage of mature neurons in the CA3 region.
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Figure 4.8: Atrx\VVtKO mice have more mature neurons in CA3 region

A PO coronal sections were used to perform IF staining using NeuN (green) and DAPI (blue).
B Magnified images of CAl, CA3 and DG (white squares) of WT and AtrxVVtKO are shown.
C Percentage of NeuN+ cells and D Number of DAPI+ cells were assessed. Scale bar, 100um.

Data represent means + SEM. n=4. ** p < 0.01.
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Figure 4.9: AtrxVtKO mice have more progenitors in the hippocampus

PO coronal sections were used to perform IF staining using A Pax6 (red), C Tbr2 (red) and
DAPI (blue). The DG of WT and AtrxVtKO were outlined in white. B The number of Pax6+
cells and D Thr2+ were assessed. Scale bar, 100um. Data represent means + SEM. n=4. * p <
0.05.
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4.7 AtrxVtKO mice have defects in the dentate gyrus migratory path

The increase in progenitors observed in PO AtrxVtKO mice led us to examine the
formation of the DG through the DG migratory path. We injected pregnant females with EdU
at gestational day 16.5 and collected the embryos one hour later. The fixed embryos were than
sectioned and stained using Pax6 and EdU to label actively proliferating progenitors. The DG
migratory path was divided into three sections, namely Matrix 1, Matrix 2 and Matrix 3. We
quantified the percentage of Pax6+, EdU+ and double-labeled cells in each Matrix (Figure
4.10). First, we found that the percentage of Pax6+ cells in Matrix 1 and 2 were significantly
lower in AtrxVtKO mice (WT: M1 94.940% =+ 0.545, M2 60.800% + 2.188, M3 55.530% +
5.250; AtrxVtKO: M1 77.442% + 1.910, M2 40.368% + 1.445, M3 45.627% + 3.153; n=5)
(Figure 4.10B). We found no change in the percentage of EdU+ cells (WT: M1 35.895% =+
2.751, M2 11.505% + 1.527, M3 7.335% + 1.204; AtrxVtKO: M1 36.373% + 3.002, M2
11.562% + 0.739, M3 8.447% + 0.763; n=5) (Figure 4.10C). When we quantified the
percentage of Pax6/EdU double+ cells, we found no significant difference between the two
groups (WT: M1 92.593% + 1.620, M2 84.160% + 3.735, M3 70.893% + 3.545; AtrxVtKO:
M1 90.300% + 2.097, M2 85.102% + 2.210, M3 73.297% = 1.624; n=5) (Figure 4.10D).
However, due to the small number of cells in each Matrix, the percentage of double-labeled
cells was highly variable. Therefore, we plotted the number of Pax6+EdU+ cells (Figure 4.10E).
Interestingly, there was a two-fold increase in the number of Pax6+EdU+ cells in Matrix 2 of
AtrxVtKO mice (WT: M1 49.833 cells + 4.078, M2 23.667 cells £ 1.801, M3 9.167 cells =
1.579; AtrxVtKO: M1 51.667 cells + 5.090, M2 39.167 cells + 3.736, M3 13.000 cells + 1.461,
n=5). Furthermore, we noted that Matrix 2 was larger in AtrxVVtKO mice in comparison to the

WT.
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Figure 4.10: AtrxVVtKO mice have a less radial glia progenitors in Matrix 1 and 2

Pregnant females were injected with EdU one hour prior to embryo dissection. A E16.5 coronal
sections were used to perform IF staining using markers for Pax6 (red) and EdU (blue). The
location of magnified images of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown
as white squares. B Percentage of Pax6+ cells, C EdU+ cells and D double-labeled cells were
quantified. E The number of Pax6+EdU+ cells were assessed. Scale bar, 50pum. Data represent
means + SEM. n=5. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Next, we wanted to determine whether the intermediate progenitors were affected by
Atrx deletion in inhibitory neurons. We repeated the same experiment but used Thr2 to label
the intermediate progenitors (Figure 4.11). We found no change in the percentage of Thr2+
cells (WT: M1 35.904% + 5.667, M2 45.882% + 4.695, M3 46.140% = 4.209; AtrxVtKO: M1
43.620% £ 2.742, M2 54.190% * 4.211, M3 46.053% + 2.658; n=5) (Figure 4.11B). Consistent
with our previous findings, we showed no difference in the percentage of EAU+ cells (WT: M1
36.774% £ 2.535, M2 11.300% * 1.491, M3 6.654% + 1.401; AtrxVtKO: M1 41.258% + 3.477,
M2 12.165% + 1.556, M3 8.195% * 1.062; n=5) (Figure 4.11C). The percentage of double-
labeled cells were similar in WT and AtrxVtKO mice (WT: M1 26.740% * 9.819, M2 48.428%
+ 3.029, M3 39.078% + 4.928; AtrxVtKO: M1 38.678% * 6.691, M2 51.527% + 5.808, M3
42.385% =* 4.292; n=5) (Figure 4.11D). A high variability in the percentage of double-labeled
cells between samples was observed due to the overall low number of Thr2+EdU+ cells. Thus,
we plotted the number of double-labeled cells and we found that AtrxVVtKO mice had twice the
quantity or number (WT: M1 7.750 cells £ 3.351, M2 6.800 cells + 0.800, M3 5.000 cells +
1.378; AtrxVtKO: M1 11.167 cells + 1.721, M2 12.800 cells £+ 1.158, M3 4.333 cells + 1.116;

n=5) (Figure 4.11E).

Taken together, Atrx deletion in inhibitory neurons lead to an increase of proliferating
radial glia progenitors in Matrix 1 and 2 and intermediate progenitors in Matrix 2. At E16.5,
Matrix 3 is not affected by Atrx removal. This increase in progenitor cells at E16.5 could

account for the increase in progenitor cells observed at PO (Figure 4.9).
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Figure 4.11: AtrxVVtKO mice have more Thr2+EdU+ cells in Matrix 2

Pregnant females were injected with EdU 1 hour prior to embryo dissection. A E16.5 coronal
sections were used to perform IF staining using markers for Tbr2 (red) and EdU (blue). The
location of magnified images of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown
as white squares. B Percentage of Thr2+ cells, C EdU+ cells and D double-labeled cells were
quantified. E The number of Thr2+EdU+ cells were assessed. Scale bar, 50um. Data represent
means £ SEM. n=5. * p < 0.05.

127



4.8 Summary of Findings

In summary, we generated two mouse models to examine whether altering the
equilibrium between the glutamatergic and GABAergic neurons recreates the pathogenesis of
ATR-X syndrome. We used the Atrx; Vglut2-Cre to target Atrx loss in the excitatory neurons
and Atrx; Viaat-Cre for Atrx excision in the inhibitory neurons. Upon breeding these two mouse
lines, we found that both KOs were dying embryonically or at early postnatal ages. We saw no
obvious cause of death for either AtrxVgKO or AtrxVtKO mice. Although the gross
morphology of the whole brains was not different from WT mice, we found that both

AtrxVgKO and AtrxVtKO mice had morphological defects in the hippocampus.

Surprisingly, we found no change in the cortical thickness and lamination of Atrx\VgKO
and AtrVtKO mice as was observed in other Atrx cKO mutants [205]. We examined the
hippocampus of Atrx\VgKO mice and found that the CA1 and CAS3 regions had a reduction in
mature neurons. Interestingly, the total number of cells in all the hippocampal regions were
unchanged, indicating that further studies are required to define the fate of these cells.
Furthermore, we found no difference in the number of intermediate progenitors in the DG of

AtrxVgKO mice.

The hippocampal analysis of AtrxVtKO mice revealed an increase in the number of
mature neurons in the CA3 region. We quantified the number of progenitors in the DG at PO
and found that both radial glial and intermediate progenitors were increased. However, the
overall number of DG cells were unchanged. Further work is required to identify the cell type
that is reduced in the DG. Next, we wanted to determine whether the defect originated from the
proliferation or migration of progenitors in the dentate gyrus migratory path. We found less

radial glial progenitors in Matrix 1 and 2 and the percentage of Pax6+EdU+ cells in Matrix 2
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was significantly lower in AtrxVtKO mice. Although we found no change in the intermediate
progenitors, we found that the percentage or EdU+Tbr2+ cells in Matrix 2 was higher in

AtrxVVtKO mice.
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Chapter 5: Characterization of the forebrain-specific Atrx knockout mouse
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5.1 Introduction and rational

Over the years, multiple Atrx mutant models have been generated to elucidate the
function of Atrx in various contexts. Biochemical studies and characterization of Atrx-null mice
have shown it is critical for the expansion of the neuroprogenitor pool [205]. Studies in the
retina identified a post-mitotic role for Atrx as bipolar neurons show impaired axonal targeting
and non-cell-autonomous effects on the survival of interconnected neurons [211]. Recently,
Atrx inactivation in forebrain pyramidal neurons showed synaptic ultrastructural defects and
male-specific memory deficits [213]. While these studies have helped clarify Atrx function,

individually they do not represent strong models of the ATR-X syndrome.

Global and forebrain-specific deletion of Atrx as well as excitatory and inhibitory
neurons cKOs resulted in embryonic and early postnatal lethality [205] (see Chapter 4),
precluding the study of ATRX in postmitotic cells. To avoid this limitation, we generated a
conditional Atrx knockout using the Emx1-Cre transgenic mouse line. Previous studies using
Emx1-Cre driver showed milder progenitor expansion deficits with other chromatin remodeler
knockouts, while maintaining widespread activity in developing excitatory neurons of the
cortex and hippocampus. Here, we dissected the function of Atrx in the developing brain to
provide a better understanding of the development of intellectual disabilities in ATR-X

syndrome.

5.2 Generation and initial characterization of Atrx; Emx1-Cre mice

fl/fl

We generated the Atrx; Emx1-Cre mice by breeding the Atrx™" mice with the Emx1-Cre

fl/fl

mice. The Atrx™" mice have two loxp sites flanking exon 18 of the Atrx gene, which correspond

to the first of the 7 SNF2-like motifs of the ATPase domain (Figure 5.1A) [152, 205].
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Figure 5.1: Characterization of Atrx; Emx1-Cre mice
A Schematic of the Atrx floxed allele and the Cre excised allele. B P60 coronal sections were

used to do IF staining using Atrx (red) and DAPI (blue). C Atrx levels were assessed from

cortical protein lysates by western blot analysis and D quantified. Scale bar, 200um. Data

represent means £ SEM. n=4. ** p < 0.01.
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In the presence of Cre recombinase, the excision of exon 18 removes the ATP-binding pocket
rendering the ATPase domain inactive. Also, it creates a reading frame shift leading to an
unstable transcript that presumably undergoes nonsense mediated decay. We bred the Atrx™
mice to the second mouse line, Emx1-Cre*"- mice, where the expression of Cre recombinase is
driven by the Emx1 promoter. We chose this forebrain-specific promoter due to its later
expression (E10.5) [238], in comparison to Foxgl (E8.5) [267] and Nestin (E7.5) Cre driver
lines [235], to potentially avoid inactivation of Atrx during peak progenitor proliferation that
would result in perinatal lethality. We successfully generated a viable mouse line and confirmed
the deletion of Atrx in AtrxEcKO male mice using immunofluorescence staining (Figure 5.1B).
All studies compared male mice of WT and AtrxEcKO genotypes. We used P60 coronal
sections of WT and AtrxEcKO hippocampi and we observed a striking reduction in Atrx
expression in AtrxECKO mice. Also, we extracted proteins from P60 cortices to quantify protein
levels using immunoblotting (Figure 5.1C-D). We found that the Atrx levels in AtrxEcKO mice
were significantly reduced in comparison to the WT (WT: 0.5106 + 0.009; AtrxEcKO 0.04564
+ 0.02263; n=4). Next, we compared the body weight of AtrxEcKO mice to WT mice at PO and
found no significant difference (WT: 1.450g £ 0.05; AtrxEcKO 1.333g + 0.08; n=10) (Figure
5.2A). We also did the comparison at P90 and found that AtrxEcCKO mice are smaller than the
WT mice (WT: 28.57g + 0.5112; AtrxEcKO 23.76g + 0.5686; n=10) (Figure 5.2B-C). We
found that the brain width of AtrxEcCKO mice at P90 was significantly smaller than the WT
(WT: 10.71mm % 0.08544; AtrxEcKO 9.390mm % 0.0100; n=10) (Figure 5.2D). We sectioned

the brains of both genotypes sagittally and observed that the size of the hippocampus was

reduced in AtrxECKO mice (Figure 5.2E dotted line).
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Figure 5.2: Morphology analysis of AtrxEcKO mice

The body weight of WT and AtrxEcKO mice was measured at A PO and B P90. C Picture of
P90 WT (left) and AtrxEcKO (right) mice. D Brain width was measured on P90 brains. E P90

sagittal sections exposing the hippocampus (dotted lines). Data represent means £ SEM. n=10.
*** n <0.001, **** p < 0.0001.
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Figure 5.3: AtrxEcKO mice have severe structural defects in the hippocampus

Nissl stain was performed on P40 WT (left) and AtrxEcKO (right) coronal sections.

Hippocampal regions (CA1, CA3 and dentate gyrus (DG)) are shown. Scale bars represent
300pum.
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Subsequently, we performed a Nissl stain using brain sections of P40 animals to better
visualize the hippocampi (Figure 5.3). We noted that AtrxECKO mice had a striking reduction
in the overall size of the hippocampus in comparison to the WT mice and we observed a
reduction in the length of the DG. Thus, forebrain-specific Atrx ablation leads to structural

defects in the hippocampus.

We collaborated with Dr. Binnaz Yalcin from the University of Bourgogne in France to
perform a volumetric analysis to confirm the reduction of the hippocampus and examine other
brain areas (Figure 5.4). Briefly, we extracted, fixed and sectioned the brains of 16-week old
WT and AtrxEcKO mice. The sagittal sections were double-stained using Luxol fast blue to
label myelin and Cresyl violet for neurons. Lastly, images were taken at the cell-level resolution
and analyzed through Image J. First, the total brain area, brain height and brain width were not
significantly different in AtrxECKO mice in comparison to the WT mice (Figure 5.4A). The
area of the temporal cortex was larger and the length of the secondary motor cortex was smaller
in AtrxEcKO mice. Further, we confirmed that the area of the hippocampus was significantly
reduced in AtrxEcKO as well as other hippocampus parameters such as the area and length of
the pyramidal layer, and area and length of the granule layer of the DG (Figure 5.4B-C). We
also found that the area of the stria medullaris and the anterior commissure were significantly
increased in the AtrxEcKO brains. These regions are white matter tracks that relay information
from the forebrain, more specifically the frontal, septal, striatal and hypothalamic areas, to the
habenula, which is crucial for integrating motor, cognitive, emotional and sensory processing

[268-270].
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Figure 5.4: Neuroanatomical analysis of AtrxEcKO mice

WT and AtrxEcKO brains sections from 16-week old mice were stained using Luxol fast blue
and Cresyl violet. A Schematic showing the sagittal section separated into 22 regions. Each
analyzed parameter is shown as a percentage of the WT on the graph. B Sagittal sections of WT
(top) and AtrxEcKO (bottom) showing the hippocampus (HP), stria medullaris (sm) and
anterior commissure (aca). C Magnification of the hippocampus of WT (left) and AtrxEcKO
(right) mice. D List of the 40 brain morphological parameters that were measured. Scale bars
represent B 0.1cm and C 0.04cm.
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Taken together, Atrx deletion in the forebrain causes severe morphological defects of
the hippocampus and affects the tracks that relay and process critical information to different

brain regions.

Lastly, previous Atrx conditional KO mouse models showed a reduction in cortical
thickness associated with a disruption of the cortical layers [205]. Here, we wanted to determine
whether this phenotype was present in AtrxECKO mice. We performed IF staining on PO
coronal sections of WT and AtrxEcKO mice using Sath2, Ctip2 and Tbrl to label layer 1I-111,
layer IV and layer VI, respectively (Figure 5.5A). We found no significant difference in the
percentage of Satb2+ cells (WT: 28.22% + 2.327; AtrxEcKO 27.58% + 1.855; n=4) (Figure
5.5B). We quantified the percentage of Ctip2+ cells and found a ~5% increase in AtrxEcKO
mice (WT: 10.90% + 0.5485; AtrxECKO 15.27% =+ 0.9427; n=4) (Figure 5.5C). The Ctip2+
cells of AtrxEcKO mice located near the layer VI delimitation appeared smaller in size
compared to the Ctip2 population located near layer Ill. Furthermore, these positive cells
expressed both the Ctip2 and Tbhrl markers. We did not observe any change in the percentage
of Thrl+ cells (WT: 30.49% + 1.219; AtrxEcKO 26.84% * 1.661; n=4) (Figure 5.5D) and total
number of cells (WT: 522.5 cells = 37.53; AtrxEcKO 470.4 cells + 25.85; n=4) (Figure 5.5E).
Thus, Atrx deletion using the Emx1 Cre driver does not affect the cortical thickness but rather

increases the layer VI population.
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Figure 5.5: AtrxEcKO mice have more Ctip2+ cells

A PO coronal sections were used to do immunofluorescence staining. Satb2 (blue), Ctip2
(green) and Thbrl (red) were used to label layer 1I-1V, layer V and layer VI respectively.
Quantification of B Satb2, C Ctip2, D Tbrl and E DAPI are shown. Scale bar, 50um. Data

represent means + SEM. n=3. * p < 0.05.
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5.3 AtrxEcKO mice have myelination defects

A study used MRI and CT scans of ATR-X patients to classify their brain defects. They
found white matter abnormalities and myelination defects [217]. They concluded that ATRX is
involved in the myelination process. Another study reported partial or complete agenesis of the
corpus callosum in ATR-X syndrome patients [226]. Coupled with the reduced size of some
white matter tracts observed in the mice, we wanted to determine whether AtrxECKO mice have
myelin-related defects. We performed IF staining on P60 mice using the Myelin Associated
Glycoprotein (MAG) marker to look at the myelin in the corpus callosum (CC). We measured
the thickness of the rostral, medial and caudal CC (Figure 5.6). We found no change in the
thickness of the rostral portion of the CC (WT: 400.5um + 39.35; AtrxEcCKO 392.7um + 13.42;
n=3) (Figure 5.6). However, we observed a significant reduction in the thickness of the medial
CC (WT: 296.1um * 1.665; AtrxEcKO 193.0um + 14.00; n=3) (Figure 5.6) and the caudal CC
(WT: 200.7um £ 6.128; AtrxEcKO 159.8um + 5.299; n=3) (Figure 5.6). Interestingly, we noted

that the density of the MAG+ fibers was reduced.

Next, we wanted to determine whether the myelination defects previously observed
could be attributed to defects in the oligodendrocyte population. We used P60 coronal sections
and performed IF staining. We used Olig2 to label the oligodendrocyte lineage and the myelin-
producing oligodendrocytes were identified by their expression of Olig2 and CC1 (Figure
5.7A). We found a reduction in the total number of oligodendrocytes in the CC of AtrxEcKO
mice (WT: 16.28 cells/10,000um? + 0.1852; AtrxECKO 11.27 cells/10,000um? + 1.440; n=3)

(Figure 5.7B).
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Figure 5.6: Myelination defects are observed in AtrxEcKO mice
A P60 coronal sections of WT (top) and AtrxEcKO (bottom) were stained using MAG (green)
and DAPI (blue). The thickness of the B rostral, C medial and D caudal CC were measured.

Magnification of the E corpus callosum (CC) and F medial septal nuclei (MSN) are shown.

Scale represent A 500pm, E 200pm and F 100pum. Data represent means = SEM. n=4. * p <
0.05.
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Figure 5.7: Altered number of oligodendrocyte lineage and mature cells in the CC of

AtrxEcKO mice
A Corpus callosum of P60 WT and AtrxEcKO mice were stained using the Olig2 (red) and Ccl

(blue) antibodies. B Quantification of total oligodendrocytes per 10, 000um2. C Quantification

of mature oligodendrocytes per 10, 000um?. Data represent means + SEM. n=4. * p < 0.05.
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Also, we observed a significant reduction in the number of double-labeled cells in AtrxECKO
mice (WT: 15.38 cells/10,000um? + 0.2048; AtrxEcKO 10.35 cells/10,000um? + 1.315; n=3)
(Figure 5.7C). Interestingly, we noticed a qualitative difference in the Ccl labeling on the
oligodendrocytes in AtrxEcKO mice (Figure 5.7A). In the WT, Ccl is located all around the
nucleus and extends on both sides whereas in the AtrxEcKO mice, Ccl is restricted to a small

area surrounding the nucleus.

Lastly, we wanted to determine whether ATRX was expressed in myelin-producing
oligodendrocytes. We used P60 coronal sections and stained them using Atrx and Ccl (Figure
5.8). We noticed that ATRX was not expressed in the CC of the WT and AtrxEcKO animals
(Figure 5.8A, B). Therefore, we looked at the cortex and showed that ATRX was not expressed
in oligodendrocytes (Figure 5.8C-D), suggesting a non-cell autonomous effect. Another
explanation could be that since the white track is thinner, it requires less oligodendrocytes to
myelinate the axons. Therefore, it would be a direct consequence of losing Atrx rather than a

non-cell autonomous effect.
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Figure 5.8: ATRX is not expressed in oligodendrocytes
P60 coronal sections of A, C WT and B, D AtrxEcKO mice were stained using the ATRX (red)
and Ccl (blue). A-B Corpus callosum (CC) and C-D cortex are shown. Scale represent 100um.
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5.4 AtrxEcKO mice have hyperactivity and seizure-like episodes

Next, we characterized the behaviour of AtrxECKO mice to determine whether they
harbored the key features of ATR-X syndrome. We evaluated the spontaneous activity using
the BBK assay (Figure 5.9). In this test, the mouse is allowed to freely move in a home cage-
like environment for 48 hours while its movements are recorded. We found that AtrxEcKO
mice had significantly more beam breaks around 7am on both days (Figure 5.9A). This period
correlated with the transition from dark to light in the 12-hour light cycle. Interestingly, the
ambulatory time and the total movement were unchanged during the day and night (Figure
5.9B-C). Lastly, we found that AtrxECKO mice travelled more distance at the beginning of the
test and it took two hours for them to habituate to the new environment. The increased
movement during the habituation period was also observed during the NOR test. Interestingly,
this test takes place in a homecage environment under dark-light conditions, thus a stress-free
environment. Using a heatmap that tracked the mouse’s movements, we observed that the
AtrxEcKO mice were significantly more active than the WT mice (Figure 5.9D). Also, we
quantified the distance traveled during the habituation period and found that it was significantly
higher in AtrxEcKO mice (WT: 1550 cm + 137.8, n=21; AtrxEcKO 3541 cm + 290.0; n=19)

compared to WT littermates (Figure 5.9E).

Next, we investigated the spikes of movement seen during the BBK assay. We used the
Phenotyper box to record the mice for 72 hours. This apparatus provides a home cage-like
environment for video tracking research experiments. We observed seizure-like episodes in

AtrxEcKO mice and the hyperactive phenotype previously described.
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Figure 5.9: AtrxEcKO mice display a hyperactivity phenotype

A The number of beam breaks, B ambulatory time and C total movement were measured during
the beam break assay. The X axis represents the time of the day. The 12-hour light/dark cycle
is depicted as the yellow and grey rectangles, respectively. Total movement during the novel
object recognition test is shown in a D heat map and E graph. Data represent means + SEM. *
p <0.05, ** p <0.01, *** p <0.001, **** p < 0.0001. n=10 (WT), n=10 (AtrxEcKO) for BBK
and n=21 (WT), n=19 (AtrxEcKO) for NOR.
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We found that AtrxECKO mice experienced ~five seizure-like events during the 72-hour
observational period whereas none of the WT experienced seizure-like episodes (WT: 0 seizure
+0.000, n=10; AtrxEcKO 4.667 seizures + 0.6667; n=10) (Figure 5.10A). The majority of these
events presented themselves as absence seizures while a few of them resembled mild
tonic/clonic seizures. Furthermore, the total distance traveled over 72-hours was significantly
higher in AtrxEcKO mice in comparison to the WT mice (WT: 115 049 cm + 12 043, n=10;

AtrxEcKO 447 264 cm + 56 942; n=10) (Figure 5.10B).

Lastly, repetitive behaviours have been documented in ATR-X syndrome patients. An
equivalent behaviour in mice would be excessive grooming, so we examined grooming
behaviours in WT and AtrxEcKO mice [226]. In this way, we observed abnormal grooming
behaviour while the mice were singly housed during the behaviour tests. To quantify the
grooming behaviour, we recorded the percentage of WT and AtrxEcKO mice with healthy coat,
missing fur, open wounds and end-point wounds (Figure 5.11). We noted that only 25% of
AtrxECKO mice had a healthy coat. Interestingly, 40% of total AtrxEcCKO mice had missing
fur, 22% had open wounds and 15% had end-point wounds. This excessive grooming behaviour

was also observed in other mouse models of neurodevelopmental disorders [271, 272].

Taken together, these results showed that AtrxECKO mice had a hyperactivity
phenotype that was observed in three independent tests. Unfortunately, it prevented the
assessment of the learning/memory function since the majority of the behaviour tests are based
on the movement of the animal. We also detected seizure-like events and excessive grooming

behaviour in our ATR-X syndrome model, both features of ATR-X patients.
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Figure 5.10: AtrxEcKO mice display episodic seizure-like events and present a

hyperactive behaviour

A The number of seizure-like episodes for 72 hours and B total distance traveled were assessed
during the Phenotyper box. Data represent means = SEM. * p < 0.05, ** p < 0.01, *** p <
0.001, **** p <0.0001. n=10 (WT), n=10 (AtrxEcKO).
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Figure 5.11: AtrxEcKO mice have excessive grooming behaviours

Each mouse was classified in a category based on the state of its coat; healthy coat, missing fur,
open wounds and endpoint. Percentage of WT and AtrxEcKO mice are shown. n=35 (WT),
n=32 (AtrxEcKO).
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5.5 Transcriptional dysregulation of AtrxEcKO hippocampus

To gain insights on the potential genes causing the hippocampal defects, we performed
an RNA-sequencing experiment. We extracted RNA from P60 hippocampus of WT and
AtrxEcCKO mice and purified it. Then, the isolated RNA was sent to Genome Quebec for bulk
RNA sequencing. We found 1373 differentially expressed transcripts in our AtrxEcKO
hippocampus samples (log2FC + 0.25, gval < 0.05). Out of those, 656 were upregulated and
717 were downregulated. Volcano plots were used to show the distribution of differentially
expressed transcripts and highlight the differential expression change of several genes of
interest, namely Netrin 5 (Ntn5), Netrin-G1 (Ntngl), Netrin-G2 (Ntng2) and Unc13c (Figure

5.12).

Next, we performed Gene Ontology (GO) term enrichment analysis on the 656
upregulated and 717 downregulated transcripts (Figure 5.13). Looking at the upregulated
transcripts, we found GO terms implicated in protein phosphorylation and well-known
pathways including the ERK1 the ERK2 cascade. As for the downregulated transcripts, we
found several clusters involved in cell adhesion, signal transduction and cell differentiation.
Next, we used a different platform to determine the significant GO terms related to biological
processes (Figure 5.14). We found that the interleukin-mediated pathway was the primary
cluster identified for the upregulated transcripts. On the other hand, we identified multiple gene
clusters implicated in the myelination process and ensheathment of neurons amongst the

downregulated genes.

To validate the expression of some of our genes of interest, we performed quantitative
RT-PCR (gRT-PCR) (Figure 5.15). We extracted the hippocampal RNA from another set of

three WT and three AtrxEcKO mice to confirm the reproducibility of our results.
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Figure 5.12: VVolcano plot of the differentially expressed transcripts

Differentially expressed transcripts were determined using a fold change cut-off of 0.25 and a
P value cut-off of 0.05. The blue dots represent transcripts that were significantly altered
whereas the grey dots do not meet the statistical significance or fold change requirements. There
were 1373 differentially expressed transcripts. Ntn5, Ntng1, Ntng2 and Unc13c were identified

as potential genes of interest.
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Figure 5.13: Gene Ontology of the differentially expressed transcripts between WT and

AtrxEcKO in hippocampus samples
Differentially expressed genes (DEGs) were determined using a fold change cut-off of 0.25 and
a P value cut-off of 0.05. Enriched GO terms associated with the A upregulated and B

downregulated transcripts were determined.
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Figure 5.14: Gene Ontology of the biological process of uprequlated and downregulated

transcripts
DEGs were determined using a fold change cut-off of 0.25 and a P value cut-off of 0.05.

Enriched GO terms associated with the A upregulated and B downregulated transcripts were

determined.
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Figure 5.15: Validation of genes of interest found in the RNAseq

gRT-PCR quantification from P90 WT and AtrxEcKO hippocampus RNA extracts. Relative
MRNA expression of A Ntngl, B Ntng2 C Ntn5, D Neurog2, E Unc5a, F Unc5b, G Uncl3c,
H COUP-TFI and | CXCR4 are shown. Data represent means + SEM. n=3. * p < 0.05, ** p <
0.01.
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We confirmed the significant reduction in Ntng1 (WT: 1.000 £ 0.1087, n=3; AtrxEcKO 0.3258
+ 0.002624; n=3), Ntng2 (WT: 1.000 £ 0.1482, n=3; AtrxEcKO 0.4366 + 0.04485; n=3), Ntn5
(WT: 1.000 * 0.1525, n=3; AtrxEcKO 0.2920 + 0.04405; n=3), neurogenin 2 (WT: 1.000 +
0.09805, n=3; AtrxEcKO 0.3928 + 0.02506; n=3), Unc5b (WT: 1.000 + 0.1399, n=3;
AtrxEcKO 0.4340 + 0.01699; n=3) and Unc13c (WT: 1.000 £ 0.09152, n=3; AtrxEcKO 0.3449
+0.02899; n=3) in AtrxEcKO mice. However, we did not find any differences in the expression
of Uncba (WT: 1.000 £ 0.1189, n=3; AtrxEcKO 0.6618 + 0.1048; n=3). Also, we looked at
COUP-TFI (WT: 1.000 + 0.1567, n=3; AtrxEcKO 0.8699 £ 0.06521; n=3) and CXCR4 (WT:
1.000 * 0.1935, n=3; AtrxEcKO 0.8131 £ 0.06750; n=3), which are proteins implicated in the
formation of the dentate gyrus, and we did not find any significant change in their expression

levels.

In sum, we used Next-Generation Sequencing on P60 hippocampus to gain insights into
the molecular pathways that could be dysregulated in our mouse model. We identified key
proteins that have a role in hippocampal development that were significantly altered. Also, GO
term analysis revealed multiple clusters involved in cell adhesion, signal transduction, cell

differentiation and myelination suggesting new possible roles for Atrx.

5.6 AtrxEcKO mice have severe hippocampal defects

We further characterized the hippocampal defects by examining different cell
populations. First, we performed IF staining on P60 coronal sections of WT and AtrxEcKO
mice using NeuN and doublecortin (DCX) to label mature and immature neurons respectively

(Figure 5.16).
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Figure 5.16: AtrxEcKO mice have a smaller hippocampus and disorganized DG

P60 coronal sections were used to do IF staining using NeuN (red), DCX (green) antibodies
and a DAPI (blue) counterstain. The location of the magnified images (middle panels) of the
CAl, CA3 and DG regions for A WT and B AtrxEcKO are indicated by white squares. C
Percentage of NeuN+ cells, D DCX+ cells and E the number of DAPI cells were quantified.

Scale bar, 200um. Data represent means £ SEM. n=4. **** p < 0.0001.
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We quantified the total number of NeuN+ cells in each hippocampal region, namely CA1, CA3
and DG and normalized it to the total number of cells within their respective regions. We did
not find any difference in the percentage of NeuN+ cells in any of the hippocampal regions
(WT: CA1 89.193% + 3.006, CA3 84.110% =+ 4.372, DG 87.233% + 1.547; AtrxEcKO: CA1l
85.827% + 1.676, CA3 87.443% + 5.085, DG 80.733% + 3.588; n=4) (Figure 5.16C). Also, the
percentage of DCX+ cells in the DG of AtrxEcKO mice was not significantly different than the
WT (WT: 8.317% + 0.5961; AtrxEcKO 9.717% * 0.8121; n=4) (Figure 5.16D). However, the
total number of cells in CA1 and DG of AtrxEcKO mice was significantly lower than the WT
(WT: CA1673.667 cells + 43.594, CA3 454.333 cells £ 21.667, DG 1776.000 cells + 173.995;
AtrxEcKO: CAl 363.333 cells + 23.183, CA3 333.000 cells £ 8.622, DG 720.333 cells +
96.202; n=4) (Figure 5.16E). In fact, the DG of AtrxEcKO mice had 60% less cells, as clearly
depicted in the representative images (Figure 5.16A-B). We also noted that the positioning and
distribution of the DCX+ cells were altered in AtrxECKO mice. Instead of being evenly
distributed along the DG and projecting upwards for the top blade and downwards for the
bottom blade, they were clustering and had the wrong orientation (Figure 5.16, DG magnified
panel). In addition, we observed a reduction in the thickness of the CA1 region in the AtrxEcKO
mice. The WT had approximately five cells in thickness whereas the AtrxEcKO only had three
(Figure 5.16, CA1 magnified panel). Overall, Atrx deletion in the forebrain impaired the
structure of the hippocampus and altered the immature and mature neuronal populations. The
next cell population we investigated was the immature granule cells in the DG. We used P60
coronal sections for IF staining using the calcium-binding protein calretinin to label immature
granule cells and the inner molecular layer (Figure 5.17). We found that the percentage of

calretinin+ cells in AtrxEcKO mice was approximately 50% lower than in the WT animals
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(WT: 5.810 % = 0.4015; AtrxEcKO 2.313% =+ 0.1961; n=4) (Figure 5.17C). Also, the total
number of cells in the DG was significantly reduced in AtrxEcKO mice (WT: 2386 cells +
125.1; AtrxEcKO 892 cells + 75.01; n=4) (Figure 5.17D). This result was consistent with our
previous finding (Figure 5.16E). Moreover, we saw that the inner molecular layer was missing
in AtrxEcKO mice. In addition, we noted that the calretinin+ cells in AtrxEcKO appeared more
immature than the ones in the WT. Indeed, the cell bodies were smaller and round without any
projection, which was reminiscent of a progenitor-like shape. Furthermore, we noticed a
population of calretinin+ cells located outside the DG close to the apex and in the outer
molecular layer that was not observed in the WT mice (Figure 5.17B, white arrow).
Interestingly, this cell population had complex dendrites that were intricately connected. This
was surprising since the calretinin+ cells in the DG of the AtrxEcKO were immature. In the
WT, the calretinin+ cells found in the DG and in the molecular layer were in the same
developmental stages whereas in the AtrxEcKO this was not true. Indeed, the calretinin cell

population in the molecular layer was significantly more mature than the one found in the DG.

Following the characterization of the hippocampus (HPC) at P60, we wanted to
determine whether the defects observed would be present at an earlier time point. First, we
performed IF staining on P40 coronal section using DCX and calretinin (Figure 5.18). We found
no change in the percentage of DCX+ cells (WT: 12.60% £ 1.090; AtrxEcKO 11.20% +
0.06245; n=4) (Figure 5.18E). Similar to the results observed in P60 mice (Figure 5.16), the

DCX+ cells were forming clusters and most of the neurons had the wrong orientation.
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Figure 5.17: AtrxEcKO mice are missing the inner molecular layer

P60 coronal sections were used to do IF staining using calretinin (red) and DAPI (blue). Labeled
white squares denote the three magnified images shown in the lower panels for A WT and B
AtrxEcKO sections. C Percentage of calretinin+ cells and D the number of DAPI cells were

quantified. Scale bar, 200um. Data represent means + SEM. n=4. *** p < 0.001.
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Figure 5.18: AtrxEcKO mice have defects in the dentate gyrus

A-D P40 coronal sections were used to do IF staining using calretinin (red), DCX (green) and
DAPI (blue). Magnifications of the DG of C WT and D AtrxEcKO are shown. E Percentage of
DCX+ cells, F Calretinin+ cells and G the number of DAPI cells were quantified. Scale bar,

200um. Data represent means = SEM. n=4. * p < 0.05.
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Moreover, we saw a ~50% decrease in the percentage of calretinin+ cells in AtrxECKO mice
(WT: 10.42% + 1.467; AtrxEcKO 5.620% + 0.7465; n=4) (Figure 5.18F). Interestingly, the
inner molecular layer was missing in AtrxEcKO mice, which was also observed in P60 mice.
We quantified the total number of DAPI cells in the DG and found a striking reduction in
AtrxECKO mice (WT: 1620 cells £ 214.4; AtrxEcKO 943.3 cells + 13.30; n=4) (Figure 5.18G).
Furthermore, we noted that the HPC and the DG of AtrxEcKO mice are significantly smaller
than the WT mice (Figure 5.18A-D). Next, we assessed whether the smaller DG of AtrxEcKO
mice could be attributed to a reduction in the DG granule cell population. We used P40 coronal
sections to perform IF staining using Prox1 to label the granule neurons (Figure 5.19A). We
quantified the percentage of Prox1+ cells and found a ~15% reduction in AtrxEcKO mice (WT:
87.79% £ 1.948; AtrxEcKO 73.30% + 1.833; n=3) (Figure 5.19B). Furthermore, we found a
~50% reduction in the total number of cells in the DG of AtrxEcKO mice (WT: 1770 cells +
206.7; AtrxEcKO 1060 cells £ 123.3; n=3) (Figure 5.19C). We visually compared the images
and we noticed that the intensity of the Prox1 staining was reduced in AtrxEcCKO mice. Indeed,
only a small proportion of Prox1-postive cells had a signal as strong as in the WT mice. Since
Prox1 is a marker of granule cell fate, we can affirm that they are being generated but to a

smaller extent. Thus, forebrain-specific deletion of Atrx affected the granule cell population.

We previously showed that the CA1 and CAS3 regions of AtrxEcKO mice were thinner
and the overall size of the HPC was reduced (Figure 5.16). Here, we examined whether the size
reduction was due to a decrease in pyramidal neurons. We performed IF staining using Math2,

also called NeuroD6, on P40 coronal sections (Figure 5.20A).
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Figure 5.19: Atrx loss in Emx1+ cells leads results in a reduction of granule cells in the
DG
A P40 coronal section of WT (top) and AtrxEcKO (bottom) mice were used for IF staining

using Prox1 (red) and DAPI (blue). B Percentage of Prox1+ cells and C the total number of
cells were quantified in the DG. Data represent mean + SEM. n=3. Scale bar is 200um. * p <

0.05, ** p <0.01.
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Figure 5.20: Pyramidal neurons in the HPC were not affected by the forebrain-specific

Atrx deletion.
A P40 coronal section of WT (top) and AtrxEcKO (bottom) mice were used to do IF using

Math2 (red) and DAPI (blue). B Percentage of Math2+ cells and C the total number of cells

were quantified. Data represent mean = SEM. n=4. Scale bar is 200um. **** p < 0.0001.
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We quantified Math2+ cells in each hippocampal region, namely CA1, CA3 and DG, and we
found no change in the number of pyramidal neurons (WT: CAl 85.435% + 1.914, CA3
73.483% + 1.490, DG 81.3857% + 1.968; AtrxEcKO: CA1 80.827% + 2.601, CA3 68.757% +
2.375, DG 77.983% + 6.016; n=4) (Figure 5.20B). Consistent with the previous IF staining
(Figure 5.19), we observed a 50% reduction in the total number of cells in the DG of AtrxEcKO
mice (WT: CAL 768.250 cells + 16.750, CA3 658.500 cells + 48.926, DG 2097.000 cells £
90.924; AtrxEcKO: CA1 421.000 cells + 23.116, CA3 472.667 cells + 26.735, DG 1216.333
cells + 167.062; n=4) (Figure 5.20C). Thus, forebrain-specific deletion of Atrx did not alter the

fate of pyramidal neurons in the HPC.

Following the characterization of the different cell populations in the HPC, we followed
up on two genes of interest obtained in the RNAseq results, netrin G1 and netrin G2. Together,
they play an important role in axon guidance and defects in these proteins have been linked to
decreased dendritic arborization of hippocampal neurons and neurodevelopmental disorders
[273, 274]. We performed IF staining on P40 coronal sections using netrin G1 and netrin G2
antibodies (Figure 5.21). In the WT mice, netrin G1 labeled the stratum lacunosum-moleculare
(SLM) and the outer molecular layer (OML) and netrin G2 labeled the middle molecular layer
(MML) (Figure 5.21A). We observed a significant reduction in thickness of netrin G1 staining
in the AtrxEcKO mice (Figure 5.21C) and the netrin G2 layer was not detectable in the

AtrxEcKO mice (Figure 5.21D).

Lastly, we wanted to determine whether there was a difference in the dendritic
arborization in the AtrxEcKO mice. We performed Golgi Cox staining on P40 coronal sections
to visualize the neurons (Figure 5.22A, B). We saw a striking difference in the staining pattern

between the WT and AtrxEcKO mice.
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Figure 5.21: AtrxEcKO mice have severe defects in hippocampal lamination.

A Schematic and B IF staining of a WT P40 coronal section using Netrin G1 (red), Netrin G2
(green) and DAPI (blue). Magnified image (white rectangle) of C Netrin G1 D Netrin G2
channels with DAPI. E A similar magnification was taken for calretinin (yellow). Scale bar is

B 200um and C-E 100um. SR, stratum radiatum, SLM, stratum lacunosum-moleculare; OML,
outer molecular layer; MML, middle molecular layer; IML, inner molecular layer; GCL,

granule cell layer.
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Figure 5.22: AtrxEcKO mice have less complex and disorganized neurons

Golgi Cox stained coronal sections of P40 hippocampus from WT (left) and AtrxEcKO (right)
mice. Scale bar is 200um.
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We observed that the localization of the labeled neurons was altered and we noted differences
in the dendritic arborization of AtrxECKO mice, which appeared reduced and disorganized

(Figure 5.22).

Taken together, these results revealed that Atrx deletion in Emx1+ cells significantly
altered the hippocampal structure, multiple cell populations and the dendritic arborization.

Thus, Atrx is crucial for proper hippocampal development.

5.7 Progenitors in the dentate gyrus migratory path

To explain the developmental defects observed in the DG of AtrxEcCKO mice, we
examined the proliferation, differentiation, and migration of granule cell progenitors in the
dentate gyrus migratory path. We set up timed breeding and we injected the pregnant females
with EdU at gestational day 16.5 and dissected the embryos one hour later. The heads were
fixed in 4% PFA and sectioned coronally. We used those brain sections to do IF staining using
Pax6 and EdU to label proliferating radial glial progenitors (Figure 5.23A-B). First, we
quantified the percentage of Pax6+ cells within each Matrix and we found a reduction in Matrix
2 of AtrxEcCKO mice (WT: M1 80.047% + 4.642, M2 72.100% + 2.906, M3 56.693% + 0.918;
AtrxEcKO: M1 81.610% + 0.860, M2 49.355% + 7.515, M3 42.975% =+ 4.025; n=4) (Figure
5.23C). We assessed the percentage of EdU+ cells and found no change (WT: M1 34.997% +
1.383, M2 8.620% * 0.616, M3 4.193% * 1.550; AtrxECKO: M1 34.547% + 2.541, M2 9.547%

+1.174, M3 4.253% =+ 0.057; n=4) (Figure 5.23D).
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Figure 5.23: Atrx loss affects the number of radial glial progenitors in the DG migratory

path
Pregnant females were injected with EdU one hour prior to embryo dissection. A-B E16.5

coronal sections were used to do IF staining using Pax6 (red), EdU (light blue) and DAPI (dark
blue). Magnifications of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown as white
squares. C Percentage of Pax6+ cells, D EdU+ cells and E the number of double-labeled cells

were quantified. Scale bar, 100um. Data represent means £ SEM. n=4. ** p < 0.01.
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Also, we found no difference in the number of double-labeled cells (WT: M1 64.667 cells +
1.453, M2 17.33 cells + 1.856, M3 3.667 cells + 1.202; AtrxEcKO: M1 59.333 cells + 4.333,

M2 15.667 cells £ 0.333, M3 2.667 cells + 0.667; n=4) (Figure 5.23E).

We repeated the experiment using Tbhr2 and EdU to label proliferating intermediate
progenitors in the matrices (Figure 5.24A-B). We found a significant decrease in the percentage
of Tbr2+ cells in Matrix 2 of AtrxEcKO mice (WT: M1 28.340% * 4.596, M2 38.243% + 0.671,
M3 53.477% % 4.675; AtrxEcKO: M1 25.250% + 2.962, M2 56.817% + 1.516, M3 55.883% +
8.854; n=5) (Figure 5.24C). Comparable to the results found in Figure 5.23D, we saw no change
in the percentage of EdAU+ cells (WT: M1 31.300% =+ 0.125, M2 8.263% * 1.610, M3 5.007%
+ 0.585; AtrxEcKO: M1 32.863% + 1.052, M2 5.790% + 1.120, M3 3.227% * 0.903; n=4)
(Figure 5.24D). Moreover, we did not observe any change in the number of Thr2+ EdU+ cells
(WT: M1 7.000 cells + 0.5777, M2 2.667 cells £ 0.333, M3 0.333 cells + 0.333; AtrxEcKO:

M1 7.000 cells + 2.082, M2 4.000 cells £ 1.000, M3 0.667 cells + 0.667; n=4) (Figure 5.24E)

The next set of experiments were performed on E17.5 embryos that received a 24-hour
EdU pulse. First, we examined the proliferation rate of the cells in the matrices. We performed
IF staining using brain sections that were co-labeled with Ki67 and EdU (Figure 5.25A-B). We
quantified the percentage of Ki67+ cells in the matrices and found no difference between the
WT and AtrxEcKO mice (WT: M1 49.423% + 2.190, M2 34.023% + 1.108, M3 28.103% +
1.905; AtrxEcKO: M1 50.307% * 0.612, M2 38.977% * 1.989, M3 31.577% + 2.060; n=4)
(Figure 5.25C). Then we analyzed the percentage of EdU+ cells and found no change (WT: M1
44.340% + 2.661, M2 21.310% + 0.788, M3 15.570% + 0.878; AtrxEcKO: M1 44.913% +

2.627, M2 25.090% + 0.748, M3 15.963% + 0.355; n=4) (Figure 5.25D).
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Figure 5.24: Atrx loss affects the number of intermediate progenitors in the DG migratory

path
Pregnant females were injected with EdU one hour prior to embryo dissection. A-B E16.5

coronal sections were used to do IF staining using Tbr2 (red), EdU (light blue) and DAPI (dark
blue). Magnifications of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown as white
squares. C Percentage of Thr2+ cells, D EdU+ cells and E the number of double-labeled cells

were quantified. Scale bar, 100um. Data represent means £ SEM. n=4. * p < 0.05.
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Figure 5.25: EdU labeled progenitors show similar progression through the different

hippocampal matrices at E17.5

Pregnant females were injected with EAU 24 hour prior to embryo dissection. A-B E17.5
coronal sections were used to do IF staining using Ki67 (red), EAU (light blue) and DAPI (dark
blue). Magnifications of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown as white
squares. C Percentage of Ki67+ cells, D EdU+ cells and E double-labeled cells were quantified.

Scale bar, 100um. Data represent means £ SEM. n=4. * p < 0.05.
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Lastly, we saw an increase in the percentage of double-labeled cells in Matrix 3 of
AtrxEcKO mice (WT: M1 84.257% + 2.135, M2 80.640% * 5.650, M3 72.657% + 2.180;
AtrxEcKO: M1 91.933% =+ 3.347, M2 85.263% + 1.151, M3 86.123% + 3.821; n=4) (Figure

5.25E).

Next, we followed the progression of radial glial progenitors in the matrices at E17.5
after a 24-hour EdU pulse. Progenitors were labeled using Pax6 and EdU (Figure 5.26A-B).
We quantified the percentage of Pax6+ cells in each Matrix and found no change between the
WT and AtrxEcKO mice (WT: M1 33.185% + 0.145, M2 15.665% + 1.375, M3 10.225% +
1.035; AtrxEcKO: M1 27.900% £ 1.090, M2 17.380% + 2.550, M3 7.230% + 1.420; n=4)
(Figure 5.26C). Similar to the previous figure, we found no change in the percentage of EdU+
cells (WT: M1 47.125% + 8.525, M2 21.725% + 1.335, M3 16.865% + 1.505; AtrxEcKO: M1
37.680% + 4.350, M2 22.010% * 4.570, M3 13075% =+ 1.455; n=4) (Figure 5.26D). Also, we
saw no significant difference in the percentage of double-labeled cells (WT: M1 73.225% +
15.415, M2 72.355% £ 12.575, M3 61.005% + 16.775; AtrxECKO: M1 73.425% + 11.355, M2
78.335% * 6.665, M3 58.330% + 1.190; n=4) (Figure 5.26E). However, we observed that the
Pax6+ cells were dispersed in Matrix 2 of AtrxEcCKO mice whereas in the WT, the cells were

organized and the migration path was clearly visible.

Next, we quantified the percentage of intermediate progenitors using Thr2 and EdU
(Figure 5.27A-B). We observed no difference in the percentage of Thr2+ cells (WT: M1
48.633% = 0.340, M2 37.147% + 3.943, M3 34.293% + 0.534; AtrxEcKO: M1 47.950% =*

0.693, M2 33.580% + 1.069, M3 32.690% =+ 2.555; n=4) (Figure 5.27C).
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Figure 5.26: Progenitor pool in the DG migratory path are unaffected in E17.5 AtrxEcKO

mice

Pregnant females were injected with EAU 24 hour prior to embryo dissection. A-B E17.5
coronal sections were used to do IF staining using Pax6 (red), EdU (light blue) and DAPI (dark
blue). Magnifications of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown as white

squares. C Percentage of Pax6+ cells, D EdU+ cells and E double-labeled cells were quantified.

Scale bar, 100um. Data represent means + SEM. n=4.
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Figure 5.27: Intermediate progenitor pool in the DG migratory path are unaffected by
Atrx deletion at E17.5

Pregnant females were injected with EAU 24 hour prior to embryo dissection. A-B E17.5
coronal sections were used to do IF staining using Tbr2 (red), EdU (light blue) and DAPI (dark
blue). Magnifications of Matrix 1 (M1), Matrix 2 (M2) and Matrix 3 (M3) are shown as white
squares. C Percentage of Thr2+ cells, D EdU+ cells and E double-labeled cells were quantified.

Scale bar, 100um. Data represent means + SEM. n=4.
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Furthermore, we did not find any change in the percentage of EdU+ cells (WT: M1
16.150% + 0.987, M2 28.210% + 2.109, M3 18.900% =+ 3.398; AtrxEcKO: M1 42.500% =+
1.866, M2 24.140% + 1.407, M3 13.307% = 0.562; n=4) (Figure 5.27D) and double-labeled
cells (WT: M1 77.423% + 1.660, M2 78.880% = 1.220, M3 68.640% + 9.068; AtrxEcKO: M1

77.830% =+ 4.223, M2 76.183% =+ 2.385, M3 57.133% = 3.198; n=4) (Figure 5.27E).

Next, we examined the migration and proliferation of both populations of progenitors
in the matrices following a 24-hour EdU pulse. We injected the pregnant females at gestational
day 16.5 and collected the embryo at E17.5. We followed the progression of the dividing cells
in the matrices by quantifying and comparing the location of the EdU+ cells at E16.5 that were
labeled one hour and the EdU+ cells at E17.5 that were labeled for 24 hours (Figure 5.28). We
generated the graphs from the E16.5 mice by pooling the results from the EdU- Pax6 and EdU-
Tbr2 IF staining experiment presented in Figure 5.23 and 5.24. Similarly, the graphs for the
E17.5 mice were done by merging the results from the EdU-Ki67, EdU-Pax6 and EdU-Tbr2
experiments (Figure 5.25-5.27). We visually compared the overall morphology of the DG
migratory path at E16.5 and E17.5 for changes. At 16.5, the DG migratory path was smaller
and more condensed. At 17.5, we observed that Matrix 2 expanded to almost twice its size and

that Matrix 3 was pushed down by Matrix 2 and elongated.

We quantified the number of EdU+ cells within each Matrix and found no difference
(WT: M1 67.167 cells £ 1.014, M2 15.167 cells + 1.493, M3 3.667 cells + 0.882; AtrxEcKO:

M1 66.000 cells £ 1.317, M2 18.500 cells £ 2.277, M3 4.667 cells + 0.882; n=8) (Figure 5.28C).
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Figure 5.28: Progression of proliferating progenitors in DG migratory path at E16.5 and
E17.5
A-E Pregnant females were injected with EdU one hour prior to embryo dissection. A-B E16.5

coronal sections were used to do IF staining using EdU (cyan) and DAPI (dark blue). C The
number of EdU+ cells, D DAPI+ cells and E the percentage of EdU+ cells were quantified. F-
J Pregnant females were injected with EdU 24 hour prior to embryo dissection. F-G E16.5
coronal sections were used to do IF staining using EdU (light blue) and DAPI (dark blue). H
The number of EdU+ cells, | DAPI+ cells and J the percentage of EdU+ cells were quantified.

Scale bar, 100um. Data represent means £ SEM. n=8.
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We assessed the total number of DAPI+ cells and saw no change (WT: M1 202.833 cells +
6.930, M2 231.167 cells £ 7.918, M3 126.833 cells + 11.173; AtrxEcKO: M1 212.200 cells £
21.214, M2 265.800 cells + 24.632, M3 129.600 cells + 8.501; n=8) (Figure 5.28D). Lastly, we
found no change in the percentage of EQU+ cells (WT: M1 33.148% + 1.034, M2 8.442% +
0.775, M3 4.600% + 0.763; AtrxEcKO: M1 33.705% + 1.286, M2 7.668% + 1.129, M3 3.740%
+0.465; n=8) (Figure 5.28E). At E16.5, we observed that the majority of the dividing cells were

in Matrix 1 and only a few positive cells were in Matrix 3.

At 17.5, we found no significant difference in the number of EdU+ cells (WT: M1
61.625 cells + 4.899, M2 86.750 cells + 3.266, M3 56.750 cells + 5.993; AtrxEcKO: M1 63.500
cells +4.979, M2 78.875 cells + 4.760, M3 48.500 cells = 3.775; n=8) (Figure 5.28H). However,
we saw that the number of EdU+ cells in Matrix 2 was five times higher at E17.5 compared to
E16.5 in AtrxEcKO mice. This suggested that the proliferating cells were migrating along the
matrices. Next, we examined the number of DAPI cells and found no difference between
AtrxEcKO and the WT mice (WT: M1 134.500 cells + 8.679, M2 372.250 cells + 16.545, M3
328.500 cells + 15.726; AtrxEcKO: M1 149.250 cells + 6.259, M2 330.500 cells + 15.593, M3
339.625 cells £ 21.892; n=8) (Figure 5.281). Also, we observed no change in the percentage of
EdU+ cells in the matrices (WT: M1 45.715% + 1.908, M2 24.001% + 1.459, M3 17.143% +*
1.304; AtrxEcKO: M1 42.200% + 1.708, M2 23.964% + 1.106, M3 14.245% + 0.614; n=8)
(Figure 5.28J). These results suggested that the EdU+ cells of AtrxEcKO mice have a
comparable migration pattern and proportion of proliferating cells to the WT animals.
Moreover, this suggests that increased replication stress is not contributing significantly to the
overall reduction in the size of the hippocampus and dentate gyrus, as has been shown in the

VZ of the neocortex [205].
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5.8 Summary of Findings

In sum, we successfully created a viable forebrain-specific Atrx knockout mouse to
generate a model for the ATR-X syndrome that survives postnatally. AtrxEcKO mice are
smaller at P90 and the brain width is also reduced in comparison to the WT mice. We found
that the general morphology of the AtrxEcKO hippocampus is altered and the size is
significantly smaller. Contrary to other Atrx knockout mouse models, AtrxECKO mice had a
similar cortical thickness to the WT mice. Also, there were no differences in the Satb2- and
Tbrl+ neuronal populations. However, we found that the Ctip2+ cell population was increased

and most of the cells were also expressing Tbrl.

We used multiple approaches to define myelination defects and white matter
abnormalities in the AtrxEcKO mice, which is also found in ATR-X patients [217]. Indeed, the
volumetric analysis revealed that the stria medullaris and the anterior commissure, which are
white matter tracks, were altered in AtrxEcCKO mice. IF staining of the CC showed a significant
reduction in its thickness, morphology, and a reduction in the number of mature
oligodendrocytes were identified. Lastly, we identified multiple GO terms associated with the

myelination process in the downregulated transcripts.

Behavioural assessment of AtrxEcCKO mice revealed a hyperactivity phenotype and
seizure-like episodes. Also, we found that AtrxECKO mice had excessive grooming behaviour,
which can be observed in patients with autism spectrum disorders [275]. Unfortunately, we
were not able to characterize the learning and memory ability of the mice due to the

hyperactivity phenotype.
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We identified multiple genes of interest that were dysregulated in the hippocampus of
AtrxEcCKO mice, namely netrin G1, netrin G2, netrin5 and neurogenin2. Also, Gene Ontology
analysis revealed several clusters associated with cell adhesion, signal transduction and cell

differentiation.

We characterized the hippocampal defects by examining different cell populations. We
found that the DG of AtrxEcKO mice was ~60% smaller than the WT mice and that the number
of granule cells was reduced by ~15%. Also, AtrxECKO mice had significantly less calretinin+
cells and they were missing markers (Netrin G1/G2) of the inner and middle molecular layer
suggesting that inputs to the DG may be compromised. The stratum lacunosum-moleculare
layer, labeled by netrin G1, was thinner by ~70% in AtrxEcKO mice. Lastly, we noted a striking
difference in the dendritic arborization of AtrxECKO mice, which appeared reduced and

disorganized.

Finally, we examined the proliferation, migration and localization of the DG progenitors
to give us insights into the developmental defects previously observed. We found that Atrx loss
affects the number of radial and intermediate progenitors at E16.5 but, by E17.5, the percentage
of progenitors in each Matrix was comparable to the WT mice. Also, the migration of the

proliferating progenitors at E16.5 and E17.5 was similar to the WT mice.
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Chapter 6: Discussion
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6.1 Summary of Findings — NEDDFL mouse model

Bptf is a large regulatory protein and part of the NURF chromatin remodeling complex
[132]. Missense or loss-of-function mutations of one BPTF allele have been identified as the
cause of the Neurodevelopmental Disorder with Dysmorphic Facies and distal Limb anomalies
(NEDDFL) syndrome [110]. This recently identified syndrome is characterized by
developmental, motor and speech delays, intellectual disability, brain abnormalities,
dysmorphic features and seizures [149, 150]. Although recent studies have been conducted to
elucidate the function of Bptf in various cell types, research on this disorder is only at the

beginning and more characterization is needed to fully understand the extant of the phenotype.

The first part of this thesis was aimed at generating a mouse model with a greater
coverage of Bptf deletion in the neural system to mimic NEDDFL. We conditionally inactivated
Bptf in neural progenitors of the central and peripheral nervous system using the Nestin-Cre
driver. We have shown that Bptf NcKO mice have major morphological brain defects, including
an abnormal cortex and malformed hippocampus. Furthermore, assessment of Bptf NcKO mice

revealed key behavioural features found in NEDDFL patients.

6.2 Bptf is essential to produce deep-layer cortical neurons

The neocortex is formed in an inside-out manner and can be divided into 6 layers.
Interestingly, the uniqueness of each layer comes from its developmental timing, gene
expression patterns, cell types and neuronal connections [3]. The deep layer cortical neurons
are generated earlier than in the upper superficial layers [276]. We believe that Bptf is necessary

to produce deep-layer neurons and is required for proper cortex formation. In our Bptf; Nestin-
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Cre mouse model, we found several indications to support this claim. First, we found that the
gross morphology and the size of the Bptf NcKO brains were significantly affected by Bptf
deletion (Figure3.1D). This finding was also observed in another Bptf conditional KO model
(Bptf; Emx1-Cre) [277]. In addition, we examined the cortical lamination and observed several
alterations (Figure 3.3). We saw a significant reduction in the cortical thickness and in the
number of layer VI neurons. There was no clear distinction between layer V and VI and almost
all Tbrl+ cells were also expressing Ctip2 in the Bptf NcKO mice. In Bptf; Emx1-Cre mice,
there was a 60% reduction in the number of low-expressing Ctip2 cells in layer VI [277]. Lastly,
the cortical dysgenesis and the aberrant distribution of the cortical neurons strongly suggest that

Bptf is crucial for cortical development.

One of the possible explanations is that the cortical neurons have migration defects. The
total number of cells in the cortex of Bptf NcKO mice is comparable to the WT animal. Neurons
from layer Il to IV can migrate upward but perhaps not far enough resulting in thinner layers
and a thinner cortex. Also, the thinning of the layers would explain why the neurons are densely
packed and overlapping. Another possible explanation for the reduction in layer VI neurons is
cell fate defects. Cortical neurons in layer VI reduce the expression of Ctip2 to specify their
identity [3]. In layer V, Ctip2 represses the expression of Thrl allowing for the production of
the proper neuronal cell type. Since we observed that most of the Ctip2+ cells were also Tbrl+,
it is possible that Bptf NcKO mice require more time to switch on and off certain cell markers.
Indeed, it is possible that Bptf is required to silence Ctip2 in layer VI, which would explain the

high levels of Ctip2-expressing cells within that layer.

To validate one of these hypotheses, characterizing the cortex at P7 would give essential

information. At P7, all the cortical layers are clearly separated, which means that the migration
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process is completed and that the cortical neurons acquire their final identity. The quantitation
of each layer population would give us insights into the cell fate process. For example, we could
determine whether the layer V and VI neurons are still expressing both Ctip2 and Tbrl markers
or if one of the 2 populations increased at the expense of the other population. In Bptf; Emx1-
Cre mice, cell fate defects were affecting the deep layer neurons [151]. They also quantified the
number of Ctip2+ cells located in other layers and found lamination defects as well as cell fate
defects. This experiment could be repeated using our mouse model to determine whether some

cortical cell populations are also located outside of their residing niche.

6.3 Bptf is necessary for the formation of the hippocampus

The majority of the brain characterization performed on NEDDFL patients and previous
Bptf KO mice were focused on the cortex. Because of this, there are still no reports of
hippocampal defects. Since it is known that NEDDFL patients have intellectual disabilities as
well as learning and memory deficits, it would be fair to extrapolate and assume that they have
some hippocampal alterations. In our Bptf; Nestin-Cre mouse model, we found that the
hippocampus of Bptf NcKO mice was strikingly smaller than the WT mice and that all the sub-
regions had hypocellularity (Figure 3.4). We also observed that the mature neurons were

scattered throughout the hippocampus instead of lining the outside border.

In Smarcal (Snf2L) and Smarca5 (Snf2H) conditional KO mice, no hippocampal defect
was observed [104, 278]. It is interesting because both proteins can interact with BPTF in the
NURF complex. On the other hand, the dysgenesis of the hippocampus was also observed in

another neurodevelopmental disorder phenotypically similar to NEDDFL called the William-
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Beuren syndrome (WBS). WBS is caused by deletions within the WSTF gene, a subunit of the
WICH complex, a chromatin remodeler of the ISWI family [279]. In a WBS mouse model, it
was discovered that the mutant mice exhibited neuroanatomical defects in hippocampus
development [280]. More specifically, they found an increase in apoptotic cells and a reduction

in the number of granule cells.

Other chromatin remodelers have been shown to play a critical role in the formation,
development and maintenance of the hippocampus. Chromatin remodeler CHD7 maintains
neural stem cell quiescence preventing the premature depletion of the stem cell pool in the
hippocampus [281]. On the other hand, conditional deletion of BAF170, a subunit of the BAF
complex, depletes the pool of radial glial-like progenitors in the DG [282]. Behavioural analysis
of these mice also revealed learning deficits during the MWM. Lastly, Bclllb, a protein
associated with the NuRD complex, regulates the proliferation of the progenitors by a feedback
mechanism [283]. Deletion of Bcl11lb leads to a reduction in proliferating progenitors and,
ultimately, a reduction of dentate granule cells. Also, it was shown that the differentiation of
postmitotic neurons is dependent on Bcl11b expression. In absence of Belllb, the neurons fail

to integrate into de hippocampal circuitry, which leads to learning and memory impairments.

Although there are no previous studies linking Bptf deletion to hippocampal alterations,
there are studies that showed its implication in progenitors. For example, Bptf is required for
the self-renewal capacity of mammary stem cells [138]. Another study showed that in absence
of Bptf, cortical progenitors have a prolonged cell cycle length [151]. Interestingly, it was also
found that in a Bptf conditional KO mouse model, there was increased neuronal cell death
associated with altered expression of fate-determining transcription factors and apoptotic
signaling pathways.
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Based on the previous findings, we believe the cause of the dysgenesis of the
hippocampus is due to defects in the progenitors and/or increased cell death. To test this, we
could examine the progenitor pool to determine whether the total number of radial glial and
intermediate progenitors is decreased. We could also verify the number of proliferating
progenitors, which would affect the size of the progenitor pool and, eventually, the number of
postmitotic cells. Second, we could perform an immunostaining using cleaved caspase 3 and y-
H2AX antibodies to label apoptotic cells and DNA damage. This experiment would allow us
to determine whether the loss of Bptf in progenitors leads to increased cell death resulting in

hypocellularity and a smaller hippocampus.

6.4 Deletion of Bptf in neural progenitors recapitulates some behavioral features of

NEDDFL patients

The behavioural characterization of NEDDFL patients is limited due to the low number
of diagnosed individuals and the novelty of the syndrome. To date, we know that most patients
experience developmental delay, intellectual disability and motor delay [110, 149]. However,
those terms are vague, making it difficult to compare them with the behavioural phenotype we
observed in our mouse model. To account for that, we compared the behavioural phenotype of
Bptf NcKO mice with NEDDFL patients as well as patients with Williams-Beuren syndrome

(WBS).

The first behavioural phenotype that we observed in the Bptf NcKO mice is the motor
deficits. We performed the rotarod test to assess the coordination and endurance of the mice

during a complex motor task. We saw that the Bptf NcKO mice were falling more quickly than
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the WT mice (Figure 3.5E). These results suggest that Bptf deletion in neural progenitors leads
to locomotor deficits when presented with a complex motor function task. Most NEDDFL
patients experience motor disabilities, some of which are attributed to skeletal abnormalities
[110]. Also, gross motor skills defects are observed in WBS patients [284, 285]. The lack of
endurance of Bptf NcKO mice on the rotarod could be explained by low muscle tone.
Interestingly, hypotonia is observed in NEDDFL patients and it is associated with gait
impairments in WBS patients [110, 286]. We assessed the gait of the Bptf NcKO mice and
found significant impairments (Figure 3.6). We saw that the fore limb and hind limb paws had
longer contact time with the belt and, inevitably, less time in the swinging and propulsion phase.
These results suggest that Bptf NcKO mice are struggling to lift and swing their paws during a
stride, which could be the result of hypotonia. In agreement with that, we saw that the Bptf
NcKO mice made smaller strides and increase their stride frequency in order to keep up with
the set belt speed. Interestingly, a decrease in the range of motion at the hips, knees and ankles
was noted in some WBS patients [287]. Other patients reported limb and gait ataxia as well as
a reduced stride length [288]. Unfortunately, there is no report of gait impairments yet for
NEDDFL patients, which could be due to the early stage of characterization of the syndrome.
Lastly, we observed fine motor skill defects in Bptf NcKO mice. These skills are innate daily
activities that require several complex and coordinated actions. We found that Bptf NcKO mice
were incapable of building a nest and were inefficient at grooming (Figure 3.9A, B, E, F).
Although there is no data for NEDDFL patients, there are multiple reports of fine motor skills
defects in patients with neurodevelopmental disorders, including WBS, Coffin-Siris syndrome

and Rett syndrome [289-291].
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One of the key characteristics of NEDDFL is intellectual disability. In our mouse model,
we detected severe learning and memory deficits. We found that the Bptf NcKO mice were
incapable of learning the location of a hidden platform using spatial cues (Figure 3.8A-C). We
discovered that the associative memory was also affected in our mouse model (Figure 3.8D-G).
Indeed, the Bptf NcKO mice were unable to associate an aversive stimulus to a neutral context
and an aversive stimulus to neutral auditory cue. Learning and memory impairments or

intellectual disabilities are commonly found in neurodevelopmental disorders.

Even though the behavioural data for NEDDFL patients is limited, we relied on other
related neurodevelopmental disorders caused by mutation in chromatin remodelers to analyze
the behaviour of our mouse model. We believe that our Bptf; Nestin-Cre mouse model mimic
the behavioural phenotype of NEDDFL. As more information are gathered on this new

syndrome, we will be able to further confirm the validity of our model.

6.5 Summary of Findings — Excitatory and inhibitory

A common cause of neurodevelopmental disorders are defects in epigenetic regulation.
Mutations in the ATRX gene, an ATP-dependent chromatin remodeling protein, causes the
ATR-X syndrome [129]. The ATR-X syndrome is a severe neurodevelopmental disorder
affecting males characterized by intellectual disability and, sometimes, classified as an autism
spectrum disorder (ASD). Often, ASD arise from single genes that are mutated which play
complex roles in multiple cell types and can give rise to changes in excitation or inhibition
altering network activity. The disturbance of the balance between the excitatory and inhibitory

systems are thought to be implicated in the pathogenesis of numerous ASDs [233].
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In the second part of this thesis, our goal was to determine the contributions of the
glutamatergic and GABAergic neurons to the phenotype of the ATR-X syndrome. We
conditionally removed Atrx in the excitatory and inhibitory neurons using the Vglut2-Cre and
Viaat-Cre drivers, respectively. We have shown that both Atrx\VgKO and AtrxVtKO mice die
embryonically or shortly after birth. In addition, hippocampal assessment revealed distinct

defects in both mouse models.

6.6 Atrx deletion in excitatory neurons

The glutamatergic system plays a significant role in neurodevelopmental disorders and
autism spectrum disorders [292, 293]. An imbalance between the excitatory and inhibitory
inputs was found in multiple patients and the glutamatergic system is often the target of drug
treatments [294]. Animal studies of Rett syndrome found that deletion of Mecp2 in Vglut2+
cells recapitulates part of the human phenotype [262]. Another group used Vglutl-Cre to
remove Mecp?2 in excitatory neurons and found a 46% reduction in synaptic response in the
hippocampus [295]. It was concluded that Mecp2 regulated the glutamatergic synapse

formation and in its absence, the glutamatergic network is significantly altered.

Here, we wanted to determine the contribution of the excitatory neurons to the ATR-X
syndrome’s phenotype. We used Vglut2-Cre mice to specifically remove Atrx in excitatory
neurons. Unfortunately, the Atrx\VVgKO mice died embryonically or shortly after birth. VGLUT2
is mainly expressed in the spinal cord, brain stem and subcortical areas [296, 297]. The
distribution of the vesicular transporter may account for the high lethality of our Atrx KO mouse

model and, because of that, we were not able to perform behaviour tests or follow the evolution

196



of the brain postnatally. We found no defect in the cortical layers but we did observe some
hippocampal defects (Figure 4.4-4.5). The number of mature neurons in the CAl and CA3
hippocampal regions were significantly reduced in AtrxVgKO mice. A recent study found that
VGLUT2 is strongly expressed in the subiculum, which is a structure positioned between the
hippocampus, entorhinal cortex and other cortical areas [298]. The subicular pyramidal neurons
mediate the hippocampal-cortical interactions although little is known about their function. It
is possible that those neurons lacking Atrx are able to influence the inputs going to the
hippocampus [299]. Therefore, the CA1 and CA3 neurons are not receiving the proper signals

for localization and differentiation.

Unfortunately, Atrx\VgKO mice are incompatible with life, which prevents the analysis
of older mice. Interestingly, mice without MeCP2 can survive whereas ATRX deletion is lethal.
This striking difference between MeCP2;Vglut2 KO and AtrxVgKO mice may be the
confounding factor that precluded a broader analysis. Perhaps by switching the Cre driver to
Vglutl, which is predominantly expressed in the cortex and hippocampus, we would get a viable
mouse model [300-302]. Furthermore, in Chapter 5, we generated a forebrain-specific mouse
model using Emx1 to drive the expression of Cre. Interestingly, one of the targets of Emx1-Cre

is the excitatory neurons.

6.7 Atrx deletion in inhibitory neurons leads to progenitor pool defects

The involvement of the inhibitory system has been demonstrated in multiple ASDs.
However, there are still no research studies that have been performed to assess its involvement

in the ATR-X syndrome. In the second part of this thesis, we wanted to characterize a mouse
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model with an Atrx deletion in GABAergic neurons. We found that Atrx\VtKO mice either died
embryonically or survived for a few hours after birth. Viaat, also referred in the literature as
vesicular GABA transporter (VGAT), was shown to have an important role in biological
processes that support life [303]. During embryonic development, Viaat is vital for the release
of GABA and glycine in the spinal cord. The absence of Viaat leads to severe defects in the
muscles, lungs and liver of the developing embryos. Thus, it is possible that Atrx deletion in
Viaat+ cells causes irreparable damages that cannot be compensated for and, ultimately, are

incompatible with life.

The premature death of AtrxVtKO mice complicated our analysis of the PO pups.
However, we were able to determine that the cortical lamination and the gross morphology of
the brain was unaffected by Atrx ablation (Figure 4.7). On the other hand, we noted mild
hippocampal changes and defects in the progenitor pool (Figure 4.8-4.11). We observed a
decrease in the number of radial glial progenitors at E16.5 in the dentate gyrus migratory stream
(Figure 4.10). Surprisingly, we found an augmentation in the RGC population at PO (Figure
4.9). With the limited amount of data we collected, it is difficult to find a conclusive
explanation. It would be useful to have information regarding the proliferation rate, cell cycle
length, number of apoptotic cells and quantify the number of cells with DNA damage. In
addition, it would be interesting to investigate the firing patterns and the connections in the
hippocampus. However, it would be complicated to conduct these experiments due to the early
postnatal lethality of this mouse model. Similarly to the Atrx; Nestin-Cre mouse model, these
results would only give us insights into the embryonic stage of AtrxVtKO mice [205]. To
further investigate the implication of the GABAergic system in ATR-X syndrome, | would

suggest using another Cre line that targets a smaller population of inhibitory neurons.
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Somatostatin- and parvalbumin-positive neurons contribute for 30% and 40% respectively of
the entire inhibitory cortical neurons’ population [304]. Targeting one of these two cell
populations may give us insights into the contribution of these inhibitory cells to the phenotype

of ATR-X syndrome’s patients.

6.8 Summary of Findings — ATR-X syndrome mouse model

ATR-X syndrome is a characterized by intellectual disability, skeletal abnormalities
causing psychomotor deficits, genital abnormalities, seizures and hematological signs of a-
thalassaemia [226]. Mutations in the chromatin remodeler ATRX have been reported to be
central to the disease pathology [129]. However, it remains unclear how ATRX causes the

various symptoms of this condition.

In the last section of this thesis, we investigated the function of Atrx in the developing
brain to provide a better understanding of the development of intellectual disabilities in ATR-
X syndrome. We successfully generated a viable forebrain-specific Atrx KO mouse model using
the Emx1-Cre driver. The thinner corpus callosum and the defects observed in the
oligodendrocyte population led us to conclude that AtrxEcCKO mice had myelination defects.
In addition, we revealed severe hippocampal impairments, both at the cellular and molecular
levels. We believe that the mouse model we generated is a better representation of ATR-X
syndrome and will be useful in the future to further assess the molecular pathways that are

disrupted in this neurodevelopmental disorder.
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6.9 Atrx is required during myelinogenesis

White matter abnormalities and myelination defects were identified in a study that used
MRI and CT scans of ATR-X patients to classify their brain defects [36]. They concluded that
ATRX is involved in the myelination process. Another study reported partial or complete

agenesis of the corpus callosum (CC) in ATR-X syndrome patients [35].

In our new ATR-X syndrome mouse model, we found striking results confirming the
importance of ATRX to the myelination process. First, we found a significant reduction in the
thickness of the medial and caudal CC and noted that the density of the myelin fibers was
reduced (Figure 5.6). This reduction was also observed in a Snf2h deletion model where partial
agenesis of the CC and altered neuronal projections was reported [37]. Next, we found a
significant decrease in the number of oligodendrocytes and myelin-producing oligodendrocytes
of AtrxEcKO mice (Figure 5.7). In addition, we noted that the morphology of the
oligodendrocytes was altered in comparison to the WT mice. These results suggest that ATRX

is important for the myelination process.

Over the years, the INO80, SWI/SNF and CHD families of chromatin remodelers have
been associated with the myelination process. For example, loss of Ep400 in oligodendrocytes
leads to increased DNA damage and apoptosis as well as severe hypomyelination of the CNS
[38]. In addition, it was found that Ep400 is functionally required for the onset of
oligodendrocyte differentiation. Another study found that Chd7 cooperates with Sox10 to
regulate the expression of genes important for the initiation of myelinogenesis and
oligodendroglial maturation [39]. Lastly, Brgl was reported to be indispensable and sufficient
to initiate and promote the progression in the oligodendrocyte lineage [40]. RNA sequencing

analysis of the optic nerves of Brgl cKO mice showed enrichment of downregulated genes
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related to myelination and lipid-protein synthesis. Also, it was reported that Brgl interacts with
the Olig2 promoter in neural stem cells to regulate its expression during early development [40,

41].

The RNA sequencing analysis of the hippocampus of AtrxEcKO mice showed that
multiple downregulated genes cited in the Brgl studies, namely Olig2, Mbp, Plp1, Cnp, Sox10,
Hes5 were also significantly decreased in the AtrxEcKO mice despite this analysis being
performed on P60 mice. In mouse neuroprogenitors, Atrx binding sites were primarily found in
gene bodies and promoter regions [42]. Taken together, Atrx may have a similar role to Brgl
in myelinogenesis and could interact with the Olig2 promoter to regulate its expression. Also,
Atrx could cooperate with Sox10, similar to Chd7, and regulate crucial genes for the
myelination process. Therefore, in the absence of Atrx, there would be a reduction in

oligodendrocytes and hypomyelination in the CNS.

6.10 AtrxEcKO mice recapitulate some behavioural features of the ATR-X syndrome

Behavioural features for ATR-X syndrome patients include autistic-like behaviours,
aggressive behaviours, seizures, emotional fluctuation episodes, hyperactivity episodes and
severe anxiety (see section 1.4.5) [226]. However, not all these features can be tested in a mouse
model. At first, we wanted to characterize the learning and memory ability of the AtrxEcKO
mice as well as the anxiety and overall movements. We quickly discovered that the AtrxEcKO
mice had a hyperactivity phenotype observable in multiple behaviour tests (Figure 5.9 and
5.10). To avoid this limitation, we attempted to increase the handling time, increase the

habituation time prior to testing and changing the light intensity during each test but it was
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unsuccessful in helping the animals acclimatize to the testing protocols. Due to this very strong
phenotype, we were unable to further assess the cognitive abilities of the AtrxEcCKO mice. On
the other hand, we were able to analyse the behaviour of the mice in an undisturbed home cage-
like environment. We noted that AtrxECKO mice had excessive grooming behaviour causing
wounds and, occasionally, the severity of the injury led to the euthanasia of the mouse (Figure
5.11). Humans with autism spectrum disorders (ASD), and also ATR-X syndrome, exhibits
repetitive behaviours [226, 305]. In mice, excessive self-grooming and barbering are considered
the equivalent [275, 306]. Another feature we were able to recapitulate in our mouse model
were the seizures. During the 72-hour observation period, we recorded ~5 seizure-like episodes
in the AtrxEcKO mice (Figure 5.10). However, further studies such as an electroencephalogram

would be necessary to confirm that these episodes are indeed seizures.

Other behavioural characterizations have been performed on other mouse models with
Atrx deletion. A study used Nestin-Cre to target the deletion of Atrx in progenitors [206].
However, male homozygous die early postnatally, thus they used female Atrx-cHet mice to
conduct their behavioural testing. They found that Atrx-cHet mice had deficits in contextual
fear and spatial memory as well as in object recognition memory. Other studies used the
aCaMKII gene promoter to delete Atrx in a population of excitatory neurons [214, 215]. These
Atrx-cKO male and female mice only had minimal behavioural deficits related to autism. Also,
only the Atrx-cKO male had spatial learning and memory deficits. A recent paper on the
preprint server BioRxiv used Nex-Cre to inactivate Atrx and found similar handling difficulties,
over-grooming and hyperactivity as we observed in our mice, thereby validating our findings.
Taken together, none of the ATR-X syndrome mouse models were able to recapitulate entirely

the human phenotype.
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6.11 Atrx is crucial for the development of the hippocampus

The hippocampus is a complex structure containing a heterogeneous population of
interconnected neurons that are involved in learning and memory processes [307]. It is also
important for spatial navigation, emotional behaviours and regulating the hypothalamic
functions [308-310]. ATR-X syndrome patients have severe intellectual disabilities and some
of them suffer from seizures, which could indicate hippocampal deficits [218]. Other Atrx
mouse models showed hippocampal impairments at the cellular and molecular levels [205, 212,

213, 215, 311].

In our new newly generated Atrx KO mouse model, we found striking results confirming
the necessity of ATRX for hippocampal development and neuronal connections. First,
volumetric analysis revealed a significant reduction in the hippocampus area, length of the
pyramidal layer and the area and length of the granule cell layer of the dentate gyrus (DG)
(Figure 5.4). The total number of cells in the CA1 region and DG was also reduced (Figure
5.16). Second, RNA sequencing analysis showed transcriptional dysregulation of AtrxEcKO
hippocampus and identified netrin-G1 and netrin-G2 as genes of interest (Figure 5.12-5.15).
Third, we found multiple deficits in the hippocampus neuronal populations. The positioning
and distribution of DCX+ cells in the DG were altered, the number of DG granule cells was
reduced by 15%, the population of calretinin+ cells were decreased by 50% and had a
progenitor-like shape (Figure 5.16-5.17, 5.19). The layers of the hippocampus were also
affected by Atrx deletion. The inner and middle molecular layer were missing and the stratum
lacunosum-moleculare and the outer molecular layer were reduced by 70% (Figure 5.21).
Lastly, the dendritic arborisation of hippocampal neurons appeared reduced and disorganized

(Figure 5.22). Taken together, these results clearly show that Atrx deletion in Emx1+ cells
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significantly alters the hippocampal structure, transcriptional profile, cell population and

dendritic arborisation.

The question that remains is: How can Atrx be causing all these hippocampal defects?
We know that ATRX is a heterochromatin interacting protein and that it associates with histone
chaperone DAXX to deposit histone H3.3 to pericentric and telomeric repeats [169]. Multiple
studies have suggested that ATRX is implicated in gene regulation [184]. ATRX can bind to
guanine-rich intragenic regions found within gene bodies to promote the incorporation of
histone H3.3. In the absence of ATRX, G4 DNA quadruplexes are formed and the RNA
polymerase Il stalls at these intragenic regions. It is possible that in our mouse model the
expression of specific genes needed for neuronal identity are reduced leading to impaired
neuronal populations. For example, our RNA sequencing analysis revealed a significant
reduction in the proneural protein Neurogenin 2 (Ngn2). Ngn2 is a transcription factor
expressed in neural progenitor cells that regulates their commitment to a neuronal fate [312].
In the DG, Ngn2-expressing progenitors generate almost all the dentate granule cells [313]. In
the absence of Ngn2, there is a significant reduction in DG granule cells and severe defects in
DG morphogenesis. Therefore, it is possible that the reduction in Ngn2 expression in AtrxEcKO

mice directly impaired the DG morphology and the number of granule cells.

A more general statement would be that changes in the chromatin landscape caused by
Atrx deletion leads to the aberrant expression of several genes implicated in neurogenesis. It is
more likely that the phenotype we observed in AtrxECKO mice is a consequence of the
accumulation of multiple defects including lower levels of cell-fate signals, axon guidance

molecules and, potentially, increased DNA damage based on other Atrx knockout models.
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6.12 Forebrain-deletion of Atrx leads to neural circuit defects

Any changes affecting the hippocampal network can have dramatic effects. A smaller
hippocampus and decreased hippocampal function have been associated with autism spectrum
disorders, Fragile X syndrome, Rett syndrome, Angelman Syndrome and Prader-Willi
syndrome [314-318]. Patients with these syndromes share multiple features with ATR-X

syndrome including cognitive deficits and intellectual disabilities.

A complex network of guidance signals regulates specific neuronal connections during
brain development. They are molecules located in the extracellular Matrix or expressed on the
cells along the route to guide the navigating axons [319]. Guiding cues are classified as
attractive or repulsive molecules and they can have a short- or long-range effect. Axonal
pathfinding is a crucial process during brain development to establish functional neuronal
circuits. Netrins and their receptors are part of a family involved in axon guidance [320]. The
attractive effect of netrins is mediated through the transmembrane receptor Deleted in
Colorectal Cancer (DCC) whereas its repulsive effect is dependent on both DCC and Unc5
receptors [321, 322]. Unlike classic netrins, netrin-Gs are anchored to the plasma membrane
surface and lack affinity to the known netrin receptors [323, 324]. Instead, Ntngl and Ntng2
interact with the netrin-G1 ligand (NGL-1) and netrin-G2 ligand (NGL-2), respectively [325].
Ntngl and Ntng2 are predominantly expressed in the brain on complimentary subsets of
neurons in a laminated manner [323, 324, 326]. For example, Ntngl is found in cortical layer |
and 1V, which correlates to the terminal arborisation of thalamocortical axons, and Ntng2 was
detected in layer VI and IV as well as in the deeper layers of the piriform cortex suggesting a
distribution in intracortical projections [325, 326]). In the hippocampus, Ntngl expression is

located in the outer molecular layer as well as the stratum lacunosum moleculare whereas
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Ntng2 is strongly expressed in the inner molecular layer, stratum radiatum and stratum oriens
[324]. Interestingly, these layers correspond to the termination of hippocampal circuits. The
perforant pathway, sometimes referred to the entorhinal cortex-hippocampus pathway, is the
major source of cortical inputs to the hippocampus (Figure 6.1) [327]. It originates in the

entorhinal cortex (EC) and projects to the DG, CA1, CA3 and the subiculum [328].

The EC is divided into the medial entorhinal cortex (MEC) and lateral entorhinal cortex
(LEC) giving rise to the medial perforant path (MPP) and lateral perforant path (LPP). The
MPP and LPP that originate from layer Il neurons of the MEC and LEC terminate on the middle
third and the outer third of the molecular layer respectively [329]. Layer 11l neurons of the EC
are part of the temporoammonic pathway and terminates on the stratum lacunosum moleculare.
Schaffer collaterals are axon side branches, called collaterals, that originate from CA3

pyramidal neurons and project on the stratum radiatum and stratum oriens [330].

In our Atrx KO mouse model, we found that the transcript levels of Ntng1/Ntng2 and
their expression in their respective hippocampal layers were severely affected by Atrx deletion.
The RNA sequencing analysis revealed that other members of the netrin family were also
significantly decreased in AtrxEcKO hippocampus. Therefore, it is highly likely that Atrx
deletion leads to axonal pathfinding defects and that the MPP, LPP and Schaffer collaterals are
impaired by Atrx deletion. Deficits to the perforant path is associated with poor learning and
memory abilities [331]. In addition, decreased Ntng1l/Ntng2 expression has been associated
with neurodevelopmental disorders, neuropsychiatric disorders and intellectual disabilities

[274, 332-336].
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Figure 6.1: Schematic of the perforant path

Layer 11 of the entorhinal cortex (EC) projects to the subiculum, outer molecular layer (OML)
and middle molecular layer (MML). Layer Il of the EC projects to the stratum lacunosum-
moleculare (SLM, green line). The Schaffer collaterals (orange lines) originate from the CA3

pyramidal neurons and project to the stratum oriens (SO) and stratum radiatum (SR).
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In mice, defects in Ntng1/Ntng2 and NGL-1/NGL-2 are linked to reduced dendritic arborisation
and spine density of hippocampal neurons, which is also an observation that we made in the

AtrxEcKO mice (Figure 5.22) [326, 337, 338].

Another pathway that could be affected by Atrx deletion in Emx1+ cells is the
hippocampo-septal pathway (Figure 6.2A). This pathway is mostly composed of cholinergic,
glutamatergic and GABAergic projections from the medial septum and the hippocampus [339].
The medial septum receives inputs from multiple brain regions including the amygdala,

supramammillary nucleus (SuM), hippocampus, thalamus and ventral tegmental area [340].

In AtrxECKO mice, we observed a reduction in the Myelin-associated glycoprotein
(MAG) staining in the septum nuclei (Figure 5.6). This result suggests that there is a reduction
in afferent and efferent neurons from the septum nuclei. This pathway is involved in memory
function, regulating cholinergic inputs to the hippocampus and regulating CA1 neuron
excitability [339, 341]. Cooperatively, the hippocampus, SuM and the medial septum are
responsible for the rhythmic activity of the theta frequency band. Disturbance of the theta
oscillation is associated with temporal lobe epilepsy and cognitive dysfunction [342, 343]. It is
possible that the seizure-like episodes observed in our mouse model were caused by a disruption

of the electrical activity between these brain structures.

The SuM is a hypothalamic structure that provides extensive innervation to the DG and
the CA2 region [344, 345]. Its fibers terminate in the granule cell layer of the DG and within
the stratum oriens and pyramidal cell layer (Figure 6.2B) [346]. Axons originating from the
SuM make monosynaptic connections to granule cells and interneurons in the DG where they

co-release glutamate and GABA at the synapses [347].
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Figure 6.2: Schematic representing the hippocampo-septal pathway

A The medial septum receives input from the amygdala, supramammilary nucleus (SuM), CA1,
thalamus and ventral tegmental area. B The SuM fibers terminate in the granule cell layer
(GCL) of the dentate gyrus and within the the stratum oriens (SO) and pyramidal cell layer
(PL) of the CA2 region.
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SuM neurons and SuM to DG projections become more active during spatial memory retrieval
and the release of glutamate from SuM neurons is crucial for this process [348]. Therefore,
impairments in this neuronal circuit significantly affects the memory recovery process and
could account for some of the learning and memory defects observed in ATR-X syndrome

patients.

6.13 Future directions

The BPTF NcKO mice displayed a very strong behavioural phenotype regarding
learning and memory, motor function and dyspraxia. It would be interesting to further the
behavioural characterization by including tests to assess the social aspect of the animals. Mice
are a social species that have reciprocal social interactions during nesting, parenting, territorial
scent marking and more [349]. The adult social interaction test can be used to detect social
abnormalities in mice. The ability to communicate could be assessed using the ultrasonic
vocalization test [350]. Olfactory cues are important in the communication language of mice
[351]. Therefore, the olfactory habituation/dishabituation test could be used to further assess
the social ability of BPTF NcKO mice. Here, mice are presented with different odours, non-
social and social odours, that elicit different levels of sniffing behaviour. The shape of the
habituation and dishabituation curves reveal the mouse’s ability to discriminate between the
same and different non-social and social odours. With these three tests, the behavioural

characterization of BPTF NcKO mice would be complete.

The early lethality of the AtrxVtKO and Atrx\VVgKO mice prevented us from completing

a full characterization of these two models. In section 6.6 and 6.7, we discussed the possibility
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of using different Cre drivers targeting the excitatory and inhibitory systems. Another option
would be to use the Vglut2-CreERT2 and Viaat-CreERT2, which are tamoxifen-inducible Cre
drivers. This way, Atrx can be removed at a later time to, hopefully, avoid the early lethality

phenotype.

In the AtrxECKO mice, we observed that the communication between the
supramammillary nucleus (SuM), entorhinal cortex (EC) and the hippocampus was severely
affected. Therefore, it would be of interest to investigate these regions for possible alterations
preventing axons from reaching the dentate gyrus. Anterograde labeling of the cell bodies of
neurons located in the SuM and EC could be used to determine where the projections are going,

since we observed that they are not reaching the hippocampus [352].

6.14 Chromatin remodelers and their effects on brain development

ATP-dependent chromatin remodelling is a process to modulate DNA accessibility by
sliding, assembling or evicting nucleosomes [82]. As previously discussed, there are five
different families of chromatin remodelling complexes that can be used for specific tasks.
During brain development, they can have global roles to facilitate cellular processes or they can

drastically influence the faith of specific progenitors or neuronal populations.

The subunit composition of the BAF chromatin remodelling complex determines the
target specificity and its function within a specific cell type [90]. Mutations in the ARID1A
subunit, also known as BAF250A, was identified in Coffin-Siris syndrome, a
neurodevelopmental disorder characterized by agenesis of the corpus callosum (CC) [332].

During brain development, ARID1A has an essential non-cell autonomous role on intracortical
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axon track targeting and regulates the expression of a subset of subplate-specific genes [333].
ARID1A promotes the proliferation and differentiation of radial glial progenitors [334]. At the
onset of differentiation, the BAF complex switches the ARID1A subunit for the ARID1B
subunit triggering pluripotency exit and lineage commitment [335]. This dynamic process is

crucial in generating appropriate cell populations and network connections.

Histone variant H3.3 has an important role during brain development. It is deposited to
gene bodies, enhancers and promoters by chaperone complexes ATRX/DAXX or HIRA in a
replication-independent manner suggesting a role in gene regulation [353-355]. The levels of
H3.3 varies from cell type to cell type [356]. Cycling neural progenitor cells (NPCs) are
characterized by a low level of histone variant H3.3 and high levels of H3.1 and H3.2.
Oppositely, histone H3.3 accumulates rapidly in newly generated neurons post-mitotically. Co-
deletion of the histone H3.3 genes, H3f3a and H3f3b, in cycling NPCs and newly postmitotic
neurons prevents histone H3.3 synthesis and leads to loss of histone H3.3 [356]. In post-mitotic
neurons, it also alters the distribution of post-translational modifications (PTMs), H3K4me3
and H3k27me3, causing widespread gene expression changes and a failure to establish the
neuronal transcriptome. Interestingly, co-deletion of H3f3a and H3f3b in neurons several days
after their final mitosis leads to progressive loss of histone H3.3 without disrupting the neuronal
transcriptome. Therefore, histone H3.3 is critical in NPCs and postmitotic neurons for the
acquisition of distinct neuronal identities but it is only required in terminally postmitotic

neurons to maintain histone H3.3 levels over time.

ATRX is a great example of a chromatin remodeler with many roles depending on the
cell type. In satellite cells, Atrx deletion causes a delayed progression through mid to late S

phase of mitosis [198]. The replication-dependant chromatin defects led to fragmented and
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aberrant nuclei, increased genomic damage, telomeric fragility and activation of the DNA
damage response. Thus, Atrx is required in satellite cells to sustain the rapid expansion of the
population. In the retina, Atrx expression is required in bipolar cells for their morphology,
function and circuitry [211]. It also has a non-cell autonomous effect on the survival of retinal
interneurons. Oppositely, Atrx deletion in amacrine and horizontal progenitors has no effect on
the size of both cell populations suggesting that Atrx expression is not necessary for their
survival. Loss of Atrx in neuroprogenitors impairs chromosome segregation leading to mitotic
dysfunction and reduction in the progenitor pool [197]. Defects in mitosis is also found in a
forebrain-specific Atrx KO where an increase in cell cycle exit is observed during early
neurogenesis [357]. This defect correlates with increased outer radial glial progenitors and basal
progenitors leading to their premature differentiation into cortical neurons and precipitate
depletion of the progenitor pool during late neurogenesis. ATRX has a transcriptional
regulatory role in oligodendrocyte precursor cells (OPCs) [358]. Indeed, ATRX binds to and
activates the Olig2 gene and in its absence, OPCs revert to a more pluripotent state through
chromatin landscape changes allowing for astrogliogenesis to occur. Finally, we can now add
ATRX to the list of required proteins for myelinogenesis, axonogenesis, axonal pathfinding,

cell differentiation and transcriptional regulation.

Taken together, these studies show that the chromatin landscape is highly malleable and
that changes in its accessibility is required in different cell types and tissues but also during
specific stages of neuronal development. Understanding the intricate functions of chromatin
remodelers at multiple timepoints during neurogenesis will help us understand how the

dysfunction of those complexes can cause neurodevelopment disorders. There is so much more
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to discover on ATRX and BPTF function in the brain but hopefully my work has contributed

to elucidate part of their stories.
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Appendix

Figure 7.1: Expression of tdtomato reporter in Ail4; Emx1-Cre mice.
P40 coronal sections of Ail4; Emx1-Cre mice were labeled with DAPI (blue) to visualize the

cells and the expression of the tdtomato (red) reporter in A the hippocampus and B

supramammillary nucleus. Scale bar, A 500um and B 200um
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